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Preface

With a stable or decreasing amount of arable land on earth but with a continuing increase 
in human population, creative improvements in agriculture will be needed in the coming 
decades to maintain or improve the standard of living. Novel approaches to the produc-
tion of food, feed, fuel, fiber, and pharmaceuticals will be needed, and the modification of 
crops and other plant species is one means to achieve such a goal. This volume on plant 
chromosome engineering includes reviews and protocols for transformation procedures, 
chromosome painting, production of engineered minichromosomes, gene targeting and 
mutagenesis, site-specific integration, gene silencing, protein expression, chromosome 
sorting and analysis, protocols for generating chromosomal rearrangements, enhancer 
trapping, and means of studying chromosomes in vivo. Collectively, these chapters touch 
upon the spectrum of tools currently available for modifying plant genomes and chromo-
somes and provide the foundation for future developments.

Columbia MO James A. Birchler
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Chapter 1

Recent Advances in Plant Transformation

Shyamkumar Barampuram and Zhanyuan J. Zhang 

Abstract

Plant genetic engineering has become one of the most important molecular tools in the modern molecular 
breeding of crops. Over the last decade, significant progress has been made in the development of new 
and efficient transformation methods in plants. Despite a variety of available DNA delivery methods, 
Agrobacterium- and biolistic-mediated transformation remain the two predominantly employed 
approaches. In particular, progress in Agrobacterium-mediated transformation of cereals and other recal-
citrant dicot species has been quite remarkable. In the meantime, other transgenic-enabling technologies 
have emerged, including generation of marker-free transgenics, gene targeting, and chromosomal engi-
neering. Although transformation of some plant species or elite germplasm remains a challenge, further 
advancement in transformation technology is expected because the mechanisms of governing the regen-
eration and transformation processes are now better understood and are being creatively applied to 
designing improved transformation methods or to developing new enabling technologies.

Key words: Agrobacterium, Biolistic, Genetic engineering, Marker free, Transgenic plant

The world’s agriculture and farming are heavily dependent on 
crops that provide food and fibers for human use, either directly 
or through livestock. For the past two centuries, modern technol-
ogy has improved agricultural practices, thereby augmenting con-
ventional plant breeding methods to achieve improved yield and 
quality of crops. However, multiple factors such as population 
growth, environmental stress, ecological considerations, and 
demand for renewable energy have led to the demand for further 
improvements in the quality and quantity of crops. Plant genetic 
engineering offers new avenues in this regard and has become 
one of the most important molecular tools in the modern molec-
ular breeding of crops (1).

1. Introduction
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Advancements in plant genetic engineering have made it possible 
to transfer genes into crop plants from unrelated plants and even 
from nonplant organisms; as a result, many crop species are being 
genetically modified for better agronomical traits, including dis-
ease resistance, insect tolerance, better nutritional values, and 
other desirable qualities (2). Presently, foreign genes from various 
origins and production of products in transgenic plants represent 
a new aspect of the molecular agriculture revolution. In addition, 
transgenic plants have great impact on nonagricultural applica-
tions and represent an alternative for the production of medici-
nally useful and recombinant proteins and vaccines (3). However, 
in some crop plants, the lack of efficient transformation methods 
to introduce foreign DNA remains an obstacle to the application 
of plant genetic engineering.

Over the last decade, some significant achievements have been 
made in the development of new and efficient transformation 
methods in plants. Methods for delivering exogenous DNA to plant 
cells and gene transformation in general can be divided into two 
major categories: indirect and direct DNA deliveries. In the former 
approach, genes of interest are introduced into the target cell 
via bacteria, e.g., Agrobacterium tumefaciens or Agrobacterium 
rhizogenes (4). In contrast, the latter approach does not employ 
bacterial cells as mediators to transfer DNA to plant cells. Although 
various delivery methods have been reported, including the use 
of other bacterial strains (i.e., TransBacter™ Technology) (5), 
Agrobacterium-mediated transformation remains the method of 
choice for plant transformation. The enduring success of the 
Agrobacterium-mediated approach is primarily attributable to 
the continuous improvements in plant tissue culture and 
T-DNA transfer processes. As a result, reproducible and efficient 
Agrobacterium-mediated protocols have been developed for many 
dicot and some monocot crops (6–8). Agrobacterium-mediated 
transformation possesses intrinsic advantages over direct DNA 
delivery systems. These advantages include the ability to transfer 
large intact segments of DNA, simple transgene insertions with 
defined ends and low copy number, stable integration and inheri-
tance, and consistent gene expression over the generations.

The lower rates of success achieved with Agrobacterium in 
monocots and recalcitrant plant species have led to the develop-
ment of specific direct DNA transfer methods, one of which is 
microparticle bombardment. This technology, first developed by 
Sanford and coworkers (9), is often termed biolistics or gene gun. 
Particle bombardment has a high success rate in monocot species 
in which agroinfection is limited. However, biolistic technology 
possesses several intrinsic disadvantages, including a low transfor-
mation efficiency as compared with Agrobacterium (when agroin-
fection works), a high frequency integration of the vector 
backbone and a loss of transgene cassette integrity, and transgene 
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silencing due to multicopy insertions (10). Alternative delivery 
systems have also been used for gene transfer in plants, including 
electroporation, microinjection, silicon carbide, and chloroplast 
transformation (11). Of these, silicon carbide-mediated transfor-
mation represents one of the least complicated methods of plant 
transformation. Yet, each of these methods has their own limita-
tions in the successful production of transgenic plants.

To date, Agrobacterium-mediated and particle bombardment 
transformation are the most commonly used methods for plant 
transformation. Nevertheless, the resulting transgenic plants are of 
course subject to biosafety issues related to the presence of vector 
backbone sequences and/or selectable marker genes, irrespective 
of the delivery method used. Transgenic plants produced by 
Agrobacterium-mediated transformation are likely subject to inte-
gration of vector backbone sequences. This leads to multiple trans-
gene copies in the transgenic plants, complicating the regulatory 
process of genetically engineered plants. In recent years, there has 
been an important advancement in generation of vector-backbone- 
and selectable-marker-free transgenic plants while still enabling the 
use of marker genes to select and identify transgenic plants (12).

Several strategies have been proposed and are in use for the 
production of marker-free transgenic plants. The methods that 
have been developed include simultaneous transformation of two 
marker genes (cotransformation), the movement of a transgene 
segment within the genome (transposition), and recombination 
between two specific sequences that are not necessarily homolo-
gous (site-specific recombination) (13). Currently, there is a great 
demand for simultaneous expression of multiple genes for expres-
sion of complex traits in plants. With recent advancement in 
molecular biology and vector construction technology, it is possi-
ble to achieve stable expression of multiple transgenes in a single 
genome. The recent development of minichromosome technol-
ogy might represent a strategy for gene stacking in plants. The 
minichromosome technique can be used to incorporate desirable 
traits such as insect, bacterial, or fungal resistance, herbicide toler-
ance, and increased crop quality (14). Hence, new techniques 
are in demand to boost yield or to improve crop traits. Finally, the 
genetic engineering of plants has already begun to play a crucial 
role in the production of biofuels. This chapter discusses various 
methods and recent advances in plant transformation technology.

Recent advances in genetic transformation have made it possible 
to transfer genes of both academic and agronomic importance 
into various crop species. A prerequisite for successful transformation 

2. Plant 
Transformation 
Methods
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system is an efficient regeneration protocol when tissue culture-based 
transformation process is employed. The very basis of plant regen-
eration relies on the realization that plant somatic cells are totipo-
tent and can be stimulated to regenerate into whole plants. 
However, this insight is limited because, in reality, only a limited 
number of plant species and certain types of explant tissues have 
been found to be capable of regenerating whole plants under 
appropriate culture conditions. Therefore, much effort has been 
aimed at establishing and improving plant regeneration systems. 
Yet, efficient regeneration alone does not necessarily lead to effi-
cient transformation.

There is a need to develop advanced transformation methods 
that would not only incorporate the required characteristics (stable 
and desirable transgene integration and expression) into plants but 
also enable generation of transgenic events in a high-throughput 
manner. These requirements are particularly relevant now in the 
crop post-genome era in which ever-increasing amounts of genome 
sequence information, BAC clones, ESTs, and full-length cDNAs 
are available. This situation presents both new challenges and oppor-
tunities for plant transformation research. At present, Agrobacterium 
and microprojectile are the commonly used methods for this pur-
pose; other methods, such as electroporation and microinjection, 
are still used only rarely. The following sections discuss in detail the 
recent advances in each of the plant transformation methods.

In this method, A. tumefaciens or A. rhizogenes is employed to 
introduce foreign genes into plant cells. A. tumefaciens is a soil-
borne gram-negative bacterium that causes crown-gall, a plant 
tumor. The tumor-inducing capability of this bacterium is due to 
the presence of a large Ti (tumor-inducing) plasmid in its virulent 
strains. Similarly, Ri (root-inducing) megaplasmids are found in 
virulent strains of A. rhizogenes, the causative agent of “hairy root” 
disease. Both Ti- and Ri-plamids contain a form of “T-DNA” 
(transferred DNA). The T-DNA contains two types of genes: 
oncogenic genes, encoding enzymes involved in the synthesis of 
auxins and cytokinins (causing tumor formation), and genes 
involved in opine production. The T-DNA element is flanked by 
two 25-bp direct repeats called the left border (LB) and right bor-
der (RB), respectively, which act as a cis element signal for the 
T-DNA transfer (15). Both oncogenic and opine catabolism genes 
are located inside the T-DNA of the Ti plasmid whereas the virulence 
(vir) genes are situated outside the T-DNA on the Ti plasmid and 
bacterial chromosome. These vir genes are organized into several 
operons (virA, virB, virC, virD, virE, virF, virG, and virH) on the 
Ti-plasmid and other operons (chvA, chvB, and chvF) that are 
chromosomal and are essential for T-DNA transfer.

The mechanism of gene transfer from A. tumefaciens to plant 
cells involves several steps, which include bacterial colonization, 

2.1. Agrobacterium-
Mediated 
Transformation
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induction of the bacterial virulence system, generation of the 
T-DNA transfer complex, T-DNA transfer, and integration of the 
T-DNA into the plant genome. The process of T-DNA transfer is 
initiated upon receipt of specific signals (e.g., phenolic compounds) 
received from host cells. Previous observations suggested that 
wounding or vigorous cell division also promotes T-DNA transfer, 
presumably due to induction by phenolic compounds produced 
during cell repair or during the formation of new cells. In response, 
a signal received by virA activates a cascade of other vir protein 
machinery genes. However, very little is known about the nature 
and function of the factors that Agrobacterium utilizes, for 
instance, specific receptors on the host cell surface and/or cell wall. 
Subsequently, virD1 and virD2 proteins nick both the left and 
right borders on the bottom strand of the T-DNA. The resulting 
single-stranded T-DNA molecule (T-strand), together with several 
vir proteins, is then exported into the host cell cytoplasm through 
a channel formed by the Agrobacterium VirD4 and VirB protein 
complex (16). Before its entry into the host cell cytoplasm, the 
VirD2–T-strand conjugate is most likely coated by VirE2, form-
ing the T-complex. VirE2 is a single-stranded DNA-binding 
Agrobacterium protein that is transported into the plant cell, where 
it presumably functions to protect the T-DNA from degradation.

The Agrobacterium T-complex is likely transported through 
the host cell cytoplasm by a cellular-motor-assisted mechanism. In a 
recent report, a dynein-like Arabidopsis protein (DLC3), coupled 
with another protein (VIP1), has been proposed to function in  
the intracellular transport of the Agrobacterium T-complex (17). 
Recently, an additional Arabidopsis protein, VIP2 (VirE2 interact-
ing protein2), has been demonstrated to play a major role in T-DNA 
integration into the plant genome (18). The T-complex then enters 
the cell nucleus by an active mechanism mediated by the nuclear 
import machinery of the host cell. This facilitates integration of the 
T-strand into the host genome at random positions by a process of 
nonhomologous, or more precisely, illegitimate recombination.

Many recent reviews have addressed mechanisms related to 
T-DNA transfer (19–23). Characterization of the mechanisms 
governing the T-DNA transfer process is very important for plant 
transformation studies and should facilitate the identification of 
conditions to maximize T-DNA transfer. The best example of this 
is the use of a phenolic compound (e.g., acetosyringone) as well 
as a low-pH media and temperature to induce T-DNA transfer 
during the Agrobacterium infection stage.

Advancement in molecular biology techniques have enabled 
the development of binary Ti vectors that are compatible with 
utilization of both Agrobacterium strains and Escherichia coli. 
Development of the binary vector and bacterial strain systems for 
plant transformation is achieved by placing virulence genes on a 
separate plasmid (the large Ti-plasmid) and the gene to be 
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transferred on separate vector (the small binary vector) (24). 
Since most gene manipulations are carried out in E. coli, the 
binary plasmids are designed to replicate in both E. coli and 
Agrobacterium. Recent advancements in vector-cloning tech-
niques have led to the development of binary bacterial artificial 
chromosome (BIBAC) vectors (25, 26) that enhance the fre-
quency of T-DNA transfer of large-sized DNA fragments. The 
key features that make BIBAC vectors useful include its extremely 
low copy number and high stability when they are replicated in 
either Agrobacterium or E. coli cells.

The development of superbinary vectors made it possible to 
transform monocot plants for the first time. A superbinary vector 
represents an improved version of a binary vector; the vector carries 
a 14.8  kb KpnI fragment containing the virB, virG, vir C genes 
derived from pTiBo542. These genes are responsible for the super-
virulence phenotype of A. tumefaciens strain A281 (27). The super-
binary vector has been highly efficient in transforming various plants, 
particularly recalcitrant species, such as important cereal crops.

The integration and enhancement of gene expression in the 
plant genome greatly depends on the promoter that is fused at 
the 5¢ end of the gene of interest. The most widely used foreign 
regulatory elements include the 35S promoter of the cauliflower 
mosaic virus and the transcriptional terminator of the 
Agrobacterium nopaline synthase gene (nos), which together pro-
mote high-level gene expression in transgenic plants (28). The 
35S promoter is a constitutive promoter that is used in vector 
constructs to drive target gene expression in many plant species. 
Recently, a new, stronger promoter has been developed. This 
“super promoter” is a hybrid construct combining a triple repeat 
of the octopine synthase (ocs) activator sequence plus the man-
nose synthase (mas) activator elements fused to the mas promoter. 
An initial study performed with this construct in maize (Zea mays) 
and tobacco (Nicotiana tabacum) (29, 30) confirmed the stable 
expression of superpromoter – GUS fusion gene in both the plant 
species (31). In tobacco, activity of the superpromoter is higher 
in mature leaves than young leaves, whereas in maize, the activity 
differed little among the tested aerial portions of the plant.

In order to achieve efficient Agrobacterium-mediated T-DNA 
transfer, several factors must be taken into consideration, includ-
ing the plant genotypes, sources of explants, Agrobacterium 
strains, medium salt strength and pH, duration and temperature 
of Agrobacterium–explant interactions (inoculation and coculti-
vation), and use of T-DNA-inducing compounds (32, 33). 
Agrobacterium-mediated transformation of higher plants is now 
well established for dicotyledonous species. In recent years, the 
frequency of gene transfer to monocotyledonous species has also 
been greatly improved (Table 1). A variety of explants can be used 
as target material for Agrobacterium-mediated transformation, 
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Table 1 
Major gene transfer methods used for transformation of monocot  
and dicotyledonous plant species

Plant species
Types of 
explants

Transfer 
method Gene transferred

Transformation 
efficiency (%) Reference

Monocots

 Oryza sativa C Ag cry1Ac 2 (152)
C MpB shGH 79.5 (153)
SA EP npt II, ppt 13.8 (154)

 Hordeum vulgare ImE Ag hpt II, luc 25 (155)
EC MpB AtNDPK2 0.15 (156)

 Saccharum sp. AxB Ag npt II, bar, gusA 50 (157)
C EP gusA 80 (158)

 Sorghum bicolor C Ag Man, gfp 8.3 (159)

 Triticum sp. ImE Ag bar, gusA 9.7 (160)

 Zea mays ImE Ag gusA, bar 12.2 (41)
ImE MPB gusA, hpt II 31 (73)

Dicots

 Arabidopsis thaliana S Ag T-DNA 26 (161)
L MPB gusA – (162)

 Arachis hypogea CN Ag gusA 38 (163)
SE MPB VP2, gusA 12.3 (164)
EL EP gusA 3 (165)

 Brassica oleracea ML Cl-MPB cry1Ab 11.1 (166)

 Cajanus cajan CN Ag npt II, H 51 (167)

 Eucalyptus sp. ApS Ag gusA 9 (168)

 Glycine max CN Ag bar, gusA 5.5 (169)
SE MPB Os-mALS 60 (170)
Fl PTP phyA 13 (171)

 Gossypium hirsutum EC Ag cry1Ia5 83 (7)
EC SCW AVP1, npt II 64 (172)

 Malus domestica IVS Ag Lc 50 (173)

 Pinus sp. EC Ag npt II, bar, gusA 65–98 (174)

Ag Agrobacterium-mediated transformation, AtNDPK2 Arabidopsis nucleoside diphosphate kinase gene, ApS api-
cal shoot, AVP1 Arabidopsis vacuolar pyrophosphatase, AxB axilllary bud, bar bialaphos-resistance gene, C callus, 
Cl-MPB chloroplast-mediated MPB, CN cotyledonary node, cry1Ia5 Bacillus thuringiensis toxins, EC embryo-
genic callus, EL embryonic leaflets, EP electroporation, Fl flower, gusA b-glucuronidase, H hemagglutinin protein, 
hGH human growth hormone, hpt II hygromycin phosphotransferase II, ImE immature embryo, IVS in vitro 
shoot, L leaf, Lc maize leaf color regulatory gene, ML mature leaf, MPB microprojectile bombardment-mediated 
transformation, npt II neomycin phosphotransferase II, Os-mALS acetolactate synthase derived from rice, PTP 
pollen tube pathway transformation, phyA phytase A, S seed, SA shoot apex, SCW silicon-carbide-whiskers-mediated 
transformation, SE somatic embryo, T-DNA transfer DNA
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including embryonic cultures, immature or mature zygotic 
embryos, mature seed-derived calli, meristems, shoot apices, pri-
mary leaf nodes, excised leaf blades, roots, cotyledons (including 
or excluding nodal areas), stem segments, and callus suspension 
cultures. These explant tissues have been able to regenerate 
through either a somatic embryogenesis or organogenesis regime. 
As an alternative to the organogenesis regeneration regime, 
somatic embryogenesis offers the advantage of single cell regen-
eration. However, the types and physiological conditions of 
explants used are critical to successful regeneration and subse-
quent recovery of whole transgenic plants. For example, in sor-
ghum, a higher transformation efficiency was achieved in immature 
embryos taken from field grown plants than in the immature 
embryos from greenhouse-grown plants (34).

Competence for transformation can be enhanced in recalci-
trant explants by phytohormone treatments. The maximal percent 
of calli showed higher transient GUS activity when picloram was 
used in Typha latifolia (35). Similarly, in Hibiscus cannabinus 
(Kenaf), preculturing of explants for 2 days in benzyladenine (BA) 
containing medium enhanced transient GUS expression (36). 
Phytohormone treatment activates cell division and dedifferentia-
tion in many tissues. The stimulation of cell division by phytohor-
mones suggests that efficient Agrobacterium transformation may 
occur at a particular stage of the plant cell cycle (37).

The procedures that promote Agrobacterium cells to come 
into close contact with the plant cells around wounded tissue 
sites have been found to enhance T-DNA transfer. For example, 
“dip-wounding,” which is prewounding of the explants prior to 
cocultivation with blade dipped in Agrobacterium suspension, 
increases transformation frequency as high as 10-fold (Table 2, 
Xinlu Chen, Xiujuan Su, and Zhanyuan J. Zhang, unpublished 
data). When “dip-wounding” is combined with the use of pheno-
lic compounds in inoculation and cocultivation media, the attrac-
tion of Agrobacterium is presumably enhanced at wounded sites, 
which facilitates increased access of bacteria to plant cells.

Table 2 
Impact of dip-wounding on soybean regeneration and transformationa

Inoculation 
procedure

Number of explants Percentage of explants
Number of 
events

Percentage 
of eventsTo start Good Green Good Green

Standard 350 172 129 49.0 37.0a 1 0.3a

Dip-wounding 350 198 236 57.0 67.0b 12 3.4b
a Data were collected from three independent experiments using the soybean genotype “Maverick.” Percentages 
within the column followed by different letters indicate significant difference as detected by Duncan’s multiple range 
test at a = 0.05 level. Good: the explant showing multiple bud or shoot formation without axillary shoot; Green: the 
explant in which over half of the multiple buds or shoots are green (alive)
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In a number of plant species, explants are hypersensitive to 
Agrobacterium infection, forming necrotic barriers; this can be 
overcome by the use of antioxidants to reduce the oxidative 
burst. Tissue browning/necrosis associated with Agrobacterium-
mediated transformation has been reported in various types of 
explants of both dicotyledonous and monocotyledonous species 
(38). Antioxidants such as polyvinylpyrrolidone (PVPP), dithio-
threitol (DTT), cysteine, glutathione, lipoic acid, ascorbic acid, 
and citric acid are now commonly used to reduce tissue brown-
ing/necrosis of explants during plant transformation. In sugar-
cane, pretreatment of explants on media containing ascorbic acid 
and cysteine prior to transformation results in higher transforma-
tion efficiency (39). In grapes and rice, the addition of antioxidants, 
such as polyvinylpyrrolidone and dithiothreitol also increases the 
transformation efficiency. In soybean, which is difficult to trans-
form, a higher transformation rate was achieved by including 
l-cysteine, DTT, and sodium thiosulphate in cocultivation media 
(40). These antioxidants also enhanced the transformation in 
maize Hi-II (41, 42). Such increased T-DNA transfer enabled the 
use of standard binary vectors to routinely achieve efficient trans-
formation without the use of a superbinary vector. In contrast, 
lipoic acid was found to enhance GUS transient expression and 
transformation efficiency in tomato (43, 44).

In addition to the strategies discussed above, other treatment 
conditions have been devised more recently to promote 
Agrobacterium-mediated transformation. Desiccation of explants 
prior to Agrobacterium infection enhances transformation effi-
ciency in sugarcane, whereas addition of surfactants such as 
Silwet-L77 or pluronic acid F68 enhances transformation in 
wheat (45). Such desiccation helps to reduce cell damage due to 
the reduction of cell turgidity, whereas the use of surfactants may 
induce wounds and thinner cell walls in the explant tissues, 
thereby promoting Agrobacterium attachment to explants and 
ultimately T-DNA transfer. Another method is treatment of plant 
tissues and Agrobacterium to brief sonication, which allows 
Agrobacterium and T-DNA entry into the tissues. In loblolly 
pine, sonication was found to enhance not only transient transfor-
mation but also the recovery of hygromycin-resistant lines (46).

Plant transformation frequency is also associated with cell 
division or dedifferentiation of the host explants. Recent studies 
have revealed the phase of the plant cell cycle at the time of trans-
formation to be a major determinant of transformation and 
regeneration efficiency. To achieve a stable transgenic event, the 
differentiated cell for regeneration should adopt a “stem-cell-like” 
state for pluripotentiality to renter the S phase of the cell cycle 
(47, 48). The transformation competence of the cells is high in 
S and G2 phase/M phase, and lower in G0 and G1 phases (49).  
A cell cycle study identified the RepA, HP1, E2Fa, CycD3,  
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and CycD1 genes to be involved in the pluripotency of cells in 
G1-S phase and further progression through S and G2 phases 
(50, 51). Gordon-Kamm et al. demonstrated substantial improve-
ment in maize transformation by overexpressing the RepA gene 
(52). Arabidopsis histone H2A, which is expressed at higher 
levels in tissues that are more susceptible to Agrobacterium infec-
tion, is essential for T-DNA integration in somatic cells (53). 
Co-overexpressing E2Fa together with its dimerization partner, 
DPa, resulted in increased cell proliferation in cotyledons, leading 
to approximately twice the number of cells as wild type (54).

Transcriptome analysis of E2Fa–DPa-overexpressing plants 
showed upregulation of 14 genes that are involved in DNA repli-
cation and S phase onset (54). VIP1 (VirE2 interacting protein 1) 
in Arabidopsis; those genes were also found to be upregulated 
during the pluripotent stage. Overexpression of VIP1 increased 
the rate of transient and stable plant transformation and predicted 
its role in interacting with histone proteins (17). A recent study in 
Phaseolous coccineus has identified the proteins PIN and CUC to 
be involved in shoot apical meristem formation (55, 56). The use 
of transgenic marker genotypes, such as WUSCHEL (WUS)-
reporter or STM-reporter (SHOOTMERISTEMLESS) construct 
should be useful in identifying meristemoids in early stages in 
development.

Agrobacterium rhizogenes strains contain a T-DNA region 
located on the Ri plasmid that carries genes involved in root ini-
tiation, which are essential for production of hairy roots. Studies 
on the function of Ri T-DNA-encoded genes performed using 
the agropine-type Ri plasmids (57) led to the identification of 
18 ORF, including rolA, rolB, rolC, and rolD genes. It was evident 
that these genes also participate in the production of hairy roots. 
Several of the experiments in this study were carried out to inac-
tivate or overexpress various rol genes, generating stable trans-
genic lines with various alterations in plant phenotypes and root 
morphology.

In general, however, A. rhizogenes-mediated root transforma-
tion has received considerably less attention than A. tumefaciens 
transformation. The main reason for this is the difficulty in regen-
erating plants from hairy roots transformed by A. rhizogenes. 
Therefore, this delivery system has been predominantly used to 
generate transgenic roots for transient assays. One of the most 
advanced systems in such type of assay is the production of “composite 
plants” (58). The important characteristic feature of hairy roots is 
their ability to grow in plant hormone-free media. These growth 
characteristics have made hairy roots a useful tool for secondary 
metabolite production, use in metabolic engineering, and studies 
of root biology in general (59, 60). Recently, it has been demon-
strated that hairy-root cultures can be adapted for T-DNA-
activation tagging studies (61). Hairy roots are also used to 
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genetically investigate root–bacterial interactions in soybean. 
For example, various studies have revealed that hairy roots derived 
from various soybean cultivars maintain their cognate nematode 
resistance or susceptible phenotypes (62). Recently, hairy roots 
have been used to produce recombinant proteins (63). This sys-
tem is also suitable for high-throughput analysis of root-related 
transgene expression in Medicago or soybean root tissues and is 
now expected to be applied to root transformation for high-
throughput functional analysis of certain gene expressions in 
other plant species (64).

In summary, Agrobacterium-mediated transformation has 
been very successfully employed recently in transformation of 
both dicots and particularly monocots, the latter of which had 
long been thought to be unable to host Agrobacterium. These 
successes are attributable to the development of the superbinary 
vector, the use of antioxidants, and optimization of the composi-
tion of inoculation and cocultivation media. This trend of success 
in transformation of various plant species will continue not just 
because of new ideas and approaches in improving Agrobacterium 
transformation but also because of the obvious advantages of such 
a natural gene delivery system.

Microprojectile bombardment is one of the direct gene transfer 
methods for development of transgenics. This method was devel-
oped in 1980s to genetically engineer plants that were recalcitrant 
to transformation with Agrobacterium. Subsequently, the tech-
nique has been widely used to produce transgenic plants in a wide 
range of plant species (65). The first particle delivery method 
was developed by Sanford and coworkers. The Sanford device was 
extensively modified to produce the PDS-1000/He machine, 
which was licensed to DuPont. The technique involves coating 
microcarriers (gold or tungsten particles approx 0.6–1.0 mm in 
diameter) with the DNA of interest and then accelerating them at 
high velocities, to penetrate into the cell of essentially any 
organism.

Briefly, the microcarriers are spread evenly on circular plastic 
film (macrocarrier). The entire unit is then placed below the rup-
ture disk in the main vacuum chamber of the biolistic device.  
A variety of rupture disks are available that burst at pressures rang-
ing from 450 to 2,200 psi. Below the macrocarrier is a stopping 
screen, in which a wire-mesh is designed to retain the macrocar-
rier, while allowing the microcarriers to pass through. The target 
tissue is placed below the launch assembly unit. Under a partial 
vacuum, the microprojectile is fired, and helium is then allowed 
to fill the gas-acceleration tube. The helium pressure builds up 
behind a rupture disk, which bursts at a specific pressure, thus 
releasing a shock wave of helium that forces the macrocarriers 
down onto the stopping screen. The microcarriers leave the 

2.2. Microprojectile 
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circular plastic film and continue flying down the chamber to hit 
and penetrate the target tissue, thus delivering the DNA.

Several factors must be considered for successful gene transfer 
using particle bombardment technology. These factors include 
the design of a suitable vector with a small size and high copy 
number, as well as the quantity and quality of the delivered DNA. 
The entire process must be performed under sterile conditions to 
prevent contaminations of target tissue during subsequent tissue 
culture. The types and sizes of microcarriers are important choices 
because they affect the depth of penetration of the accelerated 
microcarrier as well as the degree of damage to the target cells. 
Gold particles ranging from 0.6 to 3.0 mm in diameter are com-
mercially available. The degree of penetration required will 
depend on the thickness of the cell wall, the type of tissue being 
transformed, and the depth of the target cell layers. Variation in 
the helium pressures, the level of vacuum generated, the size 
of the particles, and the position of target tissues will dictate the 
momentum and penetrating power at which the microprojectiles 
strike the tissue. All of these parameters are under the experiment-
er’s control and must be optimized for a given target tissue (10).

Treatment of the target tissues prior to and after particle 
bombardment has a significant effect on the frequency of recover-
able transgenic cell lines and plants. An attractive feature of par-
ticle bombardment is its ability to transfer foreign DNA into any 
cell or tissue type whose cell wall and plasma membrane can be 
penetrated. Embryogenic and meristematic tissues are the most 
commonly employed target tissues for the production of 
genetically transformed plants. Particle bombardment of embryo-
genic tissues has been successfully exploited to produce transgenic 
plants in a wide range of agronomically important plants, including 
legumes, tuber crops, starchy staples, trees, commodity crops, 
and all of the major cereals (66, 67). In the case of bombarding 
apical meristems, the treatment, physiological status, and age of 
the mother plants prior to excision of the explants must be taken 
into consideration. Use of an osmotic pretreatment or partial 
drying of the target cells prior to bombardment is a com-
monly used strategy to increase the frequency of successful 
transformation (68).

One of the advantages of particle bombardment is the possi-
ble expression of multiple transgenes in the target tissue, which 
can be achieved by fusion of genes within the same plasmid that 
is then bombarded into the target tissues. In recent years, multi-
ple independent gene expression cassettes have been successfully 
transferred using particle bombardment in wheat, rice, and soy-
bean (67, 69, 70). The use of microprojectile bombardment 
has made it easy to transfer large DNA fragments into the 
plant genome, although the integrity of the DNA is a concern. 
Integration of yeast artificial chromosomes (YACs) into the plant 
genome by particle bombardment has been successful with inserts 
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of up to 150 kb (71, 72). Although requiring further development, 
integration of large DNA fragments promises to be an important 
tool in future plant research and crop biotechnology.

In summary, over the last two decades, many published stud-
ies have utilized microprojectile technology in both monocot and 
dicot plant species (Table 1). In the process, a diverse range of 
agronomic traits have been transferred and imparted to crop 
plants via particle bombardment, which remains the most promis-
ing technique to genetically engineer plastids. However, this 
technology is limited due to several drawbacks, such as the inte-
gration of multiple copies of the desired transgene, in addition to 
superfluous DNA sequences that are associated with the plasmid 
vector. Multicopy integrations and superfluous DNA can lead to 
silencing of the gene of interest in the transformed plant. This prob-
lem was overcome by transferring the desired coding region only 
with its control elements into the target cells of plant genome (73).

Electroporation-mediated transformation requires the application 
of strong electric field pulses to cells and tissues and is known to 
cause some type of structural rearrangement of the cell mem-
brane. In vitro introduction of DNA into cells is now the most 
common application of electroporation. The technique was origi-
nally developed for protoplast transformation but has subse-
quently been shown to work with intact plant cells as well.  
A voltage of 25 mV and an amperage of 0.5 mA for 15 min are 
the most often used parameters. However, factors such as surface 
concentration of DNA and tolerance of cells to membrane per-
meation may affect electroporation efficiency. Using the elec-
troporation method, successful transformation has been achieved 
with protoplasts of both monocot and dicot plants. The first 
report of fertile transgenic rice utilized electroporation of DNA 
into embryogenic protoplasts (74). However, using protoplasts 
as explants for regeneration of transformants limits the use of 
electroporation for stable transformation because the protoplast-
to-plant regeneration system has not been developed in most 
plant species. The electroporation of plant cells and tissues is very 
similar in its principles to the electroporation of protoplasts. This 
approach enabled the recovery of the first transgenic plants in 
barley (75). In sugarcane, a gene was transferred into intact 
meristem tissue using electroporation-mediated transformation 
(Table 1). While electroporation was proposed as an alternative to 
biolistics, it is not nearly as efficient. Compared to biolistics, it is 
inexpensive and simple, but the technique has only been success-
ful in a few plant species. The thick cell walls of intact tissues 
represent key physical barriers to electroporation.

Polyethylene glycol (PEG)-mediated transformation is a method 
used to deliver DNA using protoplasts as explants. The method is 
similar to electroporation in that the DNA to be introduced is 
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simply mixed with the protoplast, and uptake of DNA is then 
stimulated by the addition of PEG, rather than an electrical pulse. 
PEG-mediated transformation has several advantages because it is 
easy to handle and no specialized equipment is required. However, 
the technique is rarely used due to the low frequency of transfor-
mation and because many species cannot be regenerated into 
whole plants from protoplasts. In addition, fertility may be a con-
cern because of the somaclonal variation of the transgenic plants 
derived from protoplast cultures. Nonetheless, using this method, 
transgenic maize and barley have been produced (76). Thus, pro-
toplast transformation is feasible in cereals, even though fertility 
problems in the regenerants are often encountered. In cotton, 
transformation was achieved using combined polybrene–spermi-
dine-based callus treatment (77).

Related to PEG-mediated transformation is the liposome-
mediated transformation technique. In this method, DNA enters 
protoplasts via endocytosis of liposomes. Generally, this process 
involves three steps: adhesion of liposomes to the protoplast sur-
face, fusion of liposomes at the site of adhesion, and release of the 
plasmid inside the cell. Liposomes are microscopic spherical vesi-
cles that form when phospholipids are hydrated. Liposomes being 
positively charged tend to attract negatively charged DNA and 
cell membrane (78). In this process, the engulfed DNA is free to 
integrate into the host genome. However, there have been very 
few successful reports on the application of this technique in plant 
species because the technique is very laborious and is associated 
with low efficiency. In tobacco, intact YACs were transformed via 
lipofection-PEG technique (79).

Kaeppier et al. first reported the use of silicon-mediated transfor-
mation, which is one of the least complicated methods. In this 
method, small needle-type silicon carbide whiskers are mixed with 
plant cells and the gene of interest, and the mixture is then vor-
texed (80). In the process, the whiskers pierce the cells, permit-
ting DNA entry into the cells. The fibers most often used in this 
procedure have an elongated shape, a length of 10–80 mm and a 
diameter of 0.6 mm and show high resistance to expandability. 
The method is simple, inexpensive, and effective on a variety of 
cell types (81). The efficiency of SCMT depends on fiber size, 
vortexing, the shape of vortexing vessel, as well as the plant mate-
rial used for transformation. The SCMT technique has been used 
in a variety of plants, including maize, rice, wheat, tobacco, etc. 
Furthermore, silicon carbide fibers have been found to improve 
the efficiency of Agrobacterium-mediated transformation (82). 
The main disadvantages of SCMT include low transformation 
efficiency and damage to cells, thereby negatively affecting their 
regeneration capacity. Furthermore, this method imposes health 
hazards due to fiber inhalation if not performed properly.  

2.5. Silicon Carbide-
Mediated 
Transformation 
(SCMT)
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More recently, two related technologies have been developed: 
silicon fibers have been reported to increase callus transformation 
by 30–50% in rice (83), and mesoporous silica nanoparticles have 
been used to deliver DNA and chemicals into both plant cells and 
intact leaves (84). Mesoporous silica nanoparticles are synthesized 
from a reaction between tetraethyl orthosilicate and a template 
made of micellar rods (85).

Microinjection is the direct mechanical introduction of DNA into 
the nucleus or cytoplasm using a glass microcapillary injection 
pipette. Using a microscope, cells (protoplasts) are immobilized 
in low-melting-point agar with a holding pipette and gentle suc-
tion; DNA is then injected into the cytoplasm or nucleus (86). 
The microinjection technique requires relatively expensive tech-
nical equipment for the micromanipulation of single cells under a 
microscope and involves precise injection of small amounts of 
DNA solution; the procedure is also very time-consuming. The 
injected cells or clumps of cells are subsequently cultured in tissue 
culture systems and regenerated into plants. Successful regenera-
tion of microinjected rapeseed (87), tobacco, and barley (88) has 
produced genome-integrated, stable transformants. However, 
microinjection has achieved only limited success in plant transfor-
mation due to the thick cell walls of plants and, more challeng-
ingly, to a lack of availability of a single-cell-to-plant regeneration 
system in most plant species.

In genetically modified plants, the gene of interest usually inte-
grates into the nucleus; however, it is also possible to transfer the 
gene into the plastid. The chloroplast genome is highly conserved 
among plant species and typically consists of double-stranded 
DNA of 120–220 kb, arranged in monomeric circles or in linear 
molecules. In most higher plant species, the chloroplast genome 
has two similar inverted repeat (IRA and IRB) regions of 20–30 kb, 
that separate a large single copy (LSC) region and small single 
copy (SSC) region (89). Both the microprojectile or protoplast-
mediated transformation methods are capable of delivering DNA 
to plastids (90), but to achieve successful transformation, chloro-
plast-specific vectors are required. The basic plastid transforma-
tion vector is comprised of chloroplast-specific expression cassettes 
and target-specific flanking sequences. Integration of the trans-
gene into the chloroplast occurs via homologous recombination 
of the flanking sequences used in the chloroplast vectors (91). 
The first successful chloroplast transformation (of the aada 
gene, which confers spectinomycin resistance) was reported in 
Chlamydomonas (92). In higher plants, plastid transformation has 
been accomplished in tobacco with various foreign genes. In 
recent years, several crop chloroplast genomes have been trans-
formed through organogenesis, and maternal inheritance has 
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been observed (93). In economically important crops such as 
cotton, efficient plastid transformation has been achieved through 
somatic embryogenesis by bombarding embryogenic cell cultures.

Several transgenes engineered through chloroplast transfor-
mation have conferred valuable agronomic traits in plants, includ-
ing insect and pathogen resistance, and both drought and salt 
resistance. In soybean expressing the Cry1Ab gene, insecticidal 
activity against velvet bean caterpillar was conferred to the trans-
formed plant (Table 1). Advancement in chloroplast engineering 
has made it possible to use chloroplasts as bioreactors for the pro-
duction of recombinant proteins and biopharmaceuticals. Because 
plastid genes are maternally inherited, transgenes inserted into 
these plastids are not disseminated by pollen. Additional advan-
tages of this transformation system include the ability to express 
several genes as a polycistronic unit, thereby potentially eliminat-
ing position effects and gene silencing in chloroplast genetic 
engineering (94, 95).

Transformation of native genes (including regulatory elements) 
into plants without a selectable marker is highly desirable to over-
come consumers’ concerns about GM crops. Historically, the 
development of transgenics with important agronomic traits 
depended on the use of genes derived from other organisms. 
Over the past decade, however, rapid advances in plant molecular 
biology have resulted in a major shift from bacteria and viruses to 
plants as important gene sources. A broad variety of plant genes 
associated with agronomically important traits have now been 
identified (96). For example, plants containing modified acetolac-
tate synthase (ALS) genes displayed the same high levels of sulfo-
nylurea tolerance as transgenic plants that expressed bacterial ALS 
tolerance genes (97). Likewise, the occurrence of glyphosate tol-
erance in a goosegrass (Eleusine indica) biotype has been associ-
ated with a mutated 5-enolpyruvylshikimate-3-phosphate synthase 
(EPSPS) gene (98). With respect to native gene transfer research, 
the application of transposon tagging and map-based cloning 
methods have resulted in the identification of more than 50 func-
tionally active resistance (R) genes, several of which are currently 
being used as viable alternatives to foreign antimicrobial genes in 
crop improvement programs. One of the most agronomically 
important R-genes isolated is the Solanum bulbocastanum RB 
gene, which provides resistance to the potato late blight fungus 
Phytophthora infestans (99).

Rapid progress has also been made in the development of 
plant-based gene alternatives and recovery of various insecticidal 
proteins that are involved in insect resistance. It has been sug-
gested that a 30-kDa maize cysteine protease can be used to 
enhance maize tolerance to caterpillars and armyworms (100). 
Alternatively, silencing or overexpressing key biosynthetic genes 
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can enhance a plant’s ability to produce insecticidal secondary 
metabolites. In tobacco, suppression of a P450 hydroxylase gene 
resulted in a 19-fold increase in cembratrieneol levels in trichomes, 
dramatically enhancing aphid resistance (101). About 40 diverse 
plant genes have been used to enhance tolerance to abiotic 
stresses. In Arabidopsis, overexpression of C-repeat-binding tran-
scription factor (CBF) increased survival resistance to freezing, 
drought, and salt (102).

Various methods such as promoter trapping and RNA finger-
printing have facilitated the identification of hundreds of plant 
promoters (e.g., ubiquitin and actin gene promoters), many of 
which contain regulatory elements that support high-level gene 
expression in most tissues of transgenic plants. Use of the same 
genetic material available in the plant benefits genetic engineering 
approaches into existing plant breeding programs.

After explants are transformed with the requisite vector having 
the gene of interest, the transformed cells/tissues need to be 
selected, which requires a selectable marker gene in the vector. In 
current transformation systems, a selectable marker gene is code-
livered with the gene of interest to identify and resolve rare trans-
genic cells from nontransgenic cells (103). However, during 
transformations, only a few plant cells accept the integration of 
foreign DNA; most cells remain nontransgenic. Several selectable 
marker genes are currently in use, and most utilize antibiotic or 
herbicide selection (Table 3). Of these, the npt II gene (encoding 
neomycin phosphotransferase II), which imparts kanamycin resis-
tance, is commonly used in the development of transgenics. Visual 
observation of gene expression is achieved using reporter genes 
that can represent important components for transient and stable 
expression studies. The most commonly used reporter genes in 
plant transformation are the b-glucuronidase (GUS) gene and the 
green fluorescent protein gfp. Selectable marker genes are required 
to recover stably transformed plants. However, due to environ-
mental concerns, as well as human health risks, the use of nonse-
lectable markers needs to be promoted. In recent years, the 
following techniques have been used for the production of select-
able-marker-free plants.

Cotransformation is a strategy that utilizes two plasmid vectors: 
one containing the gene of interest and the other containing a 
selectable marker gene. With this approach, integration of genes 
may be either within a single locus or at unlinked loci (104). The 
method achieves a high cotransformation efficiency and is usually 
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carried out using biolistic or Agrobacterium-mediated 
transformation. The approach may permit the simultaneous 
introduction of many genes, independent of gene sequence, with 
a limited number of selectable marker genes. For example, in one 
report, nine genes were transferred into the rice genome by biolis-
tics. Because the cotransformed genes are integrated at a single 
locus, they cosegregate. However, Agrobacterium-mediated 
cotransformation has the advantage over biolistic transformation 
that cotransformed genes often integrate into different loci, which 
results in the segregation of unlinked selectable marker genes 
from the gene of interest, thereby permitting production of 
marker-free transgenic plants (105). Cotransformation via 
Agrobacterium uses either two mixed Agrobacterium populations 
(each carrying a different binary vector) or a single Agrobacterium 
population (carrying two different binary vectors) (Fig. 1).

Table 3 
Various selectable markers and reporter genes commonly used  
in transgenic plants

Gene Enzymes encoded Substrate Gene source Reference

Selectable markers

bar Phosphinothricin acetyl 
transferase

Phosphinothricin Streptomyces hygroscopicus (175)

BADH Betaine aldehyde 
dehydrogenase

Betaine aldehyde Spinacia oleracea (176)

bxn Bromoxynil nitrilase Oxynils Klebsiella pneumonia (177)
cat Chloramphenicol acetyl 

transferase
Chloramphenicol Escherichia coli Tn5 (178)

dhfr Dihydrofolate reductase Methotrexate Candida albicans (179)
EPSPS 5-Enolpyruvyl shikimate-

3-phosphate synthase
Glyphosate Petunia × hybrida (180)

gox Glyphosate  
oxidoreductase

Glyphosate Ochrobactrum anthropi (181)

hpt II Hygromycin phospho-
transferase II

Hygromycin B E. coli (182)

ManA Phosphomannose 
isomerase

d-Mannose E. coli (183)

npt II Neomycin phosphotrans-
ferase II

Kanamycin E. coli Tn5 (184)

xylA Xylose isomerase d-Xylose Streptomyces rubignosus (185)

Reporter genes

uidA/GUS b-Glucuronidase X-gluc E. coli (186)
gfp Geen fluorescent protein Aequorea victoria (187)
lacZ Galactosidase X-gal E. coli (188)
luc Luciferase Luciferin Photinus pyralis (189)

Oxalate oxidase Oxalic acid Triticum aestivum (190)
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Recent developments in genetic engineering have made it possible 
to use transposon-based transformation to eliminate selectable 
marker genes in transgenics; for example, the maize Ac/Ds 
transposable element system has been used to excise selectable 
marker genes from plants. In this approach, the marker gene is 
flanked by the inverted repeat sequences of the Ds element. 
Subsequent to the transformation and T-DNA integration, 
expression of the Ac transposase from within the T-DNA results 
in excision of the gene of interest from the T-DNA insert con-
taining the selectable marker gene. As a result, the gene of inter-
est is transferred from the T-DNA site to another chromosomal 
location. Successful application of the system therefore requires 
the activity of the Ac transposase for the development of marker-
free transgenic plants (106).

Repositioning within the genome can also enhance the 
expression profile of the gene of interest. In tomato, transposi-
tion of the GUS reporter gene and subsequent generation of 
npt II-free plants has been accomplished with both single and 
multiple T-DNA insertions. For example, hpt II-free rice plants 
were created that expressed Bt endotoxin encoded by the cry1B 
gene excision; reinsertion of the transgene occurred at very high 
frequencies (25–37%), preserving high levels of resistance to 
striped stem borer (107). However, because this technology 
relies on crossing plants to segregate the gene of interest from 
the marker gene and transposase, it is of limited use in plants 
that are vegetatively propagated or which have a long reproduc-
tive cycle.

3.2. Transposon-
Mediated 
Transformation

Fig. 1. Schematic representation of two T-DNA on single or two separate vectors in Agrobacterium. LB and RB: T-DNA left 
and right borders, respectively. After transformation, the cotransformed T-DNA integrates, along with its flanking 
sequences (the LB and RB), into the plant genome at different loci.
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To improve the selectable-marker-free plant technology, an 
IPT-type MAT (multiautotransformation) vector system was 
developed as an alternative to the Ac/Ds transposable element 
system. A MAT vector system uses the IPT (isopentenyltrans-
ferase) gene and Ac element under the control of the CaMV35S 
promoter. However, IPT expression in the transformed plant 
generates an abnormal phenotype called the “extreme shooty 
phenotype.” Thus, subsequent to transformation, the IPT gene is 
removed using the Ac transposable element from the T-DNA, 
leaving only the gene of interest in the inserted copy of the 
T-DNA (108). This results in marker-free transgenic plants with 
a normal phenotype. However, there are several drawbacks of 
using a MAT system for marker gene removal (109). Specifically, 
there is the possibility of variable rates of transposition efficiency 
and also of reinsertion of the transposable element.

Because of potential biosafety concerns, attempts have been 
made to generate transgenic plants devoid of selectable marker 
genes and vector backbone sequences from the T0 generation 
(110). Thus, methods have been devised to reduce the fre-
quency of vector backbone sequence integration during plant 
transformation. In maize, the ovary-drip method was used to 
increase transformation frequency using linear green fluorescent 
protein (GFP) cassettes (Ubi-GFP-nos) flanked by 25-bp 
T-DNA borders as the transfer gene (111, 112). In another 
approach, multiple tandem LB repeats were used to suppress 
the transfer of vector backbone in rice transformation. And more 
recently, soybean transformation experiments have been con-
ducted to reduce vector backbone sequences by using nonlethal 
genes that interfere with plant development (113), resulting in 
a high frequency of vector-backbone-free transgenics. Multiple 
border sequences can also be used to generate vector-backbone-
free transgenics (114, 115). And finally, in maize, backbone-free 
transgenics were developed using vectors having a selectable 
marker gene in the vector backbone and the gene of interest in 
the T-DNA (116).

The most widely used site-specific recombination system is the 
Cre–lox system from bacteriophage P1, which is very effective in 
the generation of marker-free plants (117). In this system, the 
plant is transformed with a T-DNA vector carrying the gene of 
interest with lox sites (34 bp repeats in direct orientation) flanking 
the selectable marker. In the second round of transformation, Cre 
recombinase is introduced to achieve precise excision of the 
marker gene. Specifically, Cre catalyzes the recombination 
between the lox repeat sequences, thereby eliminating the marker 
gene in the progeny (118). This system has been used in various 
plant species to generate marker-free transgenics. Using the Cre–
lox system, it is also possible to resolve multiple transgene copies 

3.3. Multiautosystem

3.4. Site-Specific 
Recombination
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into only a single copy per recipient genome (119). Recent 
advances in this technology have led to the use of different induc-
ible promoter systems; for example, a strategy has been developed 
using the B estradiol-inducible promoter system in which an arti-
ficial transcription factor, XVE, was constructed for use in plants 
with its cognate promoter (120). Using the Cre/lox system under 
the control of an inducible promoter, successful marker-free 
transgenic plants were developed. Recently, successful excision of 
loxP-flanked selectable marker has been achieved using a flower-
specific promoter in rice (121). However, to achieve a high trans-
formation efficiency, more refinement is needed to improve this 
technology.

Using two T-DNAs, one bearing a selectable marker and the 
other containing the gene of interest, in a single vector, marker-
free transgenic plants have been produced. This approach yields 
higher frequencies of cotransformation than a strategy using a 
mixture of A. tumefaciens strains carrying separate vectors.  
In one study, GUS and hpt II genes cotransformed into tobacco 
showed segregation of both the genes at unlinked loci, resulting 
in hpt marker-free plants (122). In another report, a 100% 
cotransformation frequency was achieved in tobacco when the 
selected T-DNA was twice as large as the nonselected T-DNA.  
In maize, cotransformation with an octopine strain carrying a 
binary vector with two T-DNAs yielded cotransformation fre-
quencies of 93% for the bar and GUS genes in the T0 generation 
(123). In barley, a similar approach using smaller vectors yielded 
a cotransformation frequency of 66%, but only 24% of these 
segregated as marker-free plants (124). These studies clearly 
demonstrate that marker-free plants can be generated with vari-
able efficiencies using Agrobacterium-mediated cotransforma-
tion followed by segregation of the genes in the subsequent 
sexual generations.

Gateway cloning technology offers a fast and reliable high-
throughput, restriction-enzyme-free cloning strategy for plasmid 
construction. The Gateway technology is based on the site-
specific recombination reaction mediated by bacteriophage l DNA 
fragments flanked by recombination sites (att). These sites can 
be transferred into vectors containing compatible recombination 
sites (attL attR or attB, attP) in a reaction mixture mediated by 
the Gateway clonase mix (125). The backbone of all described 
Gateway-compatible plant transformation vectors is the plasmid 
pPZP200 (115). Two recombination reactions, catalyzed by LR 

3.5. Two T-DNA-
Mediated 
Transformation

4. Gateway Plant 
Transformation 
Vectors
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and BP recombinases (clonases), respectively, are used in Gateway 
cloning. The first step, catalyzed by LR, inserts the gene of inter-
est into the Gateway vector at the attL and attR sites. The result-
ing construct is called the entry clone. All entry clones have attLs 
flanking the gene of interest. These are necessary in the Gateway 
system because these attL sites are cut to form sticky ends by the 
Gateway clonase. These sticky ends match with the sticky ends of 
the destination vector, which contains attR restriction sites. This 
process is called a LR reaction and is mediated by LR clonase 
mix, which contains the recombination proteins necessary for 
excision and incision. The product formed in the LR reaction is 
called the expression clone, which represents a subclone of the 
starting DNA sequence, correctly positioned in a new vector 
backbone. The second Gateway step is the BP reaction, which is 
the reverse of the LR reaction. In the BP reaction, the DNA 
insert flanked by 25 bp attB sites is transferred from the expres-
sion clone into a vector donated by a plasmid containing the attP 
sites. The final product is termed the destination clone and con-
tains the transferred DNA sequence. Alternatively, these two 
sequential steps can be reversed to meet specific cloning needs 
(Fig. 2) (Olga V. Karpova and Zhanyuan J. Zhang, unpublished). 
The BP reaction thus allows rapid, efficient, directional PCR 
Cloning (126, 127).

Fig. 2. Diagram of gateway cloning technology to clone a PCR-product containing the gene of interest into plant transfor-
mation vector, without the use of restriction or ligation enzymes. ccd B, a bacterial suicide gene whose replacement 
by the incoming transgene-containing PCR product, will allow the transformed bacterial cells to survive, ensuring the 
presence of the transgene in either the entry or destination clone.
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With advances in Gateway technology, it is possible to create 
many vectors with fused or directly linked multiple transgenes 
(128). Recently, for RNA interference, a high throughput cloning 
system has been designed using pHELLSGATE vectors. In these 
vectors, the recombination sites do not affect gene silencing per-
formance, in contrast to the conventional restriction enzyme 
cloning vectors. In Arabidopsis, overexpression of large DNA 
fragments was found to be effective using Gateway technology. 
Molecular analysis of T0 and T1 generations confirmed that 
Gateway-compatible constructs were active and also that the att 
recombination sites did not inhibit transgene activity or interfere 
with enhancer activity in vivo (129, 130).

However, the use of Gateway-RNAi transformation vectors 
can be a challenge due to the requirement for generating double-
stranded RNA via inverted repeats. Thus, because the att recom-
bination sites need to be duplicated, there is an increased chance 
of altering the orientation of the intron spacer whose splicing effi-
ciency may be adversely impacted, causing reduced RNAi-
mediated silencing efficacy. One solution to this problem is to use 
a double-intron spacer in the opposite orientation (131). 
However, the effectiveness of such a design needs to be validated 
in more experiments with different plant species.

Recently, the “pEarleyGate” vectors have been designed for 
Agrobacterium-mediated plant transformations; these vectors 
translationally fuse FLAG, HA, cMyc, AcV5, or tandem affinity 
purification epitope tags onto target proteins, with or without an 
adjacent fluorescent protein (132, 133). A high-throughput pro-
tocol has recently been developed using the Gateway binary vec-
tor R4pGWBs for transformation of Arabidopsis thaliana. This 
vector is designed for the one-step construction of chimeric genes 
between any promoter and any cDNA (134). Also, autofluores-
cent protein tags are useful due to their ability to visualize cellular 
processes in vivo (135). For example, the pSAT vectors are useful 
for both autofluorescent protein tagging and multiple gene trans-
fer (136). In many plant laboratories, Gateway binary vector 
technology has enabled in planta expression of recombinant pro-
teins fused to fluorescent tags (137). Efficient expression of fluo-
rescent protein has been achieved in Nicotiana benthamiana 
(138). For easy manipulation and efficient cloning of DNA frag-
ments for gene expression studies, a new Gateway expression vec-
tor has been developed by combining the Gateway system and a 
recombineering system. The recombineering system uses bacte-
riophage-based homologous recombination in which genomic 
DNA in a bacterial artificial chromosome (BAC) is modified or 
subcloned without restriction enzymes or DNA ligase (139), 
thereby permitting the direct cloning of gDNA fragments from 
BACs to plant transformation vectors. The construct is converted 
into a novel Gateway Expression vector that incorporates cognate 
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5¢ and 3¢ regulatory regions, using recombineering, to replace the 
intervening coding region with the Gateway Destination cassette. 
Using this approach, efficient transformation has been achieved 
in Arabidopsis (140).

Zinc-finger endonucleases (ZFNs), or “molecular scissors,” have 
recently been developed to target genes in plant systems. ZFNs 
are engineered proteins that have highly specific ZF domains 
fused to a sequence-independent nuclease domain. The current 
generation of ZFNs combines the nonspecific cleavage endonu-
clease domain of the Fok I restriction enzyme with several 
(usually three) zinc fingers domains that provide cleavage speci-
ficity. Subsequent to transformation, ZFNs introduce targeted 
double-stranded breaks in genomic DNA, thereby inducing 
recombination and repair processes at specific sites. In this pro-
cess, homologous recombination will occur using the homolo-
gous sequence of the transferred gene to repair the double-strand 
DNA break (141, 142) (Fig. 3).

ZFN-mediated gene targeting promises to be a powerful tool 
in the development of novel crop species possessing beneficial 

5. Gene Targeting 
(Zinc-Finger)

Fig. 3. Schematic representation of a zinc finger nuclease (ZFN) binding to its target site. The three different zinc finger 
domain indicate different sequences. The zinc-finger domains are fused to the cleavage domain of endonuclease FokI to 
create the ZFN. The three-finger ZFN requires two copies of the 9 bp recognition site in an inverted orientation to produce 
a double-stranded break (DSB).
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agronomic traits. ZFNs have been utilized successfully in both 
tobacco and Arabidopsis. In Arabidopsis, the ZFN have been 
shown to cleave and stimulate mutation at specific genomic sites, 
resulting in a mutation frequency of 0.2 per target (143). Site-
specific cleavage and transgene integration has also been demon-
strated in an engineered tobacco cell culture system (144). Such 
studies demonstrate the utility of zinc finger technology in plants 
and hold much promise for the development of novel transgenic 
plants. One major limitation in ZFN technology is the potential 
for cellular toxicity due to off-target DNA cleavage; thus, ZFNs 
are being modified to reduce this effect (145).

The recent development of plant artificial chromosome technol-
ogy provides an opportunity for the stable expression and main-
tenance of multiple transgenes in a single genome. Plant artificial 
chromosomes are produced through telomere-mediated trunca-
tion of endogenous chromosomes. Telomeres are comprised of 
arrays of tandemly repeat sequences present at each end of a plant 
chromosome. To facilitate in vivo telomere-mediated truncation, 
an array of telomere sequences is cloned into a vector and then 
delivered into the genome via Agrobacterium-mediated T-DNA 
transformation or particle bombardment. Upon integration of 
the construct into the genome, the telomeric sequences can at 
some frequency be recognized as a bona fide chromosome termi-
nus in the recipient chromosome, thereby truncating the chro-
mosome at the insertion site (146). Recently, a 2.6-kb telomere 
repeat array isolated from Arabidopsis has been successfully trans-
formed in maize to generate telomere-truncated chromosomes 
whose structure was verified by marker gene expression and FISH 
(fluorescent in situ hybridization)-based karyotyping (147, 148). 
Plant minichromosome technology can also be combined with 
site-specific recombination systems to facilitate the stacking of 
multiple transgenes. This strategy for construction of engineered 
chromosomes should easily be extended to other plant species 
because it does not rely on species-specific cloned centromere 
sequences.

Over the last two decades numerous transformation techniques 
have been developed for plants. Both Agrobacterium-mediated 
and microprojectile bombardment-based transformations are now 

6. Chromosome 
Truncation

7. Future 
Prospects
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standard laboratory techniques in plant labs. Recent advancements  
in genetic engineering techniques have led to the identification 
of genes and proteins involved in the DNA transfer mechanism 
accomplished by Agrobacterium transformation. Yet, despite 
this progress, many economically important crops and tree 
species remain highly recalcitrant to Agrobacterium infection. 
Thus, much effort is being made to develop regeneration pro-
tocols that can efficiently integrate exogenous genes to develop 
stable transgenics using both Agrobacterium- and biolistic-
mediated transformation. Novel techniques are also under 
development to develop genetically transformed plants with 
desired characteristics (149).

The generation of transgenic plants requires the use of vari-
ous selectable marker genes that are introduced together with 
the gene of interest. Yet, it is abundantly clear that marker-free 
transgenic plants will be required in the future, thereby requir-
ing more progress in genomics, cloning technology, and vector 
design, so as to eliminate the need for residual bacterial select-
able marker genes in the future. Genetically engineered plants 
also play an important role in the ongoing study of gene func-
tion and metabolic pathways. Promising research has led to the 
identification of genes that control organogenesis or somatic 
embryogenesis which may function as selectable marker genes. 
The reintroduction of native genes and regulatory elements 
into plants therefore represents a viable means to achieve exog-
enous marker-free plants. A wide variety of plant genes associ-
ated with agronomically important traits have now been 
identified (150).

Chloroplast transformation technology is gaining impor-
tance due to its unique advantage of gene stacking without 
concern about gene silencing and of creating an opportunity to 
produce multivalent vaccines in a single transformation step. 
The recently developed zinc finger nuclease technology holds 
much promise in both basic and applied agricultural biotech-
nology. ZFN-assisted gene targeting and chromatin remodel-
ing studies should also aid in characterizing gene function in 
plants. Resources are now available for engineering ZFNs in 
numerous plant species. Advancements in genetic engineering 
have also led to the development of minichrosome technology, 
which may provide a solution to gene stacking. Large DNA 
sequences, including multiple genes, could be introduced into 
the genome using this technology. Therefore, advances in trans-
genic technology would provide a solution for production of 
improved crop species to meet the world’s demands for food, 
feed, fiber, and fuel (151). Hence, it is hoped that in the near 
future, GM plants with minimal genomic modifications can be 
developed.
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Chapter 2

Engineering the Plastid Genome of Nicotiana sylvestris ,  
a Diploid Model Species for Plastid Genetics

Pal Maliga and Zora Svab 

Abstract

The plastids of higher plants have their own ~120–160-kb genome that is present in 1,000–10,000 
copies per cell. Engineering of the plastid genome (ptDNA) is based on homologous recombination 
between the plastid genome and cloned ptDNA sequences in the vector. A uniform population of engi-
neered ptDNA is obtained by selection for marker genes encoded in the vectors. Manipulations of ptDNA 
include (1) insertion of transgenes in intergenic regions; (2) posttransformation excision of marker genes 
to obtain marker-free plants; (3) gene knockouts and gene knockdowns, and (4) cotransformation with 
multiple plasmids to introduce nonselected genes without physical linkage to marker genes. Most experi-
ments on plastome engineering have been carried out in the allotetraploid Nicotiana tabacum. We report 
here for the first time plastid transformation in Nicotiana sylvestris, a diploid ornamental species.  
We demonstrate that the protocols and vectors developed for plastid transformation in N. tabacum 
are directly applicable to N. sylvestris with the advantage that the N. sylvestris transplastomic lines are suit-
able for mutant screens.

Key words: Plastid transformation, Nicotiana sylvestris, Tobacco, aadA, Spectinomycin resistance, 
Streptomycin resistance

The plastid genome (ptDNA) of higher plants is highly polyploid. 
The number of plastids per cell and the number of ptDNA per 
plastid is dependent on the species and the cell type. For example, 
an Arabidopsis thaliana leaf cell contains about 120 chloroplasts, 
the green plastid type differentiated for photosynthesis, and these 
harbor 1,000-1,700 copies of the 154,478-bp plastid genome (1). 
In comparison, Nicotiana tabacum leaf cells contain about 100 
chloroplasts harboring ~10,000 copies of the 155,939-bp ptDNA 
(2). Transformation of the plastid genome was first accomplished 

1. Introduction
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in Chlamydomonas reinhardtii, a unicellular alga (3), followed by 
plastid transformation in this laboratory in N. tabacum, a multi-
cellular flowering plant (4). Plastid transformation since has been 
extended to Porphyridium, a unicellular red algal species (5) and 
the mosses Physcomitrella patens (6) and Marchantia polymorpha 
(7). In higher plants, plastid transformation is reproducibly 
performed in N. tabacum (8), tomato (9), soybean (10), lettuce 
(11, 12), and cabbage (13). Monocots as a group are still recalci-
trant to plastid transformation.

Plastid transformation in each of these systems is based on 
homologous recombination. Plastid transformation vectors are 
Escherichia coli plasmid derivatives that do not replicate in plas-
tids, so that the marker genes encoded in the vectors are expressed 
only if they integrate in the plastid genome via cloned ptDNA 
fragments flanking the marker gene (1–2 kb each side). In some 
of the plastid transformation vectors the restriction sites have 
been removed so that the plastid vectors can be used for cloning 
in E. coli (9, 14–16). The transforming DNA is introduced into 
plastids by the biolistic process (4, 8) or by polyethylene glycol 
treatment (17, 18), followed by selection for the marker gene. 
The marker genes employed for selective amplification of trans-
formed ptDNA are plastid small rRNA genes with point mutations 
conferring spectinomycin resistance (4, 17, 18); or chimeric genes 
that confer resistance to spectinomycin and streptomycin 
(aadA)(8), kanamycin (neo or aph(3¢)IIa) (19, 20) (21), or the 
amino acid analogues 4-methylindole (4MI) and 7-methyl-DL-
tryptophan (7MT) (ASA2) (22). If the transforming DNA is 
introduced into protoplasts, the DNA delivery is by PEG treat-
ment (17, 18). DNA delivery into leaf chloroplasts (4, 8) and the 
plastids of tissue culture cells (10, 23) is by the biolistic approach.

Engineering of the plastid genome includes four types of 
manipulations. The first type of manipulation is insertion of the 
marker gene and the gene of interest in intergenic regions. If 
mutations are included in the plastid-targeting region, the muta-
tion may or may not be introduced into the plastid gene depen-
dent on the site of recombination as described (24–26). The 
second type of manipulation is posttransformation marker gene 
excision. When we contemplate posttransformation excision of 
the marker genes, we flank the marker gene by recombinase tar-
get sites in the transformation vector. Excision of the marker gene 
is accomplished by a plastid-targeted recombinase expressed from 
a nuclear gene introduced by Agrobacterium-mediated transfor-
mation or by crossing. The example we show for the insertion of 
a transgene in Fig. 1 is transformation of the N. sylvestris plastid 
genome with the pCK2 plastid transformation vector that carries 
a selectable spectinomycin resistance (aadA) marker gene and the 
aurea bar au gene of interest. Recombination between the pCK2 
vector and ptDNA (dashed lines) yielded Ns-pCK2 ptDNA 
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carrying both transgenes. Excision of aadA by Int, the phiC31 
phage site-specific recombinase, via the attP and attB target sites 
left behind only the aurea bar au gene and a recombinant target 
site in the Ns-pCK2-INT ptDNA.

The third type of plastid genome engineering is knocking out 
plastid genes to query their function. The knockout lines are 
obtained by replacement of endogenous genes with marker genes 
by homologous recombination. The first examples of plastid gene 
knockouts were lacking the plastid rbcL (27) and rpoB (28) genes. 
By now at least 25 plastid gene knockout plants have been described 
(29). The example we show in Fig. 2 is a knockdown variant, in 
which introduction of an editing site in the psbF gene yielded an 
editing-dependent, functionally impaired version of the psbF gene. 
Transformation of the N. sylvestris plastid genome with vector 
pRB8, dependent on the site of recombination, yielded two types 
of transplastomic plants carrying aadA: editing-dependent, slow-
growing plants with reduced chlorophyll content (T1-ptDNA) 
and plants with a wild-type phenotype (T2-ptDNA).

Fig. 1. Construction of transplastomic Nicotiana sylvestris plants carrying the aurea bar au gene in their plastid genome. 
Recombination between the pCK2 vector and wild-type ptDNA (dashed lines) yields the Ns-pCK2 transplastome carrying 
the bar au gene and the selectable spectinomycin resistance (aadA) gene. Note that aadA is flanked with the phiC31 phage 
recombinase attB (BB’) and attP (PP’) target sites. Excision of aadA by Int leaves behind a recombinant PB¢ target site and 
the bar au gene in the Ns-pCK2-INT ptDNA. For further details see reference on the construction of transplastomic bar au 
N. tabacum plants (41).
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The fourth type of manipulation is cotransformation carried 
out with a mix of two plastid transformation vectors. First, the 
transplastomic clones are selected by the marker in vector one; 
then these transplastomic clones are screened for sequences from 
the second vector that does not carry a selectable marker. 
Cotransformation by the two plasmids is relatively frequent: plas-
tid genomes recovered after transformation with the mixed vector 
carry the second, nonselected modification in ~20% of the clones 
(30, 31). Independent transformation of ptDNA copies with vec-
tors targeted to alternative sites and subsequent sorting could 
also be used to obtain marker-free transplastomic plants carrying 
the nonselected genes (32). No cotransformation experiments 
have been carried out in N. sylvestris yet. In Fig. 3 we schemati-
cally show introduction of a nonselected marker by cotransforma-
tion in N. tabacum (30). For reviews on the applications of 
plastome engineering in basic science and biotechnology, see refs. 
(14, 29, 33–37).

Most experiments on plastid genome engineering have been 
carried out in N. tabacum, an allotetraploid species. Because of 
our interest in the identification of nuclear genes that control 
plastid inheritance, we were looking for a diploid Nicotiana spe-
cies in which a mutant screen can be carried out. We report here 
protocols for plastid transformation in Nicotiana sylvestris.  
N. sylvestris shares all the advantages of N. tabacum: facile tissue cul-
ture regeneration, transformation of nuclear and plastid genomes, 
numerous progeny (greater than million) and short generation 
time (4 months) with the additional advantage that it has a 

Fig. 2. Construction of psbF knockdown plants in Nicotiana sylvestris by transformation with the pRB8 plastid vector. The 
pRB8 plasmid carries a selectable spectinomycin resistance (aadA) gene targeting the insertion of aadA gene in the psbJ-
petA intergenic region. The targeting region contains the tobacco psbE operon (psbE, psbF*, psbL, and psbJ genes) with 
the engineered spinach psbF editing site marked by an asterisk (24). Recombination (dashed lines) between sites 1 and 
3 yielded pigment-deficient knockdown plants (T1 ptDNA), whereas recombination between sites 2 and 3 yielded normal 
green plants (T2 ptDNA).
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diploid nuclear genome (n = 12; 2,600 Mb; (38)). Because the 
diploid N. sylvestris is the maternal progenitor of the allotetra-
ploid N. tabacum, the plastid genomes of the two species are very 
similar (39). We report here that vectors pRB8 (24), pMSK56 
(40), and pCK2 (41) originally developed for N. tabacum can be 
used for plastid transformation in N. sylvestris. We currently use 
the transplastomic N. sylvestris lines in a genetic screen for muta-
tions in plastid inheritance.

	 1.	0.6 mm gold microcarrier available from Bio-Rad.
	 2.	Ice-cold 70% ethanol.
	 3.	Ice-cold sterile distilled water.
	 4.	50% glycerol, sterilized by autoclaving.

	 1.	Plasmid DNA prepared using the QIAGEN Maxi Kit (Qiagen 
Inc., Valencia, CA).

	 2.	2.5 M CaCl2 solution.
	 3.	0.1 M spermidine free base (Sigma, St Louis, MO).

2. Materials

2.1. Cleaning of Gold 
Particles

2.2. Coating of Gold 
Particles with Plasmid 
DNA

Fig. 3. Cotransformation with mixed plasmids to insert nonselected sequences in the 
plastid genome without physical linkage to the selectable marker. The nonselected 
sequence may be a gene (30) or a protein tag (31). Plastids contain multiple copies of 
the plastid genome (ptDNA). The selectable spectinomycin resistance (aadA) gene (open 
box) and nonselected gene-of-interest (goi; filled box) are targeted to different regions 
of ptDNA. Clones carrying aadA genes (T1-ptDNA and T2-ptDNA) are selected by spec-
tinomycin resistance and distinguished from spontaneous mutants by streptomycin/
spectinomycin resistance (see text). Approximately 20% of the transplastomic clones 
carries both aadA and the nonselected goi (T2-ptDNA). Based on ref. (30, 31).
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	 4.	70% ethanol.
	 5.	Ice-cold 100% ethanol.

	 1.	Bio-Rad PDS1000/He biolistic gun (Bio-Rad Laboratories, 
Hercules, CA).

	 2.	Macrocarrier disk for PDS1000/He biolistic gun (Bio-Rad).
	 3.	Rupture disk for PDS1000/He biolistic gun (Bio-Rad).
	 4.	Vacuum pump for the gun ThermoSavant VLP285 

(ThermoSavant, Holbrook, NY).
	 5.	Pressurized helium in tank, 99.999% pure, moisture free.
	 6.	Laminar flow hood for bombardment and tissue culture.
	 7.	Whatman No. 4 filter paper disks sterilized by autoclaving in 

glass Petri dish.
	 8.	Sterile Nicotiana sylvestris TW137 plants in Magenta boxes 

(see Note 1) grown on RM plant maintenance medium (see 
Note 2).

	 9.	Petri plate (100 × 15 mm) containing solid RMOP medium 
(20 ml) for leaf bombardment (see Note 3).

	10.	Deep (100 × 20 mm) Petri plates with 50 ml selective RMOP 
containing 500 mg/L Spectinomycin dihydrochloride penta-
hydrate (Sigma, St Louis, MO) (see Note 4).

	11.	70% ethanol.
	12.	Plastic wrap (strips) that is permeable to gas exchange, for 

example, Glad ClingWrap.

	 1.	Deep (100 × 20 mm) Petri dishes containing RM plant main-
tenance medium (see Note 2).

	 2.	Deep (100 × 20  mm) Petri dishes containing a selective 
spectinomycin (500  mg/L; Sigma, St Louis, MO) RMOP 
plant regeneration medium (see Note 3).

	 3.	Deep (100 × 20 mm) Petri dishes containing 500 mg/L each 
of spectinomycin (Sigma, St Louis, MO; Catalog No. S9007) 
and streptomycin (Sigma, St Louis, MO) in the RMOP plant 
regeneration medium (see Note 4).

	 4.	Magenta boxes containing selective spectinomycin 
(500 mg/L; Sigma, St Louis, MO) RM plant maintenance 
medium (see Note 2).

	 5.	Deep (100 × 20 mm) Petri dishes containing RM plant main-
tenance medium (see Note 2).

	 6.	Captan (Bonide Products Inc., Oriskany, NY), a fungicide; 
active ingredient N-Trichloromethylthio-4-cyclohexane-1, 
2-dicarboximide.

	 7.	Plastic trays (10″ × 20″) with holes on bottom with garden 
soil and transparent plastic domes.

2.3. DNA Delivery  
into Chloroplasts  
by the Biolistic 
Process

2.4. Identification  
of Transplastomic 
Plants
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The protocol we describe here was used to obtain transplastomic 
N. sylvestris after bombardment of tissue culture grown leaves 
with the pRB8 (24), pMSK56 (40) and pCK2 (41) plastid trans-
formation vectors. The Ns-pRB8 and Ns-pMSK56 plants carry a 
selectable spectinomycin resistance (aadA) gene. The aadA gene 
in the Ns-pMSK56 plasmids is translationally fused with the green 
fluorescent protein. The Ns-pCK2 plants carry an aurea bar au 
gene linked to aadA. In the Ns-pCK2-INT derivatives the aadA 
gene has been excised with Int, the phiC31 phage site-specific 
integrase. The protocol we describe here for N. sylvestris comple-
ments two other protocols published on plastid transformation in 
N. tabacum from this laboratory: one describing plastid transfor-
mation and marker gene excision by the CRE-loxP site-specific 
recombination system (42); the second on the applications of 
plastid transformation to study mRNA editing (43).

This protocol was modified from Bio-Rad Bulletin 9075.

	 1.	Weigh out 30  mg 0.6  mm gold microcarrier in a 1.5  ml 
Eppendorf tube and add 1  ml ice-cold 70% ethanol. Place 
tube in a Vortex microtube holder and shake vigorously for 
5 min. Let the particles settle in the tube for 15 min at room 
temperature (20–25°C).

	 2.	Spin in microcentrifuge at 3,000 rpm (600 × g) for 1 min to 
compact gold. Remove the ethanol with a pipette and add 
1 ml ice-cold sterile distilled water. Vortex the tube to sus-
pended the particles. Allow the gold particles to settle at room 
temperature for 10 min.

	 3.	Sediment the gold particles by spinning in a microcentrifuge 
at 3,000 rpm (600 × g) for 1 min. Remove water with pipette 
and add 1 ml ice-cold sterile distilled water.

	 4.	Repeat washing the gold particles with water by repeating 
steps 2 and 3.

	 5.	Suspend the gold particles by vortexing and store the tube at 
room temperature for 10 min to allow the particles to settle.

	 6.	Spin the tube in a microcentrifuge at 5,000 rpm (1,700 × g) 
for 15 s, then remove water completely. Add 500 ml 50% glyc-
erol and vortex for 1 min to resuspended particles. Gold con-
centration will be 60 mg/ml. The clean gold can be stored 
for 2 weeks at room temperature.

This protocol was modified from Bio-Rad Bulletin 9075.

	 1.	Place Eppendorf tube containing gold in a Vortex microtube 
holder and shake at setting 3. While tube is shaking, remove 

3. Methods

3.1. Cleaning of Gold 
Particles

3.2. Coating of Gold 
Particles with Plasmid 
DNA
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50 ml aliquots of gold and pipette into ten 1.5 ml Eppendorf 
tubes in a rack (see Note 5). While tubes are shaking, add 5 ml 
plasmid DNA (1 mg/ml), 50 ml 2.5 M CaCl2, and 20 ml 0.1 M 
spermidine free base. Make sure to add the components in 
this order and that the contents are thoroughly mixed before 
adding the next component.

	 2.	Shake tubes on Vortex at setting 3 for 5 min.
	 3.	Sediment gold by spinning in microcentrifuge at 3,000 rpm 

(600 × g) for 1 min. Remove the supernatant and add 140 ml 
70% ethanol to each tube. Tap tube lightly until the pellet just 
starts to come into solution to make sure pellet is not tightly 
packed. If gold does not go into solution by gently tapping 
the tube, break up pellet by pipetting up and down.

	 4.	Sediment gold by spinning in a microcentrifuge at 3,000 rpm 
for 1 min. Remove supernatant and add 140 ml ice-cold 100% 
ethanol to each tube. Lightly tap tube until the pellet just 
starts to come into solution.

	 5.	Sediment gold by spinning in a microcentrifuge at 5,000 rpm 
(1,700 × g) for 15 s. Resuspend coated gold pellet in 50 ml 
100% ethanol by gently tapping tube. Pellet should easily 
enter solution. Shake tubes at setting 3 while waiting to use 
them for bombardment. If tubes are sitting for a long period 
of time before bombardment, replace ethanol in tube with 
fresh 100% ethanol.

The protocol we describe here is for biolistic transformation of 
N. sylvestris leaves collected from plants grown in sterile culture. 
Bombardment of 20–30 leaves with the Bio-Rad PDS1000/He 
gun yields 10–40 transplastomic clones. The Hepta-adaptor ver-
sion of the gun (which is simultaneously using seven macrocarri-
ers) is more efficient; bombardment of five leaves is sufficient to 
obtain 5–25 transplastomic clones.

	 1.	Place leaves for biolistic transformation abaxial side up on two 
sterile Whatman No. 4 filter papers on top of solid RMOP 
medium (20 ml) in a 100 × 15 mm Petri plate. Use more than 
one leaf if necessary to cover the central area of the Petri plate 
(see Note 6).

	 2.	Set up the biolistic gun in a sterile laminar flow hood. Before 
bombardment, wipe off main chamber, rupture disk retaining 
cap, microcarrier launch assembly, and the target shelf of the 
gun with a cloth soaked in 70% ethanol.

	 3.	Sterilize rupture disks (1,100 psi), macrocarriers, macrocar-
rier holders, and stopping screens by soaking in 100% ethanol 
(5  min) then air dry them in tissue culture hood in open 
container.

3.3. DNA Delivery  
into Chloroplasts  
by the Biolistic Process
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	 4.	Turn on helium tank and set pressure in regulator (distal to 
tank) for 1,300 psi (200–300 psi above rupture disk value).

	 5.	Turn on vacuum pump and gene gun. Set the vacuum rate on 
the gene gun to 7 and the vent rate to 2.

	 6.	Prepare DNA-coated gold particles as described above. 
Pipette 10  ml of DNA-coated gold onto macrocarrier or 
“flying disk” in holder and let the disk air dry for 5 min. Five 
samples may be made up at one time if bombardment is car-
ried out with one macrocarrier (or seven, if Hepta-adaptor is 
used).

	 7.	Place rupture disk into retaining cap and screw in place 
tightly.

	 8.	Put stopping screen and flying disk (face down) in microcar-
rier launch assembly and place in chamber just below rupture 
disk. For description see Bio-Rad Bulletin 9075.

	 9.	Place leaf on thin RMOP plate (100 × 15 mm) into chamber 
9 cm (fourth shelf from top) below the microcarrier launch 
assembly and close the door (see Note 7).

	10.	Press vacuum button to open valve. When vacuum reaches 
28 inches of mercury (Hg) hold down fire button until the pop 
from the gas breaking the rupture disk is heard (see Note 8).

	11.	Immediately release the vacuum and remove the leaf sample.
	12.	Repeat steps 6–11 until all leaf samples are bombarded. When 

finished, turn off helium tank, and release pressure by hold-
ing down the fire button while vacuum is on. Turn off vac-
uum pump.

	13.	Place clear plastic sleeves over plates containing bombarded 
leaf samples and incubate in culture room. Incubation allows 
time for marker gene expression before selection is started.

	14.	After 2 days, cut bombarded leaves into small (1 cm square) 
pieces and place abaxial side up in deep plates (100 × 20 mm) 
containing a selective RMOP medium with 500 mg/L spec-
tinomycin. Place only seven pieces per plate as the leaf pieces 
will grow and expand (see Note 9).

	15.	Seal each plate with plastic wrap that is permeable to gas 
exchange and incubate plates in culture room for 4–12 
weeks.

	 1.	The bombarded green leaf sections turn pale on the selective 
spectinomycin medium and expand. Cells carrying trans-
formed spectinomycin-resistant plastids turn green and over-
come the inhibition of shoot regeneration by spectinomycin. 
As a result, transplastomic cells form green shoots on the pale 
leaf sections. However, mutations in the 16S rRNA also con-
fer spectinomycin resistance and yield green shoots (8). 

3.4. Identification  
of Transplastomic 
Plants
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Dissect green shoots that appear 4–12 weeks after bombardment 
onto RM plates for rooting and classification as a transplasto-
mic clone or a spontaneous mutant. Each shoot at a distinct 
location derives from an independent event; therefore, they 
should be treated as independently derived clones. We mark 
the independent clones by a serial number.

	 2.	To distinguish transplastomic clones from spontaneous 
mutants, transfer small (1 cm2) leaf sections of the regener-
ated shoots (Subheading  3.4, step 1) onto (a) selective 
streptomycin–spectinomycin RMOP medium and (b) spec-
tinomycin RMOP medium. Transgenic clones carrying an 
aadA gene are resistant to both spectinomycin and strepto-
mycin, whereas spontaneous spectinomycin-resistant mutants 
are resistant only to spectinomycin (8). Resistance is mani-
fested as formation of green calli with regenerating shoots; 
sensitivity is indicated by the bleaching of leaf sections and 
the absence of shoot regeneration. Classify mutants on the 
streptomycin–spectinomycin medium; pick shoots of the 
transplastomic clones from spectinomycin and transfer them 
onto RM plant maintenance medium (see Note 10). Carry 
out DNA gel blot analyses in leaves regenerated on spectino-
mycin medium to confirm plastid transformation and to test 
the uniformity of ptDNA population (42). At this stage we 
identify the transplastomic clones by the initials of the plant 
species and the transforming plasmid name, for example, 
Ns-pCK2-6A for N. sylvestris transformed with plasmid pCK2, 
serial number 6 and one or more letters of the alphabet to 
indicate the number of shoot regeneration cycles on selective 
medium. Always test plants from three to four independently 
transformed clones because ~10% of plants regenerated in  
tissue culture are sterile due to somaclonal variation.

	 3.	Because the plastid genome is highly polyploid, the plant 
may be chimeric even if it looks homoplastomic on the gel 
blots. Therefore, we repeat plant regeneration on the selec-
tive medium and verify the uniformity of ptDNA by gel blot 
analyses. Plants regenerated 2× on selective spectinomycin 
medium are normally homoplastomic and are marked by the 
addition of two letters of the alphabet, for example, 
Ns-pCK2-6AB.

	 4.	Transfer rooted transplastomic shoots to greenhouse to 
obtain seed. Gently break up the agar; wash roots to remove 
the agar-solidified RM medium; drench the soil after planting 
with Captan to fend off fungal infection; and cover plantlets 
with a plastic dome to prevent desiccation. Grow plants in 
shade for about a week, and then remove plastic dome and 
expose the plants to full sunlight.
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	 5.	Collect mature seedpods from transplastomic plants and let 
the seed dry on the lab bench at room temperature for 1 week. 
Remove moisture for long-term storage by a 2-week storage 
in seed drier.

	 6.	Germinate surface-sterilized seeds on RM-spectinomycin 
(500 mg/L) medium (see Note 2). Seedlings carrying trans-
formed ptDNA will be dark green, whereas sensitive seedlings 
will be white. One hundred percent green seedlings confirm 
uniform population of transformed ptDNA in the transplas-
tomic plants.

	 1.	Nicotiana sylvestris TW137 plants in Magenta boxes. The 
Nicotiana sylvestris ecotype TW137 was obtained from the 
USDA seed collection at NC State University. The fertile 
TW137 was converted to a cytoplasmic male sterile (CMS) 
form by repeated pollination of the N. tabacum CMS92 line 
with N. sylvestris TW137 pollen. We obtained the CMS92 N. 
tabacum line with the Nicotiana undulata cytoplasm from 
Ezra Galun (44). The seeds are vapor sterilized by storing 
them for 3 h in an open 1.5 ml Eppendorf tube in a closed 
desiccator over the mix of 100 ml Clorox bleach and 3 ml 
concentrated (37.8%) HCl. The seed is germinated in deep 
(100 × 20 mm) Petri dishes on RM plant maintenance medium 
(60 ml/dish; see below). The seedlings are grown to plants in 
Magenta boxes containing 80 ml RM medium.

	 2.	The RM plant maintenance medium (MS medium, ref. (45)) 
per liter contains: 100 ml 10× macronutrients, 10 ml 100× 
micronutrients, 5 ml 1% Fe–EDTA, 30 g sucrose, pH 5.6–5.8 
with 1 M KOH; 7 g agar). RM Medium 10× macronutrient 
solution per liter contains: 19 g KNO3, 3.7 g MgSO4 ⋅ 7H2O, 
4.4 g CaCl2 ⋅ 2H2O, 1.7 g KH2PO4, 16.5 g (NH4)NO3 . RM 
Medium 100× micronutrient solution per liter contains: 
169 mg MnSO4 ⋅ H2O, 62 mg H3BO3, 86 mg ZnSO4 ⋅ 7H2O, 
8.3  mg KI, 2.5  ml Na2MoO4⋅2H2O (1  mg/ml), 2.5  ml 
CuSO4 ⋅ 5H2O (1 mg/ml), 0.25 ml CoCl2 ⋅ 6H2O (1 mg/ml). 
Agar, plant tissue culture tested (Sigma, St Louis, MO).

	 3.	RMOP shoot regeneration medium (46) per liter contains: 
100 ml RM medium 10× macronutrients, 10 ml RM medium 
100× micronutrients, 5  ml 1% Fe–EDTA, 1  ml thiamine 
(1 mg/ml), 0.1 ml alpha-naphthaleneacetic acid (NAA 1 mg/
ml in 0.1 M NaOH), 1 ml 6-benzylaminopurine (BAP 1 mg/
ml in 0.1 M HCl), 0.1 g myo-inositol, 30 g sucrose, pH 5.8 
with 1 M KOH, 7 g agar.

4. Notes
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	 4.	The selective RMOP medium contains filter-sterilized 500 mg/L 
spectinomycin dihydrochloride (Sigma, St Louis, MO), or 
500 mg/L streptomycin sulfate (Sigma, St Louis, MO), or both. 
The composition of RMOP medium is described above.

	 5.	With one DNA construct 20–30 single leaves are bombarded. 
Each tube (30 mg) of gold is sufficient for 50 bombardments 
(two DNA constructs). One may use freshly prepared gold 
particles, or stored gold. If using stored gold, vortex tube for 
5 min before coating with DNA.

	 6.	If you are using greenhouse leaves, you need to surface steril-
ize the leaves and cut out a segment that covers the plate. 
Greenhouse leaves may be surface sterilized by rinsing the 
leaves in water containing a drop of surfactant (Tween 80 or 
liquid soap) to remove dirt; dipping the leaves in 70% etha-
nol; and placing them in diluted commercial bleach (tenfold 
diluted Clorox; final sodium hypochlorite concentration is 
~0.6%) for 3 min. The bleach should be thoroughly removed 
by rinsing the leaves in sterile distilled water 5×.

	 7.	Leaves should be prepared in advance of transformation and 
may be stored on top of the filter paper in a “ready-to-shoot” 
state for at least a half day.

	 8.	If gun is fired at a lower vacuum pressure, the DNA-coated 
particles will lack the momentum to penetrate cells and no 
transplastomic lines will be obtained. If you have no experi-
ence with biolistic transformation, we recommend that you 
test particle coating and DNA delivery using transient expres-
sion of a nuclear uidA gene that encodes the enzyme 
b-glucuronidase, the activity of which can be readily detected 
by histochemical staining (47, 48).

	 9.	Leaf pieces from 1 leaf fit on 3–5 plates. If the leaf sections are 
too large, there will be insufficient nutrient in the medium to 
support growth for up to 12 weeks, the time frame within which 
transplastomic clones appear. Diagnostic sign of overcrowding 
is absence of spontaneous spectinomycin-resistant mutants and 
transplastomic clones. Overcrowding may be also caused by less 
than the desired 50 ml culture medium in a deep plate.

	10.	We prefer to work with shoots regenerated on spectinomycin, 
because streptomycin is a mutagen.
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Chapter 3

Homologous Recombination in Plants: An Antireview

Michal Lieberman-Lazarovich and Avraham A. Levy 

Abstract

Homologous recombination (HR) is a central cellular process involved in many aspects of genome 
maintenance such as DNA repair, replication, telomere maintenance, and meiotic chromosomal segregation. 
HR is highly conserved among eukaryotes, contributing to genome stability as well as to the generation 
of genetic diversity. It has been intensively studied, for almost a century, in plants and in other organisms. 
In this antireview, rather than reviewing existing knowledge, we wish to underline the many open ques-
tions in plant HR. We will discuss the following issues: how do we define homology and how the degree 
of homology affects HR? Are there any plant-specific HR qualities, how extensive is functional conserva-
tion and did HR proteins acquire new functions? How efficient is HR in plants and what are the cis and 
the trans factors that regulate it? Finally, we will give the prospects for enhancing the rates of gene targeting 
and meiotic HR for plant breeding purposes.

Key words: Homologous recombination, Meiotic recombination, Zinc-finger nuclease, Gene 
targeting, Chromatin remodeling, Plant breeding

A number of recent reviews have covered what is known on various 
aspects of homologous recombination in plants (1–8). Here, we 
wish to write an “antireview,” i.e., to focus on what is not known. 
We will provide a brief update on the current knowledge in the 
plant HR field in order to point out what we view as the existing 
huge gaps in our understanding of this process.

1. Introduction

James A. Birchler (ed.), Plant Chromosome Engineering: Methods and Protocols, Methods in Molecular Biology, vol. 701,
DOI 10.1007/978-1-61737-957-4_3, © Springer Science+Business Media, LLC 2011
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Homologous recombination (HR) is a complex process whereby 
DNA segments that share significant sequence homology are 
exchanged. This definition, however, does not state what is con-
sidered to be extensive length of homology that can be used as 
a substrate for the HR machinery. In yeast, it is thought that as 
little as 30 bp are sufficient (9). In plants, we know that a few 
hundred base pairs can engage in HR (10), but we do not know 
whether there is a lower limit, nor what is the dependence on 
the type of partners. Sequence microhomology is often found at 
the borders of nonhomologous end-joining (NHEJ) events in 
plants (11). Such microhomologies seem to serve as sticky ends 
that stabilize the ligation of nonhomologous ends without 
involving HR proteins. Another level of complexity that will be 
discussed further is the degree of homology. How divergent can 
partners be to still be considered as homologous by the HR 
machinery?

There are many ways to catalyze strand exchange between 
homologous sequences and the outcomes can be quite diverse. 
In all HR cases there is a need for a homology search. Remarkably, 
the basic question of homology search, namely, how do 
homologous partners find each other? How do the various DNA 
molecules move within the nucleus until partners come into the 
physical proximity that is necessary to enable strand invasion? 
Is all the genome scanned to find a proper alignment? Does the 
scanning process proceed in a random or organized manner? 
Is strand invasion involved in the identification of homology 
or is there another, yet undiscovered, scanning process? This 
topic is very poorly understood in plants, as well as in bacterial 
(12) and yeast models (13), and remains one of the most puz-
zling and basic open questions in the field. Out of the many 
alternative pathways that can be used to recombine, we still 
understand very little on how the cell “decides” in which path 
to proceed. The choice can be between various mechanisms 
involving Holliday junctions, an interference-independent path-
way, single-strand annealing (SSA), synthesis-dependent strand 
annealing (SDSA) (see review (14)) or some other yet undiscov-
ered pathways.

2. What is Meant 
by Homologous?

3. What is Meant 
by Homologous 
Recombination?
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Prior to asking whether there is something special about HR 
in plants, one should think whether there is anything special in 
plants’ life cycle that might, through natural selection, affect HR 
(15). One aspect is that the lack of a germline and the vegetative 
propagation of several species, may suggest that somatic HR plays 
a greater role in plants than in other species, which rely solely on 
sexual reproduction from a germline that is differentiated early on 
in development. Another potentially relevant fact is that most 
plants are polyploids (16). Whole genome duplication confers 
buffering of deleterious mutations and thus might enable the 
polyploid plant genome to be more tolerant to genetic rearrange-
ments than the diploid one. For example, there might be a 
“release” of selection or repression of HR between direct or 
inverted repeats. Another challenge of polyploidy is to maintain 
fertility, which might be reduced through HR between homoe-
ologs (in allopolyploids) and through multivalent pairing during 
meiosis. Note that we do not know how polyploidy per se, might 
affect HR rates and patterns in an autopolyploid or allopolyploid 
genome.

Finally, due to their sessile nature, plants are constantly 
exposed to DNA-damaging agents, such as UV and, in some 
areas, heavy metals (17). Did HR evolve differently in plants than 
in other kingdoms due to this chronic exposure? Would such a 
difference be due to quantitative (regulation, level of expression) 
or qualitative (the machinery itself) dissimilarities? Does HR play 
an important role in the adaptation of plants to different habitats 
(e.g., high altitude, high UV, or contaminated soils)? Plants pro-
vide a wonderful system to address such questions due to their 
sessility and the wide ecological distribution of model species such 
as Arabidopsis. Interestingly, plants grown in the Chernobyl area 
were found to exhibit higher mutation and HR rates than plants 
grown in noncontaminated areas (18, 19). We might assume that 
the HR machinery is necessary for survival under such condi-
tions, although this has not been proven. Testing such hypothesis 
is not an easy task. It would require performing “evolution” 
experiments, namely, growing HR mutants and WT in genotoxic 
and in normal habitat for a number of years and comparing their 
fitness. In bacteria that grow under chronic exposure to irradia-
tion, e.g., Deinococcus radiodurans, HR plays an important role 
in DNA repair (20). However, it is still debated whether this is 
the main cause for radiation resistance or whether other pathways 
(e.g., NHEJ) are responsible for this phenomenon (12).

The HR machinery is, together with other DNA maintenance 
functions such as replication and repair, one of the most con-
served in the cell. Protein homologies run as deep as between 

4. Anything 
Special About HR 
in Plants?
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prokaryotic proteins, e.g., RecA, vs. their eukaryotic homologs 
Rad51 (21). So is there anything special about the plant HR 
machinery? There are undoubtedly many differences that have 
been pointed out (see above reviews). These differences concern 
mostly the different number of homologs, or the lack thereof for 
certain key genes when comparing yeast and plants or plants and 
mammals. Are these differences the result of random drift between 
species, or were these differences selected to serve some plant-
specific HR needs?

There are plant-specific processes, not related to HR per se, 
that have “adopted” HR proteins, assigning them with new 
functions. The Rad51D protein, for instance, is an AtRad51 
paralog which plays a role in HR (1, 22). It was found, in a genetic 
screen in Arabidopsis, that Rad51D is a repressor of Sni1, by 
itself a repressor of pathogenesis-related proteins, linking Rad51D 
with the plant’s defense response (23). Hence, it seems that 
Rad51D has acquired a new, plant-specific function following 
gene duplication (neofunctionalization). Interestingly, a muta-
tion in RAD51D was also shown to enhance the tebichi (teb-1) 
developmental phenotype, using a teb-1 rad51d double mutant 
(24). Mutation in another AtRAD51 paralog, XRCC2, also 
enhances the tebichi phenotype (24). These data point to novel 
plant-specific functions of DNA repair genes related to the 
pathogenesis response or to development.

Similarly, in a genetic screen for hyper-recombinogenic plants, 
Molinier et al. found that CENTRIN2 (CEN2) modulates both 
HR and nucleotide excision repair in Arabidopsis (25). Later on, 
interactions were found between CEN2 and the CUL4-DDB1A-
DDB2 E3 ligase, suggesting that these proteins are involved in 
the same pathway (26). The tomato DDB1 homolog was previ-
ously characterized as the gene responsible for the high pigment-1 
mutant phenotype (27). Altogether, these data are linking DNA 
repair, HR, protein degradation, photomorphogenesis and sec-
ondary metabolites production, again pointing to neofunctional-
ization of HR genes in new plant-specific traits.

Other examples where HR is linked with plant-specific cellu-
lar mechanisms include the abo4 mutant, which was isolated based 
on its sensitivity to abscisic acid (ABA) and shows a 60-fold 
increase in somatic HR (28) or the chromatin-remodeling gene, 
AtBRM, that controls shoot and flower development (29) and is 
involved in intrachromosomal recombination (ICR) (30).

What is the “physiological” basis – if any – for these diverse 
types of neofunctionalization? Has nature simply tinkered with 
HR proteins, borrowing domains such as helicases, DNA binding, 
ATPases, etc., for non-HR functions? Or is there a more rational 
explanation, such as a connection to DNA replication, or – who 
knows – programmed DNA damage may serve as a signal for cer-
tain types of biological processes not related to HR.
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It is often mentioned that HR is not efficient in plants, possibly 
owing to the repetitive nature of the plant genome. This common 
view should be refined. Gene targeting (GT) rates are indeed very 
low in higher plants, with reports ranging from 10−3 to 10−6 (31), 
but other types of HR are not fundamentally different than in other 
species. Moreover, the correlation between the repetitiveness of the 
plant genome and HR is not clear-cut. GT rates are relatively simi-
larly low in Arabidopsis, rice and tobacco which have a genome 
with few, average, and abundant amount of repeats, respectively. 
More significantly, the genome of the moss Physcomitrella patens is 
proficient at gene targeting (32) even though it is approximately 
threefold larger than that of Arabidopsis and it is rich in repetitive 
DNA (33). Is this due to peculiar recombination machinery, or 
owing to an organization and structure of Physcomitrella’s chro-
matin that is different from that of higher plants?

Regarding meiotic HR, plants are not different from other 
eukaryotic species with only a few crossovers per chromosome 
arm (except for very short arms). There is no linear dependence 
between chromosome size and the number of crossovers it 
experiences. Plant chromosomes, as those of most eukaryotic 
species, must have their “obligatory chiasma” to ensure proper 
segregation, and are subject to genetic interference. As the size of 
chromosomes is highly variable in plants, the kb/cM ratio greatly 
varies, from a few hundred Kbs per cM (e.g., Arabidopsis) to 
values that are two orders of magnitude higher in plant species 
with a very large genome. Increasing meiotic crossovers would be 
of immense value to breeders. Unraveling the pathways that con-
trol meiotic crossovers could help achieve this goal. One pathway 
that controls meiotic crossovers is interference. A MSH4-
independent meiotic recombination pathway, that is not sensitive 
to interference was discovered in plants (34). This pathway, how-
ever, seems to promote only up to ~15% of the crossovers and it 
is an open question at this point whether it is possible to boost it 
and whether there are other major bottlenecks. One may also 
enhance the frequency of DNA double-strand breaks (DSBs), 
which are initiating the crossover events. However, there seems 
to be a great excess of breaks compared to crossovers, with these 
breaks being repaired by a pathway (probably SDSA) that leads to 
gene conversion and does not promote crossovers (35). Therefore, 
there is no guarantee that such an approach would be successful.

The early studies on the molecular control of HR were done 
using plasmids transformed into plant cells. Extrachromosomal 
recombination (intra- or interplasmids) was then monitored 

5. How Efficient  
is HR in Plants?

5.1. Meiotic 
Recombination

5.2. Somatic 
Recombination
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using  reporter genes (36). In these experiments, the rates 
that were reported were relatively high compared to intramolecular 
HR (see below), suggesting that the structure of the DNA in a 
plasmid is more prone to HR than that of a chromosome, which 
is packaged in chromatin. Alternatively, it is plausible that the 
large amount of DNA molecules introduced into the cell (which 
was not controlled in these early experiments) has enhanced the 
chances for HR. These experiments may suggest that the cell 
machinery is not strongly limiting, provided the substrate has the 
proper quantity or quality.

Another type of HR that has often been used to quantify the 
effect of various mutants, as well as biotic and abiotic factors, is 
the assay of somatic recombination between repeats, in direct or 
inverse orientation, namely ICR. With these assays, recombina-
tion can be scored either through selectable markers (36) or 
through reporter genes (37). ICR between such repeats in cis is 
in the 10−3 to 10−5 range. However, it can be enhanced by 2–3 
orders of magnitude upon DSB induction (38). In an experiment 
that enabled the determination of the outcome of I-SceI-induced 
DSB repair, namely homologous vs. nonhomologous, it turned 
out that up to one-third of the DSBs were repaired via ICR (39). 
Similarly, when repeats are present from both sides of a break 
induced by a transposon excision, as in the P locus of maize, 
a large proportion of the repair events occurs through HR rather 
than via the typical end-joining and formation of transposon exci-
sion footprints (40). This suggests that while spontaneous HR 
between nearby repeats in cis is not very frequent, ICR is an effi-
cient DSB-repair pathway. How is ICR frequency affected by the 
distance between the repeats is not well established. We can 
assume that the frequency decreases with an increase in the inter-
repeat distance, maybe as a function of the extent of DSB end 
resection that enables annealing of homologous segments, but 
according to what function? Do repeats found on the same chro-
mosome, i.e., physically linked, always have a higher chance to 
engage in HR than repeats located on different chromosomes 
(ectopic HR)? Indeed spontaneous HR between ectopic repeats 
is extremely low (below the 10−7 range). It can also be induced by 
a DSB, but even then remains in the 10−5 range (41, 42).

In a recent review, Li et  al. (2007) conveniently distinguished 
between the cis and trans factors that affect HR (8). The cis fac-
tors are related to the DNA itself or to the chromatin and the 
trans factors correspond to the machinery that regulates or cata-
lyzes the HR reaction.

6. The Regulation 
of Homologous 
Recombination
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The cis factors related to the DNA include the degree of sequence 
similarity and the modification of the DNA such as DNA 
methylation.

It is now well established that even minor sequence divergence 
between HR partners can cause a strong reduction in HR, somatic 
or meiotic (43). The antirecombination effect of sequence 
divergence can be abolished in some mismatch repair mutants 
(44, 45). In plants, most reported studies do not separate all the 
products of a HR event, as can be done through tetrad analysis. 
It is thus difficult to estimate whether HR is restricted to purely 
identical sequence segments, or whether recombination interme-
diates, such as double Holliday junctions (DHJs) that contain 
mismatches are processed into crossovers. All that can be said is 
that crossovers occurred between two polymorphic markers. We 
cannot say whether these markers are included in the intermedi-
ate. In maize, the intergenic region, which is usually repetitive 
and divergent, is a cold (or even frozen) spot of recombination 
(46). Genes are highly conserved in sequence between maize 
varieties. Therefore, this supports the possibility that crossovers 
are restricted to regions of very high, and possibly full, identity. In 
some allopolyploid organisms, mechanisms have evolved to pre-
vent pairing and crossover between homoeologous chromosomes. 
Such pairing might indeed promote the formation of multivalents 
and affect fertility. In wheat, the Ph1 locus, which prevents 
homoeologous pairing, has been the subject of intensive studies. 
It co-segregates with a cluster of repeats of cyclin-dependant 
kinase genes (47). Mismatch repair genes, which were candidates 
for Ph-like activity did not map to the Ph1 locus (48); however, 
one mismatch repair member mapped to Ph2, another suppressor 
of homoeologous pairing (49). In Brassica napus, PrBn, a gene 
that controls the pairing between homoeologs has also been char-
acterized (50). Here, as well as in the above cases, the mode of 
action on homoeologous pairing suppression remains unclear.

Intuitively, it is expected that accessibility to the DNA would 
facilitate the physical interaction between homologous partners 
and thus promote HR. Indeed, as mentioned above, plasmids 
introduced into plant cells seem to recombine with each other at 
relatively high rates. In addition, plant mutants in CAF1, a chro-
matin assembly factor, have a loose chromatin structure and show 
an increase in ICR by 2 orders of magnitude (51, 52). Along the same 
line, the upregulation of RAD54, a chromatin-remodeling gene, 
enhances the rate of GT (53), while the downregulation of other 
SWI2/SNF2 chromatin remodelers At2g46020 and At5g44800 
(30) reduces the rate of ICR. Similarly, altering the activity of MIM 
(54) or BRU1 (55) through overexpression or mutation affects the 
rates of ICR. Finally, regions of heterochromatin, like knobs, 

6.1. The cis Regulators
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or regions around centromeres are cold spots of recombination. 
Altogether, this points to a tight connection between DNA pack-
aging and HR. Interestingly, heterochromatic regions tend also 
to be hypermethylated. It would be of interest to test the effect of 
cytosine methylation on HR. Small RNAs, which also affect chro-
matin structure and methylation could thus have a direct or indi-
rect effect on HR. Can we manipulate chromatin structure to 
enhance GT and meiotic HR, which are both of interest to the 
breeder? This might be tricky, as the caf1 mutant, which shows 
the most dramatic increase in HR, has a very stunted phenotype. 
Strategies for transient and localized remodeling of chromatin are 
therefore attractive directions for future efforts. Another holy 
grail in the field of plant HR is to understand the basis for high 
GT rates in Physcomitrella. Chromatin packaging may be a key to 
this puzzle.

As discussed above, the HR coldness of heterochromatin regions 
has probably a simple physical cause, namely, accessibility. 
Understanding the nature of hotspots is more challenging. 
Mapping of recombination breakpoints on chromosome 4 of 
Arabidopsis has confirmed the lack of homogeneity in the rate of 
HR along the chromosomes, with nearby segments varying in 
HR frequency by orders of magnitude. The causes for this vari-
ability could not be predicted by simple sequence features (6). 
Interestingly, the number of Rad51/Dmc1 foci exceed by far the 
amount of crossovers (35) and are more homogenous in distribu-
tion than crossovers (56). This suggests that what determines the 
variability in crossover events along the chromosome is not 
the occurrence of DSBs, but rather the way these DSBs resolve, 
as crossover or noncrossover events. This choice of pathway (COs 
vs non-COs) is poorly understood. It might determine both 
hotspots localization and genetic interference.

In addition to the cis factors, related to the DNA sequence itself, 
trans-acting factors, namely, the plant proteins that are part of the 
HR machinery, have been extensively studied and recent reviews 
have covered these proteins (see above reviews). Here, we chose 
to focus on the core components of the HR machinery, namely, 
the homologs of the yeast Rad51, Rad52, and Rad54 proteins 
(14). Although HR is well conserved among eukaryotes, the dif-
ferences that were observed raise many questions. The yeast 
Rad52 protein is central in HR (57) and its expression in human 
cells increases GT rates (58). The plant homolog is still elusive. It 
has been speculated that there is no Rad52 homolog in plants. 
Alternatively, a distant homolog remains undiscovered, and/or 
the Rad52 function, namely Rad51 loading on single-stranded 
DNA, is fulfilled by a different protein such as BRCA2, as sug-
gested for mammalian cells (57). A BRCA2 ortholog was found 
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in plants (59) and was suggested to have a similar function. Rad51 
foci are formed in plants (35), suggesting that loading of Rad51 on 
nuclear filaments takes place. It is still unclear which proteins 
carry out this loading function in plants.

Considering the physical interaction between Rad52 and 
Rad51, as shown in yeast (60) and in human (61, 62), it would 
be interesting to screen the plant proteome for Rad51 “interac-
tors” in search of new players of HR, including the elusive plant 
Rad52 (or a functional equivalent). It can be done by screening a 
yeast-two-hybrid library, or by a pull down assay and analysis of 
the whole complex, as was done recently for the mammalian 
Rad52 (63). Similarly, it might be instructive to search for new 
“interactors” of the plant Rad54, as well.

In Arabidopsis, like in vertebrates, five RAD51 paralogs were 
identified, yet their exact role is not clear. As reviewed in Bleuyard 
et al. 2006, the five paralogs were shown to be involved in HR 
and DNA repair, as well as in meiotic HR. The RAD51 paralogs 
form the same complexes as in vertebrates, implying functional 
conservation of these proteins. However, while in vertebrates 
(and also in Drosophila and Caenorhabditis elegans) inactivation 
of RAD51 leads to embryonic lethality, atrad51 Arabidopsis 
mutant plants are viable (64). The molecular basis for this signifi-
cant difference is still unknown.

The SWI2/SNF2 chromatin-remodeling factor Rad54 
enables, by nucleosome positioning, the core HR events: strand 
invasion and branch migration (polymerization). Thus, it can be 
considered a major regulator of HR. As such a central player, it 
might not be so surprising that the yeast Rad54 can facilitate GT 
in Arabidopsis (53) – a cross-kingdoms function. Still, many ques-
tions arise; how does Rad54 function in Arabidopsis without its 
yeast counterparts? Does it function alone, as suggested by its 
in vitro activities (65), or through interaction with its plant coun-
terparts? Indeed, it has been shown that Rad54 interacts with 
AtRad51 (and AtRad54 with Rad51) in a yeast-two-hybrid assay 
(66). Despite similarities in function with its yeast ortholog, 
AtRad54 complements the yeast mutant phenotype only partially 
(66). This maybe underlies the fact that the plant protein is less 
active than its yeast ortholog in promoting GT, possibly as a result 
of natural selection.

The homologous integration of an extrachromosomal DNA 
molecule into a homologous chromosomal target site is a powerful 
tool for the precise engineering of plant genomes. Therefore, it is 
not surprising that it has been a major goal of the plant community 

7. Gene Targeting
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since the first report on GT in plants (67). After years of frustrating 
attempts to develop efficient gene targeting in plants (31) there 
may be light at the end of the tunnel. We discuss below the 
challenges of understanding the mechanism of GT and the future 
prospects. In fact, it is easy to understand why GT is inefficient 
in plants: A small vector must scan a huge genome, which is nicely 
packaged in chromatin, identify the target, get into physical con-
tact with the target, invade it, and engage in strand exchange. 
This seems like mission impossible, and indeed, two recent reviews 
(12, 13) describe the biophysical constraints of such homology 
search and open many questions on how it can work at all? 
Therefore, by addressing the question of why it does work in 
certain systems, such as yeast or Physcomitrella, one might get 
insight into the true bottlenecks of the system. So far, most biolo-
gists interested in GT have not tried to understand how it really 
works, but rather have tried to make it work. This has been 
achieved in mouse as in plants, by the development of clever selec-
tion systems, such as positive–negative selection (68) or by artifi-
cially creating a recombination hotspot through DSB induction. 
The first work in plants showed that transformed DNA could be 
captured at a DSB site induced via cleavage by the I-SceI mega-
nuclease at an I-SceI recognition site (69). Then, a new genera-
tion of chimeric meganucleases, zinc-finger nucleases (ZFNs), 
was developed (70), in which a modular DNA-binding domain 
fused to a nuclease can be designed to bind any genomic target at 
relatively high specificity. Recently, this new technology was 
implemented for the targeting of endogenous plant genes (71, 72). 
At the mechanistic level, the broken chromosome is probably an 
accessible entry point that can be recognized by the vector during 
its scan of the genome. Indeed, the broken chromosome is 
probably virtually immobile (73) compared to the small vector 
that can more freely roam the nucleus. So, it makes more sense 
that the vector goes to the break rather than the break to the 
vector. Once the physical contact is established, it is still unclear 
how gene replacement occurs, namely, through an SDSA-like 
mechanism (74, 75) or through the classical DSB-repair pathway 
with formation of DHJs (76). Meganuclease technologies have 
brought new hopes to the field of GT and gene therapy. 
Nevertheless, there are still topics that must be perfected to turn 
it into a routine application. ZF design must be improved to really 
achieve the binding of any sequence. Possibly, it might be neces-
sary to predict or test chromatin structure in the target area for 
optimal design of the target. Indeed, the findings that chromatin 
remodeling affects GT in plants (53) supports the need to include 
the chromatin component in any GT strategy. Ideally, one would 
combine both efficient design algorithms and evolution methods 
to develop the perfect nuclease – specific and efficient – an 
“intelligent evolution” approach. Finding methods to estimate 
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the frequency of off-site breaks induction is critical for gene 
therapy applications. In plants, off-site mutations might be less 
critical as backcrosses can be made to get rid of unplanned muta-
tions. However, an excess of ZFNs-induced breaks can also be 
toxic to the cell and create large deletions and chromosomal 
rearrangements that may cause gamete sterility, if not cell death. 
Preferably, the DSB-causing agent should be expressed both 
temporally and spatially in such a way that induces the break spe-
cifically at the desired time and place. Transient expression of 
highly sequence-specific ZFNs should be used for this purpose as 
was done in maize and tobacco (71, 72).

Plants have contributed their share to the field of HR and, hope-
fully, will continue to do so in the future. We have tried to point 
to the many open questions that must be addressed in order to 
better understand the mechanisms of HR, the control of genome 
dynamics and stability, and to enhance the rates of HR in plants. 
The latter is of importance for plant breeding. Increasing meiotic 
crossover rates is necessary for accelerating breeding processes 
and for breaking undesirable linkages. It will probably require a 
better understanding of bottlenecks such as DSB induction and 
genetic interference. It is also important to better understand 
HR between homoeologous chromosomes in order to transfer 
genes between related species. Broadening the gene pool that can 
be used to improve our crops is essential to face the challenge of 
plant yield improvement in a changing environment and to find 
new sources of resistance to biotic and abiotic stresses. Finally, 
there are some reasons for optimism on the GT front, and we 
might be at the beginning of a new exciting journey that might 
make GT routine in plant biology. Nevertheless, careful optimiza-
tion of the method will be required for each plant species and 
possibly for each cell type where GT experiments will be carried 
out. Finally, the emergence of new technologies of genotyping, 
sequencing, protein design and imaging are opening opportuni-
ties for making new discoveries on the HR mechanism and for 
building new HR-based tools.
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Chapter 4

Chromosome Painting for Plant Biotechnology

Akio Kato, Jonathan C. Lamb, Patrice S. Albert, Tatiana Danilova, 
Fangpu Han, Zhi Gao, Seth Findley, and James A. Birchler 

Abstract

Fluorescence in situ hybridization (FISH) is an invaluable tool for chromosome analysis and engineering. 
The ability to visually localize endogenous genes, transposable elements, transgenes, naturally occurring 
organellar DNA insertions – essentially any unique sequence larger than 2 kb – greatly facilitates progress. 
This chapter details the labeling procedures and chromosome preparation techniques used to produce 
high-quality FISH signals on somatic metaphase and meiotic pachytene spreads.

Key words: FISH, Chromosomes, Retrotransposons, Metaphase spreads

Many aspects of chromosome engineering are facilitated by the 
ability to recognize specific chromosomes in somatic preparations 
primarily from root tip tissues. In this chapter, we summarize 
labeling procedures and chromosome preparation techniques and 
their modifications that have proven useful in analyzing maize 
chromosomes. Many variations work equally well, and the proto-
cols can be individualized to other circumstances. These tech-
niques, however, have now been extended to a variety of other 
plant species, and we include a section on the approach that 
researchers might take to further their application to even more 
species. We assume that the reader has a working knowledge of 
basic molecular biological techniques and access to a high-quality 
fluorescence microscope.

The set of protocols outlined in this chapter has been used to 
localize single genes and other small unique sequences (1, 2), 
repetitive DNA sequence clusters (3–5), transposable elements (6), 

1. Introduction

James A. Birchler (ed.), Plant Chromosome Engineering: Methods and Protocols, Methods in Molecular Biology, vol. 701,
DOI 10.1007/978-1-61737-957-4_4, © Springer Science+Business Media, LLC 2011
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and nuclear-inserted mitochondrial DNA (7). The techniques 
have also been used to study allopolyploids and interspecific 
hybrids via retroelement genome painting (8, 9) and to karyotype 
F1 hybrids (5). See also the review by Kato et al. (10).

	 1.	Primers (see Note 1).
	 2.	Template DNA (see Note 2).
	 3.	PCR hot start reaction mix, e.g., JumpStart RedTaq ReadyMix 

(Sigma-Aldrich, St. Louis MO).
	 4.	Thermal cycler.
	 5.	PCR product clean up kit, e.g., Wizard SV Gel and PCR 

Clean Up System (Promega, Madison, WI).
	 6.	Nano-volume spectrophotometer (e.g., NanoDrop® Thermo 

Fisher Scientific, Pittsburgh, PA).

	 1.	DNA (see Note 3). Store at −20°C.
	 2.	Nick translation buffer: 500 mM Tris–HCl pH 7.8 (with HCl), 

50 mM MgCl2, 100 mM 2-mercaptoethanol (see Notes 4 and 
5). Optional addition, 100 mg/ml bovine serum albumin frac-
tion V (Sigma-Aldrich, St. Louis, MO). Store at −20°C.

	 3.	Unlabeled dNTP mix: A solution made from individual stocks 
of the three dNTPs that will not be labeled during the reac-
tion (see Note 6). The concentration of each dNTP in the 
solution is 2 mM (in nuclease-free water). Store at −20°C.

	 4.	Labeled dNTP (see Note 7): Light-sensitive. Store at −20°C 
or according to manufacturer’s recommendations.

	 5.	DNA polymerase I, 10  U/ml. (Invitrogen, Carlsbad, CA). 
Store at −20°C.

	 6.	DNase I (see Note 8). Store at −20°C.
	 7.	Stop buffer: 0.5 M EDTA, pH to 8.0 with NaOH (see Note 9). 

Autoclave. Store at room temperature to avoid precipitation.

	 1.	Same components as listed for small target labeling.
	 2.	Labeled dNTP (see Note 10).

	 1.	1× TE buffer: Make 10× stock [100 mM Tris–HCl pH 7.6 
(with HCl), 10 mM EDTA]. Pass through a 0.45-mm filter 
and autoclave. Prepare working solution of 1× TE by diluting 

2. Materials

2.1. Preparation  
of PCR Product  
for Labeling

2.2. Nick Translation 
Reaction: Direct 
Labeling of SMALL 
Chromosomal Targets 
(<30 kb)

2.3. Nick Translation 
Reaction: Direct 
Labeling of LARGE 
Chromosomal Targets 
(>30 kb)

2.4. Purification  
and Precipitation of 
Red or Far-Red Probes
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with water. Also needed is a 1× working stock at pH 7.8 for 
preparation of salmon sperm DNA stock (see item 8 below). 
Store at room temperature.

	 2.	Bio-Gel® P-60 Gel, Medium Grade (Bio-Rad, Hercules, CA) 
equilibrated in sterile 1× TE pH 7.6: Make in advance to 
allow time for gel to hydrate (overnight at 4°C). Each col-
umn will use a little more than 2 ml of hydrated gel (~11 ml 
hydrated/g powder). Gel expands considerably. Some 1× TE 
should remain above the hydrated gel. Store at 4°C. Good 
for ~1 year; sodium azide not added. Gel is not degassed prior 
to use.

	 3.	Two pairs of tweezers for handling glass wool.
	 4.	1.6- or 1.7-ml microcentrifuge tubes – three per each 2-mg 

probe; four per each 5-mg probe.
	 5.	Silane-treated glass wool (Supelco, Bellefonte, PA).
	 6.	Glass Pasteur pipets, 5 3/4″ (Thermo Fisher Scientific, 

Pittsburgh, PA), one per probe.
	 7.	Metal rod, ~3 mm diameter, to tamp glass wool into pipet 

(old aluminum inoculating loop handle works well).
	 8.	Salmon sperm DNA: Purchase lyophilized powder (Sigma-

Aldrich, St. Louis, MO) and make stock (see Note 11) or 
purchase 300–2,000  bp salmon sperm DNA (Stratagene/
Agilent Technologies, Cedar Creek, TX). Store at −20°C.

	 9.	3 M sodium acetate: Adjust to pH 5.2 with glacial acetic acid. 
Autoclave and store at room temperature (see Note 12).

	10.	Ethanol: Need 100% and a 70% aqueous solution.
	11.	2× SSC, 1× TE: Make by diluting 20× stock solution of SSC 

[3 M sodium chloride, 0.3 M sodium citrate, pH 7.0 (see 
Note 13), pass through a 0.45-mm filter (first wet the filter 
with small volume of water), autoclave, and store at room 
temperature] and 10× stock solution of TE pH 7.6, see 
Subheading 2.4, item 1).

	12.	Alternative to Bio-Gel® purification for some probes is to use 
PCR clean-up kit spin columns (see Note 14).

	 1.	Salmon sperm DNA: 10 mg/ml (see Subheading 2.4, item 8).
	 2.	3 M sodium acetate pH 5.2 (see Subheading 2.4, item 9).
	 3.	5× TAE buffer with salmon sperm DNA (optional, see Note 15): 

Make 10× TAE stock [100 mM Tris base, 10 mM EDTA, 
adjusted to pH 5.2 with acetic acid]. Pass through a 0.45-mm 
filter. Autoclave and store at room temperature. Working 
solution is 5× TAE with salmon sperm DNA added to a final 
concentration of 140 ng/ml. Store at room temperature.

	 4.	Ethanol: Need 100% and a 70% aqueous solution.

2.5. Precipitation  
of Blue or Green Probes
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	 1.	Individual probes. Store at −20°C in the dark.
	 2.	2× SSC, 1× TE (see Subheading 2.4, item 11).
	 3.	Blocking DNA: 140 ng/ml autoclaved salmon sperm DNA in 

2× SSC, 1× TE. Store at room temperature.

	 1.	1× Citric Buffer: Make a 5× working stock [50 mM sodium 
citrate, 50 mM EDTA, adjusted to pH 5.5 by adding citric 
acid]. Autoclave and store at room temperature. Dilute to 1× 
with water. Use chilled on ice.

	 2.	Digestive Enzyme Solution: For ~10 ml, mix thoroughly in 
tube or weigh boat on ice 0.1 g (1% w/w) of Pectolyase Y-23 
(Karlan Research Products, Cottonwood, AZ), 0.2  g (2% 
w/w) of Cellulase Onozuka R-10 (Karlan Research Products, 
Cottonwood, AZ), and 9.7 g of 1× citric buffer (see Note 16). 
Quickly dispense as 20-ml aliquots into thin-walled 0.5-ml 
PCR tubes (make sure caps tightly closed), quick freeze on 
dry ice, and store at −20°C. Good for ~1 year.

	 3.	Nitrous oxide gas (induces metaphase arrest in mitotic cells). 
Purchase from local medical gas supply company.

	 4.	Pressure chamber for nitrous oxide treatment. Custom-
manufactured (see Note 17).

	 5.	Acetic acid: Use glacial acetic acid to make a 90% aqueous 
solution for fixing root tissue; store at 4°C; 100% glacial or 
90% glacial – 10% methanol will also be needed (see 
Subheading 3.7, step 11).

	 6.	Ethanol: 70% aqueous solution. Store at room temperature 
but use chilled on ice.

	 7.	37°C water or dry bath for tissue digestion.
	 8.	Humid chamber: high humidity environment for spreading 

of cells (see Note 18).
	 9.	UV Cross-linker that can deliver a total energy of 120–

125 mJ/cm2 at “Optimum” cross-link setting.
	10.	Miscellaneous supplies: filter paper (Whatman 1 or thicker), 

razor blade or scalpel, tweezers, dissecting needle with pointed 
end ground off, glass microscope slides (1″ × 3″).

	11.	Root tips: obtain from newly germinated seeds, from young 
plants, or from new growth on root-pruned plants.

	 1.	Have probe cocktail(s) and cross-linked slides ready and 
labeled.

	 2.	Boiling water bath: Two components – hot plate and baking 
pan that holds boiling water (see Note 19).

	 3.	Denaturation pan assembly: A smaller baking pan (aluminum, 
if possible) that can float freely in the water bath and a plastic 

2.6. Testing Probes 
and Cocktail Mixes

2.7. Preparation  
of Metaphase Spreads 
from Root Tissue

2.8. Denaturation, 
Hybridization,  
and Slide Processing
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pipet tip box lid (or equivalent) to cover the slides/probes in 
the pan. The bottom of the baking pan is covered with 2–3 
layers of Kimwipes that are sprayed with purified water just 
before use. The water bath and floating pan are covered with 
aluminum foil to retain heat and block light during the dena-
turation step.

	 4.	Optional: A pair of 3/8″ square × 9–12″ long wooden sticks 
(cut from 3¢ stock; dowel rod section of hardware store) 
(see Note 20).

	 5.	Ice bucket filled to the top with crushed ice and a small 
beaker filled with slushy ice.

	 6.	Metal plate(s) on which to quick chill several slides simultane-
ously (e.g., two at 8 × 15 × 0.6 mm thick). One may use stain-
less-steel slide tray, turned upside down, for this purpose.

	 7.	2× SSC, 1× TE containing 140 ng/ml salmon sperm DNA: 
Make by diluting 20× SSC and 10× TE (see Subheading 2.4, 
item 11), and 10 mg/ml autoclaved salmon sperm DNA (see 
Subheading 2.4, item 8).

	 8.	Cover slips: 22 × 22  mm plastic (Thermo Fisher Scientific, 
Pittsburgh, PA) and 24 × 50 mm glass, No. 1 (Corning, from 
Thermo Fisher).

	 9.	Tweezers for handling cover slips and either a large serrated 
pair of tweezers or tongs for removing denaturation pan from 
boiling water bath.

	10.	Mini microcentrifuge (2,000  rcf) for quick spin of chilled, 
denatured probes.

	11.	Humidified storage container for hybridization: reusable air-
tight “food” container, bottom lined with Kimwipes moist-
ened with water.

	12.	Dedicated incubator/oven set to 55°C for hybridization.
	13.	2× SSC: Make by diluting 20× stock (see Subheading 2.4, 

step 11).
	14.	Two Coplin jars – one at room temperature and one pre-

heated to 55°C into which ~45 ml of preheated 2× SSC (not 
the buffer containing TE) will be added.

	15.	Antifade mounting medium: Vectashield® and Vectashield® 
containing 1.5  mg/ml DAPI (Vector Laboratories, 
Burlingame, CA) (see Note 21).

	16.	Fluorescence microscope with 20× or 40× oil lens for scan-
ning slides, 100× oil lens for image acquisition (flat field and 
color corrected best), filter sets for fluorochromes to be used 
(see Note 22), cooled CCD (charge-coupled device) camera, 
and acquisition software.
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The success of fluorescence in situ hybridization (FISH) 
depends on producing high-quality metaphase spreads and 
probes with a high signal-to-noise ratio. The techniques that 
best accomplish this for most plants include nitrous oxide treat-
ment to increase the number of metaphase spreads and enzy-
matic maceration followed by dropping of the cell suspension 
onto the slide to provide quality chromosome spreads with lit-
tle cytoplasmic background (modified from Kato (11, 12)). 
Probes are made by a direct labeling method and do not use 
antibodies (3, 13).

The FISH procedure comprises several distinct steps – prepa-
ration of the DNA that will be fluorescently labeled, the nick trans-
lation reaction that directly incorporates a fluorochrome-labeled 
dNTP into the newly synthesized probe (see Note 23), probe 
purification and precipitation, making probe cocktail mixes, meta-
phase spread preparation, and the actual denaturation, hybridiza-
tion, and slide processing steps.

In addition to the basic procedure are special topics sections, 
which include strategies for single gene/small target detection 
(see Note 56), more color options for FISH probes (see Note 57), 
5¢ end-labeled oligos as FISH probes (see Note 58), a streamlined 
FISH protocol for large targets (see Note 59), meiotic FISH 
techniques (see Note 60), retroelement genome painting (see 
Note 61), and guidelines for developing a karyotyping cocktail 
for other plant species (see Note 62).

	 1.	A relatively large amount of DNA is necessary for each slide 
(20–200 ng). Therefore, 10–100 mg of the DNA insert should 
be amplified. Use a hot-start PCR protocol with conditions 
appropriate for the sequence being amplified (see Note 24). 
Total reaction volumes of 300–400  ml will produce ample 
amounts of purified product of at least 200 ng/ml, the con-
centration on which the probe-labeling nick translation pro-
tocol is based (see Note 25).

	 2.	Verify product size by running some of the reaction mix on 
a gel.

	 3.	Purify the PCR product; process ~400 ml through one spin 
column to increase concentration.

	 4.	If possible, use a nano-volume spectrophotometer to deter-
mine the concentration and quality of the product.

3. Methods

3.1. Preparation  
of PCR Product  
for Labeling
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	 1.	Use for lower copy number or large single-gene targets, 
including maize subtelomere clones 1.1 and 4-12-1. Assemble 
the following on ice:

DNA: 2 mg (200 ng/ml) 10.0 ml (see Note 26)

10× Nick translation buffer   2.0 ml

Nonlabeled dNTP mix (2 mM each)   2.0 ml

Labeled-dNTP (1 mM)   0.5 ml (see Notes 7 and 27)

	 2.	Add the following enzymes and thoroughly mix by pipetting. 
Do not vortex.

DNA polymerase I (10 U/ml)   8.0 ml

DNase (100 mU/ml)   0.4 ml

Total volume 22.9 ml

	 3.	Incubate at 15°C for 2 h (see Note 28).
	 4.	Optional stopping point: Completed reactions may be stored 

at −20°C in the dark.
	 5.	To continue, add 2  ml of stop buffer to thawed reaction 

(optional) and proceed to Subheadings 3.4 or 3.5.

	 1.	Use for higher copy number targets (see Note 29). Assemble 
the following on ice:

DNA: 5 mg (200 ng/ml) 25.0 ml (see Note 30)

10× Nick translation buffer   5.0 ml

Nonlabeled dNTP mix (2 mM each)   5.0 ml

Labeled-dNTP (1 mM)   1.0 ml (see Note 10)

Sterile ultrapure or nuclease-free water   6.75 ml (optional)

	 2.	Add the following enzymes and thoroughly mix by pipetting. 
Do not vortex.

DNA polymerase I (10 U/ml)   6.25 ml

DNase (100 mU/ml)   1.0 ml

Total volume 43.25 or 50 ml

	 3.	Incubate at 15°C for 2 h (see Note 28).
	 4.	Optional stopping point. Completed reactions may be stored 

at −20°C in the dark. To continue, add 5 ml of stop buffer 
(optional). Proceed to Subheadings 3.4 or 3.5.

3.2. Nick Translation 
Reaction: Direct 
Labeling of SMALL 
Chromosomal Targets 
(<30 kb)

3.3. Nick Translation 
Reaction: Direct 
Labeling of LARGE 
Chromosomal Targets 
(>30 kb)
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	 1.	Probes labeled with either red or far-red fluorochromes need 
to be purified through a Bio-Gel® P-60 column prior to the 
precipitation step (see Note 14). Blue and green probes 
do  not benefit from this procedure. Prepare column (see 
Note 31) and label collection tubes sequentially. Stand the 
prepared column in a 1.6-ml microcentrifuge tube placed in 
a tube rack.

	 2.	Slowly add nick translation reaction to the column. Cover 
with a cardboard box if in lighted area and wait a minute to 
allow probe to enter gel matrix.

	 3.	Add 50 ml of 1× TE. Elute. Discard the eluate.
		 Add 350 ml of 1× TE. Elute. Discard the eluate. Move col-

umn to the second 1.6-ml tube (see Note 32.).
	 4.	For a 2-mg probe,
		 Add 400 ml of 1× TE. Elute. Save eluate. Move column to the 

third tube.
		 Add 400 ml of 1× TE. Elute. Save eluate. [If purifying >2 mg 

of DNA, another elution may be needed to ensure collec-
tion of all labeled probe.]

	 5.	For a 5-mg probe,
		 Add 350 ml of 1× TE. Elute. Save eluate. Move column to the 

third tube.
		 Add 350 ml of 1× TE. Elute. Save eluate. Move column to the 

fourth tube.
		 Add 350 ml of 1× TE. Elute. Save eluate.
	 6.	To each elution tube, add autoclaved salmon sperm DNA 

(3 ml of 10 mg/ml for a 2-mg probe; 5 ml for a 5-mg probe).
	 7.	Add 0.1 sample volume of 3 M sodium acetate pH 5.2 and 

2.5 sample volumes of 100% ethanol (see Note 33). Vortex.
	 8.	Store the tube at −20°C for 2 h minimum (or overnight).
	 9.	Centrifuge at 16,000 rcf for 30 min (see Note 34). Remove 

the supernatant.
	10.	Wash the DNA pellets with 70% ethanol. Follow with a quick 

100% ethanol wash. Remove as much of the ethanol as pos-
sible (see Note 35).

	11.	Air-dry the probe pellets in the dark for 5–30 min (humidity-
dependent). Check pellets frequently; do not over dry (makes 
them harder to dissolve).

	12.	For a 2-mg probe, dissolve the pellets in a combined volume of 
10 ml (NOT 10 ml each, see Note 36) 2× SSC, 1× TE buffer 
(pH 7.6) for a probe concentration designated as 200 ng/ml. 
Time, brief heat treatment at 65°C, and/or vortexing may be 
needed to dissolve pellet. For a 5-mg probe, dissolve in a com-
bined volume of 25 ml.

3.4. Purification  
and Precipitation of 
Red or Far-Red Probes
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	13.	Consolidate total volume into the tube with the most incorporated 
fluorochrome (brightest pellet, often from the first elution). Store 
at −20°C in the dark.

	 1.	Add 1× TE pH 7.6 to a total volume of 350–400 ml and 
transfer to a 1.6-ml microcentrifuge tube (see Notes 37 
and 38).

	 2.	Add autoclaved salmon sperm DNA (30 or 50 mg, based on 
amount of DNA labeled; see Subheading 3.4, step 6).

	 3.	Add 0.1 sample volume of 3 M sodium acetate pH 5.2 and 
2.5 sample volumes of 100% ethanol. Vortex.

	 4.	Precipitate DNA at −20°C for 2 h minimum (or overnight).
	 5.	Centrifuge at 16,000 rcf for 30 min (see Note 34). Remove 

the supernatant.
	 6.	Wash the DNA pellet with 70% ethanol. Follow with a quick 

100% ethanol wash. Remove as much of the ethanol as pos-
sible (see Note 35).

	 7.	Air-dry the probe pellet in the dark for 5–30 min (humidity-
dependent). Check pellet frequently; do not over dry (harder 
to dissolve).

	 8.	Dissolve a 2-mg probe in 10 ml and a 5-mg probe in 25 ml 2× 
SSC, 1× TE buffer (pH 7.6) for a probe concentration desig-
nated as 200 ng/ml.

Each new probe must be tested for overall signal strength and 
signal-to-noise ratio. A good concentration range at which to 
start is 10–20 ng/ml (i.e., to test a probe of unknown signal pro
perties at 20 ng/ml, use 1 ml of 200 ng/ml probe plus 4 ml 2× 
SSC, 1× TE and 5 ml of salmon sperm DNA blocking solution; 
see Note 39). Differently colored probes may be tested on the 
same slide. Final concentrations of different probes labeled with 
the same fluorochrome will need to be modified so that each signal 
is optimal at the same acquisition exposure time. Volume adjust-
ments are made with 2× SSC, 1× TE. For more complex cocktail 
mixes, it might be necessary to dissolve probe DNA pellets at 
concentrations >200 ng/ml. The minimum volumes that can be 
used are listed above and referred to in Subheading 3.8. Although 
using these volumes is more economical, some areas under the 
22 × 22 mm cover slip will not be fully bathed in probe. If your 
application requires complete probe coverage, use 8–10 ml each 
of blocking solution and probe cocktail.

	 1.	Germinate kernels in moist vermiculite for 2–3 days at 30°C 
(maize), or harvest young roots from plants. Choose roots 
1–5 cm in length (2–4 cm better). Keep them moist.

	 2.	Cut 1–1.5  cm of root tip and treat with nitrous oxide at 
10 atm for 1–3 h (see Note 40).

3.5. Precipitation  
of Blue or Green 
Probes

3.6. Testing Probes 
and Cocktail Mixes

3.7. Preparation  
of Metaphase Spreads 
from Root Tissue
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	 3.	Immediately fix root tips in ice-cold 90% acetic acid for 10 min 
(not longer than 1 h).

	 4.	Optional stopping point: Store in new tube containing 70% 
ethanol at −20°C. For larger target applications, roots keep 
well for a year or more.

	 5.	To continue: Wash root tips in ice-cold 1× citric buffer for 
10 min.

	 6.	Remove the sticky substance from the root cap by rolling on 
dry filter paper or by holding the cut end and wiping in the 
direction of the cap (moistening filter paper with citric buffer, 
optional).

	 7.	Optional step: Removal of the root cap (see Note 41).
	 8.	Cut off about 0.7–1 mm of the distal section containing the 

actively dividing meristem region (more opaque, ~1–2 mm 
long) and transfer to a tube containing 20  ml of ice-cold 
enzyme solution.

	 9.	Incubate at 37°C for 30–60 min, average ~47 min, (see Note 42). 
Plunge tube into ice.

	10.	Fill tube with 70% ethanol, remove. Rinse twice again with 
70% ethanol (see Notes 43 and 44).

	11.	Replace ethanol with 30 ml of 100% acetic acid or 90% acetic 
acid – 10% methanol.

	12.	Carefully break the root section with a rounded off dissecting 
needle. Stir or tap the tube with your finger several times to 
suspend the cells. Keep cells on ice.

	13.	Place labeled microscope slides in a humid chamber (see 
Note 45).

	14.	Drop 5.5–9 ml of the cell suspension on each slide. Volume 
used is dependent on cell density (see Note 46). (Optional: 
The bottom of the slide can be etched to indicate the location 
of cells.)

	15.	When dry, view through the 10× and 40× objective lenses of 
a compound microscope to select slides with the best spreads 
(quality and number) for hybridization (see Note 47).

	16.	Cross-link chromatin to slides by exposure to UV light. Set 
cross-linker to “Optimum” (see Note 48).

	 1.	Preheat water bath to a rolling boil; do not heat the denatur-
ation pan assembly (see Note 49).

	 2.	Place metal plate in full bucket of ice; insure maximum contact.
	 3.	Place slides on top of a pair of square sticks so that the cells 

are located between the sticks.
	 4.	Pipet 5 ml of salmon sperm DNA (140 ng/ml 2× SSC, 1× TE) 

onto the center of each cell spread. Using tweezers, apply a 

3.8. Denaturation, 
Hybridization, and 
Slide Processing
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22 × 22  mm plastic cover slip; one of the corners needs to 
hang over the edge of the slide just a little (facilitates removal 
prior to addition of probe).

	 5.	Denature root tip DNA (on slide) and probe DNA cocktail 
(in 200-ml thin-wall PCR tube) by floating in the boiling 
water bath for 5 min (100°C) (see Notes 50 and 51).

	 6.	Quickly cool the probe in the ice slush and the slides on the 
prechilled metal plate for 1–2 min. Keep probe in the dark.

	 7.	Centrifuge probes briefly to return liquid to the bottom of 
the tube. Return to ice.

	 8.	With tweezers, lift plastic cover slip (or lift off, flip over, and 
set down). Pipet 5 ml of probe onto the cells and replace cover 
slip in same orientation. (Cells cannot be allowed to dry.)

	 9.	Place slides in a humid storage container lined with moist-
ened Kimwipes for 4 h to overnight at 55°C.

	10.	Place slides in a Coplin jar (see Note 52) containing room-
temperature 2× SSC briefly (quick dip to 5 min) to remove 
the cover slip and excess probe.

	11.	Using tweezers, transfer slides to a Coplin jar containing 
55°C 2× SSC and wash for 20 min at 55°C. The temperature 
and 2× SSC concentration can be varied for different strin-
gency requirements (see Note 53).

	12.	Remove slides and blot excess 2× SSC from bottom and edges 
of slides. Do not allow tops to dry (see Note 54).

	13.	Apply one drop of Vectashield® mounting medium (with 
or  without DAPI) and carefully apply a 24 × 50  mm glass 
cover slip.

	14.	Acquire images.
	15.	Slides may be stored at 4°C in the dark (see Note 55).

	 1.	Most of the common plasmids (pUC18, pBluescript, etc.) 
contain standard primer sequences (T3, T7, M13F, M13R, 
SP6, etc.) that can be used for PCR amplification. These 
primers can be ordered as custom primers [e.g., 25 nmol syn-
thesis from Integrated DNA Technologies (http://www.
idtdna.com/order/order.aspx) or from Sigma (http://www.
sigmaaldrich.com/life-science/custom-oligos.html)]. It is 
also possible to design primers to amplify specific regions. 
One example of software that can be used to determine opti-
mal primers from a DNA sequence is at http://frodo.wi.mit.
edu/primer3/.

4. Notes
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	 2.	The DNA to be labeled is usually amplified from a plasmid or 
cosmid, but can be a noncloned PCR product. Plasmid DNA 
can be purified from a bacterial culture using either standard 
molecular biology protocols or a kit. Note that reamplifica-
tion of PCR-product DNA will, over time, introduce and 
amplify errors.

	 3.	Although PCR products are commonly labeled for FISH 
studies, plasmid DNA and BAC clone DNA can also be 
labeled.

	 4.	The water used to prepare this and most other solutions had 
a resistivity of >16  MΩ-cm and flowed through a 0.2-mm 
filter prior to use.

	 5.	2-Mercaptoethanol is toxic; handle accordingly. Prepare only 
a small volume of the buffer (5–10 ml), aliquot, and store at 
−20°C. The nick translation reaction still works after the 
characteristic odor of the 2-mercaptoethanol is depleted, but 
probably not at optimum levels.

	 6.	Make ~1 ml and aliquot in volumes based on usage. Store at 
−20°C. It is helpful to color-code the tubes to match the 
color of the dNTP to be labeled to avoid inadvertently using 
the wrong mix.

	 7.	Labeled dNTPs commonly used for small target detection 
include Texas Red®-5-dCTP (Perkin Elmer, Boston, MA), 
Alexa Fluor® 488-5-dUTP (Invitrogen Molecular Probes, 
Carlsbad, CA), and Fluorescein-12-dUTP (available from 
either supplier). Texas Red® is intrinsically the brightest and 
should be used to label the smallest targets.

	 8.	DNase I can be purchased ready-made (Invitrogen, Carlsbad, 
CA) or as a powder (Recombinant Grade I, Roche Applied 
Science, Indianapolis, IN). DNase from different sources has 
different levels of activity. This also seems true for different 
lot numbers of the same product. To prepare a working stock 
solution (100  mU/ml) from the powdered form of the 
enzyme:
(a)	 First prepare 2× DNase buffer and 1× DNase buffer (50% 

glycerol).
		  2× DNase buffer: 100 mM Tris–HCl pH 7.5, 10 mM 

MgCl2, 0.2 mM phenylmethylsulfonyl-fluoride (optional, 
hazardous material; if used, this substance is dissolved in 
ethanol first and then added to the buffer), 2  mM 
2-mercaptoethanol (hazardous material), and 200 mg/ml 
of bovine serum albumin.

(b)	10 U/ml primary stock: 10,000 U of DNase I are dissolved 
in 0.5 ml of 2× DNase buffer on ice. Add 0.5 ml of sterile 
glycerol and mix gently.
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(c)	 100  mU/ml intermediate stock: Add 20  ml of primary 
stock to 80 ml of cold 1× DNase buffer. Concentration is 
2 U/ml.

(d)	 Working stock: Add 10 ml of the 2 U/ml DNase solution 
to 190 ml of cold 1× DNase buffer.

(e)	 Store all solutions at −20°C. Freezing smaller volume ali-
quots of the more dilute stocks is recommended. The 
diluted DNase is relatively unstable and should be 
checked before use. 10 mU of DNase in 10 ml of DNase 
buffer digests 1 mg of DNA (1 kb) below 300 bp within 
10 min at room temperature.

	 9.	This concentration of EDTA will not go into solution until 
the pH is almost 8. The use of EDTA as a stop buffer is 
optional, but it is a required component of other solutions.

	10.	In addition to the fluorophores listed for small targets (see 
Note 7), Cyanine 5-dUTP (Perkin Elmer, Boston, MA) and 
Cascade Blue®-7-dUTP (Invitrogen Molecular Probes, 
Carlsbad, CA) can be used for the largest targets. There are 
few options for a blue fluorochrome. Perkin Elmer discontin-
ued production of coumarin-5-dUTP, and Enzo’s coumarin-
13-dUTP cannot efficiently be incorporated into DNA via 
nick translation.

	11.	Dissolve DNA in 1× TE buffer pH 7.8 at a concentration of 
10 mg/ml. Place on a rotary shaker (overnight, if necessary). 
The DNA should be completely dissolved prior to autoclav-
ing for 30 min (shears DNA). Run sample on gel to deter-
mine the size of the DNA fragments. We use fragments 
~100–400  bp in length (300–2,000  bp as purchased also 
works). If probe and slide are denatured separately, size is less 
important. Store at −20°C in 1-ml aliquots. If a white precipi-
tate (probably undissolved DNA) is visible, centrifuge for 
5  min at 16,000  rcf and transfer DNA to new tube. Final 
concentration, determined spectrophotometrically, will not 
be exactly 10 mg/ml; 7–11 mg/ml works well.

	12.	Alternatively, for DNA precipitation, a mixture of 
ethanol:sodium acetate (9:1 v/v) can be used. Make with 
100% ethanol and 3 M sodium acetate pH 5.2. Store at room 
temperature.

	13.	Optional addition: EDTA to a final concentration of 
20 mM.

	14.	Column purification will result in cleaner probes, but if the 
DNA used in the nick translation reaction is at least 2.6 kb in 
length (smaller products not tested; Cyanine 5-labeled probes 
not tested), a fast way to remove most of the unincorporated 
nucleotides is to pass 2–8 mg of nick-translated reaction prod-
uct through a PCR clean-up kit spin column. Promega Wizard 
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columns work well (others not tried). Elute DNA with 
nuclease-free water to a concentration of ~100–150 ng/ml if 
possible. Use enough water to elute all the DNA from the 
column. Use the aqueous probe as it is or concentrate by 
vacuum evaporation. Barely dry pellets may be dissolved in 
2× SSC, 1× TE. Probes thus purified work best on spreads 
with little cytoplasmic background.

	15.	This solution is needed only if following the original precipi-
tation protocol for blue or green probes (see Subheading 3.5, 
step 1, Note 38).

	16.	If background cytoplasm is a problem, as is the case with 
some maize lines, increase the cellulase concentration to 4%.

	17.	The pressure chamber and coupling components must be 
able to withstand pressures safely exceeding the160  psi 
(1,100  pKa) working pressure and have a valve through 
which the nitrous oxide enters and after treatment is vented. 
See example in Fig. 1.

	18.	One version of a humid chamber consists of an open-top 
cardboard box (~3″ high), subdivided into sections that will 
easily accommodate the width and number of microscope 
slides to be processed. All surfaces are lined with multiple lay-
ers of paper towels (stapled into position), which are moist-
ened with purified water prior to use. Slides placed in the 
chamber are elevated (e.g., on dry wooden stake or upside 
down tube rack). Covering the chamber with a large Kimwipe 
(either damp or dry) is optional. The chamber is reused.

Fig. 1. One example of a nitrous oxide chamber. This unit is steel and has a threaded 
brass lid. The main chamber dimensions are 2.25″ I.D. × 3″ O.D. × 5″ tall. The mostly 
recessed o-ring at the opening of the chamber provides for a tight seal. Inset shows a 
close-up of part of the needle valve (right side is toward the chamber).
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	19.	The baking pan in contact with the hot plate should not be 
made of thin gauge aluminum, which tends to warp. A ther-
mostatically controlled electric skillet with lid may be used in 
lieu of the water bath.

	20.	Sticks are not required, but elevating the slides on them makes 
it easier to apply cover slips.

	21.	Vectashield® without DAPI is used when a blue fluorescent 
probe is in the cocktail mix. Alternatively, DAPI-containing 
Vectashield® diluted 1/20 with DAPI-free Vectashield® can 
be used to lightly stain chromosomes but still allow detection 
of strong blue signals. This dilution is also used when the 
signal from full strength DAPI is too bright. We have not 
tried the “Hard-Set” version of Vectashield®.

	22.	If imaging red and far-red signals from the same specimen, 
the filter sets must be custom made to avoid bleed through of 
bright red signals into the far-red channel and vice versa. As 
less overlap is achieved, signal strengths are decreased. Consult 
a microscopy optics specialist for specifications.

	23.	The direct labeling procedure utilizes a nick translation reac-
tion in which dNTPs are incorporated into the PCR product 
of the sequence of interest. Only one of the four dNTPs is 
tagged with a fluorochrome. Nick translation involves the 
activities of two enzymes. DNase I randomly nicks the tem-
plate DNA. The second enzyme, DNA polymerase I, has two 
activities – an exonuclease activity that removes DNA at the 
nick and a polymerase activity that fills in the gap.

		    The nick translation procedure can be modified to alter the 
degree of incorporation of conjugated nucleotides into the 
probe. If sensitivity is not an issue, less DNA polymerase I is 
sufficient for adequate labeling (see Subheading  3.3). 
However, if the chromosomal target sequence is small, such 
as a transgene or single-copy endogenous gene, then a higher 
incorporation rate of the labeled dNTP is desired. Increasing 
the amount of DNA polymerase (see Subheading 3.2) up to 
about 20 times the amount in a “standard” reaction will pro-
duce a brighter probe (13).

		    For detecting small targets on chromosomes, the signal-to-
noise ratio must be maintained as high as possible. In addi-
tion to the degree of labeling, the size of the probe also affects 
signal brightness. Ideal probe length is from approximately 
50 to 300 bases. In our experience, fragments much larger 
than 400  bases cause background fluorescence. If probes 
from long templates are being produced, the addition of extra 
DNase to the labeling reaction or an increase in the length of 
the nick translation reaction might be needed to produce a 
probe of the desired length. Because antibody-based (indirect 
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labeling) detection methods also increase the background 
noise due to nonspecific adherence to chromosomes, the use 
of probes that are directly labeled with a fluorescent molecule 
is preferred.

		    All fluorescent probes are light-sensitive. Working in sub-
dued light conditions is recommended. Labeled dNTPs, nick 
translation reactions, purification columns, probe DNA, and 
hybridized slides need to be stored in the dark and exposed to 
bright light as little as possible.

	24.	PCR product sizes known to produce good probes can range 
from about 300  bp to 5.5  kb, although most are 1–2  kb. 
Larger products have not been tested.

	25.	The reaction volumes listed will provide enough DNA to per-
form two to five 5-mg nick translation reactions depending on 
amplification efficiency. Only 2 mg of DNA at 200 ng/ml is 
required if the probe will have limited use; consequently, 
smaller reaction volumes can be used. Purified PCR products 
generally remain stable for a number of years at −20°C.

	26.	If the DNA concentration is greater than 200  ng/ml, add 
autoclaved or nuclease-free water to make up the difference 
(i.e., volume of DNA + water = 10 ml).

	27.	For labeling targets less than ~3 kb, see Note 58.
	28.	The incubation may be performed in a PCR machine. Set the 

machine to hold at 1– 4°C after the 2-h incubation for insur-
ance against overdigestion or for “overnight” reactions. 
Alternatively, 15°C water in a covered, thick-walled styro-
foam box works well.

	29.	Chromosomal targets containing high copy numbers of 
repeated sequences, such as knob (180-bp and TR-1), CentC, 
Cent4, and the B chromosome-specific repeat in maize are 
easily detected with this method.

	30.	If the DNA concentration is greater than 200  ng/ml, add 
autoclaved or nuclease-free water to make up the difference 
(i.e., volume of DNA + nonoptional water = 25 ml).

	31.	To save time, columns can be made during the last half an 
hour of the nick translation reaction. Make fresh each time. 
One column can be used to purify 1–8 mg of probe DNA. 
The tip of a 5 3/4″ long Pasteur pipet is blocked with silane-
treated glass wool (use tweezers to insert small amount in 
open end of pipet and metal rod to guide glass wool to tip; 
tamp to form a secure plug ~2–3 mm high). Too much glass 
wool will impede flow. Load cold 1× TE-saturated Bio-Gel® 
P-60 into the pipet (sterile plastic transfer pipet works well). 
Do not introduce voids. The pipet is placed at a slight angle 
in a 1.6-ml microcentrifuge tube (if vertical, may seal tip 
against tube), and the slurry is added until the top of the fully 
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settled gel is ~2  mm above the constriction in the pipet. 
Remove excess gel if necessary. Add TE to wash the column 
and ensure proper flow. If the eluate is not clear, the glass 
wool plug has been breached (make new column). Empty the 
collection tube as necessary. Wait until all of the TE has run 
through the column before loading the nick translation reac-
tion. The tiny bubbles that may form in the column do not 
adversely affect purification or probe quality. 

	32.	It takes approximately 3–5 min for 350–400 ml of 1× TE to 
flow through a column. Do not transfer the column to the 
next collection tube until all the added TE has been eluted 
from the column.

	33.	Alternatively, add 2.5 volumes of 90% ethanol – 10% sodium 
acetate (3 M, pH 5.2) to each tube.

	34.	Before removing the supernatant, briefly check the probe 
using UV light. If some of the probe is visible on the side of 
the tube, centrifuge again for 5–10 min with the tube in the 
opposite orientation. Do not UV illuminate far-red probes; 
the wavelength emitted by cyanine 5 is not within visible 
range.

	35.	The pellet will most likely become dislodged in the 100% 
ethanol rinse, if not in the 70% rinse. Rotating the tube while 
pouring out the ethanol is helpful. A brief spin will reposition 
the pellet near the bottom of the tube.

	36.	To avoid overdrying the pellets, pipet a portion of the total 
volume of 2× SSC, 1× TE onto each pellet (more on the one 
with the most probe). If under brief UV light examination, 
absolutely no probe is visible in the pellet from the last eluate, 
you may elect not to keep it but to add an equivalent amount 
of buffer to the retained probe.

	37.	Alternatively, do not add the 1× TE. In which case, the 
amounts of added sodium acetate and ethanol are based on 
the volumes of the initial nick translation reaction and added 
salmon sperm DNA.

	38.	Procedure for the original DNA probe precipitation proto-
col, which uses 5× TAE with 140 ng/ml autoclaved salmon 
sperm DNA:
(a)	 Add 175 ml (2-mg reaction) or 350 ml (5-mg reaction) of 

the TAE–salmon sperm solution.
(b)	Vortex and transfer entire volume to a 1.6-ml tube.
(c)	 Continue protocol starting with Subheading 3.5, step 3.

	39.	If both probe signal and background are strong, reducing the 
probe concentration could yield better results. For informa-
tion pertaining to commonly used nick translated maize 
probes, see Kato et al. (3).
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	40.	Root tips to be nitrous oxide treated are placed in 0.6-ml or 
1.6-ml tubes, each with a hole punched in the lid to facilitate 
gas exposure and lightly misted with water to prevent desic-
cation. Many roots may be treated in the same tube. The root 
cells continue to divide during the treatment, so longer treat-
ment times generally result in more metaphase spreads and 
chromosomes that are more condensed (shorter arm lengths). 
When treatment time has elapsed, quickly depressurize the 
chamber, transfer the tubes to ice, and add the fixative. A delay 
will result in the resumption of cell division and separation of 
the metaphase chromosomes into sister chromatids. If adding 
fixative to more than ~20 samples, it might be helpful to 
request assistance.

	41.	If the cap is relatively large, its removal might improve prepa-
ration quality by eliminating unwanted cell types. Do not 
attempt this on narrow diameter roots or if the root meristem 
is not clearly visible. Although a two-stage process, the tip 
alone can be removed (stage 1). Then, perform steps 8 and 9 
in the protocol. To remove the remainder of the root cap 
(stage 2), after the digestion step, fill the tube with ice-cold 
1× TE to wash the root. Use a glass pipette and rubber bulb 
to gently move the TE up and down to dislodge the remain-
der of the root cap. It looks like a small transparent ring, but 
is not always visible. Unless enough of the tip is removed, 
dislodging the rest of the cap will be difficult or impossible. 
Remove TE and return to step 10 of the protocol.

	42.	The length of time the root meristematic tissue is digested 
depends on the number and size of the tissue pieces, and the 
degree of chromosome spread desired. The fixed tissue can 
be left intact, cut transversely into several pieces, or cut both 
longitudinally and transversely. Whatever the size, quickly 
transfer the pieces into the enzyme solution. Ideal conditions 
for different lines will vary. For smaller diameter roots, two or 
three roots per enzyme tube might be needed to produce 
adequate cell density. If the desired meristem region is greater 
than 1 mm long (or for large diameter roots), it is better to 
cut the sample into two or more pieces. A properly digested 
root should yield slightly to pressure from a rounded off dis-
secting needle; it should not be hard, nor mushy.

	43.	These steps may be performed by pipetting (plastic transfer 
pipet with a 200-ml pipet tip stuck on the end) or by pouring 
(if you are careful). If the tissue is accidentally drawn into the 
pipet tip, squirt it back into the tube and, if necessary, centri-
fuge for a few seconds (mini microcentrifuge, 2,000 rcf) to 
“pellet” the small pieces and loose cells.

	44.	The choice of solutions in which the roots are broken and the 
cells are suspended is up to the individual. The simplest 
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procedure is listed in the Subheading 3. Two alternatives to 
breaking roots in 100% glacial acetic acid are to use 90% ace-
tic acid–10% methanol or 70% ethanol. If the latter is used, 
break the root in 70–100 ml ethanol, pellet the cells (~5 s at 
2,000 rcf), carefully pour off the ethanol, invert the tube, and 
blot the rim on a paper towel, then resuspend the cells in 
30 ml of either of the above two acetic acid solutions. Factors 
to consider when deciding on solutions: (1) Breaking in etha-
nol results in a slightly cleaner preparation but takes longer 
and some cells will be lost; (2) 100% glacial acetic acid is easy 
to use but the preparations cannot be frozen; and (3) the 
acid–methanol resuspended cell preps may be usefully stored 
at 4°C for about a month (decreased resolution); this solu-
tion should be made fresh. If storage at −20°C is desirable, 
following the 70% ethanol washes, rinse cells several times in 
100% ethanol to remove all water and replace with acetic 
acid–methanol, 90:10 or 75:25. Storage life is not known 
(see Note 48).

	45.	Requirement of the humid chamber for drying cell suspen-
sions is dependent on ambient humidity. Use of the chamber 
is not necessary during “humid” months. However, if not 
used during the “drier” times of the year, the solvent drop 
will not evaporate, and the cells will not spread. Therefore, 
year-round use of the humid chamber is recommended.

	46.	The pattern of dropped cells can be a single drop in the center 
of the slide (average 5.5–6 ml) or a grid of smaller drops to 
cover the same area (e.g., 3 × 3). Also, two hybridizations can 
be set up on the same slide by positioning the dropped cells 
such that they can be covered individually by 22 × 22  mm 
plastic cover slips for hybridization, yet fit under a 24 × 50 (or 
60) mm glass cover slip for viewing.

	47.	The perfect spread is characterized by a full complement of 
nonoverlapping chromosomes, with little or no cytoplasmic 
background and physically arranged such that they fit in a 
single image frame. Individual chromosomes will appear dark 
and lie flat on the slide (same focal plane; edges not refrac-
tile). Most of the interphase nuclei will be reasonably intact 
(perhaps slightly overdigested). A severely underdigested 
specimen is identified based on a high percentage of cells with 
either intact walls or very dense cytoplasm, whereas a severely 
overdigested specimen is characterized by interphase nuclei 
lacking substance, metaphase spreads lacking the full comple-
ment of chromosomes, and the presence of numerous iso-
lated chromosomes. A good digest may contain all of these 
morphologies, but the goal is to adjust tissue size and digest 
times to maximize the number of good spreads. If the tissue 
was not actively dividing at the time of harvest, few metaphase 
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spreads will be observed, even in a properly digested cell 
preparation.

	48.	Cross-linked slides can be used immediately for hybridization 
or be stored at 4°C or at −20°C in a frost-free freezer (the 
latter good for 4–6 months when hybridizing to multicopy 
target sequences). They can also be left at room temperature 
for 1 week and still be good to use for hybridizations. 
However, by 4 weeks, the chromosomes show visible signs of 
deterioration when viewed at 40× and should not be used. 
Intermediate times have not been investigated. For detection 
of small targets, it is not desirable to store slides. Instead, 
store the cell suspension at −20°C and prepare fresh slides 
immediately before use. For very small targets (e.g., single 
genes), it may be necessary to use slides that are prepared 
from freshly digested cells that have not been stored. To max-
imize signal quality, store the root tips in 70% ethanol at 
−20°C until you are ready to do the FISH procedure.

	49.	If the hybridization is not to very small targets, salmon sperm 
DNA, 2× SSC 1× TE, and the probes can be mixed together, 
applied to the slide, covered with a plastic cover slip, and 
denatured in situ. This occasionally increases background 
fluorescence but is a quicker method and is useful when many 
slides are prepared at the same time. If nick-translated probes 
account for most of the probe cocktail volume, the additional 
salmon sperm DNA is not necessary. Use 10–15 ml of probe 
cocktail per slide, depending on desired coverage. See also 
Note 59.

	50.	100 ml of probe can be denatured in a single tube. Probes can 
also be denatured by placing the tube at ~95°C in a heat block.

	51.	Prior to insertion of the denaturation pan into the boiling 
water bath, wet the layer of Kimwipes (drain off excess) and 
place slides and probe cocktail tube(s) on Kimwipes. Press 
down simultaneously near both ends of each slide to ensure 
good contact with the wet surface (improves heat transfer). 
Cover slides with the plastic pipet box lid (P1000 lid covers 
four slides; something larger is better). Cocktail mix does not 
have to be under the lid. Place the pan in the boiling water 
and cover everything with foil. Much of the 5-min time period 
is spent bringing the pan and slides to temperature. The actual 
time spent at a rolling boil (pan moves up and down under 
foil) is ~1–1.5 min. Do not overboil. When the time is com-
plete, carefully lift off the foil, use tweezers/tongs to remove 
the denaturation pan and set it on the benchtop; it must be 
kept level during this maneuver. With hands, remove lid by 
lifting straight up, keep level, and quickly move it out of the 
way. These steps nearly eliminate the possibility of condensa-
tion falling on the slides and subsequently diluting the probe.
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	52.	Slides can be placed back-to-back to increase the processing 
capacity of the jar.

	53.	By changing the temperature and salt concentration, the 
stringency can be modified [42°C, 2× SSC = low stringency; 
55°C, 2× SSC = medium stringency; 60°C, 2× SSC = high 
stringency; 65°C, 2× SSC = very high stringency; 50°C, 0.1× 
SSC = medium stringency; 55°C, 0.1× SSC = high stringency; 
60°C, 0.1× SSC = very high stringency (most signals will dis-
appear)]. The addition of 50% formamide further increases 
the stringency but is seldom necessary. Wash for 10–30 min.

	54.	Avoid excess 2× SSC on the slide as it will dilute the 
Vectashield®. FISH using preparations that have dried for a 
short time still produce good, but perhaps not optimal, 
signals.

	55.	Line box with foil and dry Kimwipes to absorb excess 
mounting medium and later immersion oil. Although strong 
signals retain most of their fluorescence for several months, it 
is advisable to acquire images from freshly prepared slides.

	56.	Single gene/small target detection. The above-described 
procedures consistently allow detection of chromosomal tar-
gets larger than approximately 2–3 kb. Even smaller sequences 
can be detected, although on a lower percentage of cells in a 
given preparation. For these smaller targets, we recommend 
labeling probe DNA with Texas Red®, which usually results 
in a brighter signal compared to probes labeled with the other 
fluorochromes. Probes should be hybridized to fresh cell 
preparations (i.e., they are digested, suspended, and dropped 
on the same day) with selection of preparations of the best 
quality (with abundant chromosome spreads, free of cell walls 
and cytoplasmic remains). Using a higher probe concentra-
tion or fewer cells per slide and a long hybridization time 
(overnight) are also helpful.
	 The average size of a maize gene is 4 kb, so many maize 
genes can be visualized with FISH. However, detection of 
maize genes smaller than 2–3 kb or containing repetitive ele-
ments in their introns requires a modified strategy. To localize 
such targets, repeat-free “pooled” probes that hybridize to 
adjacent unique chromosomal regions (clustered genes or 
regions within one gene) are produced. Repetitive elements 
can be identified in a sequence with various software pro-
grams available online, for example, http://www.repeatmas-
ker.org or http://www.girinst.org. Because these programs 
can be limited by the completeness of repeat element data-
bases, presumptive “unique” sequences as determined by 
BLAST analysis are hybridized to confirm that they are not 
repetitive. The regions within “unique” sequences with 
homology to mRNAs or cDNAs of other plant species have 
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the most promise to be single copy conserved genic regions 
and can be expected to be present in different maize lines. 
These sequences can be used to design PCR primers and can 
be amplified using genomic DNA or BAC DNA as a tem-
plate. By separately FISH-testing each PCR product to be 
included in the final pooled collection, sequences that hybrid-
ize throughout the genome, since they contain repetitive ele-
ment homology, can be identified and eliminated. Finally, to 
produce a pooled probe, selected PCR products can be 
labeled with a fluorochrome by nick translation separately or 
together as an equimolar ratio mix.
	 Because mature mRNA has no introns, cDNAs can be suc-
cessfully used as probes for genes containing repetitive ele-
ments in their introns. Searching the public databases for 
large maize cDNAs (greater than 4 kb) can identify candidate 
genes, and several of these have been successfully used as 
FISH probes.
	 Many maize genes are present in the genome as tandem 
arrays. These gene families make good FISH targets because 
a single member of the family can be used as a probe, which 
hybridizes to many locations in the cluster. This approach has 
been used to label the rp1 and rp3 rust resistance gene clus-
ters, as well as two alpha-zein clusters and an expansin gene 
cluster (1). Further, the selected DNA regions can be cloned 
and amplified using standard primers (M13 or T7, SP6). In 
this step, it is recommended to prepare the PCR mix in a 
laminar hood and purify the PCR product in columns with 
caps to exclude contamination from clones of highly repeti-
tive elements such as knobs or NOR. Because of the long 
exposure time used to visualize single-gene probes, even low 
concentrations of labeled contaminants can give bright sig-
nals during FISH.

	57.	More color options for FISH probes. The probe cocktail 
described by Kato et al. (3) includes one example of combin-
ing colors. Specifically, the maize ribosomal 5S gene is hybrid-
ized with two probes that label the same sequence. One of 
these probes is tagged with Texas Red® and the other with 
Alexa Fluor® 488, which is green. Because hues of light com-
bine additively, the resultant signal is yellow. This is true, 
however, only when the colors are mixed in the correct ratios. 
By varying the concentrations of red and green, one can cre-
ate a palette that includes a deep red orange, orange, yellow, 
and lime green. Similarly, one can create cyan (blue plus 
green), magenta (blue plus red), or pink (red plus white, if a 
cyanine 5-labeled probe is pseudocolored white). The advan-
tages of multiple colors for separate probes are obvious, but 
this strategy does require some extra adjustments to obtain 
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the desired result. In addition to concentration, three factors 
affect color outcome.

	 1.	� The nick translation reaction used in the direct labeling pro-
cedure is initiated by random events – the action of the 
DNase. Consequently, some probes will produce stronger 
signals than others. Combining several probes prior to deter-
mining the concentration needed to produce a specific color 
is helpful. This problem may be eliminated by using 5¢ end-
labeled oligonucleotides as probes (see Note 58).

	 2.	� The intrinsic intensities of the fluorochromes must be taken 
into consideration. Of those in common usage, Texas Red® 
produces the strongest signal, followed by Alexa Fluor® 488 
and fluorescein, cyanine 5, then Cascade Blue®. When com-
bining colors, remember that equal concentrations will not 
contribute equally to the end product and that Cascade Blue® 
will only label very large targets.

	 3.	� Keep in mind that the background fluorescence from all the 
other probes in the cocktail mix will affect the target color 
combination, as will DAPI if it is used as a counter stain.
The last option for color correction is to adjust the signal 
strengths of the individual colors with PhotoShop or a similar 
image processing software.
	 Below are colors frequently used and the final concentra-
tions of component probes. Note that the concentrations are 
provided as a starting point and may not result in the exact 
color indicated.

Yellow (5S) 16.0 ng/ml Alexa Fluor® 488 + 8.0 ng/ml Texas Red®

Orange 
(Cent4)

13.3 ng/ml Alexa Fluor® 488 + 12.0 ng/ml Texas Red®

Teal (NOR) 0.8 ng/ml Alexa Fluor® 488 + 18.7 ng/ml Cascade Blue®

	58.	5¢ end-labeled oligos as FISH probes. For routine screening of 
tissue samples, it is time-consuming to continually make probes 
for frequently targeted high-copy sequences. Alternatively, one 
might need to screen a large number of sequences for FISH 
probe potential. In either case, it may be more convenient to 
simply use 5¢ end-labeled oligonucleotides from companies 
such as Integrated DNA Technologies (IDT), Invitrogen 
Molecular Probes, and Sigma. Kits are also available.
	 One will have to provide the company with the target 
sequence, usually 20–50 bases in length, and specify the fluo-
rochrome. Any oligo sequence will have to be: (1) specific to 
the target and (2) screened so as to minimize self-hybridization 
(i.e., dimerization and hairpins). Therefore, it will be neces-
sary to BLAST the candidate sequences against the organism’s 
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database or against related species if the genome has not yet 
been sequenced or if there are many repeat sequences through-
out the genome. Useful web sites and probe design strategies 
can be found in Note 56.
	 Generally, because oligo probes can produce very strong 
signals, they may have to be substantially diluted to working 
concentrations. As with nick-translated probes, the final con-
centration used is dependent on probe signal strength and 
target sequence copy number. Whereas the final concentra-
tions of individual nick-translated probes vary from 0.2 to 
40 ng/ml, the 5¢ end-labeled oligos are used at concentra-
tions more in the range of 0.003–1 ng/ml. Because these oli-
gos are not very stable at the more dilute concentrations, it is 
advisable to immediately make and freeze small-volume ali-
quots (10–20 ml) of the primary stock (500 ng/ml) and a few 
vials of a less concentrated intermediate working stock. Make 
only enough final working stock for short-term use.
	 Oligo probes are single-stranded, so they do not require 
denaturation prior to hybridization. (In fact, some are ren-
dered less effective if exposed to high heat conditions.) If the 
hybridization will include both nick-translated and 5¢ end-
labeled probes, add the oligo probes after the denaturation 
step, when the slides are on ice. Because fluorescently labeled 
oligos are likely to be initially used at relatively high concen-
trations during repeat screening procedures, it is critical to 
minimize potential cross-contamination of samples during 
both slide setup and wash procedures.
5¢oligos for maize repeats:

Target Fluorochrome Sequence

CentC Alexa Fluor® 488 CCT AAA GTA GTG GAT TGG 
GCA TGT TCG

Knob Alexa Fluor® 488 TCG AAA ATA GCC ATG AAC 
GAC CAT T

1-26-2 Texas Red® G[TAG]18

	 A wide range of fluorochromes is available for conjugation 
to DNA oligonucleotides, both in terms of emitted wavelength 
as well as fluorochrome moiety within a given color range. 
Blue-emitting fluorochromes are generally not an option due 
to lack of availability, insufficient signal strength, and excessive 
cost. This fact leaves the following three options:

Green fluors.  At present, the least expensive fluors are fluo-
rescein-based (e.g. 6-carboxyfluorescein, 6-FAM™, which is 
available from IDT). Because fluorescein-tagged oligos do 
not require postsynthesis purification, they can be synthesized 
at a small scale. While fluorescein is not as bright as red fluors, 



91Chromosome Painting for Plant Biotechnology

or as resistant to photobleaching as Alexa Fluor® 488 (another 
green option), it is the most economical option (currently 
~$20–30 per 25 nM-scale oligo) for screening purposes. In 
contrast, a single Alexa Fluor® 488 modified oligo can cost in 
excess of $300.

Red fluors.  Texas Red®-conjugated fluorophores are gener-
ally the brightest option and should be reserved for lower 
copy number repeats, which are harder to detect. Texas Red® 
tagged oligos do require a minimum synthesis scale (100 nM) 
and HPLC purification, making them much more expensive 
(~$100). Within a given company, multiple Texas Red® 
options might be available. (Texas Red® 615, from IDT, 
works quite well.)

Far-red fluors.  Cyanine 5 (Cy5) is a far-red fluorochrome that 
also works quite well but should be reserved for the highest 
copy number localized repeats. Cy5-tagged oligos also require 
a minimum synthesis scale (100 nM) and HPLC purification.

	59.	Streamlined FISH protocol for large targets. This procedure 
saves time by modifying several of the postdigestion steps 
outlined in the main protocol. Most notably, the probe DNA 
and chromosomal DNA (cells on slide) are denatured together 
instead of separately. Although this protocol can also be used 
with smaller targets, the results are not as reproducible.
Upon completion of the digestion step:
	1.	� Instead of using TE, fill the tube with 70% ethanol (use a 

squeeze bottle if there are many samples). Close cap and 
invert to mix. Set tube on ice. When tissue settles, remove 
ethanol. Repeat.

	2.	� Add 70–100  ml of 70% ethanol. Use a blunt dissecting 
needle to “flatten” the tissue. Flick tube or vortex briefly 
to separate cells. Return to ice.

	3.	� Prepare a solution of 90% acetic acid–10% methanol 
(~100 ml for three tubes) by mixing glacial acetic acid and 
100% methanol. Make fresh each time (both components 
are highly volatile).

	4.	� Spin cells approximately 3–5 s in tabletop mini microcen-
trifuge (2,000 rcf).

	5.	� Decant the ethanol, taking care to retain cells (some etha-
nol remains). Blot the opening of the tube on a paper 
towel, then add 25–30 ml of the acetic acid–methanol solu-
tion (100% acetic acid can be used as an alternative). Gently 
resuspend cells (tap/flick tube, stir with pipet tip).

	6.	� As in the original protocol, drop 5.5–9 ml of each sample 
on a labeled microscope slide in a humid chamber. Allow 
to dry and then cross-link using “optimal” setting. Select 
best slides for hybridization.
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	  7.	� Make probe cocktail mix (need 10–15 ml per slide). The 
larger volume gives better coverage but does use more 
probe. If using only 5¢ end-labeled oligos, add 0.5–
1.0 mg of autoclaved salmon sperm DNA per microliter 
probe cocktail.

	  8.	� Pipet probe mix onto each spread and then cover with a 
22 × 22 mm plastic cover slip (no need for over-hanging 
edge).

	  9.	� As in the original protocol, place slides in humidified 
aluminum pan, cover, and place in boiling water bath for 
5 min and then transfer directly to a humidified plastic 
container for hybridization (4 h to overnight, 55°C).

	10.	�Dip slides in 2× SSC at room temperature only long 
enough to pop off the plastic cover slip, then wipe off the 
backs of the slides and apply Vectashield (with or w/o 
DAPI). Apply large glass cover slip. Note: The 20-min 
55°C rinse in 2× SSC specified in the original protocol is 
not needed unless target is low copy number or too 
much background is observed.

	60.	Meiotic FISH. A detailed description of the stages of 
maize microsporogenesis with photos can be found in 
Neuffer et al. (14).
	 Immature tassels are fixed in freshly made ethanol and ace-
tic acid solution (3:1 v/v) for 24 h at 4°C. The tassels are 
then rinsed three times with 70% ethanol and stored in 70% 
ethanol at −20°C.
	 Each floret on the tassel contains two groups of three 
anthers. Each of the three anthers is at the same stage of mei-
osis. By examining one of the three, the stage of the remain-
ing two can be determined. The anther to be staged is placed 
on a dry slide to which a drop of acetocarmine is added. Iron 
dissecting probes are used to smash apart the anther, and a 
glass cover slip is applied. The slide is heated with an alcohol 
lamp until just before the stain begins to boil. This helps flat-
ten cells and also intensifies the chromosomal staining.
	 After correctly staged anthers are located, the other two 
anthers can be kept in 70% ethanol at −20°C until used for 
preparation. Washes and enzyme digestion procedures are the 
same as described previously for the root tips. The time in 
enzyme cocktail can be 20–50  min depending on anther 
size.
	 The enzyme solution is rinsed away by filling the tube with 
cold 1× TE. The TE is removed, and the anthers are gently 
rinsed in 100% ethanol three times. Add 20–35 ml of 3:1–9:1 
acetic acid and methanol solution and break apart the anthers 
with a blunt dissecting probe. Flick the tube gently to further 
separate cells. About 8 ml of cell suspension is dropped onto a 
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glass slide in a humid chamber and allowed to dry. Examine 
dried preparations with a phase contrast microscope to con-
firm the correct staging and spreading of the meiotic chro-
mosomes. UV cross-link the slides as previously described.
	 Meiotic chromosome spreading and cytoplasm thickness 
depends on the maize genotype. In some inbred lines, chro-
mosomes do not separate from their cytoplasm during the 
spreading procedure. As a result, there tends to be higher 
background after FISH than for mitotic chromosome spreads. 
If the cytoplasm appears dark (without staining) through a 
light microscope, then the background after FISH is usually 
strong. However, for intense signals (knob, CentC, NOR, 
etc.), cytoplasm is not a problem. For smaller targets, only 
slides containing meiotic chromosome spreads with little or 
no visible cytoplasm should be used for FISH.
	 Some procedures have described various treatments to 
reduce or eliminate the cytoplasmic background to better 
detect small target signals. Immersion of cross-linked slides in 
a methanol, chloroform, and glacial acetic acid mixture (6:3:1 
v/v) for 20–30 s can improve the ratio of target/cytoplasm 
fluorescence (15). Also, increasing the length of incubation 
of anthers in the cellulase–pectolyase enzyme cocktail reduces 
the background, as does increasing the concentration of cel-
lulase (see Note 16). Using the FISH procedure outlined for 
mitotic spreads, we have been able to detect single gene sig-
nals on pachytene preparations that have little cytoplasm.

	61.	Retroelement genome painting. Because the maize genome 
contains retrotransposon families that are present in thou-
sands of copies, probes prepared from them can be used to 
paint maize chromosomes. The retroelement families have 
differentially expanded in the various Zea lineages as well as in 
the sister genus Tripsacum (8). Retrotransposons used as 
FISH probes label chromosomes from different species with 
different intensities, allowing the chromatin from different 
species to be distinguished in interspecific hybrids.
	 This approach can be used as an alternative to, and has 
some advantages over, the commonly used genomic in situ 
hybridization (GISH) technique. Because the different Zea 
species share the same retrotransposons and other sequences, 
the chromatin of all species is almost equally labeled. Because 
the retrotransposons are present in different copy number, 
using them directly as probes allows the chromosomes to be 
distinguished based on fluorescence intensity. Additionally, 
because knob heterochromatin sequences are so abundant, it 
is not possible to block hybridization to the knob regions. If 
introgressed segments are to be detected, the knobs will give 
discrete signals that can appear as introgressed chromatin in 
advanced backcross generations.
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	 To distinguish maize and Z. diploperennis, it is possible to 
use a number of different retrotransposon probes. The long 
terminal repeats (LTRs) from Grande or Huck work particu-
larly well for this purpose. To distinguish maize from 
Tripsacum, the most common maize retrotransposons will 
work. Grande, Huck, Prem1, Prem2, Opie, and others will 
work well. Cinful1 is present at high copy number in both 
genera.
	 To identify new retrotransposons that paint Tripsacum 
chromatin but not maize, a library of random DNA sequences 
from Tripsacum was produced and screened. The library was 
prepared by nebulizing genomic DNA from Tripsacum, 
repairing the ends and ligating into a standard cloning vector. 
Twenty-five clones were chosen for FISH screening based on 
strong hybridization to Tripsacum genomic DNA. Four of 
these clones contained elements that strongly hybridized to 
Tripsacum chromosomes but only weakly to maize chromo-
somes. Other clones contained a 5S ribosomal gene, knob 
sequences, or retrotransposons, which hybridized equally well 
to both maize and Tripsacum chromosomes. Because FISH 
screening is rapid and simple, this approach could be easily 
adapted to other species with genomes that are enriched with 
repetitive elements.

	62.	Developing a new karyotyping cocktail for another plant 
species. Developing a FISH-based karyotyping cocktail 
requires a collection of probes that can be used in combina-
tion with morphological features to identify each chromo-
some in a karyotype. Not only must individual probes work 
consistently (they must be bright, low in background, and 
relatively insensitive to minor variations in hybridization con-
ditions) but also the collection itself must work together. 
Karyotyping cocktails have been developed for numerous 
plant species; they generally utilize some combination of 
probes developed from BACs, repeat-subtracted gene 
collections, clustered repetitive elements, and clustered genes. 
Obviously, the utility of an individual probe type depends on 
the organization and composition of the genome of interest. 
In maize, for example, due to the high repeat content/low 
gene density, BAC probes are not a viable option because of 
the massive cross-hybridization with elements dispersed 
throughout the genome. In contrast, in soybean, in which 
about half of the total repeat content is concentrated in peri-
centromeric regions, low-repeat content BACs can be used.
	 Each type of FISH probe has strengths and weaknesses. 
Because of their large inserts (>100 kb), BAC FISH signals 
can generate excellent single-locus signals in FISH; yet, also 
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because of their large inserts, BACs with repetitive DNA can 
generate genome-wide background in FISH. Even with a 
high level of background, BAC FISH signals are often still 
apparent and may possibly be useful.
	 Although single-copy gene sequences as small as 2 kb can be 
detected in mitotic chromosome spreads using nick-translated 
probes, the FISH signal is not generally bright enough to be 
used in the context of a karyotyping cocktail because most or 
all of the other cocktail components using the same fluores-
cent label will be much brighter. One option is to develop 
collections of multiple single-copy genes localized to a particu-
lar chromosomal segment. Another option is to develop a 
single gene probe that targets clusters of highly homologous 
genes. For example, both 18S and 5S ribosomal genes are fre-
quently present in gene clusters containing hundreds of copies 
of nearly identical genes. Thus, even small (2 kb) nick-trans-
lated probes or fluorochrome-labeled oligonucleotides can 
generate bright FISH signals. Other gene clusters are also 
landmarks that could be used but will have to be identified by 
candidate or bioinformatic screening. For example, 1-kb 
probes developed from disease-resistance loci in soybean can 
be used because such genes are present in clusters containing 
10–30 copies within relatively confined (1 megabase) regions.
	 Repetitive DNA elements represent an extremely valuable 
resource for karyotyping probes not only because repeats can 
be present in high-copy clusters but also because elements 
can have broad and variable distribution across multiple or all 
chromosomes. Candidate repeat probes will have to be iden-
tified by screening collections of genomic sequences obtained 
by whole-genome shotgun sequencing, BAC-end sequenc-
ing, etc. From an efficiency perspective, the larger the sequence 
collection, the better. This is the case because the most suc-
cessful repeat probes will likely be developed from the more 
abundant repeat classes, which can be best assessed using a 
large collection of sequences. Two starting points for any 
repeat screens are (candidate) centromeric repeats and trinu-
cleotide repeats. The latter are a type of simple sequence 
repeats common to many organisms; all 64 variants can be 
quickly and inexpensively screened using a set of 12 fluores-
cein-labeled oligonucleotides. Centromeric repeats are also 
potentially present in widely variable copy number and as 
sequence variants. In designing oligonucleotide probes (see 
Note 58) based on centromeric (or other) repeat types, it is 
certainly worth exploring sequence variants for distribution 
variation in the genome by making probes in a second fluoro-
chrome color (red).
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Chapter 5

Plant B Chromosomes

Andreas Houben, Shuhei Nasuda, and Takashi R. Endo 

Abstract

B chromosomes are dispensable elements of the genome that do not recombine with the A chromosomes 
of the regular complement and that follow their own evolutionary pathway. Here, we survey current 
knowledge on the DNA/chromatin composition, origin, and drive mechanisms of B chromosomes and 
discuss the potential research applications of supernumerary chromosomes.

Key words: B chromosome, Genome evolution, Chromatin, Transcription, Centromere, Nondisjunction

B chromosomes (Bs) are dispensable components of the genomes 
of numerous plant, fungi, and animal species. Even some super-
numerary marker chromosomes of humans show similarities to  
B chromosomes (1). They do not pair with any of the standard  
A chromosomes (As) at meiosis, and have irregular modes of 
inheritance. As they are dispensable for normal growth, Bs were 
considered nonfunctional and without any essential genes. As a 
result, B chromosomes follow their own species-specific evolu-
tionary pathways. Because most Bs do not confer any advantages 
on the organisms that harbor them, they may be thought of as 
parasitic elements that persist in populations by making use of the 
cellular machinery required for the inheritance and maintenance 
of A chromosomes. In low numbers, Bs show little or no impact 
on the hosts. However, increased numbers of Bs cause pheno-
typic differences and reduced fertility (reviewed in refs. 2–14).

The distribution of Bs among plants is not random. Among 
angiosperms, they are more likely to occur in outcrossing than in 
inbreeding species, and their presence is also positively correlated 

1. �Introduction

James A. Birchler (ed.), Plant Chromosome Engineering: Methods and Protocols, Methods in Molecular Biology, vol. 701,
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with genome size and negatively with chromosome number. They 
are not found any more frequently in polyploids than in diploids 
or in allopolyploid species (15, 16). In many species, e.g., 
Brachyscome (Brachycome) dichromosomatica (17), different mor-
phological types of Bs exist within single species. Bs are largely 
absent from species with small genomes; however, species with 
large genomes are studied more frequently than species with small 
genomes, and Bs are more likely to be reported in well-studied 
species (18). The relationship between genome size and B fre-
quency may be explained also on the grounds that species with 
large genomes can tolerate extra chromosomes more easily (19) 
or that the greater amount of noncoding DNA, which is what 
largely constitutes large genomes, is itself a trigger for B forma-
tion (16). According to a survey of 23,652 angiosperm species 
(about 9% of the estimated 260,000 species), about 8% of mono-
cots and 3% of eudicots have Bs, and of these, by far the largest 
numbers of species belong to the Poaceae and Asteraceae. These 
families are also highly species-rich; however, several other fami-
lies have a higher proportion of species with Bs. Among orders, 
the two B-chromosome “hot spots” are the Liliales and 
Commelinales (15, 16).

Several scenarios have been proposed for the origin of Bs. Most 
probably, they arose in different ways in different organisms 
(reviewed in refs. 10–12). The most widely accepted view is that 
they are derived from the A chromosome complement. Some evi-
dence also suggests that Bs can be spontaneously generated in 
response to the new genomic conditions after interspecific hybrid-
ization. The involvement of sex chromosomes has also been argued 
for their origin in some animals (see ref. 11 for examples). Despite 
the high number of species with Bs, their de novo formation is 
probably a rare event, because the occurrence of similar B variants 
within related species suggests a close relationship between the 
different variants (e.g., Secale (20), Brachyscome (21)).

The molecular processes that gave rise to Bs during evolution 
remain unclear, but the characterization of sequences residing on 
them sheds some light on their origin and evolution. In maize and 
Brachyscome dichromosomatica for example, the Bs contain sequences 
that originate from different As, so the Bs could represent an amal-
gamation of these diverse A-derived sequences (22–25).

The actual process of sequence transfer from As to Bs is not 
clear, but recent results (26–28) indicate that transposition of 
mobile elements may have played an important role. Analysis of 
large DNA insert clones demonstrated that maize Bs are composed 

2. Diverse Routes 
of B Chromosome 
Formation
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of B-specific sequences intermingled with those in common with 
the As. The 22-kb-long B-specific StarkB element, for example, 
has been subject to frequent insertions by LTR-type retroele-
ments (27), in a fashion similar to the nested insertions seen in 
some intergenic A chromosome regions (29). It is likely that 
StarkB tandem array formation started with a transposition of a 
GrandeB mobile element into an original non-GrandeB sequence, 
which was then amplified, possibly from sister-strand exchange. 
Subsequently invasion(s) interwoven with amplification resulted 
in loss of the original tandem structure of StarkB (30). Using the 
divergence of retroelements interrupting B-specific sequences, 
Lamb et al. (27) have estimated the minimum age of the maize B 
to be at least 2 million years. Recently established oat–maize B 
chromosome addition lines (31) should become an ideal material 
for the further characterization of the maize B sequence composi-
tion because of the low level of sequence similarity between oat 
and maize.

B chromosomes provide an ideal target for transposition 
of mobile elements (32), and insertion of such elements may 
therefore be responsible for the generation of structural variability 
in Bs (11). Indeed, a B-specific accumulation of Ty3/gypsy 
retrotransposons has been reported for the fish Alburnus alburnus 
(L.) (33). In the same context, note that Bs contain various types 
of coding and noncoding repeats similar to those found in circular 
extrachromosomal DNA of various organisms (34). Extra
chromosomal DNA with similarity to tandem repeat sequences 
shared by A and B chromosomes has recently been identified 
(35), and integration of extrachromosomal DNA into Bs may be 
favored because transcriptionally less active Bs are subject to 
reduced negative selection. However, whether an evolutionary 
link exists between extrachromosomal DNA and the evolution of 
Bs remains to be determined.

A preferential contribution of rDNA coding repeats to the 
evolution of B chromosomes has been proposed, because rDNA 
loci have been detected on Bs of many species (for review, see 
refs. 9, 36). In the herb Plantago lagopus L., the novel B chromo-
some is a product of a spontaneous amplification process of 5S 
ribosomal DNA. The process has initiated as a result of two breaks 
in one of the chromosomes which harbored 5S and 45S rDNA 
sequences. This initial segment of DNA has, as a result of 
unscheduled DNA amplification, led to the formation of a ring 
chromosome. Subsequently, the ring chromosome underwent 
breakage–fusion–bridge cycle and got established as a linear chro-
mosome after healing of the broken ends (37). Interestingly, 
amplification of satellite DNA has been used for the formation of 
engineered mammalian chromosomes (38). However, in contrast 
to the situation with animals, the molecular mechanism of 
sequence amplification in plants is poorly understood. However, 
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except for tobacco (39), no amplification-stimulating DNA elements 
from plants have been identified thus far.

Alternatively, B chromosomal rDNA sites could be a conse-
quence of the reported mobile nature of rDNA (40); Bs may be 
the preferred “landing sites” because of B chromosome’s inactiv-
ity. Increasing evidence also indicates that ribosomal sequences 
can change position within the genome without corresponding 
changes in the surrounding sequences (41–43).

The sequence of B-located rRNA genes has been used to 
study the likely origin of Bs by revealing the relatedness of the 
internal transcribed spacers (ITS) between the different chro-
mosome types. Sequence analysis of A and B ITS sequences of 
C.  capillaris (44) and B. dichromosomatica (45, 46), and 
comparisons with sequences of related species, indicates that the 
B chromosome rRNA genes are probably derived from those of 
the A chromosomes of the host species. The reason(s) why B 
chromosomes’ rDNA is not (e.g., B. dichromosomatica (45) or 
weakly e.g., Crepis capillaris (44)) transcribed is not yet clear. 
Differences in posttranslational histone modifications, such as 
histone methylation or acetylation, between A and B chromo-
somes, which may be responsible for differences in gene activity, 
have been demonstrated (28, 47–50). Another possibility is that 
suppression may occur because of nucleolar dominance, so that 
the rRNA genes on the A chromosomes are active at the expense 
of those on the B chromosomes (45). The inactivity of B chro-
mosome rDNA might explain the presence of multiple ITS2 
sequences, since homogenization of rDNA spacers is thought to 
occur only in transcribed regions. Concerted evolution is a 
feature of rDNA repeats (51), but mechanisms that control it 
may not include nontranscribed rDNA sequences (52, 53). 
Since no sequence homogenization occurs between A and B 
chromosomes’ rDNAs, and since Bs are not constitutively active, 
one might expect further sequence drift of B-located rDNA 
sequences. An increase in the number of different members of 
the already heterogeneous population of ITS sequences could be 
the evolutionary consequence, as has been postulated for the B 
chromosome-like paternal sex ratio chromosome of the wasp 
Trichogramma kaykai (54).

Some findings imply that B chromosomes arise spontaneously 
in response to the genomic stress after interspecific hybridization, 
e.g., in Coix aquatica Roxb. and C. gigantea J. König ex Roxb. 
(55). After fertilization, the two different parental genomes are 
combined within a single nucleus, which in most cases is embed-
ded within the maternal cytoplasm. Such a novel genomic consti-
tution may result in conflicts, and as a consequence, a genomic 
and epigenetic reorganization of the genomes can occur (56). An 
incomplete loss of one parental genome during hybrid embryo-
genesis might play a role in the hybrid origin of Bs. Evidence 
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exists that, during the uniparental chromosome elimination process, 
the centromeres of parental chromosomes undergoing elimination 
are the last to be lost (57). If such a centric fragment is retained, 
rather than being eliminated, a subsequent spontaneous doubling 
could provide an ideal prerequisite for the de novo formation of 
a supernumerary chromosome. Indeed, a centric fragment was 
generated during the introgression of a chromosome region from 
the wasp Nasonia giraulti Darling into N. vitripennis (Walker). 
This neo B showed a lower-than-normal Mendelian segregation 
ratio in meiosis and some mitotic instability, but the transmis-
sion rate and mitotic stability then increased over successive 
generations (58).

A novel mechanism for new chromosome evolution based on 
recombination of nonhomologous chromosomes during the 
DNA double-strand repair process at S-phase has been postulated 
for the formation of the “zebra” chromosome, which is com-
posed of Elymus trachycaulus/Triticum aestivum structurally 
rearranged chromosome fragments (59). Although this restruc-
tured chromosome does not represent a B chromosome, it is 
imaginable that a similar mechanism could also result in the for-
mation of a neo B chromosome.

On the basis of new insights into the mechanisms of chromo-
some evolution (60–62), we are tempted to ask, as did Patton 
(63), whether the “by-product” of a Robertsonian translocation 
between two nonhomologous acrocentric chromosomes with 
breakpoints close to centromeres could evolve into a B-like chro-
mosome. With the recent development of the comparative chro-
mosome painting technique to reconstruct karyotype evolution, 
it is becoming clear that chromosome number reductions are 
often accompanied by pericentromeric inversions and transloca-
tions between acrocentric chromosomes (64).

Although the minichromosomes formed from Robertsonian 
translocation events are mainly composed of centromeric sequences, 
they are frequently lost because of the lack of essential genes and 
their failure to pair and segregate properly during meiosis. 
Centromeric regions are also highly dynamic in sequence compo-
sition and display a low recombination frequency (65), and recent 
findings by Hall et al. (60) point to (peri)centromeres as genomic 
regions that may experience selective pressures distinct from those 
acting on euchromatin. They can tolerate rapid changes in struc-
ture and sequence content, such as large insertions of B chromo-
some-typical sequences, e.g. mobile elements, rDNA arrays, and 
satellite arrays. When a nonessential centromeric fragment sur-
vives, rapid sequence alteration may prevent meiotic pairing with 
the As, and the gain of a drive (by an unknown mechanism) may 
put it on the evolutionary pathway to a proto-B.

In addition, tertiary trisomics, which appear in the progenies 
of translocation heterozygotes, have been hypothesized, under 
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certain circumstances (e.g., suppressed crossing-over, rapid loss 
of genetic activity to overcome genetic imbalance, and positive 
selection for plants with an extra chromosome), to be suited for 
B chromosome formation (e.g. in the garden pea (66)).

The most widely used approaches to study the evolution and 
DNA composition of B chromosomes are based on the isolation 
and characterization of only a single or a small group of mainly 
repetitive sequences. These approaches have been valuable in 
tracing the fate of various repeats in a wide range of species. 
However, they do not allow for the global comparative analysis of 
sequence profiles required for elucidating evolutionary trends on 
the whole genome and B chromosome level. To overcome this 
obstacle, in the future, new low-cost sequencing technologies 
such as 454 pyrosequencing (67) should be used for B chromo-
some sequence analysis. Most recently, 454-sequencing has been 
used to shotgun-sequence flow-sorted plant chromosomes. As 
few as 10,000 copies of barley chromosome 1H were flow-sorted 
and used as a template to assess gene content and genomic com-
position of this chromosome (K. Mayer, T. Wicker, J. Dolezel,  
N. Stein et  al., personal communication). Most Bs are smaller 
than As and can easily be sorted by flow cytometry (68). For 
instance, one rye B encodes around 800 Mbp, thus a single 454-run 
could identify ~50% of sequence information of flow-sorted Bs. 
Thus, the application of sorted Bs for 454-sequencing is the most 
efficient approach for the sequence analysis of Bs. Comparative 
sequence analysis will then significantly improve our knowledge 
of the origin of Bs and hence that of the evolution of genomes.

Bs fail to pair with any members of the A chromosome set during 
meiosis, although they may pair and form chiasmata among them-
selves. Because Bs appear to be devoid of essential genes and have 
no known adaptive advantage, their persistence in natural popula-
tions depends on their mechanisms of drive that they have evolved 
to ensure their survival. In many cases, maintenance is engendered 
by their transmission at higher than Mendelian frequencies, which 
allows their successful spread and accumulation in populations.

The drive mechanisms of maize and rye Bs are well-studied 
examples that allow B chromosome accumulation. Bs of rye 
undergo a directed nondisjunction, into the generative nucleus, 
at the first mitosis of the pollen. The generative nucleus then pro-
duces two sperm nuclei, each with an unreduced number of Bs. 
Essentially, the B chromosome fails to separate its chromatids at 
this first division of the pollen, placing both chromatids of each B 
in the generative nucleus and thereby in the next generation. 

3. Non-Mendelian 
Segregation 
Behavior of  
B Chromosomes
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Notably, the B chromosome centromeres appear to divide normally, 
but on either side of the centromere are “sticking sites”, which 
prevent normal anaphase separation of the chromatids, leading to 
nondisjunction at an average frequency of about 86% in rye (69). 
Nondisjunction works equally well when the rye B is introduced 
as an addition chromosome into hexaploid wheat (70–72) or 
Secale vavilovii Grossh. (73). Therefore, the segregation behavior 
of the B is mainly autonomous and independent of the back-
ground genotype. The B itself controls the process of nondisjunc-
tion and B-transmission frequency (74). The accumulation 
mechanism of the rye B requires a factor located on the end of its 
long arm, which may also act in trans. Bs that lack this terminal 
region, where two repeat families E3900 and D1100 reside, 
undergo normal disjunction (72, 75), but if a standard B (76), or 
the terminal region of the long arm of the B (72) is also present 
in the same cell, the standard B mediates nondisjunction of both 
itself and the deficient B.

For analysis of the function of the terminal B-region in more 
detail, different rye B-wheat (Triticum aestivum L.) chromo-
some translocations and B deletions were generated using the 
wheat gametocidal system ((72) also see contribution of  
T. Endo). No whole-arm translocations were found between rye 
B and wheat A chromosomes, so the B centromere might have a 
unique structure that prevents centromeric fusion with the wheat 
centromere. Bs with deficiencies in the short arm retained the 
capacity for nondisjunction, albeit at lower frequencies than the 
standard B, so the size of the pericentromeric B-region might 
regulate the action of nondisjunction. Analysis of Bs with defi-
ciencies in the long arm indicated that a critical nondisjunction 
element might be located within the region between the E3900- 
and D1100-positive chromosome regions. Alternatively, the 
number of the repetitive sequences themselves could be the 
critical factor for nondisjunction. If the B-terminal region is 
translocated to a wheat chromosome, a balanced number of B 
centromeres and terminal regions seems to be required for the 
regulation of nondisjunction (72).

The nondisjunction process in maize differs from that in rye. 
At least three properties allow the maize B to increase in num-
bers: nondisjunction at the second pollen mitosis, preferential fer-
tilization of the egg by the sperm containing the B (77–81), and 
suppression of meiotic loss when the Bs are unpaired (82).

As in rye, the B-accumulation mechanism in maize requires a 
factor located on the end of the long arm of the B that may act in 
trans (83–85). Furthermore, nondisjunction of Bs takes place in 
the endosperm and tapetum, and in binucleated tapetal cells, Bs 
mediate A chromosome instability (86, 87). One A-located 
“gene” seems to codetermine maize B accumulation by preferen-
tial fertilization, and another “gene(s)” determines the meiotic 



104 Houben, Nasuda, and Endo

loss of Bs (88). Sperm nuclei containing deletion derivatives of 
B-9 (translocations lines involving the B and chromosome 9), 
which lack the centric heterochromatin and possibly some adja-
cent euchromatin of the B chromosome, no longer have the 
capacity for preferential fertilization (89).

So far no gene sequence, or nondisjunction element, on any 
B has been characterized that plays a role in B accumulation, and 
the speculation is therefore tempting that noncoding RNA acts 
on the process of B chromosome nondisjunction. In fission yeast, 
for example, the repeats flanking the kinetochore are essential for 
sister chromatid cohesion and are maintained in a proper hetero-
chromatic state by the RNAi machinery (90). Similarly, pericen-
tromeric heterochromatin is required for proper chromosome 
cohesion and disjunction in flies and also in other organisms (91, 
92). Notably, forced accumulation of human centromeric non-
coding satellite transcripts leads to defects in separation of sister 
chromatids (93). Also, for plants, RNA molecules have been 
shown to play a role in establishing centromeric heterochromatin 
domains (94, 95). In this context, the transcriptional activity of 
repeats located in the B chromosome-nondisjunction-controlling 
region of rye (50) is striking. The unique chromatin conforma-
tion and transcriptional activity of the B-terminal region could be 
involved in the trans-acting mechanism of directed nondisjunc-
tion characteristic of B transmission.

An understanding of the structure and regulation of A and B 
centromeres is a prerequisite for a better understanding of the 
unique segregation behavior of Bs. The B-specific repeat ZmBs 
has been used to describe extensively the centromere of maize Bs 
(24, 96–98), which are among the best-characterized plant cen-
tromeres. The centromeres of the maize Bs contains several 
megabases of ZmBs, a 156-bp satellite repeat (CentC), and cen-
tromere-specific retrotransposons (CRM elements). Only a small 
fraction of the ZmBs repeats interacts with kinetochore protein 
CENH3 (also called CENPA), the histone H3 variant specific to 
functional centromeres. CentC, which marks the CENH3-
associated chromatin in maize A centromeres, is restricted to a 
similar 700-kb domain within the larger context of the ZmBs 
repeats (99). Centromere specification must have an epigenetic 
component, as dicentric A–B translocation chromosomes are 
characterized by stable inheritance of an inactive state of one of 
the centromeres over several generations (100).

A comparison of maize A and B chromosomes seems to show 
that Bs are enriched with DNA elements that are normally found 
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at or near A centromeres (101). A similar tendency has been 
described for the rye B, which is characterized by a higher copy 
number of the rye retrotransposon-like centromeric repeat 
pAWRC.1 (102). In contrast to maize Bs (101), the rye kineto-
chore protein CENH3 is present in equal amounts on both As 
and Bs (Houben, unpublished data).

The centromeric region of B. dichromosomatica standard Bs 
(of cytodeme A1, A2, and A4) is enriched with a B-specific tan-
dem repeat (Bd49) that is not microscopically detectable on A 
chromosomes (103, 104). Initially, the predominantly centro-
meric location of the Bd49 repeat suggested a possible role for 
this sequence in the drive process, but a noncentromeric Bd49 
signal in B. dichromosomatica cytodeme A3 and differences in sig-
nal sizes among all the Bs of different cytodemes do not support 
this assumption (21).

Although Bs are not essential, some phenotypic effects have been 
reported, and these effects are usually cumulative, depending 
upon the number and not the presence or absence of Bs. In low 
number, Bs have little if any influence on the phenotype, but at 
high numbers, they often have a negative influence on fitness and 
fertility of the organism (reviewed in refs. 2, 4, 9, 81).

Evidence exists that Bs directly or indirectly influence the 
behavior of A chromosomes. One of the most striking of such 
effects is the potential impact of Bs on diploidization in allopoly-
ploid hybrids, e.g., Lolium temulentum × L. perenne + B (105), 
where Bs prevent or suppress the homologous pairing of As. In 
wheat × Aegilops hybrids, Bs contributed by the Aegilops parent 
seem to be able to substitute for the ph locus of the hexaploid 
wheat (further examples are reviewed by refs. 15, 106, 108).

Indirect evidence for weak transcriptional activity of Bs results 
from comparative analysis of esterase isozyme activity in plants 
with and without Bs in Scilla autumnalis L. (107) and rye (108). 
In B-positive plants, additional bands were detected by protein 
electrophoresis, but in both cases, whether the additional bands 
were caused by a B-located gene or whether Bs influenced the 
transcription behavior of an A-located gene remains unclear. For 
grasshoppers, Bs have been demonstrated to alter the expression 
of A chromosome genes (109).

Except for the B-located 45S rRNA gene of C. capillaris, in 
which one of two B-specific members of the rRNA gene family 
was weakly transcribed (44), there was no direct molecular evi-
dence for transcription of B chromosome genes in plants until the 
transcriptional activity of B-specific repetitive sequences has been 
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demonstrated. In maize and rye, retrotransposon-derived high-copy 
elements (27, 28), and in rye two repeat families, E3900 and 
D1100, clustered at the B chromosome long arm are transcrip-
tionally active in a tissue-specific manner (50). The function  
of these B-transcripts and the mechanism of transcription of 
B-repeats are unknown at present. It has been hypothesized that 
these transcripts could have a structural function in the organiza-
tion and regulation of Bs (27, 50).

Recently, the general transcription activity of rye Bs has been 
analyzed by comparative cDNA-AFLP (28). In addition to weak 
B chromosome transcription, evidence has been found that Bs are 
able to downregulate A chromosome-localized sequences in a 
genotype-dependent manner. It is likely that Bs may result in a 
variety of epigenetic effects, including the differential regulation 
of A-localized transposable elements through mechanisms such as 
homology-dependent RNA interference pathways (110). Since 
the rye B most likely originated from the A chromosome comple-
ment, it seems to be reasonable that the transcription alterations 
of A-located sequences are caused by homology-dependent 
mechanisms (111), as has been proposed for the remodelling of 
gene-activities in newly formed hybrids and allopolyploids (112). 
Another hypothesis for explaining how the Bs exert control over 
the rest of the genome postulates their effects on the spatial orga-
nization of the genome itself. Recent work suggests that spatial 
positioning of genes and chromosomes can influence gene expres-
sion (113). Indeed, Delgado et al. (114) observed that in inter-
phase nuclei, A chromosomal ribosomal DNA displays a more 
compact distribution in cells with Bs compared to cells without 
Bs. A more compact distribution of rDNA sites suggests a lower 
level of rRNA gene activity. A similar effect of an almost gene 
deficient chromosome has been demonstrated for Drosophila. 
Lemos et  al. (115) demonstrated that the Y chromosome of 
D. melanogaster regulates the activity of hundreds of genes located 
on other chromosomes.

B chromosomes have been employed in mapping the A genome, 
modulating recombination, and exploring the structure of the 
centromere and the process of nondisjunction, as discussed by (3, 
5, 116). In the future, B chromosomes could become even impor-
tant for the generation of chromosome-based vectors for gene 
transfer. Telomere-mediated chromosome truncation has recently 
been adapted for A and B chromosomes of maize (117–120). 
With respect to the possible use of Bs as a vector for transgenes, 
recall that Bs have little or no effect on an individual’s phenotype, 
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and this issue is only of concern where a high number of Bs 
can reduce vigor (19). Constitutive transgene expression from 
B-derived minichromosomes suggests that inactivation of trans-
genes on B chromosomes (118), if it occurs, is at least not a rapid 
process. Because of the intrinsic postmeiotic drive of intact Bs, a 
B-chromosome-derived vector might potentially reveal an increase 
of transmission frequency above Mendelian expectation, and this 
feature would have to be silenced (121).
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Chapter 6

Telomere Truncation in Plants

Chunhui Xu and Weichang Yu 

Abstract

Telomeres are highly repetitive sequences at the ends of chromosomes that act as protection structure for 
chromosome stability. The integration of telomere sequences into the genome by genetic transformation 
can create chromosome instability because the integrated telomere sequences tend to form de novo 
telomeres at the site of integration. Thus, telomere repeats can be used to generate minichromosomes by 
telomere-mediated chromosome truncation in both plants and animals for chromosome studies as well 
as the applications in genetic engineering as engineered minichromosomes or artificial chromosomes. 
This protocol describes the procedure for telomere truncation of maize chromosomes by genetic 
transformation of telomere-containing constructs by both Agrobacterium- and biolistic-mediated 
transformations.

Key words: Maize, Telomere, Telomere truncation, Genetic transformation, Chromosome, 
Minichromosome

Telomere-mediated chromosomal truncation has been successfully 
used in the creation of minichromosomes as potential vectors for 
gene therapy in medicine and multiple gene expression platforms 
for genetic engineering in agriculture (1, 2). Telomeres are the 
ends of chromosomes that ensure the stability of linear structures. 
Telomeric DNA consists of highly conserved tandem repeats. It 
has been found in mammals that cloned telomere sequence could 
be reintroduced into the cells (3), and DNA replication would 
terminate at the location where the telomere sequence integrated 
and produce functional new telomeres (4). Thus, by introducing 
telomere-containing sequences, chromosome truncation can be 
achieved. This technology has been used in the creation of human 
minichromosomes (5–9). Similarly, a conserved telomere repeat 

1. �Introduction

James A. Birchler (ed.), Plant Chromosome Engineering: Methods and Protocols, Methods in Molecular Biology, vol. 701,
DOI 10.1007/978-1-61737-957-4_6, © Springer Science+Business Media, LLC 2011
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in plants (TTTAGGG) has been manipulated to create chromosome 
truncations in maize (10). This technology has been successfully 
used in the construction of maize minichromosomes and can be 
applied to the generation of minichromosomes for other plants 
because the telomere sequence in plants is conserved. The maize 
minichromosomes can be inherited stably in the offspring (11, 
12). In this protocol, we describe the procedure for maize chro-
mosome truncation with telomere-containing constructs (11–13) 
by Agrobacteria and bombardment transformations.

	 1.	Ears of maize Hi-II hybrid, gathered from greenhouse at 
10–12 days after pollination.

	 2.	Sterile water.
	 3.	Bleach, commercial bleach containing 5.25% sodium 

hypochlorite.
	 4.	Tween-20.
	 5.	Callus initiation medium (PHI-C) (14): Add 4.0  g of N6 

salts (Sigma) (15), 30 g of sucrose, 2.76 g of l-proline, 0.1 g 
of casein hydrolysate, 0.1 g of myo-inositol, 2.0 ml of 1 mg/
ml 2,4-D into 0.8 l H2O, adjust pH to 5.8 with KOH, add 
H2O to 1 l, and add 2.5 g of gelrite (Sigma). Autoclave for 
20 min, cool to 55°C, and add 1 ml of 1,000× N6 vitamins 
and 0.1 ml of 8.5 mg/ml silver nitrate (both are filter steril-
ized). Pour plates (see Note 1).

	 1.	Telomere-containing constructs: pWY76, pWY86, and a control 
construct pWY96 without telomere sequence (Fig.  1) as 
reported (11).

	 2.	Agrobacterium tumefaciens strain EHA101 (16) carrying the 
respective plasmids.

	 1.	YEP medium: Dissolve 10 g of trypton, 10 g of yeast extract, 
and 5 g of sodium chloride in H2O, and make up the volume 
to 1 l. Autoclave for 20 min. For the solid medium, add 15 g 
of agar before autoclaving.

	 2.	PHI-A (14): Add 2.0 g of N6 salts, 68.5 g of sucrose, 36.0 g 
of glucose, 0.7 g of l-proline, 0.5 g of MES [2-(N-Morpholino)
ethanesulfonic acid sodium salt] (Sigma), 0.1 g of myo-inositol, 
1.5 ml of 1 mg/ml 2,4-D, 1 ml of 1,000× N6 vitamins, and 
0.1 ml of 8.5 mg/ml silver nitrate into 0.8 l of H2O, adjust pH 
to 5.2 with KOH, add H2O to 1 l, and filter-sterilize. Add 1 ml 
of 100 mM acetosyringone (Sigma) before use.

2. �Materials

2.1. Maize Embryo 
Isolation and Callus 
Induction

2.2. Maize 
Transformation

2.2.1. Plasmids  
and Agrobacteria

2.2.2. Agrobacterium-
Mediated Maize 
Transformation
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	 3.	PHI-B (14): Add 2.0 g of N6 salts, 30 g of sucrose, 0.7 g of  
l-proline, 0.5  g of MES, 0.1  g of myo-inositol, 1.5  ml of 
1 mg/ml 2,4-D into 0.8  l of H2O, adjust pH to 5.8 with 
KOH, add H2O to 1  l, and add 8 g of agar. Autoclave for 
20 min, cool to 55°C, and add 1 ml of 1,000× N6 vitamins, 
0.1 ml of 8.5 mg/ml silver nitrate, 0.4 g of l-cysteine, 1 ml of 
100 mM acetosyringone. Pour plates.

	 4.	PHI-C: The same as used for callus induction.
	 5.	Selection medium I: PHI-C medium plus 250  mg/l cefo-

taxime and 1.5  mg/l bialaphos (Gold Biotechnology, St. 
Louis, MO).

	 6.	Selection medium II: the same as selection medium I, except 
the bialaphos concentration is 3 mg/l.

	 7.	Regeneration medium: Add 4.3 g of MS salts (Sigma) (17), 
60 g of sucrose, and 0.1 g of myo-inositol into 0.8 l of H2O, 
adjust pH to 5.8 with KOH, add H2O to 1 l, and add 3 g of 
gelrite. Autoclave for 20 min, cool to 55°C, and add 1 ml of 
1,000× MS vitamins, 2.5 ml of 100 mg/ml cefotaxime, and 
0.5 ml of 3 mg/ml bialaphos. Pour plates.

	 8.	Rooting medium: Add 2.9 g of MS salts, 30 g of sucrose, 
0.1 g of myo-inositol into 0.8 l of H2O, adjust pH to 5.8 with 
KOH, add H2O to 1 l, and add 3 g of gelrite. Autoclave for 
20 min, cool to 55°C, and add 1 ml of 1,000× MS vitamins. 
Pour into culture vessels.

Fig. 1. Constructs for telomere truncation. Telomere truncation constructs pWY76 (a), pWY86 (b), and the control construct 
pWY96 (c). LB, T-DNA left border; RB, T-DNA right border; Tvsp, terminator from soybean vegetative storage protein gene; 
Bar, bialaphos resistance gene as a selection marker gene; TEV, tobacco etch virus 5′ untranslated region; P35S, 2× 35 S 
promoter from cauliflower mosaic virus; Tnos, Nos terminator from Agrobacterium; Tmas, Mas terminator from 
Agrobacterium; Pnos, Nos promoter from Agrobacterium; Pmas1′, Mas promoter from Agrobacterium; lox and FRT, site-
specific recombination sites; HPT, hygromycin B resistance gene; GFP, green fluorescent protein gene; DsRed, red fluo-
rescent protein gene; FLP, recombinase gene; Telomeres, telomere units of pAtT4 isolated from Arabidopsis thaliana. 
Modified from ref. (11), Copyright 2006 National Academy of Sciences, USA.
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	 1.	0.6 mm Gold particles (Bio-Rad).
	 2.	100% Ice-cold ethanol, store at −20°C (see Note 2).
	 3.	ddH2O, autoclaved, incubate on ice before use.
	 4.	2.5 M CaCl2, filter-sterilized, aliquoted in 50-ml volume, and 

stored at −20°C (see Note 3).
	 5.	0.1 M Spermidine (Sigma), filter-sterilized, aliquoted in 20 ml 

volume, and stored at −20°C (see Note 3).

	 1.	Biolistic® PDS-1,000/He Particle Delivery System (Bio-Rad).
	 2.	Macrocarrier holders (Bio-Rad), autoclave before use.
	 3.	Stopping screen (Bio-Rad), autoclave before use.
	 4.	70% Ethanol.
	 5.	70% Isopropanol.
	 6.	Rupture disk (Bio-Rad, 650 psi), sterilized with 70% isopro-

panol in an autoclaved beaker for at least 15 min before use.
	 7.	Macrocarriers (Bio-Rad), sterilized with 70% ethanol in an 

autoclaved beaker for at least 15 min before use.
	 8.	Waterman filter papers, autoclaved.

	 1.	Osmotic medium: Add 4.0 g of N6 salts, 30 g of sucrose, 
36.4  g of mannitol, 36.4  g of sorbitol, 0.7  g of l-proline, 
0.1 g of myo-inositol, 2.0 ml of 1 mg/ml 2,4-D into 0.8 l of 
H2O, adjust pH to 5.8 with KOH, add H2O to 1 l, and add 
2.5 g of gelrite. Autoclave for 20 min, cool to 55°C, and add 
1 ml of 1,000× N6 vitamins and 0.5 ml of 8.5 mg/ml silver 
nitrate. Pour plates.

	 2.	All other media used are the same as those in Agrobacterium-
mediated transformation, except that the cefotaxime is 
eliminated.

	 1.	Nitrous oxide gas chamber (18) (Fig. 2).
	 2.	90% (Store at 4°C) and 100% Acetic acid.
	 3.	70% Ethanol.
	 4.	5× Citric buffer: Add 14.7 g of sodium citrate (50 mM) and 

14.6 g of EDTA (50 mM) into 0.8 l of H2O, adjust to pH 5.5 
with citric acid, add H2O to 1 l.

	 5.	Enzyme solution: Make on ice bath. Weight 0.1 g of pecto-
lyase Y-23 (Yakult Pharmaceutical Ind. Co. Ltd, Tokyo, 
Japan), 0.2 g of cellulose Onozuka R-10 (Yakult), and 9.7 g 
of 5× citric buffer. Mix by stirring on ice to completely dis-
solve the enzymes, and make up the volume to 10 ml with 
H2O. Quickly aliquot into 0.5-ml tubes, 20 ml in each tube. 
Store at −20°C.

2.2.3. Biolistic 
Transformation

2.2.3.1. Gold Particle 
Preparation

2.2.3.2. Bombardment

2.2.3.3. Culture Media

2.3. FISH

2.3.1. Chromosome 
Preparation
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	 6.	2% Aceto-orcein: Dissolve 2.0 g of orcein in 55 ml boiling 
acetic acid. Cool the solution, add 45 ml of distilled water, 
and filter (see Note 4).

	 1.	10× Nick translation buffer: Dissolve 6.05  g of Tris base 
(500 mM) and 476.0 mg of MgCl2 (50 mM) in 60 ml of water, 
adjust the pH to 7.8 with HCl, and make up the volume to 
100 ml. Add 701.0 ml of 2-mercaptoethanol (100 mM) (Sigma) 
and 100 mg/ml of bovine serum albumin fraction V (Sigma).

	 2.	Labeled dNTPs: ChromaTide Alexa Fluor 594-5-dUTP or 
Alexa Fluor 488-5-dUTP (Invitrogen).

	 3.	DNA polymerase I (10 U/ml) (Invitrogen).
	 4.	DNase I (100 mU/ml): First, prepare 2× DNase buffer by 1:5 

diluting from 10× Nick translation buffer. Then, dissolve 
2,000 U DNase I (Roche, grade I) in 0.5 ml of 2× DNase 
buffer on ice, add 0.5 ml of glycerol and mix gently, store this 
2 U/ml solution at −20°C. Dilute 10 ml of 2 U/ml DNase I 
solution in 190 ml 1× DNase buffer (with 50% glycerol) to 
make 100 mU/ml working stock.

	 5.	10× TE: Dissolve 12.1 g of Tris base and 2.9 g of EDTA in H2O, 
adjust to pH 7.8 with HCl, and make up the volume to 1 l.

	 6.	Salmon sperm DNA (Sigma): Dissolve salmon sperm DNA in 
1× TE at the concentration of 10  mg/ml and shake on a 
shaker overnight. Autoclave for 30 min. Run sample on aga-
rose gel to check the length of the DNA fragments. The 
proper size should be 100–300  bp. Sonication or passing 

2.3.2. �Probe Labeling

Fig. 2. Gas chamber for nitrous oxide treatment of root tips. Designed and manufactured 
by the University of Missouri Instrument Shop (Columbia, MO). Scale bar = 1 cm.
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several times through a 17-gauge needle may be needed to 
shear the DNA to desirable size.

	 7.	50× TAE: Dissolve 242.0  g of Tris base with H2O, add 
57.1  ml of glacial acetic acid and 100  ml 0.5  M EDTA 
(pH 8.0), and make up the volume to 1 l.

	 8.	3 M Sodium acetate: Dissolve 49.2 g of sodium acetate in 
H2O, adjust pH to 5.2 with glacial acetic acid, and make up 
the volume to 200 ml.

	 9.	20× SSC: Dissolve 175.3 g of NaCl and 88.2 g of sodium 
citrate in H2O, adjust the pH to 7.0 with HCl, and add H2O 
to make 1 l in volume.

	 1.	Coplin jar.
	 2.	Vectashield containing 4′,6-diamidino-2-phenylindole (DAPI) 

(Vector Laboratories, Burlingame, CA).

	 1.	Plant DNAzol® Reagent (Invitrogen).
	 2.	100% Ethanol.
	 3.	1× TE buffer.
	 4.	Chloroform.
	 5.	1× and 50× TAE (see Subheading 2.3.2.7).
	 6.	UltraPure Agarose (Invitrogen).
	 7.	Restriction enzymes: HindIII, EcoRV, and SmaI (New 

England BioLabs).
	 8.	Denaturing buffer: Dissolve 20  g of NaOH (0.5  N) and 

87.6 g of NaCl (1.5 M) in H2O, and make up to the volume 
of 1 l.

	 9.	Neutralizing buffer: Dissolve 63.50 g of Tris base (0.5 M) 
and 87.60 g of NaCl (1.5 M) in H2O, adjust pH to 7.5 with 
HCl, and make up to the volume of 1 l.

	10.	Transfer buffer: 10× SSC. Dilute from 20× SSC.
	11.	Qiabiane nylon membrane (QIAGEN, Valencia, CA).

	 1.	20× SSC (Subheading 2.3.2.9).
	 2.	20% SDS.
	 3.	Prime-It II Random Primer Labeling Kit (Stratagene).
	 4.	32P-dCTP (Perkin-Elmer).
	 5.	1 M Tris–HCl (pH 7.5 and 8.0): Dissolve 121.1 g of Tris 

base in 800 ml of H2O, adjust pH to 7.5 or 8.0 with HCl. 
Make up the volume to 1 l and autoclave.

	 6.	0.5 M EDTA (pH 8.0): Dissolve 186.1 g of EDTA in 800 ml 
of H2O. Adjust the pH to 8.0 with NaOH pellets (about 
20 g), make up the volume to 1 l, and autoclave.

2.3.3. Signal Detection

2.4. Southern Blot 
Analysis

2.4.1. Genomic DNA 
Preparation

2.4.2. Prehybridization, 
Probe Labeling, and 
Hybridization
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	 7.	Prehybridization buffer: Mix 70 ml of H2O, 5.0 ml of 1 M 
Tris–HCl (pH 8.0), 2.0 ml of 0.5 M EDTA (pH 8.0), 25 ml 
of 20× SSC, 1 ml of 100× Denhardt’s solution, and 1.0 ml of 
20% SDS. Add 1 ml of denatured 10 mg/ml salmon sperm 
DNA (Subheading 2.3.2.6) before use.

	 8.	Hybridization buffer: Mix 50 ml of H2O, 20 ml of 50% dex-
tran sulfate, 5 ml of 1 M Tris–HCl (pH 8.0), 2 ml of 0.5 M 
EDTA (pH 8.0), 25 ml of 20× SSC, 1 ml of 100× Denhardt’s 
solution, and 1 ml of 20% SDS. Add 1 ml of denatured 10 mg/ml 
salmon sperm DNA before use.

	 1.	Surface-sterilize dehusked maize Hi-II ears by submerging in 
50% commercial bleach supplemented with 0.1% Tween-20 
in a big glass jar for 20 min. Wash the ears with sterile water 
for three times.

	 2.	In a large sterile petri dish (150× 15 mm), insert the tip of a 
straight forceps into one end of the cob to secure the ear, cut 
off the top-half of the kernels, and pick out the 1.2–1.5 mm 
immature embryos with a sterile spatula.

	 3.	The embryos can be used directly for transformation by 
Agrobacteria or bombardment.

	 4.	The embryos can be cultured on PHI-C medium for callus 
initiation. After culturing on PHI-C medium in the dark at 
28°C for 2–4 weeks, embryonic calli will emerge. Subculture 
the calli with new PHI-C medium every 2–3 weeks. The calli 
can be used as explants for transformation by either 
Agrobacteria or bombardment.

	 1.	Streak Agrobacteria carrying the telomere truncating plas-
mids stored in glycerol stock at −80°C on YEP solid medium 
containing antibiotics. Culture at 28°C for 2 days to let single 
colonies develop.

	 2.	Pick a single colony and streak it on YEP medium containing 
antibiotics. Culture at 22°C for 2–3 days.

	 3.	Take two full loops of bacteria from the plate and suspend in 
5 ml of PHI-A in a 14-ml Falcon tube. Shake vigorously to 
suspend the bacteria well.

	 4.	Adjust the OD550 of the bacteria suspension to 0.35.
	 5.	Culture at room temperature in a shaker at 150 rpm for 4 h.
	 6.	Aliquot 1-ml suspension into 1.5-ml microcentrifuge tubes.
	 7.	Put about 100 immature embryos or calli into one tube. 

Invert the tube 20 times to mix the explants and bacteria.

3. Methods

3.1. Maize Embryo 
Isolation and Callus 
Induction

3.2. Maize 
Transformation

3.2.1. Agrobacterium-
Mediated Transformation
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	 8.	Stand the tube for 10 min. Pour into a plate containing PHI-B 
medium that was overlaid with sterile filter paper. Draw off 
the bacteria, lay the embryos facing down on the filter.

	 9.	Culture in dark at 22°C for 2 days.
	10.	Transfer the explants to PHI-C medium supplemented with 

antibiotics to inhibit the Agrobacteria growth and culture in 
dark at 28°C for 7 days. The infected materials can be trans-
ferred onto selection medium for selection.

	 1.	Weigh 15 mg of 0.6 mm gold particles in a 1.5-ml siliconized 
sterile microcentrifuge tube. This is 10× quantities.

	 2.	Add 500 ml of cold absolute ethanol to the tube and sonicate 
in water bath for 15 s with an Ultrasonic Jewelry Cleaner.

	 3.	Close the tube and gather the droplets to the bottom of the 
tube by tapping it on the bench. Set the tube in an ice bath to 
let the particles settle (about 10–20 min).

	 4.	Centrifuge at 3,000  rpm (850 g) for 60  s and remove the 
supernatant with sediments facing down to avoid being dis-
turbed. Add 1  ml of ice-cold sterile water, drop the water 
down along the sides of the tube.

	 5.	Finger-vortex well and let the particles settle out in an ice 
bath and then centrifuge at 3,000  rpm (850 g) for 60  s. 
Repeat the rinse steps for another two times and centrifuge at 
5,000 rpm (2,400 g) for 15 s at the last time.

	 6.	Remove the supernatant, add 500 ml of cold sterile H2O, fin-
ger-vortex, sonicate for 15 s, and then place the tube on a 
vortexer. Keep the vortexer shaking during the next step.

	 7.	Prepare ten 1.5-ml tubes. Aliquot 25 ml of gold suspension 
into every tube from the first one to the last one, then another 
25 ml from the last one to the first one. This will ensure that 
the quantities of the gold particles in each tube are equal.

	 8.	Store the washed gold particles at −20°C.

	 1.	Place the osmotic plate on the center of the target plate shelf 
of the gene gun and draw a circle with a marker on the bot-
tom of the plate along the center hole of the target shelf.

	 2.	Transfer the immature embryos or calli that have been sub-
cultured for 7–10 days onto the osmotic medium in the area 
of the circle. We usually prepare ten plates one time. Treat for 
4 h before bombardment.

	 1.	At 1 h before bombardment, hand-thaw washed gold parti-
cles, CaCl2, and spermidine, each one tube, for about ten 
plates to be bombarded, and put them in an ice bath.

3.2.2. Biolistic-Mediated 
Maize Transformation

3.2.2.1. Washing of Gold 
Particles

3.2.2.2. Osmotic Treatment 
of the Explants

3.2.2.3. Coating of Gold 
Particles
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	 2.	Ultrasonicate the gold particles for 15 s in a water bath and 
then add 1  mg of the plasmid containing telomere repeat. 
Finger-vortex to mix.

	 3.	Tap to gather the droplets at the bottom of the tube. Add 50 ml 
of 2.5 M CaCl2 and suck the suspension up and down once 
with a pipette. Keep the tube shaking on a vortexer and add 
20 ml of 0.1 M spermidine. Close the tube and finger-vortex 
well. Then, return to the vortexer and shake for 10 min.

	 4.	Put the tube in an ice bath and let the gold particles settle out 
for 3–5  min. Centrifuge at 5,000  rpm (2,400 g) for 10  s. 
Remove the supernatant. Add 250  ml of ice-cold absolute 
ethanol, and finger-vortex well (see Note 5) until the suspen-
sion looks silty.

	 5.	Centrifuge at 5,000 rpm (2,400 g) for 10 s. Remove the super-
natant and add 140 ml of cold absolute ethanol. Finger-vortex 
thoroughly and place it in ice bath before bombardment.

	 1.	Clean the bombardment chamber wall, rupture disk retaining 
cap, gold particle launch assembly, and target plate shelf with 
70% ethanol.

	 2.	In the hood, surface-sterilize rupture disk and macrocarrier in 
70% isopropanol and 70% ethanol, respectively, for at least 
15 min, and then spread them on sterilized filter papers and 
let them dry (15–30 min).

	 3.	Carefully fix the macrocarriers into macrocarrier holders in a 
sterile plate. Vortex the coated gold particles briefly; quickly 
pipette 10 ml and add onto the macrocarrier by moving the 
tip spirally from the center outward until it arrives at the edge 
of the hole of the holder. This will ensure even distribution of 
the gold particles.

	 4.	Place the rupture disk into the recess of retaining cap and 
screw it firmly onto the end of the gas acceleration tube at the 
top of the bombardment chamber.

	 5.	Place a stopping screen onto the stopping screen support. 
After the macrocarrier has been dried, fix it into the launch 
assembly with the gold particle toward the stopping screen. 
Cover the macrocarrier cover lid and place the launch assem-
bly into the top slot of the bombardment chamber with the 
gold particles facing down.

	 6.	Place the target plate onto the target shelf, fit the circle on the 
bottom to the center hole of the shelf, and remove the cover 
of the plate. Place them into the 6-cm slot of the chamber. 
Close the door of bombardment chamber.

	 7.	Open the valve of helium tank. Turn the adjustment handle 
of the helium regulator until the pressure is 200 psi over the 
burst pressure of the rupture disk.

3.2.2.4. Bombardment
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	 8.	Power on the vacuum pump and the gene gun, turn the vac-
uum switch to VAC position, and evacuate the chamber to 
28 mm of mercury. Then, quickly press the vacuum switch to 
the bottom HOLD position, and as a result, the pressure of 
the bombardment chamber will be held.

	 9.	Press and hold the FIRE switch. The pressure in the gas accel-
eration tube will increase until the rupture disk bursts. Release 
the FIRE switch. Turn vacuum switch to VEN position. Wait 
until the pressure in the bombardment chamber decrease to 
nearly zero.

	10.	Open the door of bombardment chamber, pull out the target 
plate, and cover the plate. Replace the rupture disk, stopping 
screen, and the macrocarrier and bombard the next plate.

	11.	After all the bombardment have been finished, clean the 
bombardment chamber. Close the valve of the helium tank 
and evacuate the bombardment chamber again. Press the 
vacuum switch to HOLD and press the FIRE switch repeat-
edly until the pressure in the gas acceleration tube decreases 
to zero. Turn off the system.

	12.	Keep the bombarded explants on the osmotic medium 
overnight in the dark before transferring them onto selection 
medium.

	 1.	Subculture the transformed embryos or calli onto selection 
medium I with 1.5 mg/l bialaphos. Place the flat face of the 
embryos facing down. Culture in the dark at 28°C for 2 weeks.

	 2.	Subculture in the selection medium II containing 3.0 mg/l 
bialaphos. Culture in dark at 28°C every 2 weeks until biala-
phos-resistant calli grow large enough.

	 3.	The positive calli then could be transferred to regeneration 
medium. Culture in dark at 25°C for 2–3 weeks.

	 4.	Transfer the calli to rooting medium. Culture at 25°C under 
16 h light and 8 h dark for 2 weeks. Transfer the plantlets to 
new rooting medium in culture tube and culture in the same 
condition until the plants are big enough.

	 5.	Take the plantlets out of the agar medium, wash the roots 
with tap water to get rid of the culture media (19) and then 
transfer the plants into soil; place the plants in greenhouse 
and be careful to keep moisture for the plants for the first few 
days before lifting off the cover.

	 6.	Transgenic plants are kept in the greenhouse until maturity 
and screened by FISH and Southern analysis.

	 7.	A first sign of chromosome truncation may be provided by a 
pollen abortion test (20), in which freshly shed pollen is 

3.2.2.5. Selection  
and Regeneration
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checked with a pocket microscope. Aborted pollens are 
doughnut-shaped and transparent, while normal ones look 
black (Fig. 3).

	 1.	Root tips from transgenic plants are collected from vigorously 
growing newly emerged roots. Pick the root tips of 1–2 cm 
long roots, place into 0.5 ml tubes, and spray water into tubes 
to keep it moist. Punch a hole in the top of each tube and 
place them into the nitrous oxide gas chamber. Close the lid 
of the chamber tightly.

	 2.	Connect the gas chamber with the nitrous oxide tank and 
adjust the pressure in the chamber higher than 800 kPa.

	 3.	Wait for 1 min and close the valve of the chamber tightly. 
Turn off the gas tank and release the pressure in the vessel 
between the chamber and the tank.

	 4.	Treat the root tips with high-pressure nitrous oxide for 
2–3 h.

	 5.	Add ice-cold 90% acetic acid into each tube. Incubate in ice 
bath for 10 min to fix the cells.

	 6.	Remove 90% acetic acid. The root tips could now be digested 
with enzyme. Or, add 70% ethanol and store them at −20°C.

3.3. �FISH

3.3.1. Chromosome 
Preparation

Fig. 3. Pollen abortion. Normal pollen is black. Aborted pollen is doughnut-shaped and 
transparent. Scale bar = 100 mm.
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	 7.	Thaw and place the enzyme solution in ice bath. Wash the 
root tips with H2O. Roll the root tip on filter paper to remove 
the sticky transparent stuff. Cut and discard the root cap.

	 8.	Cut the roots at 2 mm to the tip. Put the 2-mm fragment 
into enzyme solution, one to two root tips in 20 ml of enzyme 
solution. This fragment contains the growing point.

	 9.	Digest in 37°C water bath for 60 min. Return to ice bath.
	10.	Vortex the root tips for about 15 s. If the root tips were suf-

ficiently digested, the cells could be totally separated after 
vortex, and only a transparent ring, which was the residue of 
the root tip, will be left in the tube. Pick the residues out and 
discard.

	11.	Briefly centrifuge at 5,000–6,000 rpm (2,400–3,400 g) for 
15 s. Remove supernatant and add 200 ml of 70% ethanol. 
Vortex for 15 s to resuspend the protoplasts.

	12.	Centrifuge at 5,000–6,000  rpm (2,400–3,400 g) for 15  s. 
Remove supernatant and add 30  ml of 100% acetic acid. 
Vortex for 15 s to resuspend the protoplasts.

	13.	Prepare a humidity box with layers of paper tissue on the bottom. 
Wet the paper and the box by spraying water into the box.

	14.	Place some slides on the paper tissue and make sure that the 
slides are horizontal. Drop 5 ml of protoplast suspension onto 
each slide. Cover the box until the acetic acid stops expand-
ing. Open the box and wait until all of the acetic acid vaporizes. 
The protoplast will be broken at this step and chromosomes 
will be released from the nucleus.

	15.	Check the situation of the dividing phase by staining with 2% 
aceto-orcein. If satisfied, go to the next step with unstained 
slides.

	16.	Place the slides directly under UV light in a UV cross-linker. 
Expose with an optimized energy (120 mJ/cm2) to cross-link 
the chromosome with the slides.

	 1.	Prepare the pWY96 plasmid with a QIAGEN miniprep kit. 
Label it by nick translation with Alexa Fluor 594-dUTP as a 
FISH probe for detection of transgenes because pWY96 has 
very high homology with pWY76 and pWY86 constructs 
except lacking the telomere sequence. Avoid light in the fol-
lowing steps by using dark tubes or wrapping the tubes with 
aluminum foil.

	 2.	On ice, mix 2 mg of purified plasmid, 2.0 ml of 10× nick trans-
lation buffer, 0.5 ml of 1 mM a labeled dNTP, and 2.0 ml of 
2 mM each nonlabeled dNTPs. Then, add 8.0 ml of 10 U/ml 
DNA polymerase I and 0.4 ml of 100 mU/ml DNase I and 
mix by gently pipetting; do not vortex.

	 3.	Incubate at 15°C for 2.5 h.

3.3.2. Probe Labeling  
and Purification



125Telomere Truncation in Plants

	 4.	Add 175  ml of 5× TAE (pH 5.2) + 140  ng/ml autoclaved 
salmon sperm DNA. Vortex and transfer to a 1.5-ml tube and 
incubate on ice.

	 5.	Add 1/10 volume of 3 M sodium acetate (pH 5.2) and two 
volumes of 100% ethanol. Mix by vortexing. Store at −20°C 
for at least 2 h or overnight to precipitate DNA.

	 6.	Centrifuge at 15,000 rpm (22,000 g) for 30 min. Remove the 
supernatant.

	 7.	Wash the DNA with 70% ethanol. Remove 70% ethanol and 
wash with 100% ethanol. Remove the ethanol, but beware of 
not to lose the labeled DNA pellet.

	 8.	Air-dry for 30  min in total darkness. Dissolve the labeled 
DNA in 100 ml of 2× SSC. The concentration is 20 ng/ml. 
Use 5 ml (100 ng) per slide in the following hybridization. 
The transgene detection probe can be mixed with karyotyp-
ing probes (21) in the hybridization.

	 1.	Preheat a food storage container with a few layers of Kimwipes 
wet with 2× SSC at 55°C. Prepare a boiling water vapor bath. 
Do not let the chromosomes dry in the following steps.

	 2.	Add 5–10 ml of probes to each slide. Cover with cover glass.
	 3.	Denature the slides with boiling water vapor for 5 min.
	 4.	Place the slides into the preheated humid container immedi-

ately. Seal the container quickly and return to 55°C.
	 5.	Hybridize overnight.
	 6.	Preheat a Coplin jar containing 2× SSC to 55°C.
	 7.	Put the slides into the jar and pull up and down to drop the 

cover glasses. Incubate for 10 min at 55°C.
	 8.	Drain off and wipe the excess liquid at the edges of slides. 

Add 10  ml of Vectashield Mounting Medium with DAPI. 
Cover with cover glass. Detect the signals under a fluores-
cence microscope. For the truncated chromosomes, the sig-
nals will locate at the end of the chromosomes. Compare the 
chromosome with its homologue or normal karyotypes to 
determine if there is any truncation (Fig. 4). Suspected chro-
mosome truncations can be confirmed by a Southern analysis 
described in the next section.

	 1.	Grind 3–5 g of leaves of transgenic plants in liquid nitrogen.
	 2.	Transfer the frozen powder to centrifuge tubes containing 

Plant DNAzol. Volume of DNAzol should be three times the 
weight of the leaves. Mix thoroughly by gently inverting the 
tubes. Incubate at 25°C for 5 min.

	 3.	Add equal volume of chloroform and shake vigorously. Then, 
incubate at 25°C and shake for 5 min.

3.3.3. �Signal Detection

3.4. Southern Blot 
Analysis

3.4.1. Genomic DNA 
Extraction, Digestion, 
Electrophoresis, and 
Blotting
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	 4.	Centrifuge at 12,000 rpm (16,000 g) for 10 min. Transfer 
the supernatant to new tubes.

	 5.	Add two volumes of 100% ethanol and mix thoroughly.
	 6.	Store at room temperature for 5 min. Centrifuge at 5,000 rpm 

(3,000 g) for 4 min. Remove supernatant.
	 7.	Prepare DNAzol–ethanol washing solution by mixing one 

volume of DNAzol with 0.75 volume of 100% ethanol. Add 
washing solution with the volume equal to that of DNAzol 
used for DNA extraction. Vortex and stand the samples for 
5 min. Centrifuge at 5,000 rpm (3,000 g) for 4 min.

	 8.	Remove supernatant. Wash with 70% ethanol and centrifuge 
at 5,000 rpm (3,000 g) for 4 min.

	 9.	Remove supernatant thoroughly. Air-dry and dissolve DNA 
with TE buffer. If the DNA is difficult to dissolve, use 8 mM 
NaOH instead of TE.

	10.	Determine the concentration of the DNA using a UV spec-
trophotometer. For each sample, digest 20 mg of DNA with 
100 U of restriction enzyme in 30 ml volume overnight.

	11.	Electrophorese at 25  V overnight with 0.7% agarose in  
1× TAE.

Fig. 4. Chromosome truncation. Metaphase chromosomes were hybridized with pWY96 
probe (red) and mixtures of CentC (green) and knob (green) repetitive sequence probes. 
Arrows denote the transgene truncation sites (white arrows) and the corresponding sites 
on the homologues (gray arrows). A chromosome 1 short arm terminal knob truncation 
is shown. Insert shows chromosome 1 homologues with (upper) and without (lower) the 
transgene (red). Scale bar = 10  mm. Modified from (11), Copyright 2006 National 
Academy of Sciences, USA.
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	12.	Denature the gel for 45 min with denaturation buffer.
	13.	Neutralize the gel for 30 min with neutralization buffer.
	14.	Transfer the DNA onto a Qiabiane nylon membrane with 

10× SSC overnight.
	15.	Wash the nylon membrane in 2× SSC for 15 min, gently shake 

to remove the gel particles.
	16.	Cross-link the DNA to the membrane with a UV cross-linker. 

Place the membrane between filter papers and dry in hood. 
Store the membrane at 4°C or proceed to hybridization 
immediately.

	 1.	Before prehybridization, denature 10 mg/ml salmon sperm 
DNA at 95°C for 20 min and incubate in ice bath until use. 
Preheat the prehybridization and hybridization buffer to 
65°C.

	 2.	Incubate the blot with 15 ml of prehybridization buffer for 
3 h at 65°C by rotating in a hybridization tube. Drive the air 
bubbles between the blot and the hybridization tube.

	 3.	During prehybridization, label the probe with 32P-dCTP 
using a Random Primer Labeling kit, purify the product with 
a column, and elute the probe with 100 ml of TE. Shield and 
protective devices should be used for handling radioactive 
agents.

	 4.	Denature the probe by heating at 95°C for 10 min. Incubate 
in ice bath for 5 min and briefly spin. Put on ice before use.

	 5.	Replace the prehybridization buffer with hybridization buf-
fer. Add the probe into the hybridization buffer.

	 6.	Hybridize at 65°C overnight by rotating in a hybridization 
tube.

	 7.	Wash the blot twice at room temperature with 2× SSC con-
taining 0.5% SDS, 5 and 10 min, respectively.

	 8.	Wash the blot twice with 0.1× SSC containing 0.1% SDS. For 
the first time, wash at room temperature for 20 min. For the 
second time, wash at 65°C for 30 min.

	 9.	Drain off all the liquids from the blot. Wrap it in plastic 
wrap.

	10.	Fix the blot and X-ray film into an X-ray box in the dark 
room. Expose in −70°C freezer for the proper time.

	11.	Develop the film in the dark room. Samples containing 
truncated chromosomes will display smeared bands (Fig. 5, 
lanes 1–3 and 7–9) because telomerase adds different numbers 
of telomere repeats at the newly seeded chromosomal 
termini in each cell, and the seeded telomeres are heteroge-
neous in size.

3.4.2. Prehybridization, 
Probe Labeling, 
Hybridization, and Signal 
Detection



128 Xu and Yu

	 1.	For medium solidified with gelrite, it is better to pour plate 
before solidification because it is difficult to be redissolved by 
heating if it has solidified.

	 2.	All the cold absolute ethanol should be taken straight from 
the freezer in this protocol.

	 3.	CaCl2 and spermidine should be newly prepared or stored at 
−20°C. Do not use those stored at 4°C because they will 
make the gold particles float on the liquid and stick on the 
tube wall above the liquid.

4. �Notes

Fig. 5. Southern analysis of chromosome truncations. (a) Restriction map of the T-DNA 
region of the pWY86 construct with restriction sites (top line) and their positions relative 
to the right border (RB) (lower line). Bar shows the position of a FLP probe used for 
hybridization. (b) Restriction mapping of the positions of four transgenes by a Southern 
blot. Genomic DNAs from four events, I (lanes 1–3), II (lanes 4–6), III (lanes 7–9), and IV 
(lanes 10–12) are digested with HindIII (lanes 1, 4, 7, 10), EcoRV (lanes 2, 5, 8, 11), and 
SmaI (lanes 3, 6, 9, 12). DNA fragment sizes are indicated at the left side. Telomere 
smears (events I and III) are shown in lanes 1–3 and 7–9. Modified from ref. (11), 
Copyright 2006 National Academy of Sciences, USA.
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	 4.	Centrifuge 1 ml in a 1.5-ml tube at 12,000 rpm (14,000 g) 
for 10  min before use. Transfer the supernatant into new 
tubes and then use for staining. This step is to eliminate the 
sediments in the solution, which badly influence the results.

	 5.	Gold particles that stick on the wall of the tube could be 
pushed down with sterile tips.
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Chapter 7

Engineered Plant Minichromosomes

Robert T. Gaeta and Lakshminarasimhan Krishnaswamy 

Abstract

The advent of transgenic technologies has met many challenges, both technical and political; however, 
these technologies are now widely applied, particularly for crop improvement. Bioengineering has 
resulted in plants carrying resistance to herbicides, insects, and viruses, as well as entire biosynthetic 
pathways. Some of the technical challenges in generating transgenic plant or animal materials include: an 
inability to control the location and nature of the integration of transgenic DNA into the host genome, 
and linkage of transformed genes to selectable antibiotic resistance genes used in the production of the 
transgene cassette. Furthermore, successive transformation of multiple genes may require the use of sev-
eral selection genes. The coordinated expression of multiple stacked genes would be required for com-
plex biosynthetic pathways or combined traits. Engineered nonintegrating minichromosomes can 
overcome many of these problems and hold much promise as key players in the next generation of trans-
genic technologies for improved crop plants. In this review, we discuss the history of artificial chromo-
some technology with an emphasis on engineered plant minichromosomes.

Key words: Engineered minichromosome, Artificial chromosome, Telomere-mediated truncation, 
Site-specific recombination

Minichromosomes describe a broad range of small chromosomes 
that contain some or all of the elements essential for their replica-
tion and autonomous existence within a cell. In E. coli, minichro-
mosomes can exist as small circular plasmids with little more than 
an origin of replication (oriC) (1). In eukaryotes such as plants 
and animals, they are often linear and require functional centro
meres and telomeres in addition to origins of replication and exist 
separately from the normal karyotype of a cell. Extrachromosomal 
genetic entities such as minichromosomes (natural or engineered) 
have been reported in bacteria, yeast, mammals, birds, amphibians, 

1. �Introduction

James A. Birchler (ed.), Plant Chromosome Engineering: Methods and Protocols, Methods in Molecular Biology, vol. 701,
DOI 10.1007/978-1-61737-957-4_7, © Springer Science+Business Media, LLC 2011
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protozoans, and plants (2–9). B chromosomes, which are common 
in nearly 10% of plants species, represent the largest class of such 
entities (10). Studies of minichromosomes have contributed sig-
nificantly to our understanding of chromatin, chromosome struc-
ture, and replication. Most recently, the term minichromosome 
has been used to define small, engineered (artificial) chromo-
somes in human cell lines (7, 11) and in the crop plant corn (Zea 
mays) (8, 9, 12). In this review, we use the term “engineered 
minichromosome” to refer to artificial plant chromosomes derived 
from the truncation of endogenous chromosomes.

Artificial chromosomes are nonintegrating vectors designed to 
contain specific genetic components and have the capability for 
stably harboring large amounts of DNA (13). As with minichro-
mosomes, they exist and segregate independent of the normal 
chromosome complement (karyotype) of the host cell. In lower 
organisms like bacteria and yeast, artificial chromosomes have 
been engineered for large-insert molecular cloning and utilized 
for a multitude of genomic and genetic analyses. In yeast, E. coli, 
and mammalian systems, artificial chromosomes have been avail-
able for decades; however, engineered plant chromosomes are 
recent developments. There are two approaches for engineering a 
chromosome: the bottom-up approach and the top-down 
approach (reviewed in ref. 14). The bottom-up approach involves 
assembling the essential elements of a chromosome piece by piece 
(using telomere and or centromere sequences) and relies on 
de  novo assembly. This method has been proven successful in 
yeast and has been utilized in mammalian systems (15–17). In the 
top-down approach, artificial chromosomes are derived from the 
breakage and truncation of preexisting endogenous chromo-
somes. This method has been proven successful in both animal 
and plant systems (7–9, 11, 16, 18, 19).

Linear yeast artificial chromosomes (YACs) were constructed 
over 20 years ago in Saccharomyces cerevisiae using telomere, cen-
tromere, and origin of replication sequences, and are capable of 
maintaining large DNA inserts of up to 2 Mb in length (15, 20). 
Bacterial artificial chromosomes (BACs) were created in E. coli, 
and P1 artificial chromosomes (PACs) were engineered in the P1 
bacteriophage, both of which are capable of maintaining up to 
300 kb of DNA (21–25). The utility of these early engineered 
chromosomes (YACs, BACs, and PACs) as vectors for large DNA 
inserts cannot be understated, and they have played an essential 
role in the sequencing, mapping, and characterization of many 
large genomes. In addition, the early studies conducted by Murray 

2. Engineered 
(Artificial) 
Chromosomes
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and Szostak (15) were instrumental in determining the minimal 
requirements for chromosome maintenance and stability (i.e., 
centromeres, telomeres, and replication origins) in budding yeast. 
Unfortunately, these early artificial chromosomes did not func-
tion autonomously in mammalian and plant cells, which have 
unique requirements for proper replication, segregation, and 
transmission. However, one study successfully utilized YACs for 
vectoring mammalian genes into mice (26).

Circular human artificial episomal chromosomes (HAECs) 
were first reported by Sun et al. (27) and were used for cloning 
and analyzing large genomic inserts up to 330 kb. While this sys-
tem allowed for the random cloning of human DNA in human 
cells, it relied on viral sequences for replication and was not an 
efficient platform for the development of engineered chromo-
somes for use in gene therapy. Harrington et al. (16) constructed 
human artificial chromosomes (HACs) by introducing human 
centromere, telomere, and genomic DNA into human cells, which 
resulted in both de  novo artificial chromosomes (bottom-up 
method) and minichromosomes. These were the first linear, 
mitotically stable chromosomes developed for mammalian sys-
tems. YACs containing human centromere and telomere sequences 
were later utilized for assembling mammalian artificial chromo-
somes (MACs) (17). In other studies, telomere-mediated chro-
mosome truncation was used in human cell lines to generate 
minichromosomes (7, 11, 18, 19, 28). In these studies, human 
telomere arrays (TTAGGG) were introduced into human cell 
lines and truncated X and Y-chromosomes were selected. The 
research by Heller et al. (11) resulted in Y-chromosome derived 
minichromosomes that contained little more than a centromere. 
In these studies, truncating constructs were detectable at the ter-
mini of truncated chromosomes by fluorescent in situ hybridiza-
tion (FISH) and/or RFLP analysis, suggesting that telomere 
sequences resulted in healing of the chromosome ends. In mammals, 
minichromosomes may prove to be effective vectors for gene 
therapies (reviewed in ref. 29).

Most recently, telomere truncation was applied successfully in 
plants to generate engineered minichromosomes in maize (8, 9). 
In these experiments, minichromosomes were derived from 
A-chromosomes and supernumerary B chromosomes. The 
minichromosomes transmit both mitotically and meiotically. The 
truncating constructs contained visual marker (e.g., DsRed) and 
selection transgenes, as well as functional site-specific recombina-
tion sites (i.e., LoxP and FRT sites). This marked the first demon-
stration that transgenes could be attached to engineered plant 
minichromosomes along with specific sequences for facilitating 
targeted recombination. The limitations of plant engineered 
chromosomes are yet to be fully tested, and they promise to fur-
ther our understanding of basic chromosome biology, while 
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simultaneously providing a platform for the next generation of 
transgenic technologies in agriculture. These qualities will be use-
ful for facilitating the agricultural needs of the growing human 
population and for increasing the plasticity of crop germplasm in 
the face of an uncertain global climate.

Eukaryotic chromosomes have three essential regions: telomere, 
centromere, and origins of replication (30). Telomeres consist of 
tandem repeats of simple, short, G-rich sequence (e.g., TTTAGGG 
in plants), and associated proteins. The primary structure is con-
served over a wide range of organisms. The telomere cap protects 
the ends of chromosomes from sticking to each other, and also 
from degradation by the action of exonucleolytic enzymes. 
Centromeres are also characterized by tandem repetitive sequences 
and associated proteins. In contrast to the telomere, the centrom-
eres consist of several types of repetitive DNA sequences, which 
are not widely conserved among diverse organisms. In addition to 
the primary structure of DNA, epigenetic factors also have a sig-
nificant role in determining centromere function. The centromere 
region is also where the kinetochore assembles. Kinetochores are 
composed of a dynamic complex of proteins that provide the sites 
of attachment to spindle fibers. The centromere, therefore, is 
essential for segregation of the chromosomes to the spindle poles 
during mitosis and meiosis. Origins of replication are the locations 
where DNA replication is initiated, and eukaryotic chromosomes 
have numerous origins along their length. The sequences of repli-
cation origins have been characterized in yeast (31, 32); however, 
initiation of replication in higher eukaryotes does not seem to 
correlate with specific DNA sequences, but rather it appears to be 
determined epigenetically (30).

In order for engineered chromosomes to replicate, be stably 
maintained, and perpetuate over successive generations of cell 
division, it is imperative that they have functional centromeres, 
origins of replication, and telomeres. As stated above, minichro-
mosomes can be generated by two different approaches (Fig. 2; 
reviewed in ref. 33): the “top-down approach,” where minichro-
mosomes are generated by inducing truncation of endogenous 
chromosome followed by de  novo telomere synthesis, and the 
“build up” or “bottom-up approach,” where minichromosomes 
are generated through de novo assembly of centromere repeat 
sequence, telomere repeat sequence, and filler DNA that are 
introduced into the cell (Figs. 1 and 2). Both techniques have 
been applied in plant and animal systems. One advantage of 
generating minichromosomes by the “top-down approach” is 

3. Methods  
for Engineering 
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that endogenous chromosome-derived minichromosomes have a 
defined structure and organization and are therefore more stable 
and amenable to further modifications. In contrast, the structure 
of de novo assembled minichromosomes is variable and poorly 
organized because of random incorporation of genomic DNA 
sequences from the native chromosomes.

There are several ways to generate minichromosomes from endog-
enous chromosomes. Brock and Pryor generated minichromo-
somes from maize chromosome 10 following gamma irradiation 
of pollen (34). The broken chromosomes generated by this 
method were thought to undergo “healing” during DNA repair 
and result in relatively unstable minichromosomes. Zheng and 
colleagues described a range of stable minichromosomes in a study 
of the chromosome type breakage–fusion–bridge cycle (BFB cycle) 
(35–37). When the two centromeres of a dicentric chromosome 
are pulled towards opposite poles during meiotic or mitotic anaphase, 
a bridge is formed across the metaphase plate. The chromosome 
bridge breaks at random, and de novo repair of the broken chromo-
some ends can result in the formation of minichromosomes. Kato 
and colleagues adapted this genetic tool as a top-down approach to 
generate several B chromosome-derived minichromosomes, 

3.1. Top-Down 
Approaches  
to Minichromosome 
Assembly in Plants

Fig. 1. Generation of minichromosome by top-down (a) and bottom-up (b) strategies. (a) In the top-down approach, 
minichromosomes are formed by inducing truncation of endogenous chromosomes. In telomere-mediated truncation, a 
transgene construct carrying telomere repeat arrays is transformed into the cell. Integration of the transgene could trun-
cate the chromosome, and the introduced telomere sequence serves as seed for de novo telomere synthesis at the site 
of truncation. (b) In the bottom-up strategy, minichromosomes are assembled piece by piece from individual chromo-
some elements. When DNA sequences of centromeric repeats, telomeric repeats, and filler DNA are transformed into the 
cell, these may assemble into a functional minichromosome.
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which were analyzed structurally and cytologically (38). In each 
of these examples, minichromosomes were generated entirely 
from endogenous chromosomes without introducing any foreign 
DNA sequences. However, these minichromosomes require sub-
sequent targeting with transgenes if they are to be used as vectors 
or platforms for biosynthetic pathways.

In contrast, telomere-mediated truncation using an engineered 
construct offers the distinct advantage that minichromosome 
formation is coincident with transgene delivery. In a strategy 
similar to what has seen success earlier in mammalian cell 
lines,  Yu  et  al. (8, 9) transformed maize embryos with DNA 
constructs  containing telomere repeat arrays. Both biolistic and 
Agrobacterium-mediated transformation methods were used. In 
these experiments, several transformation events were recovered 
in which the integrating transgene resulted in truncation of the 
chromosome (Fig.  2). Chromosome truncation and minichro-
mosome formation was not observed when a similar construct 
lacking telomere sequence was used for transformation. While the 
exact mechanism of telomere-mediated truncation is not known, 
it is presumed that during transgene integration into the genome, 

Fig. 2. Telomere-mediated truncation of chromosome 1 in maize. A partial metaphase 
spread is shown in which a normal chromosome 1 (Chr 1) and truncated chromosome 1 
(Chr 1-trunc) are shown (see arrows). Fluorescent in situ hybridization (FISH) was 
performed using centromere (CentC) and subtelomeric repeat (4-12-1) probes (labeled 
green), as well as a probe homologous to the truncating construct (labeled red). The 
truncated chromosome was derived from telomere-mediated truncation using the con-
struct WY86 as described by Yu et al. (8). In this example, the short arm of chromosome 1 
has been lost, and the truncating construct labeled in red can be seen.
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the telomere repeat array serves as a seed for de novo telomere 
synthesis, leading to truncation and capping of the chromosome.

In these studies, minichromosomes were frequently recov-
ered from the truncation of B chromosomes (9). In maize and 
many other plants, B chromosomes are naturally occurring 
supernumerary chromosomes whose presence has little effect 
on phenotype when present in low numbers (39–41). These 
minichromosomes were meiotically transmissible through male 
gametes at a frequency of 12–39%. Because B chromosomes are 
not known to carry any genes, truncation was unlikely to result in 
deficiencies. Bar and GUS genes showed cytological colocaliza-
tion with the truncating construct on the B-derived minichromo-
somes. Expression of Bar was evidenced by transgene-induced 
resistance to bialaphos selection, and GUS protein expression was 
detectable in several tissues including leaves, roots, shoots, mature 
kernel embryos, and endosperm. These data suggest that B chro-
mosomes will provide useful platforms for assembling minichro-
mosomes in plants.

Minichromosomes were also generated by telomere-mediated 
truncation of normal chromosomes (A chromosomes) in maize 
diploids (8, 9). When A chromosome truncations were detected 
in regenerated plants, large truncations were rare, possibly because 
the loss of large chromosomal segments was selected against dur-
ing tissue culture and plant regeneration. Furthermore, A-derived 
minichromosomes were not transmitted meiotically in diploids, 
presumably because of deficiencies caused by loss of genes during 
truncation; however, in a spontaneous autotetraploid plant, a 
minichromosome derived from truncation of the long arm of 
chromosome 7, (named R2), was successfully recovered in prog-
enies (9). This was done by backcrossing the minichromosome-
containing line into diploid plants for three generations. This 
minichromosome could be stably inherited through both mitosis 
and meiosis.

Minichromosome platforms will have greater utility if they can 
be modified in vivo. For example, several genes for desirable traits 
could be introduced in successive generations and targeted to the 
transgene cassettes on the minichromosome. To test this possibility 
Yu et al. (8, 9) utilized a site-specific recombination system (Cre–
lox (see ref. 42)). The telomere truncation constructs used included 
a lox71 sequence upstream of a promoterless marker gene, DsRed. 
When crossed to a plant carrying 35S–lox66–Cre expression cas-
sette at the tip of chromosome arm 3L, expression of the site-specific 
recombinase facilitated recombination between the lox71 on the 
truncated chromosome and lox66 on chromosome 3. This placed 
the 35S promoter upstream of DsRed gene located on the minichro-
mosomes and activated expression of the gene. This demonstrated 
the feasibility of using site-specific recombination systems to intro-
duce new sequence to minichromosomes.
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There have been two reports of minichromosomes claiming to be 
engineered by the “bottom-up” approach in maize. Carlson et al. 
introduced a circular DNA with maize centromeric repeat 
sequences, a selection marker gene, a phenotypic marker gene, 
and filler DNA (12). It was claimed that the introduced DNA 
functioned in  vivo to form autonomous circular chromosomes 
referred as “Maize minichromosome” (MMCs). However, the 
FISH, genetic, and molecular data did not clearly establish the 
autonomous nature of the transgene, but rather the high fre-
quency of meiotic transmission (~50% as a hemizygote and ~93% 
as a homozygote) is inconsistent with the circular nature of such 
a claimed tiny chromosome and suggests the transgenes may 
actually have integrated into the maize genome (reviewed in ref. 
43). Furthermore, previous studies have suggested that unpaired 
monosomic chromosomes and other small chromosomes tend to 
be lost at a high frequency (44, 45). In addition, previous studies 
have indicated that circular chromosomes suffer loss and instabil-
ity with initiation of the BFB cycle (36, 37).

Ananiev et al. transformed maize with native centromeric seg-
ments, origins of replication, selectable marker genes, and telomeric 
repeats (46). Although the data clearly confirm the presence of 
minichromosomes in this case, the true cause of their formation, 
whether de novo assembly or telomere-mediated truncation result-
ing from the introduced telomere sequences, was not resolved. 
Indeed, the introduction of circular constructs without telomere 
repeats only resulted in stable integrations into the chromosomes 
without centromere function. Further studies are needed to confirm 
the feasibility of this approach in plant systems.

The two widely adapted techniques for transformation in plants 
include biolistic (particle bombardment) and Agrobacterium-
mediated transformation (reviewed in ref. 47). Both techniques 
are effective for generating minichromosomes by telomere-medi-
ated truncation in maize (8, 9). However, both techniques pose 
certain challenges. Biolistics is a valuable transformation tool 
especially for plants that are recalcitrant to Agrobacterium-
mediated transformation and involves bombarding plant cells 
with gold particles coated with DNA to be transformed. The fre-
quency of transformation and truncation is more efficient by the 
biolistics method (9); however, an inherent disadvantage with 
this technique is that transgenes often insert as tandem repeats 
and at multiple locations in the genome. Such an arrangement 
could lead to silencing of genes on the transgene cassette. It is 
possible that such tandem arrays can be resolved. For example, 

3.2. The Bottom-Up 
Approach to 
Minichromosome 
Assembly in Plants
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Srivastava et al. demonstrated that when transgenes contain a lox 
site, concatameric transgene insertions could be resolved to single 
copy during site-specific recombination between the outermost 
sites in the array (48). A similar strategy could be applied to 
resolve tandem copies of transgene cassettes used for telomere-
mediated truncation. The issue of transgene insertion at multiple 
locations in the genome can be resolved easily by backcrossing 
the transformant to a parental genotype followed by self-pollina-
tion in successive generations.

Agrobacterium-mediated transformation is fairly efficient in a 
wide range of dicotyledonous plants, and several monocotyledonous 
plants. The advantages of Agrobacterium-mediated transforma-
tion include lower transgene copy number and stable gene expres-
sion (49–51). However, the transformation efficiency is much 
lower in comparison to particle bombardment. In addition, no 
B-chromosome truncations were recovered in experiments 
using Agrobacterium-mediated transformation of maize (8). 
Nevertheless, it is promising that the list of plants transformable 
by Agrobacterium is steadily growing. This includes several agro-
nomical and commercially important plants such as rice, wheat, 
maize, sorghum, and barley (52).

When a truncating DNA construct is introduced into a plant cell, 
there are several possible outcomes: the transgene could get inserted 
into the chromosome, it could truncate a chromosome while 
inserting, or the introduced DNA could get enzymatically degraded. 
Yu et al. (8) reported that when truncation constructs were trans-
formed into maize, 231 independent transgenic plants were recov-
ered, of which 118 insertions were at a distal position on the 
chromosome. Fifty-six distal insertions were further tested, and 
nine resulted in truncation. With a variety of possible outcomes, it 
is imperative to test and confirm putative truncation events.

The process of localizing transgenes has been simplified with 
the recent advance in fluorescent in situ hybridization (FISH) in 
maize (53, 54). DNA probes targetting transgenes and sequences 
specific to each of the maize chromosomes can be labeled with 
fluorescent molecules and hybridized onto metaphase chromo-
some spreads from root-tip preparations, allowing the location of 
a transgene in the genome to be determined. However, the cur-
rent limits of resolution of the FISH technique cannot distinguish 
between a terminal location of the transgene (as in case of true 
truncation) and a nontruncating distal insertion very close to the 
chromosome end. For these reasons, other methods of verifica-
tion are helpful. Southern blot hybridization can be applied to 

5. Detection and 
Confirmation of 
Minichromosomes
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determine whether a distal insertion is a truncation event. 
Genomic DNA from the plants are digested with a restriction 
enzyme that cuts the truncating construct closer to the telomere 
array, and hybridization is performed using a probe specific to the 
DNA distal to the enzyme site. Truncation events in which the 
transgene cassette lies adjacent to the newly formed telomere will 
appear as a smear on the autoradiograph, reflecting the variable 
size of telomeres in the minichromosome (8). On the other 
hand, a nontruncating transgene insertion will likely appear as a 
distinct band.

The terminal position of the truncating transgene could also 
be tested by a PCR-based technique called “Primer extension 
telomere repeat amplification” (PETRA) (55). In this two-step 
technique, first an adapter oligo with the 3′ end complementary 
to the G-rich single strand overhang at the end of the telomere is 
used to generate a copy of the complementary strand. This product 
is PCR-amplified in the second step using an oligo with the 
adapter sequence and a primer complementary to the truncating 
construct. The presence of the truncating construct in the ter-
minal position alone will amplify the 3′ end of the construct and 
telomere.

Plants carrying minichromosomes will be of commercial and/
or agronomic interest only if the minichromosome is stable 
through successive mitotic cycles and if it can pass through the 
gametophyte. Genetic and cytological analysis at different stages 
of development of the plant and at successive generations can 
help determine the utility of any given minichromosome. 
Biotechnological utility crucially depends on the transcriptionally 
active or inactive state of the transgenes on the minichromosome, 
stable transmission, and amenability (see below).

Genetic engineering has tremendous potential for revolutionizing 
agriculture. Plant biotechnology has resulted in the development 
of plants with resistance to herbicides, insects, and viruses, as well 
as plants carrying entire biosynthetic pathways (56). Transgenic 
expression of multiple genes is required for complex biosynthetic 
pathways or combined traits, and both genes and regulatory ele-
ments need to be stacked for these purposes. For instance, ideal 
plants might carry resistance for multiple insect and fungal pests, 
as well as tolerance to temperature extremes, water stress, or salt 
concentrations. However, traditional transformation techniques 
have drawbacks. They tend to generate random genomic integra-
tions that may suffer from position effect variegation or insertions 
that may disrupt endogenous genes. Consequently, transgenic 

6. Next-Generation 
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events require intensive screening for stable integration, meiotic 
transmission, and function, as well as extensive backcrossing for 
purification. Movement of transgenes from one genetic back-
ground to another is limited by linkage to undesirable genes or 
QTL. Currently, several alternatives to traditional transformation 
exist, including: episomal viral vectors (57), organellar transfor-
mation (58, 59), and engineered minichromosomes (8, 9, 12). In 
the following sections, we discuss the distinct advantages of engi-
neered chromosomes.

Engineered minichromosome platforms derived by top-down 
or bottom-up approaches will be useful in facilitating the next gen-
eration of transgenic crop plants and will offer new solutions to 
some of the challenges associated with classical transformation. 
Minichromosomes could be used as biofactories for metabolite pro-
duction, as well as for basic studies of chromosome biology. They 
can be developed in one line or cultivar, and introgressed into related 
cultivars without the problems associated with cis linkage drag or 
position effects. As an example, a naturally occurring (nontrans-
genic) minichromosome discovered in Arabidopsis was easily trans-
ferred from one ecotype to another by simple backcrossing (60).

Using top-down approaches they may be synthesized from 
chromosomes of the normal karotype (A chromosomes) or super-
numery B chromosomes in maize (8, 9); however, A-chromosome 
truncations are difficult to recover meiotically from diploids, and 
successful recoveries have occurred only in spontaneous tetra-
ploids (see above). It is possible that trisomics and addition lines 
could serve as targets for deriving specific A-chromosome derived 
minichromosomes. In such lines, the diploid chromosome balance 
would be restored upon truncation of the extra chromosome, 
possibly favoring their recovery. B chromosomes offer a unique 
and efficient platform for assembling minichromosomes by the 
top-down method, in that they exist autonomously from the 
Karyotype (A genome), are essentially phenotypically inert, and 
exist in hundreds of plant species (61, 62). Minichromosomes 
engineered from B chromosomes in maize have the added benefit 
of nondisjunction during the second pollen mitosis, and preferen-
tial fertilization of the egg cell during pollination (reviewed ref. 
63). These properties would facilitate rapid accumulation or seg-
regation of minichromosomes, allowing for copy number control 
and rapid removal when they are no longer needed in a particular 
genetic background. Control over dosage would allow for maxi-
mal production of some biomolecules that may have industrial, 
pharmaceutical, or nutritional value. It is possible that high copy 
numbers of transgenes on minichromosomes would experience 
cosuppression, but currently, there are no data on these limita-
tions. Minichromosomes could also be outfitted with pollen-
lethal genes, which would prevent them from spreading 
unwittingly by pollen dispersal.
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Minichromosomes also have the potential to be modified in a 
site-specific manner. The next generation of maize minichromo-
somes will need to be amendable if they are to be widely applied 
among crop plants and for multiple purposes (reviewed in 
ref. 64). Outfitting future minichromosomes with multiple 
specific genes, regulatory elements, and site-specific recombination 
sequences (e.g., LoxP, FRT, aatt, etc.) will allow for versatility 
across a spectrum of applications (65). Lines carrying the specific 
recombinases in these cases would also have to be developed for 
use as “modifier” lines when performing such manipulations. 
Using a complex array of transformation constructs containing 
different site-specific recombination systems, selection genes 
could be removed and recycled, and genes may be added or sub-
tracted during successive transformations. It should be possible 
to remove all unnecessary DNA utilized during the cloning and 
engineering phases of chromosome construction.

In general, homologous recombination is very efficient in 
mammalian systems, but poor in plants (66, 67); however, recent 
studies have demonstrated that inducing double-stranded DNA 
breaks through the use of I-SceI in Arabidopsis (68), and synthetic 
zinc-finger nucleases in maize can lead to targeted recombination 
(69–71). For modifying transgene cassettes in plants, the Cre/lox 
system has already demonstrated its utility. It has been proven 
effective for the removal of transgenes (72, 73), as well as for the 
integration of new genes into preexisting lox sites in both Arabidopsis 
(74) and rice (75). The Cre/lox system has also demonstrated its 
ability for resolving complex tandem insertions down to single 
copy in both wheat and maize (48, 76). This benefit would be real-
ized when minichromosomes are generated by particle bombard-
ment, a procedure that often results in tandem transgene arrays.  
Yu et  al. demonstrated somatic recombination with lox sites on 
minichromosomes in the presence of Cre recombinase (9). These 
studies suggest the feasibility of amending minichromosomes using 
site-specific recombination. However, meiotic transmission of 
recombinants between minichromosomes and endogenous chro-
mosomes or introduced plasmids has not yet been demonstrated in 
plants. It is also possible that entire chromosome arms or single 
genes could be transferred to or from minichromosomes, permit-
ting functional genomic analysis and studies of genome dosage.

Several studies have now demonstrated evidence that mini
chromosomes can be produced in maize by both top-down and 
bottom-up approaches (see above). However, these technologies are 
still in their infancy, and extensive improvement is needed before 
they can be created, modified, and applied with ease to other 
crops. To date, there are no published reports of success in gen-
erating minichromosomes in other plant species, although it is 
likely to be only a matter of time before the technology becomes as 
widely applied to crop improvement as traditional transgenic 
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methods. Telomere-mediated truncation of endogenous plant 
chromosomes will probably be quite an amenable method for 
minichromosome production, since the telomere-repeat sequence 
is highly conserved. Using the top-down approach, initial 
minichromosomes could potentially be “trimmed” further 
through successive truncation to contain little more than 
centromeres, transgene cassettes, and telomeres (reviewed in ref. 
63). In a similar way, the bottom-up approach would have the 
benefit of minimization and control over the overall genetic con-
tent of the entire synthesized chromosome. However, because 
centromere sequences are often species-specific, a single platform 
would be difficult to move from one species to another.

In conclusion, engineered (artificial) chromosomes have come a 
long way in the last quarter century. From yeast and bacteria to 
mammals and plants, chromosome vectors have played an impor-
tant role in our understanding of chromosome biology and have 
proven invaluable in genetic and genomic analyses. Future engi-
neered minichromosomes hold great promise for furthering these 
understandings and promise to expand upon classical transgenic 
research; however, there remain many unanswered questions 
regarding the basic biology of chromosomes, both “normal” and 
“engineered.” Some of the questions future studies can address 
include: (1) what conditions contribute to optimal formation, 
stability, and transmissibility of engineered plant minichromo-
somes; (2) what are the benefits and drawbacks to minichromo-
somes derived via the top-down or bottom-up approach, and 
how can these methods realize their greatest potential; (3) what 
are the size restrictions for engineered chromosomes; (4) what is 
the maximum copy number of minichromosomes that can be 
maintained by a cell, and how does copy number affect the expres-
sion of transgene cassettes and transmissibility; (5) what is the 
effect of genetic background, i.e., do different host genotypes 
contain genetic variation contributing to the formation and func-
tioning of minichromosomes; (6) what methods will prove most 
fruitful for amending minichromosomes through the in  vivo 
removal and replacement of selection genes, genes of interest, 
and promoters and other regulatory elements; (7) can minichro-
mosomes be built up to contain extensive and elaborate biosyn-
thetic pathways, in which regulator and response genes faithfully 
integrate to recapitulate the production of complex metabolites; 
and (8) will it be possible to transfer genes and chromosomal 
fragments between minichromosome and host genome in a site-
specific manner?

7. Conclusions  
and Future 
Questions
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Chapter 8

Method for Bxb1-Mediated Site-Specific  
Integration In Planta

Yuan-Yeu Yau, Yueju Wang, James G. Thomson, and David W. Ow 

Abstract

Gene targeting in plants through homologous recombination has been sparsely reported, although 
notable breakthroughs have been achieved in recent years (1). In particular, the use of zinc finger nucle-
ases to promote homologous end joining has revived the promise that homologous gene targeting could 
someday become practical for plant genetic engineering (2, 3). An alternative and complementary 
approach that has progressed steadily over the years has been recombinase-mediated site-specific integra-
tion (4). In this approach, a first recombination site is introduced into the genome to serve as a target 
for inserting subsequent DNA. Here, we describe the method for generating the chromosomal target 
and the subsequent insertion of new DNA into the chromosomal target by Bxb1-mediated site-specific 
integration. This method would permit the comparison of different molecular constructs at the same 
genomic locations.

Key words: GMO, Gene transfer, Gene expression, Transgene, Recombination, Cre–lox

The first description of recombinase-based site-specific integra-
tion in planta was achieved using the Cre–lox recombination 
system, where Cre is a 38-kDa recombinase and lox is its 34-bp 
recognition site (5). The recombination reaction between lox sites 
is reversible; hence, a circular DNA molecule inserting into 
another molecule can readily excise out. To enrich for insertion 
events, mutant recombination sites less prone to reversion have 
often been used, as well as displacement schemes that downregu-
late recombinase expression upon site-specific integration (6, 7). 
These experiments have shown that transgenes site-specifically 
placed into a chromosome location can be expressed with fidelity 
over the generations (8–10). Another method to obtain stable 

1. �Introduction
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site-specific integration is through the use of a cassette exchange 
strategy that does not result in flanking the insert with active 
recombination sites of the same orientation. Success has been 
reported for the Cre–lox system (11) as well as two other similar 
systems: R–RS (12) and FLP–FRT (13), with R and FLP being 
the recombinases and RS and FRT being their respective recogni-
tion sites. Like Cre–lox, their recombination reactions are also 
reversible.

Despite the practicality of site-specific integration, the use of 
reversible recombination systems has a limitation. Specifically, it 
would be difficult to append DNA to the same chromosome loca-
tion, as repeated rounds of insertions would introduce additional 
sites that are recombinogenic (14). Hence, from the late 1990s, 
this laboratory has sought to develop site-specific integration 
based on an irreversible type of recombination. The first system 
found to operate in eukaryotes was the phiC31 (φC31) system, 
where the integrase (recombinase) recombines with the phage 
and bacterial attachment sites known as attP and attB ((15); in 
this paper abbreviated as PP¢ and BB¢, respectively). The product 
sites, attL and attR, are not substrates for phiC31 integrase, 
unless an accompanying excisionase is available. Hence, in prac-
tice, the reaction can be considered unidirectional. Insertion into 
chloroplast DNA through use of this system has been reported 
(16), as have intermolecular recombination events in planta (17). 
More recently, this laboratory has described additional systems 
with properties analogous to phiC31 (18). In this chapter, we 
describe using the Bxb1 system to generate transgenic tobacco 
plants that harbor site-specifically integrated DNA.

	 1.	LB agar medium: LB Agar (Lennox L Agar, Invitrogen, 
Carlsbad, CA, Cat. No. 22700-041). Add 32 g per 1 L dH2O 
and autoclave.

	 2.	LB liquid medium: Luria Broth (Miller’s LB Broth Base, 
Invitrogen, Cat. No. 12795-084). Add 25 g per 1 L dH2O 
and autoclave.

	 3.	T4 polynucleotide kinase: From New England Biolabs Inc., 
Ipswich, MA (Cat. No. M0201). Store at −20°C.

	 4.	T4 DNA ligase: From New England Biolabs Inc. (Cat. No. 
M0202S). Store at −20°C.

	 5.	Restriction enzymes: From New England Biolabs Inc. Store 
at −20°C.

2. �Materials

2.1. �Recombinant DNA
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	 6.	DNA Polymerase I, Large (Klenow) Fragment: From New 
England Biolabs Inc. (Cat. No. M0210S). Store at −20°C.

	 7.	High-Fidelity PCR kit: PfuTurbo® DNA Polymerase 
(Stratagene, La Jolla, CA, Cat. No. 600250) or Phusion™ 
High-Fidelity DNA Polymerase (New England Biolabs Inc., 
Cat. No. F-553).

	 8.	pNMT-TOPO (Invitrogen, Cat. No. K18101).
	 9.	Ampicillin: Dissolve ampicillin sodium salt (Sigma, St. Louis, 

MO, Cat. No. A9518) in dH2O, filter-sterilize (0.22  mm 
Millex® GP Syringe Driven Filter Unit, Millipore, Billerica, 
MA, Cat. No. SLGP033RS).

	10.	Kanamycin: Dissolve kanamycin sulfate (from Streptomyces 
kanamyceticus) (Sigma, Cat. No. K4000) in dH2O and filter-
sterilize (0.22-mm Millex® GP Syringe Driven Filter Unit).

	11.	Hygromycin B: In phosphate-buffered saline (PBS), 50 mg/mL, 
filter-sterilized (Roche, Indianapolis, IN, Cat. No. 10 843 
555 001). Store at ~4°C.

	12.	Escherichia coli DH5a competent cells: Genotype: 
F−φ80lacZDM15 D(lacZYA-argF)U169 recA1 endA1 
hsdR17(rk

−, mk
+) phoA supE44 thi-1 gyrA96 relA1 l−. 

Subcloning Efficiency™ DH5a™ Competent Cells 
(Invitrogen, Cat. No. 18265-017), or electroporation-grade 
DH5a competent cells prepared as described by Miller and 
Nickoloff (19).

	13.	QIAprep® Spin Miniprep Kit (Qiagen, Valencia, CA, Cat. 
No. 27106).

	14.	QIAGEN® Plasmid Midi Kit (Qiagen, Cat. No. 12143).

	 1.	Extraction buffer: 200  mM Tris–HCl, pH 5.7, 250  mM 
NaCl, 25 mM EDTA, and 0.5% SDS.

	 2.	Isopropanol: 2-Propanol, 99.5%, HPLC grade (Sigma, Cat. 
No. 270490).

	 3.	TE (Tris–EDTA) buffer: 10  mM Tris and 1  mM EDTA,  
pH 8.0.

	 4.	DNA polymerase set: GoTaq® Flexi DNA Polymerase with 
5× Colorless GoTaq® Flexi buffer and 25 mM MgCl2 solu-
tion (Promega, Madison, WI, Cat. No. M829B).

	 5.	2.5 mM deoxynucleotide triphosphate (dNTP) mix: Dilute 
from 10 mM dNTP mix (10 mM each of dATP, dCTP, dGTP, 
dTTP, pH 7.5; Promega, Cat. No. U151B).

	 6.	Primers: Oligomers (Bioneer, Inc., Alameda, CA). Dilute the 
oligomer pellet to a working concentration of 10 mM with 
autoclaved dH2O; store at −20°C.

	 7.	DMSO: Dimethyl sulfoxide (Sigma, Cat. No. D-5879).

2.2. PCR Analysis
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	 8.	50× TAE (Tris–Acetate–EDTA): 242 g Tris base, 57.1 mL 
glacial acetic acid, 100 mL 0.5 M EDTA (pH 8.0), adjusted 
to 1 L with dH2O.

	 9.	Agarose: UltraPure™ agarose (Invitrogen, Cat. No. 15510-
027).

	10.	DNA size markers: 1 kb DNA Ladder (Promega, Cat. No. 
G5711).

	11.	QIAquick® Gel Extraction Kit (Qiagen, Cat. No. 28704).

	 1.	MS salts: Murashige and Skoog Basal Salt Mixture (MS) 
(Sigma, Cat. No. M5524).

	 2.	Vitamins: Gamborg’s vitamin solution, 1,000×, plant cell culture 
tested (Sigma, Cat. No. G1019).

	 3.	a-Naphthaleneacetic acid (NAA), 1 mg/mL, plant cell culture 
tested (Sigma, Cat. No. N1641).

	 4.	Benzyladenine (BA or BAP), also known as 6-benzylamin-
opurine hydrochloride (Sigma, Cat. No. B5920). A few drops 
of concentrated HCl dissolves the powder.

	 5.	2,4-Dichlorophenoxyacetic acid (2,4-D), plant cell culture 
tested (Sigma, Cat. No. D7299), dissolved in ethanol.

	 6.	Agar: Select agar® (Invitrogen, Cat. No. 30391-049).
	 7.	MSNT Agar medium: 1× MS salts, 87.6  mM sucrose,  

1× Gamborg’s vitamin solution. For 1  L, add 4.3  g MS 
salts, 30.0 g sucrose, and 1.0 mL 1,000× Gamborg’s vitamin 
solution into dH2O, adjust pH to 5.8 with 1 N KOH, 8 g of 
Select agar®, adjust volume, and autoclave.

	 8.	MSNTS Agar medium: MSNT medium supplemented with 
537 nM NAA and 4.44 nM BA. For 1 L, add 4.3 g MS salts, 
30.0 g sucrose, 1.0 mL 1,000× Gamborg’s vitamin solution, 
100 mL 1 mg/mL NAA, 50 mL 20 mg/mL BA, adjust pH to 
5.8 with 1 N KOH, 8 g of Select agar®, adjust volume, and 
autoclave.

	 9.	Nicotiana tabacum cv. Wisconsin 38: Plants harboring the 
target construct are grown in MSNT Agar medium in 
Phytatray™ II boxes (Sigma, Cat. No. P5929) at 26°C, 16 h 
light in a growth chamber. Plant stem apices are cut and 
transferred to fresh MSNT Agar medium every 4–6 weeks for 
vegetative propagation.

	 1.	Gold particles: Biolistic® 1.0 Micron Gold particles (Bio-Rad, 
Hercules, CA, Cat. No. 1652263), in 60 mg/mL aliquots in 
dH2O, prepared according to the manufacturer’s instruc-
tions. Stored at −20°C.

	 2.	Rupture disks: Biolistic® 1,100  psi rupture disk (Bio-Rad, 
Cat. No. 1652329).

2.3. Tobacco Tissue 
Culture

2.4. Particle 
Bombardment



151Method for Bxb1-Mediated Site-Specific Integration In Planta

	 3.	Stopping screens: Biolistic® stopping screens (Bio-Rad, Cat. 
No. 1652336).

	 4.	100% Ethanol: 200 Proof, HPLC/spectrophotometric grade 
(Sigma, Cat. No. 459828).

	 5.	Spermidine: Free base (Sigma, Cat. No. S0266).
	 6.	Macrocarriers (Bio-Rad, Cat. No. 1652335).
	 7.	Macrocarrier holders (Bio-Rad, Cat. No. 1652322).

	 1.	ElectroMax™ A. tumefaciens strain LBA4404 competent 
cells (Invitrogen, Cat. No. 18313-015). Store at −80°C.

	 2.	Gene Pulser® Cuvette (Bio-Rad, Cat. No. 165-2089).
	 3.	Cefotaxime solution: Dissolve cefotaxime sodium salt (Agri-

Bio, Inc., Bay Harbour, FL, Cat. No. 2000) in dH2O and 
filter-sterilize with a 0.22-mm Millex® GP Syringe Driven 
Filter Unit.

	 4.	Acetosyringone: 3¢,5¢-Dimethoxy-4¢-hydroxyacetophenone 
(Aldrich, Milwaukee, WI, Cat. No. D13440-6).

	 1.	Cellulase: Cellulase “Onozuka RS,” derived from Trichoderma 
viride (PhytoTechnology Laboratories™, Shawnee Mission, 
KS, Cat. No. C214).

	 2.	Macerozyme: Macerozyme R-10, derived from Rhizopus sp. 
(Serva Electrophoresis GmbH, Heidelberg, Germany, Cat. 
No. 28302).

	 3.	d-mannitol (Sigma, Cat. No. M1902).
	 4.	d-xylose (Fisher Scientific, Fair Lawn, NJ, Cat. No. X9-25).
	 5.	MES: 2-(N-morpholino)ethanesulfonic acid (Sigma, Cat. 

No. M8250).
	 6.	Polyethylene glycol (PEG), MW = 3350 (Sigma, Cat. No. 

P3640).
	 7.	Carrier DNA: 10  mg/mL Solution of calf thymus DNA 

(Sigma, Cat. No. D1501). Sonicated to average size of 
0.5–2 kb, extracted with phenol, then chloroform, and pre-
cipitated with ethanol. Alternatively, Sigma Cat. No. D8661 
may be used as supplied.

	 8.	Protoplasting enzyme solution: Dissolve 1% cellulase and 
0.2% macerozyme in K3AS solution (see below), adjust the 
pH to 5.8, filter-sterilize the solution with a Millipore 0.22-mm 
vacuum-driven disposable filtration Stericup® and Steritop™ 
setup (Millipore, Cat. No. SCGPU01RE). Prepare fresh for 
each use.

	 9.	K3A medium: 1× MS salts, 3.13 mM CaCl2·2H2O, 1.67 mM 
xylose, 300 mM sucrose, 400 mM d-mannitol, 1× Gamborg’s 

2.5. Agrobacterium 
Transformation

2.6. Protoplast 
Transformation
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vitamin solution, 5.38 mM NAA, 888 nM BA, and 452 nM 
2,4-D. For 1  L, add 4.3  g MS salts, 0.46  g CaCl2·2H2O, 
0.25 g xylose, 102.96 g sucrose, 72.8 g D-mannitol, 1.0 mL 
1,000× Gamborg’s vitamin solution, 1 mL 1 mg/mL NAA, 
10.0  mL 20  mg/mL BA, 0.5  mL 200  mg/mL 2,4-D into 
dH2O, adjust pH to 5.8 with 1 N KOH, filter-sterilize with a 
Millipore 0.22-mm vacuum-driven disposable filtration 
Stericup® and Steritop™ setup. Solution stable at room tempera-
ture for at least a month.

	10.	K3AS solution: 1× MS salts, 3.13 mM CaCl2·2H2O, 1.67 mM 
xylose, 400  mM sucrose, 1× Gamborg’s vitamin solution, 
10.8 mM NAA, and 2.22 mM BA. For 1 L, add 4.3 g MS 
salts, 0.46 g CaCl2 · 2H2O, 0.25 g xylose, 137.0 g sucrose, 
1.0 mL 1,000× Gamborg’s vitamin solution, 2.0 mL 1 mg/mL 
NAA, 25.0  mL 20  mg/mL BA, dH2O, adjust pH to 5.8 
with 1  N KOH, filter-sterilize with a Millipore 0.22-mm 
vacuum-driven disposable filtration Stericup® and Steritop™ 
setup. Solution stable at room temperature for at least a 
month.

	11.	W5 solution: 154 mM NaCl, 125 mM CaCl2·2H2O, 5 mM 
KCl, and 5 mM glucose. For 1 L, add 9 g NaCl, 18.37 g 
CaCl2  ·  2H2O, 0.37  g KCl, and 0.90  g glucose to dH2O, 
adjust pH to 5.8 with 1 N KOH, filter-sterilize with a Millipore 
0.22-mm vacuum-driven disposable filtration Stericup® and 
Steritop™ setup. Solution stable at room temperature for at 
least a month.

	12.	2× MaMg solution: 0.8 M D-mannitol, 30 mM MgCl2, 0.2% 
(w/v) MES. For 100 mL, add 14.6 g D-mannitol, 0.61 g 
MgCl2, and 0.20 g MES to dH2O, adjust pH to 5.6 with 1 N 
KOH, filter-sterilize with a Millipore 0.22-mm vacuum-driven 
disposable filtration Stericup® and Steritop™ setup. 2× MaMg 
is used to prepare the PEG solution. 1× MaMg is diluted 
from 2× MaMg.

	13.	40% (w/v) PEG solution: Dissolve PEG in 2× MaMg solu-
tion, adjust volume to 1× MaMg, check pH 5.6–7.0; adjust if 
needed with KOH or HCl, filter-sterilize with a Millipore 
0.22-mm vacuum-driven disposable filtration Stericup® and 
Steritop™ setup. May be frozen and stored in 1.5-mL 
aliquots at −20°C for future use.

	14.	Wash solution: 0.2 M CaCl2·2H2O, 0.5% (w/v) MES. For 
500 mL, add 14.7 g CaCl2 · 2H2O and 2.5 g MES to dH2O, 
adjust pH to 5.8 with 1 N KOH, filter-sterilize with a Millipore 
0.22-mm vacuum-driven disposable filtration Stericup® and 
Steritop™ setup. Solution stable at room temperature for at 
least a month.



153Method for Bxb1-Mediated Site-Specific Integration In Planta

To conduct recombinase-mediated site-specific integration, a target 
line must first be established harboring a target construct with a 
target recombination site. Typically, transgenic lines are screened 
for the random integration of a nonrearranged single copy of a 
target construct, such as pYWP72 or pYWB73 (Fig. 1a, e). Upon 
establishing a target line, an integrating construct such as 
pYWJTSB2 or pYWSP3 (Fig. 1b, f) is introduced into the target 
line. Site-specific recombination between the episomal and 
genomic recombination sites is promoted by a site-specific recom-
binase, which can be provided by the transient expression of a 
cointroduced DNA construct (Fig. 1c) that expresses the Bxb1 
recombinase gene.

Prior to conducting this integration in planta, an initial test 
can be conducted in bacteria to ascertain that two participating 
DNA constructs can indeed recombine to form a cointegrate 
molecule and that a PCR assay can detect the recombinant junc-
tions formed by the recombination between attP and attB. Upon 
successful detection of recombination, plant target lines derived 
from Agrobacterium transformation can also be tested through a 
transient assay to ascertain that the introduced DNA recombines 
with the chromosomally situated target. In this chapter, we 
describe (a) the DNA constructs, (b) the generation of target lines, 
(c) the transient assays for detecting site-specific recombination in 
bacteria and plant cells, and (d) the subsequent stable selection for 
transformed cells leading to transgenic site-specific integrants.

Standard recombinant DNA methods as described in Sambrook 
et al. (20) were used throughout. Bacterial transformations were 
carried out using E. coli DH5a. Plasmid DNA was isolated and 
purified using QIAprep® Spin Miniprep and QIAGEN® Plasmid 
Midi Kits.

Target constructs pYWP72, pYWB73. As targets for site-specific 
integration, an array of attP or attB sites from fC31, TP901, 
U153, Bxb1 recombination systems was assembled by the step-
wise addition of each synthetic recombination site. The fC31 
attP attachment site was assembled from four overlapping oligo-
nucleotides (for all oligonucleotides, see Note 1). Oligonucleo
tides were phosphorylated by T4 polynucleotide kinase (20 U), 
ATP (5 mM), 37°C, 1 h. After inactivating the kinase at 80°C for 
15 min, 1 mL (10 pmol) of each of four phosphorylated oligo-
nucleotides was annealed in 6 mL of water, at 95°C for 10 min 
and cooled to room temperature. The annealed product with 
ApaI and XmaI overhangs was inserted between the ApaI and 
XmaI sites of pRB140-ApaI [from Robert Blanvillain, comprises 

3. �Methods
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Fig. 1. Site-specific integration by attP × attB recombination. Schematic not to scale representation of target constructs 
(a) pYWP72 and (e) pYWB73; integration constructs (b) pYWJTSB2 and (f) pYWSP3, (c) Bxb1 recombinase-expression 
construct pC35S-BNK or p35S-BNK, and expected integration structures (d, g). Symbols for recombination sites indi-
cated. Pc CoYMV promoter, Pn nos promoter, Ps ScBV promoter, P35 CaMV 35S promoter, Pd35 CaMV 35S promoter with 
duplicated enhancer, npt neomycin phosphotransferase II gene, gus b-d-glucuronidase gene, luc firefly luciferase gene, 
hpt hygromycin phosphotransferase II gene, gfp green fluorescent protein gene, bar bialaphos resistance gene, int inte-
grase gene, from mycobacteriophage Bxb1. X, XbaI site; L, R, T-DNA left and right borders, respectively. Genes tran-
scribed left to right except for npt, gene terminators not shown. (h) Representative Southern blot for single copy pYWP72 
target construct in the genome showing a single band >4 kb (distance from XbaI to R = 4 kb) hybridizing to a gus DNA 
probe for three independent plant lines. Representative PCR analysis for site-specific recombination junctions in bacteria 
(i), bombarded plant leaf tissue (j), and transgenic leaf tissue (k). Recombination with luc upstream and downstream attB 
sites leads to predicted PCR junction products a (2.2 kb) and c (0.85 kb), respectively, as indicated in (d) and labeled 
below the gels. PCR junction product b (0.7 kb) confirms recombination with luc upstream attB. Individual lanes represent 
samples tested, except for lane M, size markers (in kb); lane N, no template negative control; P, target plant DNA; B, 
bacterial assay product used as positive control (N, P, B not shown in all panels).
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(left border -loxP-Pd35-npt-loxP-PC-gus-fC31 attB-loxP (inverted)-
right border)] to yield pYWP1 (see Fig. 1 for abbreviations). The 
TP901 attP recombination site, assembled from four overlapping 
oligonucleotides as described for the fC31 site, was inserted into 
pYWP1 through BamHI and ApaI sites to yield pYWP2. Likewise, 
the U153 assembled attP recombination site was inserted into 
pYWP2 through the BamHI sites to generate pYWP3. The 
BamHI site between U153 and TP901 attP sites was abolished 
by generating a 5¢-AGATCC-3¢ sequence. The assembled Bxb1 
attP site was inserted into the BamHI site of pYWP3 to yield 
pYWP4, with BamHI site between Bxb1 and U153 attP sites was 
abolished by a 5¢-AGATCC-3¢ formation.

For the attB array, a Bxb1 attB from overlapping oligonucle-
otides with GATC overhangs was inserted into the BamHI sites 
of pRB140 to regenerate a BamHI site only next to the fC31 
attB and which also included an adjacent ApaI site (see Note 1). 
The resulting plasmid, pYWB1 was used for insertion of an assem-
bled U153 attB site with BamHI and ApaI overhangs to yield 
pYWB2. Finally, an assembled TP901 attB with GATC overhangs 
was inserted into the pYWB2 BamHI site to regenerate a single 
BamHI site next to fC31 attB to form pYWB3.

An array of recognition sites from recombination systems 
CinH, ParA, Tn1721, and Tn5053 for site-specific deletion of the 
transgenic locus was assembled in pP50C17. Primers with unique 
restriction sites at the ends were used to amplify each of the four 
recognition sites using PfuTurbo DNA Polymerase (see Note 1). 
The PCR amplified CinH site was inserted into pNMT-TOPO to 
yield pCinHres, which was cleaved with PacI and NotI, for inser-
tion of the ParA site to form pCP, followed by PacI and BamHI 
cleavage for insertion of the Tn1721 site to generate pC17P, and 
finally followed by cleavage of pC17P BamHI and PstI sites for 
insertion of the Tn5053 site. However, PstI cleavage also removed 
the CinH-Tn1721 sites, which had to be replaced by a PstI frag-
ment from pC17P to generate pP50C17. The fragment contain-
ing the ParA, Tn5053, CinH, and Tn1721 recombination sites 
was retrieved from pP50C17 from PmlI cleavage and blunt end 
ligated into the PmeI site, near the RB of pYWP4 to yield pYWP5, 
and to pYWB3 to yield pYWB4. The same fragment was then 
ligated into the PmlI site, near the LB of pYWP5 or to pYWB4 to 
yield the target construct pYWP72 or pYWB73 (Fig. 1b).

Integrating constructs pYWJTSB2, pYWSP3.  A BstXI to AseI 
fragment comprising of the 35S promoter-hptII-35S terminator 
was isolated from pCambia1300 (http://www.openinnovation.
org/daisy/cambia/585.html) and made blunt by treatment with 
DNA polymerase I, Large (Klenow) Fragment, and dNTPs, and 
inserted into the PmaC I of pRB160 (from Robert Blanvillain) to 
yield pYWS0.
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A fragment containing the array of fC31-TP901-U153-Bxb1 
attB sites was PCR-amplified with PfuTurbo® DNA Polymerase 
from pYWB73 using primers (5¢-ATAGCGGCCGC ATAGAAA 
ACAAAATATAGCGCGCAAACA-3¢ and 5¢-ATATTAATTAA 
TTA TGACGGTCTCGAAGCCGCGGT-3¢) that included 
restriction sites NotI and PacI (underlined) to insert into pYWS0 
to produce pYWSB1. The same fragment with four attB recom-
bination sites is also PCR-amplified from pYWB73 using primers 
(5¢-ATACTGCAGATAGAAAACAAAATATAGCGCG CAAAC-
3¢ and 5¢-ATAGTTAACTTATGACGGTCTCGAAGCCGCGGT-3¢) 
that included PstI and HpaI sites (underlined) to insert into 
pYWSB1 to form pYWSB2. However, a mutation was found in 
hptII, necessitating a replacement of a HpaI to SpeI fragment with 
a corresponding (blunt end)-KpnI-loxP (inverted)-35S promoter-
hptII-35S terminator-SpeI fragment amplified from pCambia1300 
by Phusion™ High-Fidelity DNA Polymerase to yield pYWJTSB2 
(Fig.  1b). Primers used were: 5¢-AGTCGGTACCATAACTTC 
G TATA G C ATA C AT TATA C G A A G T TAT T T G G C TA 
GAGCAGCTTGC-3¢ [KpnI site underlined; loxP (inverted) in 
italic]; 5¢-AGTCACTAGTCTGTATCGAGTGGTGATTTTG-3¢ 
(SpeI site underlined).

Construct pYWSP3 is analogous to pYWJTSB2 except that it 
contains attP instead of attB arrays, selectable marker bar instead 
of hpt, and reporter gene gfp instead of luc. Its assembly consists of 
similar stepwise additions or replacement of existing DNA in pro-
genitor plasmids of pYWSB2. In sum, its relevant DNA from left 
to right in Fig. 1f comprises: a SacI to KpnI fragment of the attP 
array (PCR amplified from pYWP72), a KpnI to XhoI fragment of 
the sugarcane bacilliform badnavirus ScBV promoter (21), a XhoI 
to NotI fragment encoding GFP, a NotI to PstI fragment compris-
ing an octopine synthase gene (ocs) terminator, a second PstI to 
PstI attP array, and a PstI to EcoRI (blunted) fragment comprising 
an inverted loxP site and a nos promoter-bar-nos terminator.

Bxb1 recombinase-expressing constructs pC35S-BNK and p35S-
BNK. pC35S-BNK was derived from the cre-expression construct 
pMM23 (22). An AscI site replaced the XbaI site between 35S 
promoter and cre, and a SpeI site was added to the SphI site 
between cre and nos3 ¢ to yield pMM23AS. A HindIII-P35- 
cre-nos3 ¢-SacI fragment was retrieved from pMM23AS and inserted 
into pCambia-2300 (http://www.openinnovation.org/daisy/
cambia/585.html), an Agrobacterium binary vector with kana-
mycin genes for selection (nptII for plant and nptIII for bacteria), 
leading to pC35S-Cre. The Bxb1 ORF was PCR-amplified from 
pNMTBxb1 (18) with Phusion™ High-Fidelity DNA Polymerase 
using a forward primer (5¢-AGTCGGCGCGCCGCCACCATG 
AGAGCCCTGGTAGTCATCC-3¢) that included a AscI site 
(underlined) and a Kozak sequence (italic), and a reverse primer 
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(5¢-ACTACTAGTCTAAGCGGCCGCCGGGTCCTCGACCTT 
TCGCTTCTTCTTCGGGGCCGCCGACATCCCGGTGTGTA 
GCC-3¢) with a SpeI site (underlined) and a nuclear localization 
signal from SV40 (NLS; italic), and inserted between the AscI 
and SpeI sites of pC35S-Cre, replacing the cre ORF with the Bxb1 
ORF to yield pC35S-BNK. The same Bxb1 ORF was later trans-
ferred from pC35S-BNK into the pMM23AS backbone to yield 
p35S-BNK.

	 1.	pYWP72 or pYWB73 was introduced into A. tumefaciens 
LBA4404 by electroporation in a Gene Pulser® Cuvette, with 
a 0.1-cm electrode gap. The Bio-Rad Gene Pulser™ device was 
set to 25 mFD (capacitance), 1.8 kV (field strength), and the 
Gene Pulser™ Controller was set to 200  W (resistance). 
Transformants were selected on LB agar plates with 50 mg/mL 
kanamycin at 28°C. Single colonies were grown in LB liquid 
medium for PCR analysis to confirm the plasmid presence.

	 2.	LBA4404 harboring pYWP72 or pYWB73 was used for leaf 
disc transformation of tobacco (23). Surface-sterilized tobacco 
seeds were germinated on MSNT agar medium. Aseptically 
excised leaf explants from 7 to 8 cm tall plants were dipped 
into A. tumefaciens (OD600 = 0.8) culture for 45 min, blotted 
dry with sterile filter paper, and then placed on MSNT agar 
medium supplemented with 1 mg/mL BA and 100 mg/mL 
acetosyringone. After 3  days, infected explants were trans-
ferred to MSNT agar medium supplemented with 1 mg/mL 
BA, 0.1 mg/mL NAA, 500 mg/mL cefotaxime, and 100 mg/mL 
kanamycin.

	 3.	Putative transgenic shoots were observed after 6 weeks, which 
were excised and planted to root on hormone-free MSNT 
agar medium containing 250 mg/mL cefotaxime.

	 4.	Standard Southern hybridization was used to determine 
target lines with a single precise copy insertion of the intro-
duced target construct (Fig. 1h).

	 1.	Plasmid DNA (~0.25 mg) representing the target construct 
(marked by a bacterial kanamycin resistance gene), the inte-
gration construct (marked by a bacterial hygromycin resis-
tance gene), and the recombinase-expressing construct 
(marked by a bacterial ampicillin resistance gene) were 
cotransformed into E. coli DH5a by electroporation (voltage 
at 1.5 kV). Transformed bacteria were selected on LB plates 
supplemented with ampicillin (100  mg/mL), kanamycin 
(50 mg/mL), and hygromycin B (50 mg/mL).

	 2.	Individual 2-day-old colonies were picked with a sterile 
toothpick and directly added to PCR tubes. PCR was carried 
out in 20-mL reactions containing 1× GoTaq® Flexi buffer, 

3.2. Generation  
of Target Lines

3.3. Functional 
Recombination  
in Bacteria
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2.5 mM MgCl2, 0.25 mM each of dGTP, dATP, dTTP, and 
dCTP, 0.5 mM of each primer, 1 U of GoTaq® Flexi DNA 
polymerase, and 0.25 mL of dimethyl sulfoxide (DMSO) (see 
Note 2), in a Techne™ Thermal cycler (Techne Inc., 
Burlington, NJ), with conditions: One cycle at 94°C for 
4 min; 38 cycles at 94°C (30  s), 57°C (1 min), and 72°C 
(1 min); and then finally one cycle at 72°C for 2 min.

	 3.	PCR products were resolved on a 1% 1× TAE agarose gel 
supplemented with 0.125 mg/mL ethidium bromide (EtBr), 
and photographed under a UV light (Fig. 1i).

	 4.	Gel bands were excised and purified with a QIAquick® Gel 
Extraction Kit for sequencing, following the instructions pro-
vided by the manufacturer. The purified bands were also used 
as positive controls for subsequent PCR detection of site-specific 
integration in planta.

	 5.	The same primers used to amplify the recombination junc-
tions were used in sequencing the PCR product according to 
the manufacturer’s BigDye® Terminator v. 3.1 Cycle 
Sequencing Kit Protocol with an ABI Prism 3100 Genetic 
Analyzer (Applied Biosystems, Foster, CA). Sequencing data 
were analyzed with the Sequencher™ software (Gene Codes 
Corporation, Ann Arbor, MI) and the program Basic Local 
Alignment Search Tool (BLAST) from the National Center 
for Biotechnology Information (NCBI, http://www.ncbi.
nlm.nih.gov).

	 1.	Leaves of approximately 5-cm long from a tobacco target line 
were excised from tissue-cultured plants with a sterile surgical 
blade (USA Scientific, Woodland, CA) and arranged in the 
center of a Petri dish with MSNTS agar medium.

	 2.	DNA comprising the integration construct and the recombinase-
expressing construct were added to 50  mL gold particle 
suspension, under continuous vortexing in the order of 5 mL 
of DNA (1 mg/mL, consisting of 4 mg of the recombinase-
expressing construct and 1 mg of the integration construct), 
50 mL 2.5 M CaCl2, and 20 mL 0.1 M spermidine. After con-
tinuous vortexing for 3 more minutes, gold particles were 
centrifuged at 9,500×g for 10 s and as much of the superna-
tant as possible was removed. The gold particles were then 
washed with 250 mL of 100% ethanol. Washed gold particles 
were resuspended in 60 mL of 100% ethanol, and typically, 
10  mL of the DNA-coated particles were placed onto the 
center of the macrocarrier installed in the macrocarrier holder, 
and allowed to air-dry. Each leaf sample was bombarded once 
with the Biolistic™ PDS-1000/He Particle Delivery System 
(Bio-Rad, Hercules, CA) with bombardment conditions as 
following: helium pressure 1,100 psi, stopping plate to target 

3.4. Functional 
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tissue distance 90 mm, vacuum pressure 27 in. Hg. Bombarded 
areas on the leaf were marked, and the Petri dish was sealed 
with Parafilm and incubated at 30°C in the dark for 24 h prior 
to the analysis of site-specific recombination.

	 3.	Particle-bombarded leaf tissue (~1 cm diameter, or approxi-
mately 10 mg) was placed in a 1.5-mL microcentrifuge tube 
with 400 mL of extraction buffer and ground with a Kontes 
pellet pestle® (VWR, Batavia, IL), manually or by a pellet 
pestle® motor, then centrifuged at 16,000 × g for 10 min to 
remove tissue debris.

	 4.	300  mL of the supernatant was moved to a new 1.5-mL 
microcentrifuge tube, mixed with 300 mL of room-temperature 
isopropanol, and the DNA precipitated by several inversion 
of the tube. After centrifugation at 16,000 × g for 10 min at 
room temperature, the DNA pellet was washed with 70% 
ethanol, resuspended in 50 mL of TE, extracted with phenol/
chloroform, reprecipitated with ethanol, and washed with 
70% ethanol according to standard procedures.

	 5.	The dried DNA pellet was resuspended in 25 mL of TE, and 
~4 mL (~100 ng) was used for PCR or sequencing analysis 
(Fig. 1j).

	 1.	Fourteen healthy leaves about 3–4 cm long were placed in a 
sterile Petri dish and cut with a sterile scalpel perpendicular to 
the midrib into strips about 2 mm wide (see Note 3). Fourteen 
leaves typically yield 2 × 107 protoplasts for five samples of 
PEG transformation. The leaf strips were transferred as they 
were cut to another 100 × 25 mm Petri dish containing 20 mL 
of protoplasting enzyme solution.

	 2.	Plates were sealed with Parafilm and agitated on a platform 
shaker at ~80  rpm for 10  min, followed by incubation of 
14–18  h at room temperature in the dark (typically over-
night). Afterward (day 2, Fig. 2a), the enzyme-treated leaf 
strips were agitated on a platform shaker at 80  rpm for 
10 min.

	 3.	To facilitate the release of protoplasts, the leaf debris were 
gently pipetted up and down several times with a 1-mL Gilson 
Pipetman®. Wide-bore tips were used (cut to 3 mm opening 
prior to autoclaving). The digestion mix was filtered through 
a sterile nylon mesh screen (Nylon Monofilament Filter 
Cloth, 100-mm mesh opening, 145 mesh screen, Cat No. 
CMN-0105-D, Small Parts, Inc., Miramar, FL) with a sterile 
glass funnel and collected in a sterile 50-mL Falcon® conical 
polystyrene tube (BD Biosciences, San Jose, CA). The nylon 
screen (which can be reused) and the funnel were sterilized 
by autoclaving.

3.5. Site-Specific 
Integration in Plants 
(PEG Transformation 
of Protoplasts)
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	 4.	The filtered protoplast solution was centrifuged at 200 × g for 
20  min at room temperature in a swinging bucket rotor 
(Model TJ-6 centrifuge, Beckman, Fullerton, CA) to float 
the intact protoplasts. The floating protoplasts were trans-
ferred to a fresh 50-mL sterile Falcon® conical polystyrene 
tube with a 1-mL Gilson Pipetman®. This step requires 
patience and practice. To efficiently remove the floating pro-
toplasts, touch the pipette tip (cut to 3 mm opening prior to 
autoclaving) to the floating protoplasts and gently draw in 
the protoplasts. Harvested volume should be around 7 mL. 
Make sure to keep the final volume less than 10 mL so that it 
can fit into a 50-mL Falcon® tube in the next step.

	 5.	Harvested protoplasts were diluted with four volumes of W5 
solution and mixed gently and centrifuged at 200 × g for 
5 min at room temperature. Supernatant was removed, and 
the protoplasts were resuspended and washed twice in 40 mL 

Fig.  2. PEG-mediated protoplast transformation. (a) Tobacco leaf strips treated with protoplasting enzyme solution. 
Protoplasts prior to PEG treatment (b), and recovery without selection for 1 (c), 2 (d), or 3 (e) weeks after PEG treatment, 
with newly formed cells lighter green in color. For selection of transformants, 2-week-old PEG-treated protoplasts are 
typically embedded in agarose for a week prior to antibiotic selection for another 6 weeks. Putative resistant calli in solu-
tion (f) or in embedded gel (g, h) transferred to plates (i) for shoot formation (j, k). Shoots excised to root in tissue culture 
boxes (l).
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of W5 solution, followed by centrifugation at 200 × g for 
5 min at room temperature.

	 6.	After two washes, the protoplast pellet was resuspended in 
10 mL of W5 solution and the protoplast count determined 
with a hemocytometer.

	 7.	The protoplasts were centrifuged and resuspended in 10 mL 
of 1× MaMg solution, centrifuged again and resuspended 
again in 1× MaMg solution at a density of ~ 8 × 106 intact 
protoplasts per mL (Fig. 2b). Each PEG transformation sam-
ple used ~4 × 106 intact protoplasts (~0.5 mL). Transformation 
was performed in a sterile 50-mL Falcon® conical polysty-
rene tube.

	 8.	DNA was mixed with the protoplasts. Typically, transforma-
tion DNA in a volume of less than 30 mL consists of 10 mg of 
a recombinase-expressing construct, 3 mg of an integration 
construct, and 50 mg of carrier DNA (see Note 4).

	 9.	0.6 mL of 40% PEG (in 1× MaMg) was gently added to the 
DNA–protoplast mixture, swirling gently, and the mixture 
left at room temperature for 25  min, occasionally swirling 
gently.

	10.	Protoplasts were diluted slowly and gently with 10 mL of K3A 
medium by adding 2 mL dropwise while swirling the mixture, 
waiting for 10 min before another 2 mL was added for a total 
of 10 mL. This slow dilution is very tedious, but in some cases, 
it seems to have a major effect on protoplast regeneration.

	11.	Diluted protoplasts were transferred to 100  mm × 25  mm 
Petri dishes, and another 10  mL K3A medium was gently 
added to a total volume of 20  mL. Protoplasts may be 
observed on an inverted microscope. Many shrunken (evacu-
olated) or broken cells indicate problems.

	12.	Plates were sealed with Parafilm and placed in the dark (with-
out shaking) at 26°C. After a week, protoplasts typically have 
undergone cell wall regeneration and several cell divisions 
(Fig.  2c–e). Two-week-old protoplasts were transferred to a 
sterile 50-mL Falcon® conical polystyrene tube and supple-
mented with an equal volume of the Wash solution, mixed 
gently, and centrifuged at 200 × g for 7 min at room temperature.

	13.	Supernatant was removed except for ~0.5 mL, in which the 
protoplasts were gently resuspended and transferred to a new 
plate.  1% NuSieve® GTG low-melting agarose (Lonza, 
Rockland, ME) was prepared by adding NuSieve® GTG low-
melting agarose to K3A solution, autoclaving the agarose 
solution, and cooling to 37°C in a waterbath. 20 mL of 1% 
NuSieve® GTG low-melting agarose was added to the plates, 
swirling gently to distribute the protoplasts evenly. After gel 
formation, the agarose-embedded protoplasts were placed in 
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the dark at room temperature for a week before administering 
antibiotic selection. An inverted microscope can be used to 
monitor the growth of embedded protoplasts.

	14.	After 1 week, a sterile surgical blade was used to cut the disc 
of agarose-embedded protoplasts into eight pie slices. For a 
nonselected control to gauge protoplast viability, one slice 
was transferred to a fresh plate containing 30 mL K3A. The 
other slices were transferred to 30 mL of K3A containing a 
selection agent (such as 10 mg/mL hygromycin B) (see Note 5). 
A sterile spatula was used to loosen and float the agarose 
slices, and the plates were sealed with Parafilm and placed on 
a platform shaker, in the dark at 80 rpm, 26°C.

	15.	The medium was replaced every week with fresh medium. 
Many microcalli will loosen from the agarose and be free in the 
medium; care is needed to minimize losing these microcalli.

	16.	Resistant calli (approximately 1–2  mm) were visible by 
3–6 weeks (Fig. 2f–h) and were transferred to solid shooting 
medium (MSNTS) with selection (such as hygromycin B at 
10 mg/mL) and moved to a growth chamber with 16 h light 
at 26°C (Fig. 2i–k).

	17.	Shoots that generated from the calli were transferred to solid 
MSNT in Phytatray™ II boxes for rooting (Fig. 2l). A selec-
tion agent was not included in medium for rooting.

	18.	As plants grew, 1-cm square leaf explants were harvested from 
the putative transformants in a 1.5-mL microcentrifuge tube 
for genomic DNA isolation. To avoid contamination, plant 
tissues were collected in a sterile hood with a sterile surgical 
blade. Analysis of recombination junctions is described in 
Subheading 3.4 except that the phenol-chloroform-isoamyl 
alcohol extraction step was omitted (see Note 6). An extra 
phenol/chloroform extraction step and a more concentrated 
DNA solution are required for DNA isolated from the tran-
sient expression assay as only a small percentage of the cells 
take up DNA, resulting in lower signal-to-noise ratio.

	19.	After both recombination junctions of the putative integra-
tion lines were detected and confirmed by sequencing, some 
rooted plants were transferred to SUPER soil (fir/redwood 
bark, Sphagnum peat moss, sand, pH 5.5–6.5, Rod McLellan, 
Marysville, OH) in the greenhouse to set seed. Fertilizer [one 
teaspoon per 8² pot of Sierra Slow Release Mix (15% (N)–9% 
(P)–12% (K) plus micronutrients)] was applied initially, fol-
lowed weekly with supplemental fertilizer at 200 ppm N–P–K 
[Scott’s General Purpose (20% N–P–K plus micronutrients)]. 
Plants were watered daily.

	20.	Southern hybridization analysis of the integration structure 
and the evaluation of the trait genes can be assessed on tissue-
cultured or greenhouse-grown plants.
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4. �Notes

	1.	DNA oligonucleotides used:

φC31 attP (P¢P orientation):

F1:5¢-CCCTTGTGTCATGTCGGCGACCCTACGCCCC	
CAACTGAGAGAACTCAAAG-3¢.

R1: 5¢-TCTCAGTTGGGGGCGTAGGGTCGCCGACATGAC
ACAAGGGGGCC-3¢(ApaI overhang underlined).

F2:5¢-GTTACCCCAGTTGGGGCACTACTCCCGAAAAC	
CGCTTCTGACGAATTCC-3¢

R2:5¢-CCGGGGAATTCGTCAGAAGCGGTTTTCGGGA	
GTAGTGCCCCAACTGGGGTAACCTTTGAGTTC-3¢(XmaI 
overhang, EcoRI site underlined).

TP901 attP (P¢P orientation):

F1:5¢-GATCCGCGAGGCGCGCCCTCCTTAAAAGGAGT	
TTTTTAGTTACCTTAATTGAAATAAACGAAATAAA-3 ¢ 
(BamHI overhang, AscI site underlined).

R1:5¢-TATTTCAATTAAGGTAACTAAAAAACTCCTTTT	
AAGGAGGGCGCGCCTCGCG-3¢.

F2: 5¢-AACTCGCAATTAAGCGAGTTGGAATTTAAATAT	
GATATCTGGGCC-3¢ (ApaI overhang underlined).

R2:5¢-CAGATATCATATTTAAATTCCAACTCGCTTAAT	
TGCGAGTTTTTATTTCGTT-3¢.

U153 attP (PP¢ orientation):

F1:5¢-GATCCAATTCCTAGGTAGCTTGTTTATTTAGAT	
TGTTTAGTTCCTCGTTTTCTC-3¢

(BamHI overhang, AvrII site underlined).
R1:5¢-CGTCCAACGAGAGAAAACGAGGAACTAAACAA	

TCTAAATAAACAAGCTACCTAGGAATTG-3¢
F2:5¢-TCGTTGGACGGAAACGAATCGAGAAACTAAAA	

TTATAAATAAAAAGTAACCTA-3¢
R2:5¢-GATCTAGGTTACTTTTTATTTATAATTTTAGTT	

TCTCGATTCGTTTC-3¢

Bxb1 attP (P¢P orientation):

F1:5¢-GATCCATGACTACCAGGGCTCTCATGGGTTTG	
TACCGTACACCA-3¢ (BamHI overhang underlined).

R1:5¢-GCGGTCTCAGTGGTGTACGGTACAAACCCAT	
GAGAGCCCTGGTAGTCATG-3¢.

F2:5¢-CTGAGACCGCGGTGGTTGACCAGACAAACCA	
CGAAGACACAGGTCATCACGA-3¢.

R2:5¢-GATCTCGTGATGACCTGTGTCTTCGTGGTTTG	
TCTGGTCAACCACC-3¢ (GATC overhang underlined).
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Bxb1 attB (B¢B orientation):
F1:5¢-GATCTGCCCGGATGATCCTGACGACGGAGACC	

GCCGTCGTCGACAAGCCGGCCGAGGGCCCTCGCG–3¢(GATC 
overhang, ApaI site underlined).

R1:5 ¢-GATCCGCGAGGGCCCTCGGCCGGCTTGTCG	
ACGACGGCGGTCTCCGTCGTCAGGATCATCCGGGCA-3¢ 
(BamHI overhang, ApaI site underlined).

U153 attB (B¢B orientation):

F1:5¢-CGGCTTATGGGTAACACCAATTAAGTGTTTAG	
TTCCCTCTTTGCGTCCTT-3¢.

R1:5¢-AGAGGGAACTAAACACTTAATTGGTGTTACCC	
ATAAGCCGGGCC-3¢ (ApaI overhang underlined).

F2:5 ¢-CATAGCTTGATCCGAAAAAGTTACAGCT	
GGTTTTAATTAGCTGGCGCGCCAATTG-3¢ (AscI site 
underlined).

R2:5¢-GATCCAATTGGCGCGCCAGCTAATTAAAACC	
AGCTGTAACTTTTTCGGATCAAGCTATGAAGGACGC	
AA-3¢ (GATC overhang, AscI site underlined).

TP901 attB (B¢B orientation):

F1:5¢–GATCAAAATTCACGGAAGAAAGCTTTGGCAAA	
AAAAGCAAAAAG(GATC overhang underlined).

R1:5¢-CAAGGTAAATGCTTTTTGCTTTTTTTGCCAAA	
GCTTTCTTCCGTGAATTTT-3¢.

F2:5 ¢-CATTTACCTTGATTGAGATGTTAATTGTG	
TTGGCAATTATCAGTATTTTAAGAATTCG-3¢(EcoRI site 
underlined).

R2:5 ¢-GATCCGAATTCTTAAAATACTGATAATT	
GCCAACACAATTAACATCTCAAT-3¢ (BamHI overhang 
underlined).

Primers for CinH site:

5¢-AGTCGGCGCGCCAGATCTCACGTGCAGTGCCAAGCTTG
CATG-3¢(AscI, BglII, PmlI sites underlined).

5¢-AGTCGCGGCCGCAGTCTTAATTAAATCCATAACG	
CTAGCA-3¢ (NotI, PacI sites underlined).

Primers for ParA site:

5¢-AGTCTTAATTAAAGTCGGATCCCCTTGGTCAAAT	
TGGGTA-3¢ (PacI, BamHI sites underlined).

5¢-AGTCGCGGCCGCACTAGTCACGTGATTAGCACATATGT
GGGC-3¢ (NotI, SpeI, PmlI sites underlined).

Primers for Tn1721 site:

5¢-AGTCTTAATTAAAGTCGAGCTCTAGGTGCAAGCA	
AGTTAAGG-3¢ (PacI, SacI sites underlined).
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5 ¢-AGTCGGATCCAGTCCTGCAGGTCTCCTTGGTTG	
AAGGCGGC-3¢(BamHI, PstI sites underlined).

Primers for Tn5053 site:

5 ¢-AGTCCTGCAGAGTCGACGTCGTCGTACCTGTCA	
CATATAC-3¢ (PstI, AatII sites underlined).

5¢-AGTCGGATCCCGACCCCGAATCCCTGG-3¢ (BamHI 
site underlined).

	 2.	DMSO can be included in PCR amplifications to increase 
yield, specificity, and consistency (24).

	 3.	All the steps described in tobacco protoplast isolation, PEG-
mediated transformation, selection, and regeneration should 
be performed under aseptic conditions using sterile equipment 
and reagents. Leaf tissue and protoplasts should always be han-
dled in a sterile laminar flow hood. Plant protoplasts are quite 
fragile and are sensitive to slight changes in osmoticum and to 
rough handling. All protoplast suspensions should be handled 
gently and transferred using wide-opening pipette tips.

	 4.	Since 5–10 mg of each plasmid is needed for each experiment, 
we have used the Qiagen® Plasmid Midi Kit to isolate up to 
100 mg of each plasmid. To keep plasmids sterile, after 70% 
ethanol wash and air-drying, DNA is resuspended in sterile 
water and stored in aliquots at –80°C.

	 5.	We start with a lower level of selection. For example, hygro-
mycin is used at 5  mg/mL the first 2  weeks, 10  mg/mL 
thereafter.

	 6.	This protocol is designed for the rapid isolation of genomic 
DNA from a small amount of plant tissue (a leaf disc ~1 cm in 
diameter, or approximately 10 mg) in a microcentrifuge tube to 
detect recombinant junctions and to screen for the integration 
lines without phenol-chloroform extraction. Repeated freeze-
and-thaw cycles degrade the DNA and affect PCR quality.
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Chapter 9

Targeted Mutagenesis in Arabidopsis Using  
Zinc-Finger Nucleases

Feng Zhang and Daniel F. Voytas 

Abstract

We report here an efficient method for making targeted mutations in Arabidopsis thaliana genes. The 
approach uses zinc-finger nucleases (ZFNs) – enzymes engineered to create DNA double-strand breaks 
at specific target loci. Imprecise repair of double-strand breaks by nonhomologous end-joining generates 
small insertions or deletions at the cleavage site. In this protocol, constructs encoding ZFNs for specific 
loci are transformed into Arabidopsis by Agrobacterium-mediated transformation. ZFN expression is 
induced during germination to initiate mutagenesis of the target locus. Typically, more than 20% of the 
primary transgenics segregate loss-of-function mutations in the next generation. ZFNs make it possible 
to expand the range of Arabidopsis mutants available for study and to create mutations in genes missed 
by random mutagenesis approaches, such as those using T-DNA, transposons, or chemical mutagens.

Key words: Arabidopsis thaliana, Mutagenesis, Zinc-finger nuclease, Nonhomologous end-joining

Sequencing and annotation of the Arabidopsis thaliana genome 
revealed more than 30,000 genes (1). Significant progress has 
been made in determining the function of these genes, due in 
large part to powerful genetic and reverse genetic approaches 
available for this model plant (2). For example, RNAi-based gene 
silencing strategies and the manipulation of miRNAs make it pos-
sible to interfere with gene expression (3). A limitation to the use 
of such RNA-based methods, however, is that it is difficult to 
entirely knockout expression of a target gene. A more traditional 
approach for determining gene function is to study phenotypes 
conferred by knockout mutations. In several model plant species, 
including Arabidopsis, efficient mutagenesis approaches such as 

1. �Introduction

James A. Birchler (ed.), Plant Chromosome Engineering: Methods and Protocols, Methods in Molecular Biology, vol. 701,
DOI 10.1007/978-1-61737-957-4_9, © Springer Science+Business Media, LLC 2011
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TILLING, transposon tagging, or insertion of T-DNAs have 
allowed the identification of knockout mutations in most genes 
(4–6). All of these approaches, however, involve screening a large 
number of mutants for the desired knockout. Further, mutations 
in certain genes are sometimes not recovered, likely because their 
loss leads to lethality or because they are small in size and there-
fore poor targets for the mutagen. Genetic analysis is also frustrat-
ing because of the fact that more than 15% of plant genes are 
organized in tandem, and so, mutating one gene in the dupli-
cated pair typically produces no measurable phenotype (7).

A particularly valuable tool for Arabidopsis functional genom-
ics would be an efficient method for targeted mutagenesis that 
creates mutations either in genes missed by traditional approaches 
or in redundant or tandem genes. One promising approach for 
targeted mutagenesis is the use of zinc-finger nucleases (ZFNs) 
(8, 9). ZFNs are chimeric proteins with two functional domains 
(Fig. 1): a DNA recognition domain, composed of an array of 
Cys2–His2 zinc fingers, and the nonspecific DNA cleavage domain 
of the restriction endonuclease FokI. Each zinc finger recognizes 
three nucleotides, and arrays of multiple fingers can be engi-
neered that bind extended sequence targets with high affinity 
and specificity (10–12). ZFNs function as dimers and recognize 
two 9–12  bp half-sites in target genes. Binding of ZFNs to 
the target DNA allows the FokI domains to dimerize and cleave 
within the spacer sequence (5–7 bp in length) that separates the 
two half-sites.

In the absence of a homologous DNA template, chromo-
some breaks created by ZFNs are repaired via nonhomologous 
end-joining (NHEJ) (13). Faithful repair by NHEJ restores DNA 
integrity by rejoining the broken chromosomes; however, impre-
cise repair by NHEJ introduces small insertions/deletions at ZFN 
cleavage sites that frequently knockout gene function (Fig.  2). 
Efficient methods of NHEJ-mediated targeted mutagenesis of 
endogenous loci have been developed for Drosophila (14), 
zebrafish (15–17), human cells (12, 18), and rat (19).

Here, we report a targeted mutagenesis protocol for Arabidopsis 
(summarized in Fig. 3) based on the imprecise repair of chromo-
some breaks introduced by ZFNs (20). The protocol requires 
ZFNs with high affinity and specificity for the desired target, and 

Fig. 1. Schematic of a zinc-finger nuclease.
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it employs an estrogen-inducible expression system to provide a 
brief pulse of ZFNs early in Arabidopsis development (21). We 
recommend engineering zinc finger arrays (ZFAs) using the 
OPEN (Oligomerized Pool ENgineering) method, which was 
developed by the Zinc Finger Consortium (12, 22). Detailed 
protocols for OPEN have been published that describe: (1) the 
use of software tools for identifying ZFN target sites in genes of 
interest, (2) the construction and screening of libraries to identify 
ZFAs that bind the target gene, and (3) assays for testing ZFAs in 
bacterial two-hybrid assays to ensure that they have the requisite 
DNA affinity and specificity for targeted mutagenesis. Performing 
these steps yields functional ZFAs that recognize the target gene 
and provides a starting point for the three methods described in 
this protocol. The first method outlines the steps required to 
clone the ZFAs into a T-DNA vector and the use of Agrobacterium 
to transform Arabidopsis. The second method describes how to 
identify transformed plants and to test whether or not the ZFNs 
are creating mutations at target sites in somatic tissues. The final 
method describes procedures for recovering stably inherited 
mutations in the locus of interest.

Fig. 2. Examples of typical ZFN-induced mutations at a target site.

T0

Primary transgenics 
identified on selective 
medium with estrogen

to induce ZFN 
expression

T1 T1

Primary 
transgenics 

grown to
maturity in soil

T2

Mutants 
identified in the

T1 progeny

Fig. 3. Diagram of procedure for generating heritable ZFN-induced mutations.
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	 1.	Restriction enzymes XbaI, BamHI, NheI, and BglII and their 
corresponding buffers (New England Biolabs).

	 2.	Plasmid DNA for pMDC7 (24) (encoding components for 
estrogen-inducible transgene expression) and pFZ87 (20) 
(the Gateway entry vector that encodes the FokI nuclease).

	 3.	1.5% agarose gel: prepare 1.5% agarose solution in 500 mL of 
ddH2O. Microwave until completely melted. Add 10 mL of 
10 mg/mL ethidium bromide solution, mix gently, and pour 
the gel.

	 4.	Qiaex II Agarose Gel Extraction Kit (Qiagen).
	 5.	T4 DNA ligase and corresponding buffer (New England 

Biolabs).
	 6.	One Shot TOP10 Electrocomp Cells (Invitrogen). Store at 

−80°C.
	 7.	LR Clonase (Invitrogen).
	 8.	HotStar HiFidelity DNA Polymerase and corresponding buf-

fer (Qiagen).
	 9.	Agrobacterium tumefaciens strain GV3101 (23).
	10.	Kanamycin stock: dissolve 1  g of kanamycin in 20  mL of 

ddH2O. Filter sterilize, aliquot out into Eppendorf tubes, 
and store at −20°C.

	11.	LB kanamycin plates: dissolve 10 g of tryptone, 5 g of yeast 
extract, 5 g of NaCl, and 15 g of bacteriological agar in 1 L 
of ddH2O. Autoclave the medium, cool to 65°C, add 1 mL 
of kanamycin stock, and pour the plates.

	12.	LB liquid medium with kanamycin: dissolve 10 g of tryptone, 
5  g of yeast extract, and 5  g of NaCl in 1  L of ddH2O. 
Autoclave the medium, cool to 65°C, and add 1 mL of kana-
mycin stock.

	13.	Silwet L-77 (GE Silicones).
	14.	Approximately 4-week-old Arabidopsis plants grown in pots. 

The primary bolts should be clipped, and the secondary bolts 
allowed to grow to 2–10 cm in length.

	 1.	50% bleach: mix equal volumes of ddH2O and bleach (house-
hold chlorine bleach) and store at room temperature. Add 
Tween 20 to 0.05%.

	 2.	500 mL sterile ddH2O.
	 3.	0.1% agarose: prepare 0.1% agarose in 500 mL of ddH2O, 

autoclave, and store at room temperature.

2. Materials

2.1. Introducing ZFNs 
into Arabidopsis  
by Agrobacterium-
Mediated Floral 
Transformation

2.2. Inducing ZFN 
Expression in Primary 
Transgenic 
Arabidopsis Plants
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	 4.	MS selection/induction plates: Dissolve a package of MS salts 
(Caisson Laboratories) and 10  g of sucrose in 800  mL of 
ddH2O; adjust the volume to 1  L. Add 7.5  g of phytagel 
(Sigma), autoclave, and cool to 65°C. Add hygromycin to a 
final concentration of 25 mg/L and 17b-estradiol to a final 
concentration of 10  mM. Mix and pour into Petri dishes. 
Store at 4°C for no more than 7 days. Caution: a chemical 
fume hood should be used when handling 17b-estradiol.

	 5.	DNeasy Plant Mini Kit (Qiagen).
	 6.	HotStar HiFidelity DNA Polymerase and corresponding 

buffer (Qiagen).
	 7.	MinElute PCR Purification Kit (Qiagen).
	 8.	TOPO TA Cloning Kit: pCR 2.1-TOPO Vector 

(Invitrogen).
	 9.	QIAprep 96 Turbo Miniprep Kit (Qiagen).

	 1.	DNeasy Plant Mini Kit (Qiagen).
	 2.	HotStar HiFidelity DNA Polymerase and corresponding 

buffer (Qiagen).
	 3.	MinElute PCR Purification Kit (Qiagen).
	 4.	TOPO TA Cloning Kit: pCR 2.1-TOPO Vector 

(Invitrogen).
	 5.	QIAprep 96 Turbo Miniprep Kit (Qiagen).

	 1.	DNA sequences encoding zinc-finger arrays (ZFAs) gener-
ated by OPEN (12) are released from their plasmid vector by 
digesting with restriction enzymes XbaI and BamHI. 
Restriction digestions are typically performed with 1 mg of 
plasmid DNA.

	 2.	The restriction digestion products are separated on a 1.5% 
agarose gel. DNA fragments encoding ZFAs are 264 bp in 
length. These fragments are excised from the gel and purified 
with a Qiagen Gel Extraction Kit.

	 3.	Three sequential subcloning steps are used to transfer DNA 
encoding the left and right ZFA into the Gateway-compatible 
T-DNA destination vector pMDC7 (24) (see Note 1). The 
arrays are first subcloned into the gateway entry vector, pFZ87 
(20), placing ZFA coding sequences in frame with the FokI 
endonuclease and thereby creating the ZFN. In the first step, 
approximately 1  mg of pFZ87 is digested with XbaI and 
BamHI.

2.3. Screening  
for Mutant Plants

3. Methods

3.1. Introducing ZFNs 
into Arabidopsis  
by Agrobacterium-
mediated Floral 
Transformation
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	 4.	The linearized backbone is separated on a 1.5% agarose gel, 
and the vector fragment is purified using a Qiagen Gel 
Extraction Kit.

	 5.	The linearized vector is ligated to the XbaI/BamHI fragment 
encoding the ZFA for the left half-site (from step 1).

	 6.	Ligation reactions are transformed into E. coli and recombi-
nant molecules identified.

	 7.	The recombinant entry vector with the left ZFA is digested 
with NheI and BglII to produce DNA ends compatible with 
those generated by XbaI and BamHI, respectively. The lin-
earized vector is ligated with the XbaI/BamHI fragment 
encoding the ZFA for the right half site (from step 1).

	 8.	Ligation reactions are transformed into E. coli and recombi-
nant molecules identified.

	 9.	The Gateway entry vector with both the left and right ZFNs 
is next recombined with the T-DNA expression vector, 
pMDC7, using LR Clonase from Invitrogen. The recombi-
nation reactions are transformed into E. coli and recombinant 
molecules identified.

	10.	The resulting T-DNA expression vector is transformed into 
Agrobacterium tumefaciens strain GV3101 by electroporation.

	11.	The transformed Agrobacterium cells are spread onto an LB 
plate with kanamycin (50 mg/L). The plate is incubated at 
30°C for 2 days.

	12.	A single colony growing on the LB/kanamycin plate is inoc-
ulated into 5  mL of liquid LB medium with kanamycin 
(50  mg/L). The culture is shaken at 30°C, 220  rpm 
overnight.

	13.	The overnight culture is transferred to 250 mL of liquid LB 
medium with kanamycin (50 mg/L) in a 500-mL flask. The 
flask is shaken at 30°C, 220 rpm overnight.

	14.	The Agrobacterium culture is centrifuged at 4,000 × g for 
5 min. The supernatant is removed, and the bacteria pellet is 
resuspended in 500 mL of 5% sucrose that contains 150 mL 
of Silwet L-77. The culture is transferred to a 1-L beaker.

	15.	Arabidopsis plants (primary bolts clipped, secondary bolts 
2–10 cm in length) are inverted into the bacteria suspension 
with all above-ground tissues submerged. After 15 s, the plants 
are removed from the beaker and placed under a plastic cover 
to retain moisture. The plants are left in the dark overnight.

	16.	The next day the Arabidopsis plants are placed in a growth 
chamber. The plants are grown for an additional 3–4 weeks 
until the seed-bearing siliques are dry. The seeds are harvested 
and stored in microcentrifuge tubes.
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	 1.	Arabidopsis seeds are surface sterilized in a 15-mL conical 
centrifuge tube by adding 10 mL of 50% bleach/0.05%Tween 
20. The tube is shaken for 5  min at moderate speed on a 
rotary platform shaker.

	 2.	The tube is centrifuged in a tabletop centrifuge at 100 × g for 
2 min to collect the seeds at the bottom of the tube. The 
bleach solution is removed with a sterile pipette in a tissue 
culture hood. Steps 3 and 4 should also be performed in a 
tissue culture hood to ensure that the sterile seeds do not 
become contaminated.

	 3.	Resuspend the seeds with 10 mL of sterile water, centrifuge 
as in step 2, and remove the water. Rinse the seeds two addi-
tional times, and after the third rinse, resuspend the seeds in 
a 0.1% agarose solution. The volume of the agarose solution 
should approximate 20 times the seed volume.

	 4.	Spread the seeds on MS selection/induction plates with a 
sterile pipette (3–4  mL of seed/agarose mixture for each 
150-mm plate; 1–2 mL of mixture for each 100 mm plate). 
The plates are wrapped in parafilm and placed at 4°C for 2 
days. After stratification, the plates are placed in a growth 
chamber (16 h light/8 h dark; light intensity 75 mE/m/s).

	 5.	Transgenic seedlings that grow on the selection/induction 
medium (see Note 2) are tested to determine whether the 
ZFNs have created mutations by NHEJ at their intended 
target sequences. Ten-, 7-day-old transgenic seedlings are 
pooled to make genomic DNA using the Qiagen DNeasy 
Plant Mini Kit.

	 6.	Amplify the region encompassing the target site by PCR (see 
Note 3). Use approximately 100 ng of genomic DNA in a 
PCR reaction with HotStar HiFidelity DNA polymerase (see 
Note 4).

	 7.	Purify the PCR product using a MinElute PCR Purification Kit.
	 8.	The PCR products are cloned using a TOPO TA Cloning Kit 

and transformed into E. coli.
	 9.	DNA is prepared in a 96-well plate from 96 independent col-

onies using QIAprep 96 Turbo Miniprep Kit.
	10.	DNA from the 96 independent colonies are sequenced. 

ZFN-induced mutations can be readily identified with char-
acteristic of insertions, deletions, or nucleotide changes in 
the target sequences (Fig. 2). Somatic mutation rates can be 
estimated based on the number of independent polymor-
phic target sequences identified out of the 96 sequenced 
clones.

3.2. Inducing ZFN 
Expression in Primary 
Transgenic 
Arabidopsis Plants
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	 1.	Somatic mutation rates provide an estimate of the number of 
primary transgenic plants that should be followed in the next 
generation to recover heritable mutations (see Note 5). 
Typically, 20–50 primary transgenic plants are moved from 
the selection/induction plates to soil and placed in a growth 
chamber. Seeds from individual plants are harvested and 
stored in microcentrifuge tubes.

	 2.	If the mutant phenotype of the target gene is unknown, then 
proceed to step 3. However, if the phenotype has been previ-
ously characterized, then it should be apparent in plants 
derived from seeds of individual primary transgenics. Typically, 
10–75% of the primary transgenic plants segregate mutations 
in the next generation (20).

	 3.	If the mutant phenotype is not known or is difficult to score, 
then plants derived from seeds of individual primary trans-
genics should be screened molecularly for the presence of the 
mutation. Twenty seeds from each primary transgenic should 
be sown on soil. Leaves from individual, 2-week-old plants 
should be harvested and genomic DNA prepared from the 
pooled leaves using the Qiagen DNeasy Plant Mini Kit.

	 4.	Amplify the region encompassing the target site by PCR 
(see Note 3). Use approximately 100 ng of genomic DNA 
in a PCR reaction with HotStar HiFidelity DNA poly-
merase (see Note 4).

	 5.	Purify the PCR product using a MinElute PCR Purification Kit.
	 6.	The PCR products are cloned using a TOPO TA Cloning Kit 

and transformed into E. coli.
	 7.	Typically, ten to forty clones are sequenced to determine if a 

mutation is segregating in the progeny of a single primary 
transgenic (see Note 6). Mutations typically contain either 
insertions or deletions at the ZFN cleavage site (Fig. 2).

	 8.	For those progeny populations that are segregating muta-
tions, DNA is prepared from leaves of individual plants and 
analyzed molecularly as described in steps 4–7. Once indi-
vidual plants are identified with the desired mutation, they 
can be subjected to genetic analysis (see Note 7).

	 1.	The T-DNA vector, pMDC7, has several features that are crit-
ical for function (21, 24): (1) a hygromycin resistance gene 
that allows for selection of primary transgenics, (2) a gene for 
a constitutively expressed transcriptional activator with LexA 

3.3. Screening  
for Mutant Plants

4. Notes
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DNA binding sites that moves from the cytoplasm to the 
nucleus upon exposure to estrogen, (3) a Gateway cassette 
that facilitates cloning ZFNs into the expression construct, 
and (4) a promoter with LexA binding sites that is activated by 
the artificial transcriptional activator. We found that because 
some ZFNs have cellular toxicities, this expression system 
makes it possible to tightly control ZFN expression.

	 2.	The MS selection medium contains hygromycin (25 mg/L) 
to select for transformed plants. The cotyledons of nontrans-
formed plants are smaller than those of transformants, and 
they do not produce true leaves. The selection medium also 
contains 17b-estradiol (10 mM) to induce expression of the 
ZFNs in primary transgenic plants during germination. The 
estradiol is labile and only lasts a few days in the medium, 
thereby limiting ZFN expression. This short exposure to 
ZFN expression helps to minimize toxic effects of the ZFNs.

	 3.	The PCR primers used to amplify the target locus should be 
carefully selected. They need to be close enough to the target 
site so that reliable DNA sequence can be obtained from the 
cloned PCR products. They are typically positioned about 
150 bp on either side of the ZFN target site. Note that some 
ZFN-induced deletions will remove the primer binding site 
and that these mutations will not be amplified and scored.

	 4.	It is important to use a high-fidelity polymerase for PCR 
because it is not possible to distinguish between PCR- and 
ZFN-induced point mutations at the ZFN cleavage site.

	 5.	We typically observe somatic mutation frequencies in primary 
transgenics that range between 5 and 25%. Of these plants, 
10–75% segregate mutations in the next generation. A few per-
cent of the primary transgenics will sustain mutations in both 
alleles and produce homozygous mutant seed. Mutations in 
some genes may affect frequencies of germinal transmission.

	 6.	We advocate DNA sequencing as the primary means to 
screen for ZFN-induced mutations. However, an easier assay 
can be employed for those targets with restriction endonu-
clease sites in the ZFN spacer sequence (20). Mutations 
created by NHEJ will typically destroy the restriction site, 
and so sequences with mutations are immune to digestion. 
This PCR screen is fast and easy and can also be used to 
screen individual plants. Another alternative genotyping 
approach uses the enzyme CEL-I (25, 26). In this strategy, 
PCR reactions are denatured and reannealed, and if ZFN-
induced mutations are present, heteroduplexes form with 
unpaired bases at the cleavage site. The unpaired bases are 
recognized and cleaved by CEL-I, and the cleavage products 
can be visualized by electrophoresis.
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	 7.	There are several reports of ZFNs that recognize sites other 
than their intended targets (27). There is a possibility, there-
fore, that some ZFNs will introduce unwanted, secondary 
mutations. Because of this, we recommend crossing mutant 
plants to wild type to remove these unwanted mutations 
before exhaustive genetic analyses are performed.
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Chapter 10

Vectors and Methods for Hairpin RNA and Artificial 
microRNA-Mediated Gene Silencing in Plants

Andrew L. Eamens and Peter M. Waterhouse 

Abstract

In plant cells, DICER-LIKE4 processes perfectly double-stranded RNA (dsRNA) into short interfering (si) 
RNAs, and DICER-LIKE1 generates micro (mi) RNAs from primary miRNA transcripts (pri-miRNA) 
that form fold-back structures of imperfectly dsRNA. Both si and miRNAs direct the endogenous endo-
nuclease, ARGONAUTE1 to cleave complementary target single-stranded RNAs and either small RNA 
(sRNA)-directed pathway can be harnessed to silence genes in plants. A routine way of inducing and 
directing RNA silencing by siRNAs is to express self-complementary single-stranded hairpin RNA 
(hpRNA), in which the duplexed region has the same sequence as part of the target gene’s mRNA. 
Artificial miRNA (amiRNA)-mediated silencing uses an endogenous pri-miRNA, in which the original 
miRNA/miRNA* sequence has been replaced with a sequence complementary to the new target gene. 
In this chapter, we describe the plasmid vector systems routinely used by our research group for the 
generation of either hpRNA-derived siRNAs or amiRNAs.

Key words:  dsRNA, hpRNA, siRNA, miRNA, amiRNA, RNA silencing, Plant expression vectors 
pHellsgate12 and pBlueGreen

Double-stranded RNA (dsRNA) is an effective trigger of RNA 
silencing in vertebrate, invertebrate, and plant systems (1, 2). This 
silencing operates by sequence-specific RNA degradation. In plants, 
a particularly effective method of silencing an endogenous gene is 
to transform the plant with a vector construct encoding a hairpin 
RNA (hpRNA) consisting of an inverted-repeat of a portion of the 
target gene sequence separated by a fragment of spacer material. 
Using an intron as the spacer fragment increases the frequency of 
obtaining silenced plants (3, 4). Based on this concept, we use the 
plasmid vector, pHellsgate12 (5), which allows for the simple and 

1. �Introduction
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rapid generation of such vector constructs, taking advantage of the 
Gateway™ recombinase. An alternative method of directing RNA 
silencing in plants is to introduce a plant expression vector that 
produces a single artificial microRNA (amiRNA) silencing signal 
(6). For such an approach, we use our recently developed amiRNA 
plant expression vector, pBlueGreen (7), which is based on the 
Arabidopsis miR159b primary transcript (pre-miR159b).

Here we describe the PCR and bacterial cloning procedures 
for introducing either (1) long target sequences into the hpRNA 
vector, pHellsgate12, or (2) short target sequences into the 
amiRNA vector, pBlueGreen, as well as providing some simple 
design rules for their respective construction.

	 1.	Personal computer with internet access.

	 1.	Plant material (100 mg fresh weight).
	 2.	TRIzol reagent (Invitrogen).
	 3.	100% Isopropanol (ice-cold).
	 4.	75% Ethanol (RT).
	 5.	Chloroform.
	 6.	RNase-free deionised water (dH2O).
	 7.	Pestle and mortar (sterilised by autoclaving).
	 8.	Liquid nitrogen (LN2).
	 9.	1.5-ml Microfuge tubes (disposable).
	10.	Pipette tips (200 and 1,000 mL barrier-tipped).
	11.	Ice.
	12.	Benchtop microfuge (Eppendorf 5415D or similar) at 4°C 

and room temperature (RT).
	13.	Waterbath (at 65°C).
	14.	Freezer (at −20°C and −80°C).

	 1.	Template RNA (~2 mg/mL).
	 2.	Forward and reverse PCR primers (10 mM).
	 3.	6× Loading buffer (LB).

2. �Materials

2.1. Hairpin RNA 
Construction Using 
pHellsgate12

2.1.1. hpRNA Target 
Selection and Design  
of Forward and Reverse 
PCR Primers

2.1.2. Preparation  
of Template RNA

2.1.3. Amplification  
of the Target Fragment  
by RT-PCR
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	 4.	10× Tris–borate–EDTA (TBE) buffer.
	 5.	RNase-free dH2O.
	 6.	DNase-free dH2O.
	 7.	Ice.
	 8.	0.2-mL PCR tubes (disposable).
	 9.	1.5-mL Microfuge tubes (disposable).
	10.	QIAGEN OneStep RT-PCR kit (Qiagen).
	11.	QIAquick PCR Purification kit (Qiagen).
	12.	1.0% w/v Agarose gel stained with ethidium bromide (EtBr).
	13.	100 bp DNA ladder (MBI Fermentas).
	14.	Pipette tips (2, 20, and 200 mL).
	15.	Benchtop thermocycler (Bio-Rad MyCycler® or similar).
	16.	Benchtop microfuge (at RT).

	 1.	PCR fragment from Subheading 3.2.3.
	 2.	6× LB.
	 3.	10× TBE buffer.
	 4.	AscI (10 U/mL, New England Biolabs).
	 5.	NotI (10 U/mL, MBI Fermentas).
	 6.	10× Buffer 4 (New England Biolabs).
	 7.	10× Buffer O (MBI Fermentas).
	 8.	Ice.
	 9.	pENTR™/D-TOPO® cloning Kit (Invitrogen).
	10.	Escherichia coli One Shot Top10 chemically competent cells 

(Invitrogen).
	11.	Luria–Bertani (LB) liquid media.
	12.	LB agar plate (with 50 mg/mL kanamycin).
	13.	Bacterial cell spreader (sterilised).
	14.	1.0% w/v Agarose gel (stained with EtBr).
	15.	1 kb+ DNA ladder (MBI Fermentas).
	16.	Pipette tips (2, 20, 200, and 1,000 mL).
	17.	0.2-mL PCR tubes (disposable).
	18.	QIAprep Spin Miniprep kit (Qiagen).
	19.	QIAquick PCR Purification kit (Qiagen).
	20.	1.5-mL Microfuge tubes (disposable).
	21.	Benchtop microfuge (at RT).
	22.	Incubated shaker (at 37°C).
	23.	Incubator (at 37°C).
	24.	Waterbath (at 42°C).

2.1.4. Cloning the RT-PCR 
Fragment into pENTR™/ 
D-TOPO®
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	 1.	pHellsgate12 plant expression vector.
	 2.	pENTR™/D-TOPO® plasmid preparation with target frag-

ment (from Subheading 3.1.4).
	 3.	0.1 M Tris–EDTA (TE) buffer, pH 8.0.
	 4.	LR Clonase® and 5× Clonase buffer (Invitrogen).
	 5.	Proteinase K solution (Invitrogen).
	 6.	XbaI (10 U/mL, MBI Fermentas).
	 7.	XhoI (10 U/mL, MBI Fermentas).
	 8.	10× Buffer Tango™ (MBI Fermentas).
	 9.	10× Buffer R (MBI Fermentas).
	10.	Ice.
	11.	E. coli DH5a electro-competent cells.
	12.	LB liquid media.
	13.	LB agar plates (with 50 mg/mL spectinomycin).
	14.	Bacterial cell spreader (sterilised).
	15.	1.5-mL Microfuge tubes (disposable).
	16.	0.2-mL PCR tubes (disposable).
	17.	Pipette tips (2, 20, 200, and 1,000 mL).

2.1.5. Cloning PCR 
Fragment from pENTR™/
D-TOPO® into 
pHellsgate12 (Fig. 1)

AAAAAAAAAA
CACC

CACC 
GTGG +

+

L2L1

L1 L2 R1
R2 R2

R1
ccdB ccdB 

B1 B1
B2B2

mRNA

RT-PCR

pENTR/D-TOPO

TOPO-Isomerase

pENTR/D +
fragment 

pHELLSGATE12

LR Clonase 

Loaded pHELLSGATE12

Fig. 1. Outline of the scheme to generate a pHELLSGATE hpRNA for expression in plants. Three steps are required 
(1) Reverse transcription and PCR amplification of a gene fragment, (2) cloning the fragment into pENTR™/D-TOPO® 
using TOPO-Isomerase, and (3) use of the LR Clonase® to make a double insertion of the fragment from pENTR/D into 
pHELLSGATE12 in an inverted-repeat orientation by the use of site-specific recombination sites. The ccdB negative 
selection gene in pHellsgate12 is replaced by the desired gene fragments in the LR reaction.
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	18.	15-mL Capped centrifuge tubes.
	19.	QIAprep Spin Miniprep kit (Qiagen).
	20.	Electroporator (MicroPulser™ or similar) and cuvettes (Bio-Rad).
	21.	Benchtop microfuge (at RT).
	22.	Incubated shaker (at 37°C).
	23.	Incubator (at 37°C).
	24.	Waterbath (at 25 and 37°C).
	25.	Laminar flow cabinet.

	 1.	Personal computer with internet access.
	 2.	Template for amiRNA forward and reverse primers 

(Fig. 2b).

2.2. Artificial miRNA 
Construction using 
pBlueGreen

2.2.1. Artificial miRNA 
Selection and Design of 
Forward and Reverse PCR 
Primers

...CAGCTGACTATGGTCAGTAGTAGCTGACGAGCTAGCTAGTG... 
||||||||||||||||||||| 
UACCAGUCAUCAUCGACUGCU

cDNA target

putative amiRNA

a

b Syn-miR Primer-F(*)

TATATGCTCTTCGAGAGG_._._._._._._._._._._._._._._._._._._._._GGAGGGTTTAGCAGGGTGAAGTAAAG 
TATATGCTCTTCGAGAGGa.a.g.a.g.c.t.c.c.t.t.g.a.a.g.t.t.c.a.a.tGGAGGGTTTAGCAGGGTGAAGTAAAG 

Syn-miR Primer-R 

TATATGCTCTTCGAGATG_._._._._._._._._._._._._._._._._._._._._GAAGAGTGAAGCCATTAAAGGG 
TATATGCTCTTCGAGATGa.a.g.a.g.c.t.c.c.c.t.t.c.a.a.t.c.c.a.a.aGAAGAGTGAAGCCATTAAAGGG 

Syn-miR Primer-F(*);

TATATGCTCTTCGAGAGGA.T.G.G.T.C.A.G.T.A.G.G.C.G.C.T.G.A.C.G.TGGAGGGTTTAGCAGGGTGAAGTAAAG
TATATGCTCTTCGAGAGGa.a.g.a.g.c.t.c.c.t.t.g.a.a.g.t.t.c.a.a.tGGAGGGTTTAGCAGGGTGAAGTAAAG 

Order forward primer sequence; 

5'TATATGCTCTTCGAGAGGATGGTCAGTAGGCGCTGACGTGGAGGGTTTAGCAGGGTGAAGTAAAG 3' 

Syn-miR Primer-R; 

TATATGCTCTTCGAGATGA.T.G.G.T.C.A.G.T.A.G.T.A.G.C.T.G.A.C.G.AGAAGAGTGAAGCCATTAAAGGG
TATATGCTCTTCGAGATGa.a.g.a.g.c.t.c.c.c.t.t.c.a.a.t.c.c.a.a.aGAAGAGTGAAGCCATTAAAGGG 

Order reverse primer sequence; 

5'TATATGCTCTTCGAGATGATGGTCAGTAGTAGCTGACGAGAAGAGTGAAGCCATTAAAGGG 3' 

c

Fig. 2.  Artificial miRNA forward and reverse PCR primer template. (a) Identify a putative amiRNA target sequence unique 
to the target gene to be silenced. (b) Forward and reverse PCR primer template sequences which maintain the endoge-
nous shape of the Arabidopsis miR159b miRNA/miRNA* duplex. (c) Enter the exact 21-nt target sequence into the 
reverse primer template (this corresponds to your mature amiRNA 21-mer sequence) and also enter this sequence into 
the forward primer template but introduce dsRNA mismatched base pairings at positions 12, 13, and 21, respectively 
(this corresponds to the mature amiRNA* passenger 21-mer sequence).
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	 1.	pAth-miR159b template plasmid (~50 pg/mL).
	 2.	amiRNA forward and reverse PCR primers (10 mM).
	 3.	dNTPs (5 mM each; Fischer Biotech).
	 4.	Expand Long Template Enzyme mix (5 U/mL, Roche).
	 5.	10× Expand Long Template buffer 1 (Roche).
	 6.	DNase-free dH2O.
	 7.	10× TBE buffer.
	 8.	6× LB.
	 9.	100 bp DNA ladder (MBI Fermentas).
	10.	1.0% w/v Agarose gel (stained with EtBr).
	11.	Ice.
	12.	0.2-mL PCR tubes (disposable).
	13.	Pipette tips (2, 20, and 200 mL).
	14.	1.5-mL Microfuge tubes (disposable).
	15.	QIAquick PCR Purification kit (Qiagen).
	16.	Benchtop thermocycler.
	17.	Benchtop microfuge (at RT).

	 1.	Column-purified pre-amiRNA PCR fragment (from 
Subheading 3.2.2).

	 2.	pGEM®-T Easy Vector (50 ng/mL, Promega).
	 3.	2× Rapid Ligation buffer (Promega).
	 4.	T4 DNA ligase (3 U/mL, Promega).
	 5.	20% w/v 5-Bromo-4-chloro-3-indolyl-b-d-galactopyranoside 

(X-gal, Sigma-Aldrich).
	 6.	0.1 M Isopropyl b-d-1-thiogalactopyranoside (IPTG, Sigma-

Aldrich).
	 7.	LB liquid media.
	 8.	LB agar plates (with 50 mg/mL ampicillin).
	 9.	E. coli DH5a electro-competent cells.
	10.	Ice.
	11.	Pipette tips (2, 20, 200, and 1,000 mL).
	12.	1.5-mL Microfuge tubes (disposable).
	13.	15-mL Capped centrifuge tube (disposable).
	14.	Drawn-out glass pipette (with bulb).
	15.	Bacterial cell spreader (sterilised).
	16.	Bacterial loop (sterilised).
	17.	QIAprep Spin Miniprep kit (Qiagen).
	18.	Electroporator and cuvettes.

2.2.2. Amplification  
of the Pre-amiRNA PCR 
Fragment

2.2.3. Cloning  
the Pre-amiRNA PCR 
Fragment into the 
pGEM®-T Easy Vector
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	19.	Benchtop microfuge (at RT).
	20.	Incubated shaker (at 37°C).
	21.	Incubator (at 37°C).
	22.	Waterbath (at 37 and 65°C).
	23.	Laminar flow cabinet.

	 1.	pGEM-T::pre-amiRNA vector (from Subheading 3.2.3).
	 2.	pBlueGreen plant expression vector.
	 3.	pSoup helper plasmid.
	 4.	LguI (5 U/mL, MBI Fermentas).
	 5.	BamHI (10 U/mL, MBI Fermentas).
	 6.	T4 DNA ligase (5 U/mL, MBI Fermentas).
	 7.	10× Buffer Tango™ (MBI Fermentas).
	 8.	10× Buffer BamHI (MBI Fermentas).
	 9.	10× T4 DNA ligase buffer (MBI Fermentas).
	10.	10× TBE buffer.
	11.	6× LB.
	12.	DNase-free dH2O.
	13.	Ice.
	14.	Vortex.
	15.	20% w/v X-gal.
	16.	0.1 M IPTG.
	17.	1.0% w/v Agarose gel (stained with EtBr).
	18.	100 bp DNA ladder (MBI Fermentas).
	19.	1 kb+ DNA ladder (MBI Fermentas).
	20.	LB liquid media.
	21.	LB agar plates (with 50 mg/mL kanamycin).
	22.	E. coli DH5a electro-competent cells.
	23.	Bacterial cell spreader (sterilised).
	24.	Bacterial loop (sterilised).
	25.	QIAquick PCR Purification kit (Qiagen).
	26.	Pipette tips (2, 20, 200, and 1,000 mL).
	27.	1.5-mL Microfuge tubes (disposable).
	28.	Electroporator and cuvettes.
	29.	Benchtop mircofuge (RT).
	30.	Benchtop shaker (at 37°C).
	31.	Incubater (at 37°C).
	32.	Waterbath (at 37 and 65°C).
	33.	Laminar flow cabinet.

2.2.4. Cloning of the 
Pre-amiRNA Restriction 
Fragment into the Plant 
Expression Vector 
pBlueGreen
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The plant expression vector, pHellsgate12 (Fig. 3), was created 
to take advantage of the Gateway® unidirectional in vitro clon-
ing system (Invitrogen, Carlsbad, CA) and is based on our find-
ings that a PCR product flanked by attL1 and attL2 sites will 
recombine with a plasmid carrying two attR1–attR2 cassettes 
separated by an intron sequence when incubated with LR 
Clonase® to generate an inverted-repeat vector directing RNA 
silencing at high efficiencies (4, 8). The first step is the 

3. �Methods

3.1. The Gateway® 
Compatible hpRNA 
Plant Expression 
Vector, pHellsgate12
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Fig.  3. Plasmid maps of the plant expression vectors (a) pHellsgate12 and (b) 
pBlueGreen.
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amplification of a region of DNA from the target gene and to 
insert the amplified fragment it into the entry vector, pENTR™/
D-TOPO®. This flanks the inserted PCR fragment with an attL1 
site at one end and an attL2 site at the other, generating a donor 
fragment for an LR Clonase® reaction and entry into the plant 
expression vector pHellsgate12.

	 1.	For Arabidopsis, download the cDNA sequence of the gene 
to be targeted for hpRNA-directed RNA silencing from 
the TAIR website (http://www.arabidopsis.org/), using the 
Gene identifier search function (http://www.arabidopsis.
org/servlets/Search?action=new_search&type=gene).

	 2.	Select a region 300–800 nucleotide (nt) in length within the 
cDNA sequence and BLAST this against the Arabidopsis tran-
scriptome, using the BLASTN search function of the TAIR 
database. Choose a sequence that shows no regions of perfect 
homology to another transcript encoded by Arabidopsis 
genome. If silencing is required in a plant species for which its 
genome has not been completely sequenced, use EST 
sequences to identify possible off-targets (see Note 1).

	 3.	Order the forward (21  nt perfectly matching the target 
sequence plus four additional nucleotides – CACC at the 5¢ 
end of the primer) and reverse (21 nt perfect match to target 
sequence) DNA oligonucleotides from your usual supplier to 
amplify the selected fragment (see Note 2).

	 1.	Collect 100 mg of plant leaf material and immediately freeze 
in liquid nitrogen (LN2).

	 2.	Using a sterilised mortar and pestle, grind the plant material 
into a fine powder under LN2. Immediately transfer the pow-
der to a pre-chilled (in LN2) 1.5-mL microfuge tube, cap 
tube and invert 20×, then incubate at room temperature (RT) 
for 5 min.

	 3.	Add 200 mL of chloroform, cap the tube and shake vigor-
ously by hand for 15 s, then incubate at RT for 3 min.

	 4.	Centrifuge at maximum speed (~16,000  g) for 10  min, at 
4°C. Transfer the upper aqueous phase to a new 1.5-mL 
microfuge tube and repeat steps 3 and 4.

	 5.	Add 500 mL of ice-cold 100% isopropanol, mix by inverting 
20× and incubate at −20°C overnight (see Note 3).

	 6.	Centrifuge at maximum speed for 20 min, at 4°C. A white 
pellet should be readily visible at the bottom of the 1.5-mL 
microfuge tube and using a drawn-out pipette tip, carefully 
pipette off and discard the supernatant.

	 7.	Add 1 mL of 75% ethanol and wash pellet by inverting the 
tube 10× and centrifuging at 8,500 g for 5 min, at RT.

3.1.1. hpRNA Target 
Selection and Design of 
Forward and Reverse PCR 
Primers

3.1.2. Preparation  
of Template RNA
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	 8.	Pipette off supernatant and air dry the pellet (leave lid open) 
at RT for 5 min.

	 9.	Add 50 mL of RNase-free dH2O and incubate at 65°C for 
10  min, then resuspend by pipetting (see Note 4). Either 
place the tube on ice and immediately proceed with the 
RT-PCR steps or store at −80°C until required.

	 1.	On ice, thaw components of the QIAGEN OneStep RT- 
PCR kit (including dNTP mix, 5× QIAGEN OneStep 
RT-PCR buffer, RNase-free dH2O), the forward and reverse 
PCR primers (at working concentration of 10  mM), the 
QIAGEN OneStep RT-PCR Enzyme mix and template 
RNA from Subheading 3.1.2.

	 2.	Add the above listed reaction components into a 0.2-mL 
PCR tube according to the manufacturers (QIAGEN) instruc-
tions for a 50 mL reaction, using 5 mL of the RNA template 
(~10 mg).

	 3.	Pipette the reaction mixture up and down to ensure that all 
reaction components are thoroughly mixed, cap the 0.2-mL 
PCR tube and immediately transfer to a benchtop thermocy-
cler. Amplify the fragment using the following program: 
1 × 50°C/30 min (reverse transcription step); 1 × 95°C/15 min 
(HotStarTaq activation step), 30 × 94°C/30  s, 55°C/30  s, 
72°C/60 s; and a final extension step of 1 × 72°C/10 min, 
then cool the reaction by incubating at 4°C/20 min.

	 4.	Transfer a 10 mL aliquot to a labelled 1.5-mL microfuge tube 
containing 2 mL of 6× LB and vortex briefly to mix. Run on 
an ethidium bromide (EtBr)-stained 1.0% agarose gel in 1× 
TBE buffer along with a 10 mL aliquot of 100 bp DNA lad-
der to check for the correctly amplified product, migrating as 
a single band (see Note 5).

	 5.	Purify the remaining PCR product using the QIAquick PCR 
Purification kit (Qiagen) according to the manufacturer’s 
instructions and resuspend in 20 mL of DNase-free dH2O. 
Store the amplified fragment at −20°C or use immediately.

	 1.	On ice, thaw components of the pENTR™/Directional-
TOPO® Cloning kit (salt solution, DNase-free dH2O, 
topoisomerase-charged-pENTR™/D-TOPO® vector) and 
the RT-PCR product from Subheading 3.1.3.

	 2.	Add reaction components into a 0.2-mL PCR tube according 
to manufacturers’ instructions (Invitrogen) for a 6 mL reaction, 
using 1–4 mL of the RT-PCR product.

	 3.	Mix the reaction gently by pipetting and incubate at RT for 
5 min.

3.1.3. Amplification  
of Target Fragment  
by RT-PCR

3.1.4. Cloning the RT-PCR 
Fragment into pENTR™/ 
D-TOPO®
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	 4.	On ice, transform reaction into a thawed aliquot of One Shot 
TOP10 chemically competent E. coli cells (supplied with 
pENTR™/Directional-TOPO® Cloning kit) according to 
manufacturer’s instructions. Spread the cell culture onto an 
LB agar plate (with 50  mg/mL kanamycin) and incubate 
overnight (16–24 h) in a 37°C incubator.

	 5.	Analyse ten colonies by extracting their plasmid DNA using 
the QIAprep Spin Miniprep kit (Qiagen) according to manu-
facturer’s instructions. Digest 10% of the plasmid preparation 
with the restriction endonucleases AscI and NotI (two sequen-
tial digests are required and we recommend that the first 
digestion product is purified using the QIAquick PCR 
Purification kit prior to digestion with the second restriction 
endonuclease).

	 6.	Add 4 mL of 6× LB to each reaction and run on an EtBr-
stained 1.0% w/v agarose gel in 1× TBE buffer along with a 
10 mL aliquot of 1 kb+ DNA ladder and select a plasmid prepa-
ration that returns the appropriate sized restriction fragments 
(see Note 6).

	 1.	On ice, thaw the 5× LR Clonase buffer, the selected plas-
mid preparation of the pENTR™/D-TOPO® clone from 
Subheading 3.1.4 and a plasmid preparation of the pHells-
gate12 plant expression vector.

	 2.	Once thawed and still on ice, add the above reaction 
components to a 0.2-mL tube. For a 10  mL reaction, 
add: 2 mL of 5× LR Clonase buffer, 2 mL of the selected 
pENTR™/D-TOPO®-PCR clone (~750  ng/mL), 2 mL of 
the pHellsgate12 plant expression vector (~250  ng/mL), 
2 mL of TE buffer (pH 8.0), and 2 mL of the LR Clonase®.

	 3.	Gently mix the reaction components by pipetting and incu-
bate for 1–16 h in a 25°C waterbath (see Note 7). At the end 
of your selected incubation period, add 1 mL of proteinase K 
to the reaction tube, vortex to mix, spin down and incubate 
for 10 min, in a 37°C waterbath.

	 4.	Transfer 2 mL of the LR Clonase® reaction to an electropora-
tion cuvette and incubate on ice for 5 min. Thaw a 50 mL 
aliquot of highly efficient E. coli DH5a electrocompetent 
cells on ice and once thawed immediately transfer to the 
chilled cuvette containing the reaction mix.

	 5.	Transfer the cuvette to an electroporator, electroporate, and 
immediately add 450 mL of LB liquid media to the cuvette. 
Transfer the cellular mixture to a labelled 1.5-mL microfuge 
tube using a drawn-out glass pipette, cap the tube, and incu-
bate at 37°C for 60 min, in a benchtop shaker (at 200 rpm).

3.1.5. Cloning PCR 
Fragment from pENTR™/ 
D-TOPO® into pHellsgate12
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	 6.	In a laminar flow cabinet, transfer a 100 mL aliquot of the 
above cell culture onto an LB agar plate (containing 50 mg/
mL spectinomycin) and evenly spread the mixture over the 
entire surface of the plate with a sterilised bacterial cell 
spreader. Allow the LB agar plate to dry in the laminar flow 
cabinet for 10 min. Place the lid back onto the agar plate and 
incubate for 16–24 h in a 37°C incubator.

	 7.	Analyse ten colonies by extracting their plasmid DNA using the 
QIAprep Spin Miniprep kit (Qiagen) according to manufac-
turer’s instructions. Digest 10% of the plasmid preparation with 
the restriction endonucleases XhoI or XbaI (see Note 8).

	 8.	Select a plasmid preparation that returns the desired restric-
tion pattern (Fig.  3). This plasmid preparation is used for 
Agrobacterium tumefaciens (Agrobacterium)-mediated trans-
formation of wild-type Arabidopsis plants.

The pBlueGreen vector (Fig. 3) was constructed to generate a 
plant expression vector that produces a single 21-nt silencing sig-
nal. Long segments of perfectly dsRNA are processed along their 
entire length by DICER-LIKE4 into many heterologous 21-nt 
sRNAs that can potentially direct silencing of other mRNAs in 
addition to the targeted transcript. Artificial miRNA technology 
allows for the removal of such “off-target” effects due to the fact 
that a single homozygous 21-nt silencing signal is processed by 
DICER-LIKE1 from the modified endogenous miRNA precur-
sor transcripts on which amiRNA plant expression vectors are 
based. More recently, this technology has been widely applied in 
several plant species and has been demonstrated to direct highly 
efficient and specific RNA silencing of targeted genes (6, 9–11). 
Here we outline the steps required for the PCR amplification of a 
pre-amiRNA insertion fragment, flanked by LguI restriction sites 
for convenient insertion into our recently developed amiRNA 
plant expression vector, pBlueGreen.

	 1.	For Arabidopsis amiRNA design, download the cDNA 
sequence of the gene to be targeted for amiRNA-directed 
RNA silencing from the TAIR website, using the Gene 
Search  function (http://www.arabidopsis.org/servlets/
Search?action=new_search&type=gene).

	 2.	Identify a 19-nt sequence within the cDNA sequence con-
taining either a cytosine (C) or guanine (G) at position 1, a 
thymine residue (T) at position 10 and an adenine (A) at 
position 19 (see Note 9), as shown in Fig. 2a.

	 3.	Add two additional nucleotides 5¢ (upstream) of position 1 
of the putative amiRNA target sequence and BLAST the 
complementary 21-nt sequence (putative mature amiRNA 

3.2. The amiRNA Plant 
Expression Vector 
pBlueGreen

3.2.1. Artificial miRNA 
Selection and Design  
of Forward and Reverse 
PCR Primers
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21-mer silencing signal), against the Arabidopsis transcriptome 
using the BLASTN search function of the TAIR database 
(see Note 10).

	 4.	If the putative 21-nt amiRNA sequence only shows comple-
mentarity to the cDNA sequence to be targeted for amiRNA-
directed RNA silencing, enter the exact 21-nt target sequence 
(of your cDNA target sequence, 5¢–3¢) into the amiRNA 
reverse primer template (Fig. 2b) as shown in Fig. 2c.

	 5.	If the putative 21-nt amiRNA sequence shows complemen-
tarity to another Arabidopsis transcript, which is not to be 
targeted for amiRNA-directed RNA silencing, discard the 
sequence and repeat steps 2 and 3 in Subheading 3.2.1 until 
a 21-nt sequence only showing complementarity to the target 
transcript is identified.

	 6.	Enter the 21-nt target sequence (again enter the cDNA target 
sequence in the 5¢–3¢ direction) into the amiRNA forward 
primer template (Fig.  2b), but introduce three mismatched 
nucleotides at positions 12, 13, and 21, respectively (see 
Note 11), as shown in Fig. 2c.

	 7.	Order the amiRNA forward (65 nt) and reverse (61 nt) DNA 
oligonucleotides from your usual supplier (see Note 2).

	 1.	On ice, add reaction components in the following order to 
a 0.2-mL PCR tube; 37.5 mL of DNase-free dH2O, 1.0 mL of 
the pAth-mR159b template vector (~50 pg/mL), 2.5 mL of 
10 mM amiRNA forward primer, 2.5 mL of 10 mM amiRNA 
reverse primer, 1.0 mL of 5 mM dNTPs, 5.0 mL of 10× Expand 
Long Template buffer 1 and 0.5 mL of Expand Long Template 
Enzyme mix (see Note 12).

	 2.	Pipette the reaction mixture up and down to ensure that all 
reaction components are thoroughly mixed, cap the PCR 
tube, and immediately transfer to a benchtop thermocycler.

	 3.	Amplify the pre-amiRNA fragment from the pAth-miR159b 
template vector using the following program; 1 × 95°C/3 min; 
28 × 94°C/20  s, 56°C/30  s, 72°C/60  s; 1 × 72°C/7  min, 
4°C/20 min.

	 4.	Transfer a 10 mL aliquot of the PCR product to a labelled 
1.5-mL microfuge tube containing 2 mL of 6× LB and vortex 
to mix. Run the PCR product on an EtBr-stained 1.0% w/v 
agarose gel in 1× TBE buffer along with a 10 mL aliquot of 
the 100 bp DNA ladder to check that the 224-nt pre-amiRNA 
PCR product was amplified successfully.

	 5.	Purify the remaining PCR product using the QIAquick PCR 
Purification kit according to the manufacturers instructions 
and resuspend in 20 mL of DNase-free dH2O.

3.2.2. Amplification  
of the Pre-amiRNA PCR 
Fragment
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	 1.	Add 4 mL of the column-purified pre-amiRNA PCR product 
(from Subheading 3.2.2) and 0.5 mL of the pGEM®-T Easy 
vector to a labelled 1.5-mL microfuge tube, cap the tube, 
briefly vortex to mix, and incubate in a 65°C waterbath for 
5 min, then immediately transfer the tube to ice and incubate 
for an additional 5 min (see Note 13).

	 2.	On ice, add 5 mL of 2× Rapid Ligation buffer (Promega) and 
0.5 mL of T4 DNA ligase (Promega), gently mix reaction 
components by pipetting, cap the tube, and incubate in a 
37°C waterbath for 60 min.

	 3.	Transfer 2 mL of the ligation reaction to an electroporation 
cuvette and incubate on ice for 5 min. At the same time, thaw 
a 50 mL aliquot of E. coli DH5a electrocompetent cells on ice 
and once thawed immediately transfer to the chilled cuvette 
containing the ligation reaction.

	 4.	Transfer the cuvette to an electroporator, electroporate, and 
immediately add 450 mL of LB liquid media to the cuvette. 
Transfer the cellular mixture to a labelled 1.5-mL microfuge 
tube using a drawn-out glass pipette, cap the tube, and incu-
bate at 37°C for 60 min, in a benchtop shaker (at 200 rpm).

	 5.	In a laminar flow cabinet, transfer a 100 mL aliquot of the 
above cell culture to an LB agar plate (containing 50 mg/mL 
ampicillin) and evenly spread the mixture over the entire 
surface of the plate with a sterilised bacterial cell spreader (see 
Note 14). Allow the LB agar plate to dry in the laminar flow 
cabinet for 10 min. Place the lid back onto the agar plate and 
incubate for 16–24 h in a 37°C incubator.

	 6.	Using a sterilised loop, pick off a single white-coloured colony 
(see Note 14) and use to inoculate a 5 mL culture of LB liquid 
media (containing 50  mg/mL ampicillin). Cap the 15-mL 
centrifuge tube and incubate at 37°C for 16–24 h in a bench-
top shaker (at 200 rpm).

	 7.	Isolate plasmid DNA from the overnight culture using the 
QIAprep Spin Miniprep kit (Qiagen) according to the manu-
facturer’s instructions. The plasmid preparation, pGEM-
T®::pre-amiRNA, contains the modified precursor transcript 
of Ath-miR159b, where the endogenous miR159/miR159* 
sequences have been replaced with amiRNA guide and pas-
senger strand sequences by PCR.

	 1.	On ice and in two separately labelled 1.5-mL microfuge 
tubes, add reaction components in the following order; 7 mL 
of DNase-free dH2O, 2 mL of 10× Buffer Tango™ and 1 mL 
of 5 U/mL LguI.

	 2.	Add 10  mL of each plasmid preparation, pGEM-T::pre-
amiRNA or pBlueGreen, to the appropriately labelled 1.5-mL 

3.2.3. Cloning  
the Pre-amiRNA PCR 
Fragment into the 
pGEM®-T Easy Vector

3.2.4. Cloning of the 
Pre-amiRNA Restriction 
Fragment into the Plant 
Expression Vector 
pBlueGreen
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microfuge tube. Briefly vortex each tube to thoroughly mix 
reaction components, spin down in a microfuge and incubate 
overnight (16–24 h) in a 37°C waterbath.

	 3.	Transfer a 5 mL aliquot of each digested plasmid to a new 
labelled 1.5-mL microfuge tube containing 1 mL of 6× LB 
and run on an EtBr-stained 1.0% w/v agarose gel in 1× TBE 
buffer along with 10 mL of 1 kb+ DNA ladder to determine 
whether LguI digestion is complete (see Note 15).

	 4.	Purify digestion products with the QIAquick PCR Purification 
kit according to the manufacturer’s instructions and resuspend 
each LguI digestion product in 20 mL of DNase-free dH2O.

	 5.	To an appropriately labelled 1.5-mL microfuge tube, add 
10  mL of the pGEM-T::pre-amiRNA/LguI insertion frag-
ment, 0.5 mL of the LguI-digested pBlueGreen plant expres-
sion vector and 7 mL of DNase-free dH2O. Mix thoroughly 
by pipetting and incubate at 65°C for 5 min in a waterbath, 
then immediately transfer the reaction tube to ice and incu-
bate for 5 min (see Note 13).

	 6.	On ice, add 2  mL of 10× T4 DNA Ligase buffer (MBI 
Fermentas) and 0.5 mL of T4 DNA ligase (MBI Fermentas), mix 
by pipetting and incubate for 60 min, in a 37°C waterbath.

	 7.	Transfer 2 mL of the above ligation reaction to an electropo-
ration cuvette and incubate on ice for 5  min. At the same 
time, thaw a 50 mL aliquot of E. coli DH5a electrocompetent 
cells on ice and once thawed immediately transfer to the 
chilled cuvette containing the ligation reaction.

	 8.	Transfer the cuvette to an electroporator, electroporate, and 
immediately add 450 mL of LB liquid media to the cuvette. 
Transfer the cellular mixture to a labelled 1.5-mL microfuge 
tube using a glass drawn-out pipette, cap the tube and incu-
bate at 37°C for 60 min, in a benchtop shaker (at 200 rpm).

	 9.	In a laminar flow cabinet, pipette a 100 mL aliquot of the 
above cellular culture onto an LB agar plate (containing 
50 mg/mL kanamycin) and evenly spread over the entire 
surface of the plate with a sterilised bacterial cell spreader (see 
Note 14). Allow the LB agar plate to dry in the laminar flow 
cabinet for 10 min, place the lid back onto the plate, and incu-
bate for 16–24 h in a 37°C incubator.

	10.	Using a sterilised loop, pick off a single white-coloured col-
ony (see Note 14) and use to inoculate a 5 mL culture of LB 
liquid media (containing 50  mg/mL kanamycin). Cap the 
15-mL centrifuge tube and incubate at 37°C for 16–24 h in 
a benchtop shaker (at 200 rpm).

	11.	Isolate plasmid DNA from the overnight culture using the 
QIAprep Spin Miniprep kit (Qiagen) according to the manu-
facturer’s instructions.
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	12.	Using the above plasmid preparation, set-up a 20 mL BamHI 
digestion in a labelled 1.5-mL microfuge tube as follows; 
12 mL of DNase-free dH2O, 5 mL of plasmid preparation, 
2 mL of 10× Buffer BamHI, and 1 mL of 10 U/mL BamHI. 
Mix by pipetting, spin reaction contents down in a benchtop 
microfuge and incubate for 60 min, in a 37°C waterbath.

	13.	Add 4 mL of 6× LB to the digestion reaction, mix by pipetting 
and run on an EtBr-stained 1.0% w/v agarose gel in 1× TBE 
buffer along with a 10 mL aliquot of the 100 bp DNA ladder. 
pBlueGreen plasmid preparations containing the pre-
amiRNA/LguI insertion fragment in the desired sense orien-
tation (5¢–3¢) will return a 440 bp BamHI-restriction fragment 
(see Note 16).

	14.	For plant transformation, 1 mL of the selected pBlueGreen 
plant expression vector (containing the pre-amiRNA insert in 
the sense orientation) is mixed with 1 mL of the helper plas-
mid, pSoup, prior to A. tumefaciens transformation of 
Arabidopsis wild-type plants (see Note 17).

	 1.	In practice, we have found little evidence of cross-silencing 
effects except for closely related gene family members and, if 
little or no genomic sequence is available, we recommend 
using the 3¢ terminal 300–500  nt from the target gene 
mRNA sequence as higher levels of sequence variability occur 
in this region.

	 2.	DNA oligonucleotides (amiRNA forward and reverse primers) 
are ordered without requesting any additional modifications.

	 3.	Overnight incubation is very important, do not reduce this 
incubation period. Reduction of this incubation period 
will result in severe losses to overall yields of precipitated 
nucleic acids.

	 4.	The quality of extracted RNA can be checked by running a 
5 mL aliquot with 1 mL of 6× LB on a EtBr-stained 1.0% agarose 
gel (in 1× TBE buffer).

	 5.	If multiple bands are amplified, including a major band of the 
correct size, it is advisable to gel purify this band or to refine 
the RT-PCR conditions (i.e., optimise the annealing tempera-
ture) and repeat until a single PCR fragment of the correct size 
is amplified.

	 6.	We often screen the kanamycin-resistant colonies directly 
for inserted fragments in the desired orientation, using the 
cycles, conditions, and primers made for the RT-PCR step 

4. �Notes
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(but omitting the RT step), rather than double-digestion 
with AscI and NotI, which is cumbersome, requiring chang-
ing of digestion buffers, purification of the initial digestion 
product and a subsequent digestion step.

	 7.	The LR Clonase® reaction into the pHellsgate12 plant 
expression vector inserts the PCR fragment from the 
pENTR™/D-TOPO® vector into the two attR cassettes 
forming both arms of the hairpin. As the insertion into two 
attR cassettes is less efficient than into a single cassette, we 
recommend extending the incubation time for the recombi-
nation reaction. In addition, we recommend the use of highly 
efficient DH5a E. coli electrocompetent cells for this bacterial 
transformation step.

	 8.	The pHellsgate12 vector contains convenient restriction sites 
that can be used to check (1) the presence of an inserted 
sequence and (2) diagnose the orientation of the intron spacer 
fragment. Incubation with XhoI will excise the first arm of 
the inverted-repeat and incubation with XbaI will excise the 
second arm, unless the intron has flipped in orientation during 
the recombination process. In this case, each arm will be 
excised along with the intron itself. However, in pHells-
gate12, this flipped orientation is permissible as the spacer 
region contains two introns (in opposite orientations) so 
that one intron is processed in planta, irrespective of the 
orientation. An alternative way of screening is by PCR using 
primers flanking the insertion sites. It is advisable to sequence 
the selected clone. This can be carried out by using primers 
based on the promoter and terminator sequences of the 
inverted-repeat cassette. However, before performing the 
sequencing reactions, the plasmid DNA should be linearised 
with ClaI (cleaves within the intron). This alleviates the reduc-
tion in sequence trace signal that is often seen for the duplexed 
vector regions (caused by the inverted-repeat nature of the 
vector). Please also note that sequencing through attR, attP, 
or attL sites can be troublesome, probably because of the 
secondary structures formed in these sites.

	 9.	Putative amiRNA target sequences are identified in this way due 
to the fact that target sequence positions 1, 10, and 19 corre-
spond to mature amiRNA positions 19, 10, and 1, respectively. 
The majority of endogenous plant miRNAs, including Ath-
miR159b, possess uracil (U) at their 5¢ terminus and sRNAs 
expressing a U residue at this position preferentially associate 
with AGO1 (12). Similarly, the endonucleolytic Slicer activity 
of the AGO1 protein appears to preferentially cleave mRNA 
targets next to adenine residues (6), and a more-stable dsRNA 
base pairing is preferred at amiRNA position 19 to ensure 
preferential loading of the amiRNA guide strand over the 
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amiRNA* passenger onto the AGO1-catalysed RISC complex 
(13–15). These features are therefore retained in the design of 
amiRNAs to ensure efficient amiRNA-directed RNA silencing 
by endogenous miRNA biogenesis pathway machinery.

	10.	Two additional bases are added to the putative amiRNA target 
sequence as this 21-nt cDNA sequence corresponds to the 
full length of mature amiRNA. BLAST search the putative 
amiRNA 21-nt sequence against transcript sequences only 
(TAIR9 Transcripts), which is a selectable option on a drop-
down menu within the TAIR website’s BLASTN tool.

	11.	The endogenous Arabidopsis miR159b precursor transcript 
(pre-miR159b) contains mismatched dsRNA base pairings at 
the indicated positions within the miR159/miR159* duplex. 
These mismatches are maintained in the design of the 
amiRNA* passenger strand (corresponding to the amiRNA 
forward primer) to retain the endogenous pre-miR159b 
shape of the introduced amiRNA/amiRNA* duplex within 
the pri-miR159b transcript.

	12.	The Expand Long Template Enzyme mix is used to amplify 
the pre-amiRNA fragment as this system contains a mixture 
of two Taq DNA polymerases to allow for (1) proofreading of 
amplified PCR products and (2) A-tailing of the amplified 
product. A-tailing enables ligation between the pre-amiRNA 
PCR product and the pGEM®-T Easy vector.

	13.	Incubating linearised DNA fragments at 65°C for 5  min, 
removes secondary structure and immediately transferring 
the mixture to ice and incubating for an additional 5 min, 
maintains these molecules in a denatured state.

	14.	Ten minutes prior to spreading the bacterial culture onto the 
LB agar plate, and using a sterilised bacterial cell spreader, 
evenly spread 40 mL each of 0.1 M IPTG and 20% w/v X-gal 
over the agar plate. This allows for blue–white selection of 
insert positive bacterial colonies, which are selected for subse-
quent plasmid preparations.

	15.	A completely digested pGEM-T::pre-amiRNA returns LguI 
restriction fragments of 250, 378, and 3,000 nt, respectively. 
LguI digestion of the pBlueGreen plant expression vector 
will return two restriction fragments of 700 and >10  kb, 
respectively. Only use plasmid preparations returning these 
respective LguI banding patterns for subsequent molecular 
manipulations.

	16.	The pre-amiRNA/LguI restriction fragment can insert into 
the similarly digested plant expression vector, pBlueGreen, in 
either orientation (5¢–3¢ or 3¢–5¢). If the selected plasmid 
preparation contains the pre-amiRNA insert in the antisense 
orientation (376  bp BamHI restriction fragment), discard 
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this preparation and screen additional kanamycin-resistant 
white-coloured colonies until a plasmid preparation containing 
the insert in the desired sense orientation is identified.

	17.	The pBlueGreen plant expression vector has been modified 
to contain a pri-miR159b sequence where the sequences cor-
responding to the pre-miR159b have been replaced with the 
LacZ gene (for blue/white colony selection) which itself is 
flanked by LguI restriction sites. This sequence was flanked 
with the 35S promoter and OCS terminator and placed 
between the right and left borders of the plant expression 
vector, pGreen (16). This vector requires the helper plasmid, 
pSoup for replication in Agrobacterium.
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Chapter 11

Recombinant Protein Expression in Nicotiana

Nobuyuki Matoba, Keith R. Davis, and Kenneth E. Palmer 

Abstract

Recombinant protein pharmaceuticals are now widely used in treatment of chronic diseases, and several 
recombinant protein subunit vaccines are approved for human and veterinary use. With growing demand 
for complex protein pharmaceuticals, such as monoclonal antibodies, manufacturing capacity is becom-
ing limited. There is increasing need for safe, scalable, and economical alternatives to mammalian cell 
culture-based manufacturing systems, which require substantial capital investment for new manufactur-
ing facilities. Since a seminal paper reporting immunoglobulin expression in transgenic plants was pub-
lished in 1989, there have been many technological advances in plant expression systems to the present 
time where production of proteins in leaf tissues of nonfood crops such as Nicotiana species is consid-
ered a viable alternative. In particular, transient expression systems derived from recombinant plant viral 
vectors offer opportunities for rapid expression screening, construct optimization, and expression scale-
up. Extraction of recombinant proteins from Nicotiana leaf tissues can be achieved by collection of 
secreted protein fractions, or from a total protein extract after grinding the leaves with buffer. After 
separation from solids, the major purification challenge is contamination with elements of the photosyn-
thetic complex, which can be solved by application of a variety of facile and proven strategies. In conclu-
sion, the technologies required for safe, efficient, scalable manufacture of recombinant proteins in 
Nicotiana leaf tissues have matured to the point where several products have already been tested in 
phase I clinical trials and will soon be followed by a rich pipeline of recombinant vaccines, microbicides, 
and therapeutic proteins.

Key words: Nicotiana benthamiana, Recombinant protein expression, Transient expression, 
Molecular farming, Plant-made pharmaceutical

Since the ability to genetically engineer plants was established in 
the early 1980s (1), researchers have endeavored to utilize plant-
produced proteins for a variety of applications, including the pro-
duction of recombinant pharmaceutical proteins. The potential 
advantages of using plant-based expression systems include the 
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ability to produce complex proteins that require posttranslational 
modifications, excluding the possibility of introducing human 
pathogens during the manufacturing process, and the ability to 
scale up production efficiently and cost-effectively (2–6). The 
field of plant-made pharmaceuticals (PMPs) has steadily evolved 
since the expression of a functional mouse IgG in tobacco was 
published in 1989 (7) to the point where several plant-produced 
proteins have been used in clinical trials (8–10). Having several 
PMP therapeutics in advanced clinical trials is a major break-
through and has initiated more focused efforts on developing a 
regulatory process for approving plant-made biologics (11).

A number of plant-based expression systems have been devel-
oped to express recombinant proteins. These expression systems 
include plant cell cultures and intact plants, and the use of both 
stable transformation and transient expression systems (12). 
Plant cell culture systems derived from plants that have been 
used to produce biopharmaceuticals include tobacco, tomato, 
soybean, rice, carrot cells, and Arabidopsis thaliana (13–15). 
Other cell-based systems include algae and moss bioreactors 
(16–18). Advantages that cell-based systems may provide com-
pared to whole plants include the ability to produce proteins 
under more controlled conditions, which is important for good 
manufacturing practice (GMP) protein production, shorter turn-
around times for production runs, and in some cases, protein 
purification can be less expensive due to streamlined downstream 
processing (15, 16).

A wide variety of plant species have been tested for their abil-
ity to produce recombinant pharmaceutical proteins, including 
Nicotiana species, safflower, tomato, potato, soybean, alfalfa, 
spinach, A. thaliana, maize, and rice (4, 12). The major strategies 
for expressing proteins in whole plants are transient expression 
with viral vectors and stable transformation where transgenes are 
targeted to either the nuclear or chloroplast genome (3, 12,  
19–23). Stable transformation offers the advantage that it is scal-
able to large field production methods. However, this can be off-
set in some cases by the lower expression level often obtained in 
transgenic plants compared to transient expression and the length 
of time required to create transgenic lines that have high expres-
sion levels that are stable across multiple generations.

Nicotiana species have long been model systems in plant 
biology and became particularly prominent as the field of plant 
molecular biology and plant transformation began. Nicotiana 
benthamiana, in particular, has been a workhorse for studies of 
plant–virus interactions due to its susceptibility to a wide variety 
of viruses and ease of use in laboratory settings (24). Based on the 
detailed understanding of viral replication and protein expression 
obtained from decades of research from many groups, transient 
expression using viral vectors has become a major strategy for 
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expressing proteins in plants, with the majority of current efforts 
focused on N. benthamiana and tobacco mosaic virus (TMV)-
based vector systems (19, 20, 25, 26). Transient expression in 
N. benthamiana offers the advantages of high expression levels, 
relatively short production times of days to several weeks, and 
ease of use in controlled growth conditions where optimal param-
eters for biomass production under GMP can be obtained. In 
addition, since N. benthamiana is not a food crop, there is less 
concern about contaminating food supplies. A limitation of the 
infectious TMV vector systems is that the expression of proteins 
larger than 50 kDa becomes difficult. This has been largely solved 
with the introduction of “deconstructed” viral vectors that can be 
delivered to plant cells by Agrobacterium tumefaciens, resulting in 
high level expression of larger proteins (20, 27).

A number of different recombinant proteins have been 
expressed in these various plant systems including numerous anti-
gens for vaccine production, hormones, growth factors, blood 
proteins, cytokines, enzymes, and antibodies (2–4, 28, 29). In 
many cases, these proteins retained biological activity, and at least, 
a few were expressed at levels sufficient to support commercial 
production (30). As has been observed in all prokaryotic and 
eukaryotic expression systems, there is significant variability in 
plant expression levels of specific proteins and not all proteins 
express well in plants. Moreover, within the arena of plant-based 
expression, a given protein may express much better in one sys-
tem versus another (12). However, one clear conclusion that can 
be drawn from these studies is that plant-based expression is a 
viable alternative for the production of some pharmaceutical pro-
teins. It is very likely that within the next several years the first 
plant-produced therapeutic protein will be approved and made 
available to patients. This milestone will usher in a new wave of 
development in PMP research and help drive further improve-
ments in plant-based expression technologies and downstream 
processing of plant-derived proteins.

Nuclear genome transformation: Historically, transgenic plants 
obtained via nuclear genome transformation have been most 
widely used for the expression of recombinant proteins. Nuclear 
genome transformation of Nicotiana plants is easily accomplished 
by methods exploiting A. tumefaciens. A specific tissue culture 
procedure for this purpose has been well established, which usu-
ally takes about 3 months (31). Once transformants are estab-
lished, the transferred gene is stably maintained and inherited as 
part of the plant chromosome in a Mendelian fashion. However, 

2. Protein 
Expression 
Methods in 
Nicotiana Species: 
Historical 
Overview and 
Progress

2.1. Stable Expression 
Systems
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varying degrees of target gene expression are commonly observed 
for different transgenic lines (e.g., see (32)). This is due to random 
transgene integration into the chromosome in Agrobacterium-
mediated transformation and is commonly referred to as “position 
effect.” Therefore, screening multiple transgenic lines (a few 
dozen or more) is necessary to identify good expressors. Such 
interline expression variance can also occur within different prog-
enies from the same parental line albeit with stable transgene 
heredity. While homozygous lines may show higher expression 
than heterozygous plants (33), suppressed expression is often 
observed due to transgene silencing (34). Furthermore, even 
within the same plant, there can be considerable degrees of diver-
sity in transgene expression levels, depending on growth stage 
and physiological conditions; typically, young and growing tissue 
expresses higher levels of recombinant proteins. Therefore, even 
though the transgene stably exists in the system, the reality is that 
careful monitoring of expression along with good agricultural 
practice is essential to obtain a sustainable supply of the protein of 
interest. Typical expression levels in nuclear genome transfor-
mants usually do not exceed 1–2% of total proteins in leaf tissue 
(less than 100 mg/kg of fresh biomass) and are largely dependent 
on the transgene construct (promoter, 5¢ and 3¢ untranslated 
regions (UTRs), transcript stability, codon usage, etc.) and the 
nature of expressed proteins (size, solubility, stability, toxicity, 
accumulation sites, etc.).

Transplastomic plants: The plastid genome can also be trans-
formed via biolistic transgene delivery, generating a different type 
of transgenic plants called “transplastomic” plants (35). Although 
the procedure to develop transplastomic Nicotiana plants is not 
as straightforward as Agrobacterium-mediated nuclear genome 
transformation, as it takes 7–12 months (36), chloroplasts have 
been shown to be capable of expressing very high levels of recom-
binant proteins, often reaching an order of magnitude higher 
than those obtained with best expressors via nuclear transforma-
tion (23). The advantages of plastid-based recombinant protein 
expression are multifold. These include the high ploidy of the 
organelle, lack of gene silencing, and the availability of site-
directed transgene integration through homologous recombina-
tion. These features provide higher, more controlled, and uniform 
transgene expression than conventional transgenic plants based 
on nuclear transformation. Concurrent expression of multiple 
genes can be readily achieved by utilizing polycistronic operons 
(37–39). Furthermore, environmental concerns are alleviated by 
the strict maternal inheritance of the plastid in most species, 
including Nicotiana plants (23); thus, transgenes will not dis-
seminate into nearby plants through pollen outflow.

While many of the unique advantages of protein expression in 
this organelle listed above are associated with the prokaryotic 
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nature of plastids, the same is also true for the system’s shortcomings. 
Among the major limitations is the plastid’s inability to perform 
posttranslational modifications such as N-glycosylation, which 
plays important roles in the bioactivity and pharmacokinetics of 
many therapeutic proteins, including monoclonal antibodies (40).

Plant cell/tissue culture: Transgenic cell and tissue cultures 
derived from Nicotiana plants have also been explored as plat-
forms for recombinant protein expression (41). Historically, plant 
cells and hairy roots have been developed for the production of 
various plant secondary metabolites, including food additives, 
nutraceuticals, and pharmaceuticals (42, 43). For cell culture-
based recombinant protein production, tobacco-derived Bright 
Yellow-2 (BY-2) and Nicotiana tabacum-1 (NT-1) cells are fre-
quently chosen for protein expression due to well-established 
transformation and propagation procedures and favorable growth 
characteristics (13).

Meanwhile, hairy root culture represents a type of tissue culture-
based protein expression (44, 45). Neoplastic, clonally expanding 
roots are readily developed by transformation of preestablished 
transgenic plants expressing a protein of interest with 
Agrobacterium rhizogenes. The advantages of these in vitro systems 
over whole-plant systems are mainly attributed to their greater 
amenability to controlled production conditioning for consistent 
product quality and yield, similar to that obtained in microbial 
fermentations and mammalian cell culture systems. From a prod-
uct development standpoint, such features might make regula-
tory approval easier to obtain for plant culture systems than 
whole-plant systems. Indeed, the world’s first licensed, plant-
made protein pharmaceutical is a vaccine antigen for poultry 
Newcastle disease expressed in tobacco cell culture; the first prod-
uct for human use will likely be glucocerebrosidase, which is pro-
duced in carrot suspension cells for Gaucher’s disease (46). 
However, tight regulation in a closed system in turn limits pro-
duction scalability, which is one of the most attractive advantages 
of whole-plant-based systems. Obvious challenges for plant cul-
ture systems would, therefore, be the efficiencies of protein 
expression and recovery. In this context, a critical factor deter-
mining the feasibility of the culture systems would be whether the 
protein of interest can be efficiently secreted in culture medium 
or not because this will significantly impact the complexity and 
cost of downstream processing (41).

Each of the above transgenic-based expression systems has its 
own unique advantages. Nevertheless, transgenic approaches 
require long development times, which have been a major bottle-
neck not only for their progress but also for technical improve-
ments. As a result, a general concept for plant-based protein 
expression has been “low and slow,” a few successful cases aside. 

2.2. Transient 
Expression Systems
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Meanwhile, the recent advent of highly efficient transient expression 
systems has completely changed the concept and revolutionized 
plant-made pharmaceutical research.

Whole recombinant virus-based expression: Transient expression 
of recombinant proteins in Nicotiana plants is currently performed 
by the use of engineered infectious plant viruses or Agrobacterium-
mediated DNA transfer (agroinfiltration). Over the last decade, 
many plant virus vectors have been engineered for the expression 
of foreign proteins in Nicotiana plants. Most of these are based on 
RNA viruses such as tobacco mosaic virus (TMV) and potato 
virus X (PVX) (19). The first generation plant virus vectors uti-
lize infection-competent viruses, represented by the modified 
TMV-based Geneware® system (Kentucky BioProcessing, LLC, 
Owensboro, KY). In essence, such a vector is comprised of the 
viral cDNA harboring a gene of interest either as a fusion to viral 
coat proteins (CPs), mainly for epitope presentation as vaccine 
antigen (47), or placed downstream of an additional subgenomic 
promoter (19, 48). Viruses are inoculated into the leaf initially as 
infectious RNA, which is created from the vector either through 
in  vitro transcription or agroinfiltration followed by in planta 
transcription (48). Thus, the protein of interest is coexpressed 
along with systemic viral spread and replication, with maximal 
expression usually obtained within 2–3  weeks postinfection.  
A recent notable example of recombinant proteins expressed by 
infectious virus-based systems is the antiviral lectin Griffithsin. 
Using the Geneware® system, functional Griffithsin was expressed 
in N. benthamiana at a very high level, reaching as high as 5 g of 
the protein per kg of leaf biomass (30). Such high levels of expres-
sion with this type of virus vectors are, however, usually limited to 
small proteins whose coding sequences are less than 1.5 kb. This 
is due to the increased genetic instability of recombinant viruses 
carrying a larger foreign sequence (20, 49). Despite this limita-
tion, this method offers a viable option for the mass production of 
small proteins such as antiviral lectins and monoclonal antibody 
single-chain variable fragments (scFvs).

Deconstructed virus-based expression: A major breakthrough in 
viral expression strategies was facilitated by the recent advent of 
deconstructed virus vectors, originally reported for the TMV-
based magnICON® system, developed by ICON Genetics GmbH 
(Halle, Germany) (50). The essence of improvements in this sys-
tem from the first generation viral vectors are: (1) deletion of the 
viral CP gene to enhance the stability and size compatibility of a 
transgene, (2) viral cDNA modifications facilitating in planta 
RNA replicon recovery upon Agrobacterium-mediated DNA 
transfer, and (3) efficient whole-plant vector delivery by vacuum-
based agroinfiltration (“magnifection”) to compensate for defec-
tive systemic movement due to CP deletion (27, 51). These 
improvements allowed the uniform and high-level (gram per kg 
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biomass) expression of larger proteins in N. benthamiana plants 
within 10  days. ICON Genetics further developed a similar 
deconstructed viral vector system based on PVX. Taking advan-
tage of the fact that TMV and PVX do not compete during 
replication, fully assembled immunoglobulin (Ig)G molecules 
were expressed at up to 0.5 g per kg of leaf by codelivering decon-
structed TMV and PVX vectors (each encoding a gene for Ab 
heavy or light chains) (52). This technology may provide the 
most rapid means among all currently available recombinant 
expression systems for the production of full length monoclonal 
antibodies from genes in various production scales ranging from 
bench to commercialization (53). A potential limitation of the 
magnifection method is that it is technically challenging to 
scale up; however, this impediment has recently been solved by 
development of a robotic magnifection system by Kentucky 
BioProcessing, LLC.

Nonviral vector-based expression: Agroinfiltration with con-
ventional nonviral binary vectors, on the other hand, had been 
primarily used for analytical purposes before constructing trans-
genic plants (e.g., see (54)). However, progress made in recent 
years now allows even these vectors to express proteins at higher 
levels with agroinfiltration compared to transgenic plants. One of 
the key factors for high expression with agroinfiltration-delivered 
nonviral vectors appears to be the coexpression of a posttranscrip-
tional gene silencing (PTGS) inhibitor such as tomato busy stunt 
virus-derived p19 and potyviral helper component proteinase 
(HC-Pro) (55–60). Other important factors of successful 
Agrobacterium-based transient expression include the strain of 
Agrobacterium, density of the bacteria, infiltration media, infiltra-
tion condition, and the plant’s physiological condition (61, 62), 
along with vector and transgene design. Detailed protocols of 
agroinfiltration-based protein expression have been recently pub-
lished (63, 64). A notable example of agroinfiltration-based non-
viral transient protein expression can be seen in a recent report by 
Vezina et al. (55). Up to 1.5 g of full-size, assembled IgG was 
expressed in 1 kg of N. benthamiana leaf in 4–6 days by coex-
pressing the heavy and light chains, HC-Pro, and a chimeric 
human b1,4-galactosyltransferase (GT) by infiltrating a mixture 
of four Agrobacterium strains, each delivering either of four con-
structs. Notably, GT coexpression led to not only the addition of 
the terminal b1,4-galactose residue but also the efficient reduc-
tion of the plant-specific glycotope structure (a1,3-fucose and 
b1,2-xylose) on the IgG N-glycans, making them more “human-
like” (55). Very recently, a series of new highly efficient agroinfil-
tration expression vectors (pEAQ vectors) has been constructed 
based on a conventional binary vector containing cauliflower 
mosaic virus 35S promoter, and modified 5¢-UTR and the  
3¢-UTR from Cowpea mosaic virus RNA-2 within the T-DNA 
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region (65). These vectors were shown to express multiple 
polypeptides along with P19 from a single plasmid at a high level 
within a few days.

As exemplified above, agroinfiltration currently provides a 
key technique for efficient transient expression of recombinant 
proteins in Nicotiana plants. The above-mentioned magnifection 
method allows simple scale-up of protein production based on 
these transient systems even to a commercial scale. In theory, 
grams of recombinant proteins can be obtained within the short-
est period of time (days) among all currently available recombi-
nant production systems (53). Such a rapid turnaround from 
DNA to product may provide a powerful tool for those proteins 
that need to be produced in a very short time, such as influenza 
vaccines, biodefense agents, and individualized cancer vaccines 
(20). Combined with other unique advantages of plant expres-
sion systems (i.e., cost-effectiveness, safety, eukaryotic protein 
modification), transient plant expression can now offer a robust 
and efficient method to produce valuable proteins.

Given all the marked progress in transient expression systems 
illustrated above, the main stream of recombinant protein expres-
sion in Nicotiana plants has almost entirely moved away from 
constructing transgenic plants. However, transgenic plants still 
provide important resources to recombinant protein production. 
One particularly important application would be the engineering 
of expression hosts, thereby providing optimal features for pro-
tein production in terms of quantity and quality.

There is no perfect biological system for recombinant protein 
expression. In other expression systems available today, it has 
been a common practice to engineer hosts for optimal protein 
production, along with expression vector design (66–69). Efforts 
in this regard have just begun in the field of plant-based protein 
expression. Below are some of the plant-host factors targeted for 
improvement to enable improved protein expression.

Host species: An ideal host should support high-level foreign 
protein expression while providing large biomass with easy and 
rapid growth profiles in both the greenhouse and field. Currently, 
N. benthamiana is used as a primary host for recombinant virus 
and agroinfiltration-based transient expression. The plant exhib-
its high susceptibility to many plant pathogens (24), which may 
be contributing to efficient expression with transient systems. 
However, N. benthamiana has a relatively small biomass and 
does not grow well in the field compared to other Nicotiana 
species. Large Scale Biology Company created a hybrid line 
between Nicotiana excelsior and N. benthamiana (N. excelsi-
ana), which was shown to support high-level expression with 
the Geneware® system while maintaining good field growth 
properties (47, 70). Sheludko et  al. recently tested several 
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Nicotiana species (N. benthamiana, Nicotiana debneyi, N. excelsior, 
Nicotiana exigua, Nicotiana maritima, and Nicotiana simulans) 
for Agrobacterium-mediated transient expression of a model 
protein, i.e., green fluorescent protein (GFP) with the magnI-
CON® deconstructed TMV vector and a nonviral construct 
based on cauliflower mosaic virus 35S promoter (71). The 
authors concluded that N. excelsior has the best characteristics in 
terms of biomass and GFP accumulation level for both types of 
the expression vectors.

PTGS: Transgene-specific PTGS often leads to poor expres-
sion in plants. As described above, coexpression of a PTGS inhibi-
tor often improves levels of protein expression. Creating a host 
line expressing such an inhibitor would theoretically circumvent 
the need of codelivering vectors for the PTGS inhibitor and a 
target protein upon transient protein expression. However, P19-
expressing transgenic plants exhibit altered morphology because 
PTGS is actively involved in plant development (72, 73). A poten-
tial solution may be the control of PTGS inhibitor expression, for 
example, by the use of an inducible promoter (74).

Glycosylation: As described above, glycans often found on 
human endogenous bioactive proteins have important roles in 
their bioactivities and pharmacokinetics, constituting an impor-
tant factor for their recombinant production in heterologous 
hosts. For example, in the case of N-glycans on the Fc fragment 
of IgG, the presence and absence of terminal sugars such as sialic 
acid, core fucose, bisecting N-acetylglucosamine, and mannose 
residues impact the longevity and effector functions such as 
complement-dependent cytotoxicity and Ab-dependent cell-mediated 
cytotoxicity (75). Glycoengineering is therefore a major focus of 
protein expression systems with virtually all organisms, as none of 
the currently available systems (including mammalian cells) can 
provide a uniform glycoform that is completely human-like that 
possesses desirable biological properties (40). For plant-expressed 
therapeutic proteins, a concern has been the presence of the plant-
specific a1,3-fucose and b1,2-xylose structure and the lack of 
terminal b1,4-galactose and sialic acid on complex N-glycans 
(76). In particular, the plant-specific glycan structure can be 
immunogenic and reduce bioavailability upon human use 
(77,  78). Thus, many efforts have been centered on reducing 
plant-specific glycotopes by targeting a1,3-fucosyltransferase 
(FT) and b1,2-xylosyltransferase (XT) and further humanizing by 
adding the terminal b1,4-galactose via expressing GT (76). 
Recently, Strasser et  al. have used RNA interference (RNAi) 
technology to construct transgenic N. benthamiana that pos-
sesses downregulated FT and XT activities (DFT/XT). A mono-
clonal antibody transiently expressed in this plant with a nonviral 
expression vector via agroinfiltration was shown to contain an 
almost homogeneous N-glycan without detectable b1,2-xylose 
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and a1,3-fucose residues (79). More recently, the same group has 
overexpressed GT in the DFT/XT either stably (via nuclear 
genome transformation) or transiently (via agroinfiltration). 
A monoclonal antibody expressed in these plants was shown to 
contain terminal b1,4-galactose and lack b1,2-xylose and a1, 
3-fucose residues in the N-glycan structure (80).

Other plant-derived factors influencing protein production: 
Plants contain numerous endogenous factors (e.g., phenolics and 
proteases) that potentially affect the yields, homogeneity, and 
quality of recombinant proteins before or after extraction (81). 
Particularly, proteolysis often accounts for low expression and 
recovery of recombinant proteins. As has been done with E. coli 
and yeast (66, 82, 83), constructing protease-deficient or protease-
deactivated hosts might be a potential approach to this issue. 
A built-in protease inhibitor system was reported with transgenic 
potato plants constitutively expressing tomato cathepsin D inhib-
itor or bovine aprotinin, which was shown to stabilize a foreign 
protein (neomycin phosphotransferase II) in leaf tissue (84). 
Protease activity might be downregulated by RNAi. However, 
such approaches may not be as simple as would be in monocel-
lular organisms like E. coli and yeast, given the higher complexity 
of proteases and their roles in plant development, growth, and 
homeostasis (81). Alternatively, protease inhibitors or silencing 
constructs may be coexpressed with the protein of interest using 
transient expression methods described above. Such a strategy has 
been proposed (85). Other possible targets of host engineering 
for enhanced protein expression may be the coexpression of 
molecular chaperones (21, 86). These would thereby promote 
correct protein folding and help avoid the stress response associ-
ated with misfolded protein accumulation (87).

As described above, significant progress has been made over the 
last few years with respect to in planta expression vectors and 
methodologies. Plant expression technologies have reached a 
point where many proteins can be expressed at levels within days 
that approach ~5 g/kg leaf biomass. With such robust expression 
vectors becoming available, researchers will soon only need to 
clone a gene of interest into an appropriate expression vector and 
follow established procedures to obtain complex bioactive pro-
teins of interest. However, even with the cutting-edge expression 
vectors, high-level expression is not guaranteed for all proteins, as 
is the case with any recombinant expression system. Protein 
expression levels would be reflected not only by transcription effi-
ciency but also by transcript stability, translation efficiency as well 
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as protein stability. The nature of a transgene can have a significant 
impact on transcript stability and translation efficiency. Meanwhile, 
poor expression may be due to the protein’s high susceptibility to 
proteolysis, potential toxicity, or physiological incompatibility 
with plant cells. Last but not the least, there are important factors 
to consider for the extraction and purification of proteins expressed 
in plants. These are discussed in this section.

Recombinant protein expression in heterologous hosts is often 
inefficient due to nonoptimal transgene construction, which 
could compromise mRNA stability and/or protein translation 
efficiency (66, 88). Given the current availability of quick and 
cost-effective gene synthesis services, it is preferable whenever 
possible to redesign the entire coding sequence to maximize the 
likelihood of high protein expression. Several companies offer 
gene synthesis services using proprietary algorithms to optimize 
the factors described below toward efficient transgene expression 
in a given organism.

One of the most important factors is codon usage. Different 
organisms tend to have a particular preference for one or a small 
set of many synonymous codons for a given amino acid (89). 
Codon usage reflects the availability of cognate amino-acylated 
tRNAs and thus can correlate with translation efficiency (89, 
90). Codon frequencies in Nicotiana plants can be found at 
h t tp ://www.kazusa .or. jp/codon/cg i -b in/spsear ch .
cgi?species=nicotiana&c=i. For example, among the four alanine 
codons, GCG occurs at the lowest frequency (9%) in N. bentha-
miana, according to the database, and is therefore considered 
“nonpreferred.” Avoiding such rare codons would be theoreti-
cally important for codon optimization. However, a caveat for 
codon optimization across the whole coding sequence is that 
rare codons at certain positions may play an important role in 
proper protein folding by regulating local translational efficiency 
(91–93).

Meanwhile, it is well known that the sequence surrounding 
the AUG start codon constitutes an important factor in the con-
trol of mRNA translation efficiency in eukaryotes. In addition to 
the plant-specific Kozak-like consensus sequence (94, 95), the 
sequence and secondary structure downstream of the initiation 
codon may also influence the transcript’s translational efficiency 
and stability (91, 96–98). Removing potential mRNA modifica-
tion sequences constitutes another factor for consideration toward 
transcript stability. For example, bacterial genes tend to be 
AT-rich, whereas many plant genes have a higher GC content 
(88). AT-rich sequences may contain potential polyadenylation 
signals such as AATAAA and RNA destabilizing elements such as 
ATTTA (88). These could lead to poor accumulation of intact 
transcripts upon expression in plant cells, although they are not 

3.1. Transgene Design
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always functionally active (91). Information about some of these 
cryptic sequences is available (88). Usually, codon optimization 
helps remove many of such cryptic sites. However, the list is not 
comprehensive, and unidentified deleterious sequences may still 
exist, thus requiring a detailed analysis if transcript quality is sus-
pected for poor protein expression. Finally, mRNA’s secondary 
structure may also need attention in terms of a potential target for 
silencing (99); however, this may be addressed by the coexpres-
sion of a silencing inhibitor.

Poor in planta protein accumulation due to stability or toxicity 
issues can be sometimes addressed by targeting to a specific 
organelle such as the apoplast, endoplasmic reticulum (ER), 
chloroplast, or vacuole through specific signal peptides attached 
to the protein of interest. Detailed discussion on the effects of 
subcellular targeting is provided in recent review articles (100, 
101). Each cellular compartment has a different influence on the 
folding, assembly, posttranscriptional modification, and metabo-
lism for proteins. Therefore, an optimal accumulation site for a 
given protein has to be determined experimentally. However, 
proteins that require special posttranslational modification such 
as glycosylation must be targeted to the endomembrane systems, 
thus limiting potential options. For such proteins, the ER has 
been shown to be able to support higher accumulation levels 
(100, 101), although targeting expression to this cellular com-
partment will limit N-glycosylation primarily to high-mannose 
types (e.g., (32)).

In conventional recombinant protein expression systems, a 
wide range of translational fusion partners has been developed to 
enhance expression, solubility, and stability of the passenger pro-
tein (66). Although not yet extensively investigated, such a strat-
egy may also improve the protein accumulation in plants.  
A unique approach has been recently proposed, in which a recom-
binant protein is designed to be accumulated within a highly sta-
ble ER-derived protein body in leaf tissue by fusing a unique 
sequence repeat of elastin-like polypeptides (102) or a sequence 
derived from prolamin seed storage proteins (103, 104). A poten-
tial challenge for these fusion strategies is the requirement for the 
cleavage of the fusion partner upon purification, which could sig-
nificantly increase the downstream processing costs.

Extraction of recombinant proteins from Nicotiana leaves poses 
a number of challenges that originate in the physical and bio-
chemical environment of the leaf. Plant cell walls and extensive 
endomembrane structures provide the first purification chal-
lenge. They encapsulate a cytoplasm rich in alkaloids and poly-
phenolic compounds such as flavonoids and tannins, and a wide 
array of protease activities that can complicate downstream 
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purification of the desired recombinant protein products. 
Obviously, the level of accumulation of the protein of interest is 
critically important, with higher accumulation levels reducing 
the purification burden.

Several groups have explored methods that avoid disruption 
of the cellular structure to harvest the secreted proteome that 
contains the target protein. Julian Ma and colleagues have recently 
described methods for recovery of monoclonal antibodies and an 
antiviral lectin (cyanovirin-N) from root exudates of plants grown 
hydroponically (105). This approach has significant appeal, since 
it allows continuous production and harvest from live plants, and 
given that the complexity of the root exudate proteome is low, a 
protein that is expressed at relatively high levels could be purified 
by conventional filtration and chromatography methods with 
relative ease.

Proteins that are targeted into the secretory pathway in 
Nicotiana leaves usually accumulate in an appropriately folded 
form in the interstitial space between plant cells. The soluble 
protein complement in the interstitial space is comparatively 
simple, and the secreted recombinant protein can be one of the 
most abundant proteins present (e.g., see (10, 106–108)). 
Extraction of the protein component of the interstitial space 
relies on gentle treatment of the leaf material to limit cell break-
age: intact leaves are harvested from plants expressing the 
secreted recombinant protein of interest and infiltrated with 
extraction buffer under vacuum. The secreted proteome, hope-
fully including the recombinant protein, is then recovered in the 
interstitial fluid (IF) by centrifugation under low gravitational 
forces that limit tissue damage. This method has been used to 
recover a wide array of secreted proteins from Nicotiana leaf tis-
sues, from small proteins such as scFvs, lysozyme, and aprotinin, 
through molecules as large as monoclonal antibodies. Key exam-
ples are published by McCormick et al. (10, 106, 107) and by 
Du et al. (108). In our experience, the target protein may repre-
sent at least 10% and frequently more than half of the secreted 
protein component recovered from the IF extract, greatly reduc-
ing the purification burden and facilitating purification by con-
ventional affinity, ion exchange, or hydrophobic interaction 
chromatography methods. The methods that describe the IF 
purification procedure are described in the United States Patent 
literature in several US Patents entitled “Method for recovering 
proteins from interstitial fluid of plant tissues”; these are avail-
able at http://www.uspto.gov. Kentucky Bioprocessing LLC 
has invented an apparatus that is capable of processing multiki-
logram amounts of Nicotiana leaf tissue for recovery of secreted 
proteins, which facilitates the IF process at industrial scale (see 
US Patent 6,284,875 entitled “Centrifuge for extracting inter-
stitial fluid”).
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For proteins targeted to the cytoplasm or retained in the ER, 
and in instances where IF extraction of secreted proteins is eco-
nomically unfeasible, it is necessary to extract the whole soluble 
protein component. When designing an optimal extraction and 
purification strategy of a target recombinant protein, it is impor-
tant to investigate as thoroughly as possible the biochemical and 
biophysical properties of the native protein. Answers to questions 
such as (1) what is the protein’s isoelectric point (pI), (2) does it 
contain disulphide bonds, (3) does it prefer a certain ionic strength 
and pH of buffer to maintain solubility, and (4) does it tolerate 
heat will help guide the design of the initial extraction process. 
Some general rules about plant protein extraction should be con-
sidered. In the first instance, plant cells are replete with proteases 
and phenolics that will hamper downstream purification and prod-
uct quality if not addressed early in the extraction procedure. It is 
generally unhelpful to use reagents that are costly, overly toxic, or 
which present a complicated disposal problem, in the initial labo-
ratory extraction procedure, since this will render the protocol 
difficult to scale-up. The protein extract is derived by grinding leaf 
material with buffer and must be separated from the fibrous mate-
rial by facile filtration processes (at bench scale) or by continuous 
flow centrifugation (at industrial scale). For process scale-up, it is 
important to keep extract volumes as low as possible, so we often 
strive to use buffer to leaf ratios as low as 0.5:1.0, and preferably 
not greater than 1:1. It is also desirable to keep the pH of the 
extraction buffer below 5.0 because the majority of plant proteins 
are insoluble at this pH, in particular the proteins involved in the 
photosynthetic complex such as the large and small subunits of 
RUBISCO, which can be challenging to eliminate during purifica-
tion of the target proteins. Oxidized phenolics and RUBISCO-
associated membranous structures can very rapidly foul filtration 
membranes and chromatography columns, so it is vital that green 
(RUBISCO-associated membranes) and brown (polyphenols) 
color is eliminated from the protein extract. A low pH buffer 
(<5.0) containing a strong reducing agent such as 10 mM sodium 
metabisulphite that will inhibit polyphenol oxidase activity, and 
EDTA to inhibit metalloproteinases is, in our experience, ideal. 
We adjust the initial extract to <pH 5.0 and remove the majority 
of the insoluble proteins (and green pigment) by centrifugation. If 
the target protein tolerates heat, the extract may be heated to 
around 48°C for 10 min to further remove contaminating pro-
teins. In our experience, this procedure, with slight variation in 
buffer concentration, pH, and ionic strength, yields straw-colored 
extracts highly enriched for the target protein, which can subse-
quently be purified using standard protein purification tools.

Of course, there are many proteins that do not tolerate extrac-
tion at acidic pH, or which are susceptible to proteolysis at acidic 
pH. Proteolytic activity can sometimes be reduced by addition of 
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specific inhibitors such as phenylmethylsulfonyl fluoride (PMSF). 
A list of appropriate protease inhibitors is given by Gegenheimer 
(109); once again, it is important to consider issues that might 
limit process scale-up in deciding on appropriate methods to mit-
igate proteolysis. For proteins intolerant of pH below 5.0 where 
the RUBISCO complex is insoluble, elimination of the inevitable 
green pigmentation in the extract is vital. Filtration of the extract 
through a cake of diatomaceous earth or similar material can 
sometimes be helpful; this is a scalable process with precedence 
for use in plant virus purification. When using recombinant plant 
viral expression systems, the plant virus itself frequently becomes 
a major contaminant that can be removed by size exclusion chro-
matography, treatment of the extract with high-molecular-mass 
polyethylene glycol to precipitate the macromolecules, or by fil-
tration. We showed that the TMV coat protein could be very 
efficiently removed from an initial extract by filtration through a 
ceramic membrane (30).

Phospholipids containing the photosynthetic complex can 
sometimes be eliminated by precipitation with the synthetic poly-
cation polyethyleneimine (PEI) (109), a highly branched poly-
mer with a relatively high molecular weight. The plant extract is 
treated with PEI with gentle stirring, followed by centrifugation to 
separate the membranous material from the supernatant fraction 
that contains the target protein. Aqueous two-phase partitioning 
systems methods that employ polyethylene glycol and phosphate 
have been used to impressive effect in separation of monoclonal 
antibodies from contaminating plant proteins (110–112). On 
occasion, we have used the Triton X114 detergent-based phase-
separation technique of Bordier (113) to separate soluble, hydro-
philic proteins of interest from membrane-associated proteins of 
the photosynthetic complex. Clearly, proteins that do not tolerate 
low pH extraction present additional complexities for purification 
from plants, but these issues are not insurmountable. Once the 
protein extract is free of contaminating RUBISCO and polyphe-
nols, the next step is to purify the protein using the standard bat-
tery of filtration and chromatography methods (e.g., size 
exclusion, ion exchange, and hydrophobic interaction chroma-
tography) that are available to protein biochemists. The ease of 
use of immobilized metal affinity chromatography (IMAC) with 
polyhistidine-tagged proteins has made this technique highly 
popular amongst academic groups as well as some industrial play-
ers, and protein A or protein G affinity chromatography remains 
the gold standard for antibody purification by plant biotechnolo-
gists, as it does in industries that use mammalian cell production 
methods. An innovative method that uses affinity nanoparticles 
based on tobamoviruses displaying domains of protein A may 
allow application of a unique plant biotechnology product to 
industrial purifications (114).
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At this point, only a handful of publications show purification 
of recombinant proteins from Nicotiana leaf tissues with suffi-
cient purity, scale, and efficiency to facilitate serious preclinical 
and clinical evaluation, e.g., (10, 30, 106–108), but a number of 
other candidate products are in the pipeline.

The development of plant-based expression systems has begun to 
mature, and there are currently several promising technologies 
available that will support commercial-scale production of recom-
binant proteins in plants. These plant-based expression systems 
provide a robust and economical method to produce recombi-
nant proteins for use as therapeutics, diagnostic reagents, and 
industrial enzymes. In addition, plant-based systems have been 
shown to be particularly attractive for producing complex pro-
teins such as antibodies that are often difficult to produce in other 
expression systems. With an increased focus on engineering host 
plants to improve protein expression levels and biological activity, 
and the further development of robust downstream processing 
methods, it is likely that plant-based expression will become more 
prominent over the coming years and become a valuable tool in 
the production of biopharmaceuticals.
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Chapter 12

Chromosome Analysis and Sorting Using Flow Cytometry

Jaroslav Doležel, Marie Kubaláková, Jarmila íhalíková,  
Pavla Suchánková, and Hana Šimková 

Abstract

Chromosome analysis and sorting using flow cytometry (flow cytogenetics) is an attractive tool for 
fractionating plant genomes to small parts. The reduction of complexity greatly simplifies genetics and 
genomics in plant species with large genomes. However, as flow cytometry requires liquid suspensions of 
particles, the lack of suitable protocols for preparation of solutions of intact chromosomes delayed the 
application of flow cytogenetics in plants. This chapter outlines a high-yielding procedure for preparation 
of solutions of intact mitotic chromosomes from root tips of young seedlings and for their analysis using 
flow cytometry and sorting. Root tips accumulated at metaphase are mildly fixed with formaldehyde, and 
solutions of intact chromosomes are prepared by mechanical homogenization. The advantages of the 
present approach include the use of seedlings, which are easy to handle, and the karyological stability of 
root meristems, which can be induced to high degree of metaphase synchrony. Chromosomes isolated 
according to this protocol have well-preserved morphology, withstand shearing forces during sorting, 
and their DNA is intact and suitable for a range of applications.

Key words:  Accumulation of metaphases, Cell cycle synchrony, Cytogenetics stocks, Flow karyo-
type, Hydroponics, Fluorescence in situ hybridization, Mitotic synchrony, Plant chromosome 
isolation, Plant flow cytogenetics, Root-tip meristem

The analysis of chromosomes using flow cytometry differs from 
microscopic techniques as the chromosomes are not attached to a 
firm surface, but are analyzed during their passage in a narrow 
stream of liquid. The chromosomes move in a single file, interact 
individually with a beam of excitation light, and can be classified 
according to light scatter and emitted fluorescence. As the liquid 
stream moves at high speed, large populations of chromosomes 
can be analyzed in a short time. The results are usually displayed 

1. Introduction
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as histograms of relative fluorescence intensity, called flow karyotypes. 
If the chromosomes in a species differ enough in size, each of them 
is represented by a single peak on a flow karyotype. Any change in 
relative frequency of a chromosome in the population will be 
reflected by a change in relative peak area while a change in chromo-
some size will result in altered peak position. Individual chromosomes 
may be purified by breaking the liquid stream into droplets and 
deflecting electrically charged droplets containing chromosomes of 
interest by a passage through an electrostatic field.

Flow cytometric chromosome analysis and sorting (flow 
cytogenetics) was originally developed for Chinese hamster and 
human, and subsequently for a variety of animal species (1–5). 
As the preparation of suspensions of meiotic chromosomes is 
not practical, only mitotic chromosomes have been used. While 
the early hopes for automatic detection of structural and numer-
ical chromosome changes (6) were not met, the ability to dissect 
complex genomes of human and other animals to small parts by 
chromosome sorting greatly facilitated their genetics and 
genomics. Important uses included physical mapping (7), con-
struction of chromosome-specific DNA libraries (8, 9), and 
development chromosome painting probes (10). More recently, 
next-generation sequencing methods were used with flow-
sorted chromosomes to detect SNPs and map translocation 
breakpoints (11, 12).

In plants, the application of flow cytogenetics was delayed 
mainly due to difficulties in preparation of solutions of intact 
chromosomes (13, 14). In 1992, Doležel et al. (15) developed a 
procedure, which involves mechanical release of chromosomes 
from synchronized root tips of seedlings. To date, it has been 
developed for eight plant species, which include major legumes 
and cereals. The use of root tips for chromosome isolation offers 
several advantages over other systems: seedlings are easy to han-
dle, root meristems are karyologically stable, and can be synchro-
nized to obtain high proportion of metaphase cells (16–18). 
Other difficulty with the development of plant flow cytogenetics 
concerned discrimination of individual chromosomes. Most plant 
species have similarly sized chromosomes that cannot be resolved 
by analyzing relative DNA content. In human and some animals, 
the resolution of individual chromosomes is facilitated by bivari-
ate analysis after staining with AT- and GC-binding fluoro-
chromes. However, this approach does not improve the resolution 
of plant flow karyotypes (19). Thus, various cytogenetics stocks 
with altered chromosome size have been used (18, 20, 21). Flow-
sorted plant chromosomes facilitate the analysis of complex plant 
genomes and their uses included physical mapping using PCR 
(22, 23) and DNA arrays (24), targeted development of molecu-
lar markers (25, 26), construction of chromosome-specific BAC 
libraries (27, 28), and next-generation sequencing (29).
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	 1.	Viable and healthy seeds. The quantity of seed needed depends 
on the number of chromosomes to be analyzed and sorted.

	 2.	Hoagland’s nutrient solution. Prepare solutions A, B, and C 
and stock solution as follows:
(a)	 Solution A: 280  mg H3BO3 (45  mM), 340  mg 

MnSO4 ⋅ H2O (20 mM), 10 mg CuSO4 ⋅ 5 H2O (0.4 mM), 
22  mg ZnSO4 ⋅ 7H2O (0.8  mM), and 10  mg 
(NH4)6Mo7O24 ⋅ 4H2O (0.08 mM) in 100 ml deionized 
H2O (final volume). Store at 4°C.

(b)	 Solution B: 0.5 ml concentrated H2SO4 (0.05 mM) in 
100 ml deionized H2O (final volume). Store at 4°C.

(c)	 Solution C: dissolve in 400 ml deionized H2O 3.36 g 
Na2EDTA (18 mM) and 2.79 g FeSO4 (20 mM). Heat 
the solution to 70°C while stirring until the color turns 
yellow-brown. Cool down, adjust the volume to 500 ml, 
and store at 4°C.

(d)	 Hoagland’s stock solution (10×): 4.7 g Ca(NO3)2⋅4H2O 
(40 mM), 2.6 g MgSO4⋅7H2O (20 mM), 3.3 g KNO3 
(65 mM), 0.6 g NH4H2PO4 (10 mM), 5 ml solution A, 
and 0.5 ml solution B in 500 ml deionized H2O (final 
volume). Store at 4°C.

(e)	 Hoagland’s nutrient solution (1×): 100 ml Hoagland’s 
stock solution (10×) and 5 ml solution C in 1,000 ml 
deionized H2O (final volume). Prepare just before use.

	 3.	Hydroxyurea treatment solution: dissolve in 800  ml 
Hoagland’s nutrient solution hydroxyurea (H8627, Sigma–
Aldrich, Prague, Czech Republic) (Table  1). Prepare the 
solution just before use (see Note 1).

	 4.	Amiprophos methyl treatment solution. Prepare the stock 
solution and treatment solutions as follows:
(a)	 Amiprophos methyl stock solution (20 mM): dissolve in 

10  ml ice-cold acetone 60.86  mg amiprophos methyl 
(A0185.1000, Duchefa Biochemie B.V., Haarlem, The 
Netherlands) and store at −20°C in 1 ml aliquots.

(b)	 Amiprophos methyl treatment solution: add in 800  ml 
deionized H2O amiprophos methyl stock solution (Table 2) 
with the pipette tip immersed in the solution and continuous 
stirring. Prepare the solution just before use (see Note 1).

	 5.	Oryzaline solution. Prepare the stock solution and treatment 
solutions as follows:
(a)	 Oryzaline stock solution (10  mM): dissolve in 25  ml 

acetone 86.59  mg oryzaline (O1318.0001, Duchefa 

2. �Materials

2.1. Cell Cycle 
Synchronization  
and Metaphase 
Accumulation
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Biochemie B.V., Haarlem, The Netherlands) and store at 
−20°C in 1 ml aliquots.

(b)	 Oryzaline treatment solution: add in 800 ml deionized 
H2O oryzaline stock solution (Table 3) with the pipette 
tip immersed in the solution and continuous stirring. 
Prepare the solution just before use (see Note 1).

	 6.	Ice water: add 1.6 kg ice cubes to 1,700 ml deionized water 
in a 3,000 ml glass vase and place in a refrigerator. Prepare 
just before use.

Table 1
Concentrations of hydroxyurea used to synchronize cell 
cycle

Species

Hydroxyurea

Amount dissolved (mg) Final concentration (mM)

Cicer arietinum 76.0 1.25

Hordeum vulgare 121.6 2.0

Pisum sativum 76.0 1.25

Secale cereale 152.0 2.5

Triticum aestivum 121.6 2.0

Triticum durum 76 1.25

Vicia faba 76.0 1.25

Vicia sativa 152.0 2.5

Table 2 
Concentration of amiprophos methyl used to accumulate 
dividing cells in metaphase

Species

Amiprophos methyl

Volume added (ml) Final concentration (mM)

Vicia faba 101.3 2.5

Pisum sativum 405.2 10.0

Hordeum vulgare 101.3 2.5

Zea mays 101.3 2.5

Triticum aestivum 101.3 2.5

Triticum durum 101.3 2.5
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	 1.	Tris buffer: dissolve in 500 ml deionized H2O 0.606 g Tris 
(10  mM), 1.861  g Na2EDTA (10  mM), 2.922  g NaCl 
(100 mM), and adjust pH to 7.5 using 1 N NaOH.

	 2.	Formaldehyde fixative: dissolve in 200  ml deionized H2O 
0.242 g Tris (10 mM), 0.931 g Na2EDTA (10 mM), 1.461 g 
NaCl (100 mM), 250 ml Triton X-100 (0.1%, v/v), and adjust 
pH to 7.5 using 1 N NaOH. Add formaldehyde (Table 4) 
and adjust volume to 250 ml with deionized H2O. Prepare 
just before use.

	 3.	LB01 lysis buffer: dissolve in 200 ml deionized H2O 0.363 g 
Tris (15 mM), 0.149 g Na2EDTA (2 mM), 0.0348 g sper-
mine ⋅ 4HCl (0.5 mM), 1.193 g KCl (80 mM), 0.234 g NaCl 
(20 mM), 200 ml Triton X-100 (0.1%, v/v), and adjust pH to 
9.0 using 1  M NaOH. Filter through a 0.22  mm filter to 
remove small particles. Add 220 ml b-mercaptoethanol and 
mix well. Store at −20°C in 10 ml aliquots.

2.2. Preparation of 
Solutions of Mitotic 
Chromosomes

Table 3 
Concentration of oryzaline used to accumulate dividing 
cells in metaphase

Species

Oryzaline

Volume added (ml) Final concentration (mM)

Cicer arietinum 400 5.0

Vicia sativa 400 5.0

Table 4 
Preparation of formaldehyde fixative

Species

Formaldehyde (see Note 2)

Volume (ml) Final concentration (%, v/v)

Cicer arietinum 13.5 2.0

Hordeum vulgare 13.5 2.0

Pisum sativum 20.0 3.0

Secale cereale 13.5 2.0

Triticum aestivum 13.5 2.0

Triticum durum 13.5 2.0

Vicia faba 27.0 4.0

Vicia sativa 13.5 2.0
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	 4.	LB01 HKS lysis buffer. Prepare the stock solution and treat-
ment solutions as follows:
(a)	 LB01 HKS lysis buffer stock solution (10×): dissolve in 

50 ml deionized H2O 0.606 g Tris (100 mM), 1.86 g 
Na2EDTA (100 mM), 0.174 g spermine ⋅ 4HCl (10 mM) 
0.127 g spermidine ⋅ 3HCl (10 mM), 4.84 g KCl (1.3 M), 
0.585 g NaCl (200 mM), 500 ml Triton X-100 (1% v/v), 
and adjust pH to 9.4 using 1 M NaOH. Store at −20°C 
in 10 ml aliquots.

(b)	 LB01 HKS lysis buffer working solution: Mix 1.5  ml 
LB01 HKS lysis buffer stock solution with 8.5 ml deion-
ized H2O and add 11 ml b-mercaptoethanol. Prepare just 
before use.

	 1.	DAPI stock solution (0.1 mg/ml): dissolve 5 mg DAPI in 
50 ml deionized H2O by stirring for 60 min. Filter through 
a 0.22 mm filter to remove small particles. Store at −20°C in 
0.5 ml aliquots.

	 2.	Sheath fluid: dissolve 1.17 g NaCl in 2,000 ml deionized H2O.

	 1.	P5 buffer: dissolve 30.28 mg Tris (10 mM), 93.2 mg KCl 
(50 mM), 10.17 g MgCl2⋅6H2O (2 mM), and 1.25 g sucrose 
in 25 ml deionized H2O, and adjust pH to 8 using 1 N HCl. 
Store at −20°C in 1 ml aliquots.

	 2.	20× SSC stock solution: dissolve 175.3 g NaCl (3 M) and 
88.2 g Na3C6H5O7 ⋅ 2H2O (300 mM) in 1,000 ml deionized 
H2O (final volume), adjust pH to 7, and sterilize by autoclav-
ing. Store at room temperature.

	 3.	Hybridization mix: 10  ml 100% formamide (40% final), 
1.25  ml 20× SSC (1×), 0.625  ml calf thymus (250  ng/ml), 
labeled probe(s) (1 ng/ml), add 50% dextrane sulfate to 25 ml. 
Prepare before use (see Note 3).

	 4.	4× SSC washing buffer: 200 ml 20× SSC and 2 ml Tween 20 
(0.2% v/v) in 1,000 ml deionized H2O (final volume).

	 5.	2× SSC washing buffer: mix 100 ml 20× SSC and 900 ml 
deionized H2O. Prepare before use.

	 6.	0.1× SSC stringent washing buffer: 5  ml 20× SSC, 1  ml 
Tween 20 (0.1% v/v), and 406 mg MgCl2 ⋅ 6H2O (2 mM) in 
1,000 ml deionized H2O (final volume). Prepare before use.

	 7.	Blocking buffer: dissolve 0.5  g (1%) blocking reagent 
(1,096,176, Roche, Mannheim, Germany) in 50 ml 4× SSC, 
mix 1 h at 70°C, and sterilize by autoclaving. Store at −20°C 
in 1 ml aliquots.

	 8.	Vectashield antifade solution with DAPI (H-1200, Vector 
Laboratories, Burlingame, USA).

2.3. Flow Cytometric 
Analysis and Sorting

2.4. Identification  
of Sorted 
Chromosomes  
and Estimation  
of Purity in Sorted 
Chromosome 
Fractions by FISH
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Chromosome analysis and sorting using flow cytometry requires 
the samples of chromosomes in solution. This protocol describes 
the preparation of solutions of intact mitotic chromosomes from 
root tips of young seedlings and for their analysis using flow 
cytometry and sorting. The procedure involves the accumulation 
of meristem root-tip cells at metaphase by a sequential treatment 
with a DNA synthesis inhibitor hydroxyurea and mitotic spindle 
poison amiprophos methyl or oryzaline. Root tips enriched for 
metaphase cells are fixed with formaldehyde and intact mitotic 
chromosomes are released into a lysis buffer by mechanical 
homogenization of root-tip meristems. Chromosomes in solu-
tion are stained by a DNA fluorochrome DAPI (4¢,6-diamidino-
2-phenylindole) and their fluorescence and light scatter properties 
are analyzed by flow cytometer. Chromosomes can be sorted 
onto a glass slide for microscopic observation and collected in 
appropriate vessels for other applications.

The quality of chromosome suspension is critical as it deter-
mines a probability of resolving individual chromosomes and 
their sorting without contamination by other particles. It is 
defined by the concentration of intact chromosomes and the pres-
ence of chromosome and cellular debris. It is important to mini-
mize the occurrence of chromatids and doublets of chromosomes 
and chromosome fragments as they may have similar fluorescence 
and light scatter properties as chromosomes and contaminate 
sorted fractions. The proportion of intact chromosomes in solu-
tion depends on the proportion of metaphase cells in the root 
meristem and on the conditions under which chromosomes are 
released from root-tip cells. Thus, the procedure for cell cycle 
synchronization must be optimized to achieve high proportion of 
metaphase cells (above 50%) without the excessive occurrence of 
chromatids. The procedure for chromosome release must not dam-
age chromosomes and avoid the presence of chromosome clumps. 
Chromosome solutions should contain at least 5 × 105 chromosomes/
ml to obtain high-resolution flow karyotypes.

Apart from the quality of chromosome solutions, the ability 
to sort individual chromosomes depends on differences in size 
and hence DNA content among the chromosomes. The differ-
ence should be at least 10% to ensure reliable discrimination. 
However, in most plant species, some chromosomes do not differ 
enough in relative DNA content from other chromosome(s), 
leading to the appearance of composite peaks in flow karyotypes. 
This obstacle can be overcome by employing cytogenetic stocks 
such as chromosome translocation, deletion, and alien addition 
lines, which comprise chromosomes whose size differs enough to 
permit their discrimination and sorting.

3. Methods
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	 1.	Imbibe the seeds for 24 h in deionized H2O with aeration 
(approximately 30 seedlings are needed to prepare one sam-
ple) (see Note 4).

	 2.	Wet perlite (800 ml for 110 seeds) with the Hoagland’s nutrient 
solution and put it into a 4,000 ml plastic tray (e.g., 25 cm L, 
25 cm W, 12 cm H) (see Note 5).

	 3.	Wash the seeds in deionized H2O, layer them onto the sur-
face of perlite, and cover them with a layer of 1–2 cm of wet 
perlite.

	 4.	Cover the tray with aluminum foil and leave the seeds to ger-
minate at 25°C in the dark to achieve proper length of pri-
mary roots (Table 5).

	 5.	Remove the seedlings from perlite and wash them in deion-
ized H2O.

	 1.	Place several layers of paper towels into a glass petri dish 
(18  cm diameter), top them with a single sheet of filter 
paper.

	 2.	Moisten the paper layers with deionized H2O until runoff.
	 3.	Spread the seeds on paper surface (approximately 30 seed-

lings are used to prepare one sample).
	 4.	Cover the petri dish and leave the seeds to germinate at 25°C 

in the dark to achieve proper length of primary roots (Fig. 1a) 
(Table 6).

	 1.	Adjust the temperature of all solutions to 25 ± 0.5°C prior 
their use. Perform all incubations in the dark in a biological 
incubator at 25 ± 0.5°C. Aerate all solutions (see Note 4).

	 2.	Select seedlings with proper length of their primary roots.
	 3.	Thread seedling roots through the holes of the open-mesh 

basket positioned on a plastic tray filled with deionized H2O 
adjusted to 25°C.

	 4.	Transfer the basket with seedlings to a plastic tray containing 
the hydroxyurea treatment solution and incubate for periods 
according to Table 7.

3.1. Seed Germination 
in Perlite (Vicia faba 
and Pisum sativum)

3.2. Seed Germination 
on Filter Paper (Cicer 
arietinum, Hordeum 
vulgare, Secale 
cereale, Triticum 
aestivum, Triticum 
durum, and Vicia 
sativa)

3.3. Cell Cycle 
Synchronization  
and Accumulation  
of Root-Tip Cells  
in Metaphases

Table 5 
Seed germination time and optimal root length

Species Germination (h) Root length (mm)

Vicia faba 48 20

Pisum sativum 48 20
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	 5.	Wash the roots in several changes of deionized H2O.
	 6.	Incubate in hydroxyurea-free Hoagland’s nutrient solution 

for recovery periods specified in Table 7 (Fig. 1b).
	 7.	Transfer the basket with seedlings to a tray filled with amipro-

phos methyl or oryzaline treatment solution and incubate for 
periods indicated in Table 7 (see Note 6).

	 8.	If appropriate, transfer the basket with seedlings to a container 
filled with ice water (1–2°C). Place the container in a refrig-
erator and treat the roots overnight (Table 7) (see Note 7).

Fig. 1. Preparation of solutions of intact mitotic chromosomes. (a) Seed germination in a petri dish. (b) Hydroponics sys-
tem used to incubate roots of young seedlings in treatment solutions. (c) Fixation of detached roots in formaldehyde 
solution. (d) Detachment of meristem root tips prior to mechanical homogenization. (e) Release of chromosomes into a 
lysis buffer by mechanical homogenization.
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	 1.	Harvest root tips (1  cm) and transfer them into deionized 
H2O.

	 2.	Fix the roots immediately by transferring them into formal-
dehyde fixative and incubate them at 5°C for periods given in 
Table 8 (Fig. 1c) (see Note 8).

	 3.	Wash the roots in Tris buffer three times for 5 min at 5°C (see 
Note 9).

	 4.	Excise root meristems (1–2 mm, depending on a species) and 
transfer them in 5 ml polystyrene tube containing 1 ml LB01 
or LB01 HKS lysis buffer (Fig. 1d) (see Note 10).

	 5.	Isolate chromosomes by homogenizing using a mechanical 
homogenizer Polytron PT1200 fitted with a PT-DA 1205/5 
probe as specified in Table 8 (Fig. 1e) (see Notes 11 and 12).

3.4. Preparation  
of Solutions of Intact 
Mitotic Chromosomes

Table 7 
Duration of hydroxyurea treatment, recovery time, treatment with antimicrotubular 
drugs and ice water

Species
Hydroxyurea 
treatment (h) Recovery time (h)

Accumulation of 
metaphases (h) Ice water (h)

Cicer arietinum 18 4.0 2.0 18.0

Hordeum vulgare 18 6.5 2.0 15.5

Pisum sativum 18 4.5 2.0 –

Secale cereale 18 6.5 2.0 15.5

Triticum aestivum 18 5.5 2.0 16.5

Triticum durum 18 5.0 2.0 17

Vicia faba 18 4.5 2.0 –

Vicia sativa 18.5 3.5 2.0 –

Table 6 
Seed germination time and optimal root length

Species Germination (h) Root length (mm)

Cicer arietinum 30 20

Hordeum vulgare 60 30

Secale cereale 60 30

Triticum aestivum 60 30

Triticum durum 60 30

Vicia sativa 48 20
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	 6.	Filter the crude solution through a 50  mm nylon mesh 
(4 × 4 cm2) into a polystyrene tube.

	 7.	Store the chromosome solution on ice for up to several hours 
(see Note 13).

	 1.	This protocol describes the analysis using FACSVantage SE 
flow cytometer (BD Biosciences Immunocytometry Systems, 
San José, USA) equipped with argon laser operated at multi-
UV mode (351.1–363.8 nm) with 200 mW output power.

	 2.	Switch on the laser and the instrument.
	 3.	Empty the waste container and fill the sheath container with 

sheath fluid.
	 4.	Adjust sheath fluid pressure to 20  psi (pounds per square 

inch) and leave the fluid running to fill all plastic lines and 
filters of the instrument.

	 5.	Install a nozzle (70 mm orifice), check for air bubbles, and 
position the liquid stream so that it enters the center of waste 
aspirator.

	 6.	Install a band-pass filter 424/44 in front of the fluorescence 
1 (FL1) detector.

	 7.	Set up the trigger signal to fluorescence 1 pulse height (FL1-H), 
and select a proper threshold level (typically 20).

	 8.	Run calibration beads (AlignFlow UV beads, Invitrogen, Cat. 
No. A7304) at a flow rate of 600–800 particles/s.

3.5. Chromosome 
Analysis Using Flow 
Cytometry

Table 8 
The duration of fixation in formaldehyde and the extent of 
mechanical homogenization

Species
Formaldehyde 
fixation (min)

Homogenization

Speed (rpm) Duration (s)

Cicer arietinum 20 13,000 18

Hordeum vulgare 20 15,000 13

Pisum sativum 30 13,000 18

Secale cereale 30 15,000 13

Triticum durum 20 20,000 13

Triticum aestivum 20 20,000 13

Vicia faba 30 15,000 18

Vicia sativa 25 13,000 18
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	 9.	Display the data on a dot plot of FSC-H and FL1-H, and on 
histograms of FSC-H and FL1-H.

	10.	Align the instrument to achieve maximum signal intensity and 
minimum coefficient of variation of FSC-H and FL1-H signals 
(typically 2.5% on FSC-H and 2.2% on FL1-H) (see Note 14).

	11.	Run a dummy sample (1 ml LB01 buffer containing 2 mg/ml 
DAPI) to equilibrate the sample line for at least 15 min.

	12.	Stain the chromosome suspension by adding DAPI stock 
solution to final concentration of 2 mg/ml (see Note 15).

	13.	Filter the sample through a 20 mm nylon mesh (4 × 4 cm2) 
and store the sample on ice until use (see Note 13).

	14.	Introduce the sample and let it stabilize at appropriate flow 
rate (e.g., 1,000 particles/s).

	15.	Set a gating region on a dot plot of FSC-H and FL1-H to 
exclude debris, nuclei, and large clumps.

	16.	Adjust photomultiplier voltage and amplification gains so 
that chromosome peaks are evenly distributed on a histogram 
of FL1 pulse area (FL1-A) (see Note 16).

	17.	Analyze 20–50 thousand chromosomes and save the result on 
a disk (Fig. 2).

	 1.	Switch on the sorting module, adjust the drop drive frequency 
(typically 36,000 Hz), and drop drive amplitude to break the 
stream at suitable distance from the laser intercept point 
(check for satellite drops).

	 2.	Switch on test mode and test sort and adjust the drop drive 
phase to obtain single-side streams.

	 3.	Use the BD AccuDrop module to optimize drop delay. Verify 
the drop delay setting by sorting 20 UV beads onto a micro-
scopic slide (use the counter mode for sorting).

	 4.	Check the number of sorted beads with a fluorescence micro-
scope. Typically, 19–20 beads should be sorted. Repeat drop 
delay optimization if lower number of beads is sorted.

	 5.	Select the sort mode and sort envelope according to the 
required purity, number of chromosomes to be sorted, and 
desired volume for the sorted fraction (see Note 17).

	 6.	Run the sample and display the signals on a dot plot of FL1 
pulse width (FL1-W) versus FL1-A.

	 7.	Adjust the FL1-W amplifier gain and width offset as needed 
to achieve optimal resolution of the width signal.

	 8.	Define sorting regions on the FL1-W versus FL1-A dot plot.
	 9.	Check for stability of the break-off point and of the side streams.
	10.	Sort the required number of chromosomes onto a microscopic 

slide or into a collection vessel as needed (see Note 18).

3.6. Flow Cytometric 
Chromosome Sorting
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	 1.	Pipette 10 ml P5 buffer onto a clean microscopic slide and 
immediately sort 1,000 chromosomes into the drop.

	 2.	Air-dry the slide and store at room temperature (see Note 19).
	 3.	Add 25  ml hybridization mix to the area containing flow-

sorted chromosomes, cover with a glass coverslip, and seal up 
with rubber cement.

	 4.	Denature for 45 s at 80°C by placing the slide on a temperature-
controlled hot plate (see Note 20).

3.7. Identification  
of Sorted 
Chromosomes  
Using FISH
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Fig. 2. Histograms of relative fluorescence intensities (flow karyotypes) obtained during 
the analysis of DAPI-stained mitotic chromosomes of bread wheat (Triticum aestivum L.). 
(a) Flow karyotype of cv. “Chinese Spring” (2n = 6x = 42) with a wild-type karyotype 
consists of three composite peaks (I–III) representing groups of chromosomes and a 
peak representing chromosome 3B. (b) Flow karyotype of a ditelosomic line of cv. 
“Chinese Spring” (2n = 40 + 2t2AS + 2t2AL) carrying a telocentric chromosomes 2AS 
and 2AL.
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	 5.	Transfer the slide to a wet chamber and incubate at 37°C 
overnight.

	 6.	Remove carefully the coverslip and wash in 2× SSC for 10 min 
at 42°C.

	 7.	Perform a stringent wash in 0.1× SSC for 5 min at 42°C.
	 8.	Wash again 10 min in 2× SSC at 42°C and then for 10 min in 

2× SSC (place the vial on laboratory table and leave the tem-
perature gradually decrease to room temperature).

	 9.	Wash in 4× SSC for 10 min at room temperature.
	10.	Apply 60  ml 1% blocking buffer onto the slide, cover with 

parafilm, and incubate for 10 min in at room temperature. 
Repeat this step two times.

	11.	Apply fluorescently labeled antibody and/or fluorescently 
labeled avidin in 1% blocking buffer for 1 h at 37°C.

	12.	Wash the slide three times in 4× SSC for 5 min at 40°C.
	13.	Mount the slide with Vectashield containing DAPI.
	14.	Use fluoresce microscope to identify sorted chromosomes 

and determine the presence of contaminating chromosomes 
by evaluating at least 100 chromosomes on three different 
slides (Fig. 3).

Fig. 3. Flow-sorted telocentric chromosomes 2AL of bread wheat (Triticum aestivum L.) 
after FISH with probes for GAA microsatellite (yellow-green signals) and telomeric repeat 
(red signals). While the distribution of GAA clusters serves to identify 2AL chromosome 
arm, the presence of telomeric DNA on both chromosome ends confirms that telocentric 
chromosomes and not chromosome arms separated from complete chromosomes were 
sorted.
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	 1.	This volume is needed for one plastic tray (e.g., 14  cm L, 
8 cm W, 10 cm H) used for cell cycle synchronization treat-
ments. The tray should include an open-mesh basket to hold 
germinated seeds and permit aeration (see Fig. 1b).

	 2.	Use formaldehyde 37%, Catalog No. 1.04003, Merck, 
Darmstadt, Germany.

	 3.	The choice of labeled probes for FISH depends on the chromo-
some, which needs to be identified. Telomeric probes are useful 
to distinguish telocentric chromosomes from broken chromo-
somes (telomeres must be present on both chromosome ends). 
The DNA probes can be labeled by biotin or digoxigenin.

	 4.	Use aquarium bubbler with tubing and aeration stones. As the cell 
cycle kinetics depends on temperature, it is important that the 
temperature during all incubations is stable. Use a biological incu-
bator (heating/cooling) with internal temperature adjusted to 
25 ± 0.5°C. All solutions should be heated to 25°C prior to use.

	 5.	Perlite is an inert substrate suitable for seed germination.
	 6.	Although higher frequencies of metaphases may be obtained 

after longer treatments with mitotic spindle inhibitors, treat-
ment for only 2 h is used to minimize the occurrence of chro-
matids and avoid extensive chromosome decondensation.

	 7.	In some species, ice water treatment improves chromosome 
spreading and reduces the occurrence of chromosome clumps 
in chromosome solutions.

	 8.	Place the vials with the fixative in cooled water bath to achieve 
temperature of the fixative 5 ± 0.5°C. The extent of formalde-
hyde fixation determines critically chromosome yield and 
morphology of isolated chromosomes. Weak fixation results in 
mechanically damaged chromosomes, and the solutions con-
tain large amounts of chromosome debris. If the fixation is too 
strong, the samples obtained after tissue homogenization con-
tain large numbers of chromosome clumps and intact cells.

	 9.	Formaldehyde-fixed root tips cannot be stored for prolonged 
periods prior to chromosome isolation. They must be pro-
cessed within a few hours of storage on ice.

	10.	The choice of the buffer depends on the use of flow-sorted chro-
mosomes. LB01 HKS lysis buffer is used when intact high molec-
ular weight DNA is needed, e.g., for BAC library construction.

	11.	The extent of homogenization determines critically chromosome 
yield and morphology of isolated chromosomes.

	12.	Chromosomes can be isolated also by chopping root tips with 
a sharp scalpel in a 6 cm glass petri dish containing 1 ml of 

4. Notes
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LB01 lysis buffer. In this case, the crude solution must be 
syringed once through a 22-gage needle to disperse chromo-
some clumps. This method is more laborious and inconve-
nient in species with small root tips.

	13.	In general, extended storage may compromise the quality of 
chromosomal DNA and the resolution of flow karyotypes.

	14.	The instrument must be aligned for the highest possible reso-
lution of the FL1 and FSC signals to achieve good separation 
of chromosomes peaks on flow karyotypes.

	15.	DAPI-stained samples result in superior resolution of flow 
karyotypes as compared to those stained with DNA intercala-
tors such as propidium iodide. This may be due to the form-
aldehyde fixation.

	16.	Data should be accumulated on a histogram of fluorescence 
pulse area, which gives better resolution of peaks representing 
large (long) chromosomes.

	17.	We have been using one-drop sort envelope and counter 
mode to sort small numbers of chromosomes (up to 103) 
e.g., for PCR mapping. Large-scale chromosome sorting 
(e.g., for BAC libraries) is done with one-drop sort envelope 
and normal-R mode.

	18.	Chromosomes are sorted onto a microscopic slide for micro-
scopic observation. Smaller quantities of chromosomes to be 
used in physical mapping using PCR with specific primers and 
in DNA isolation and amplification are sorted into 0.5  ml 
(0.2 ml) PCR tubes. If large quantities of DNA are needed and 
large numbers of chromosomes have to be collected, 1.5 ml 
polystyrene cups (9000002, Deltalab, Rubí, Spain) are used.

	19.	Storage of slides at room temperature for a few days improves 
the morphology of chromosomes after FISH. However, lon-
ger storage may compromise the quality of FISH signals.

	20.	Chromosomes isolated according to our protocol are fixed 
only mildly and are easier to denature. Consequently, lower 
formamide concentration and shorter denaturation time is 
used as compared to traditional protocols for FISH.
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Chapter 13

Super-Stretched Pachytene Chromosomes for Plant 
Molecular Cytogenetic Mapping

Dal-Hoe Koo and Jiming Jiang 

Abstract

We developed a simple technique to mechanically stretch maize pachytene chromosomes more than 20 
times longer than their original size. A modified Carnoy’s II solution (6:3:1) ethanol:acetic acid:chloroform 
was used to fix the meiotic sample. The super-stretched pachytene chromosomes produced from this 
procedure can be directly used in conventional fluorescence in situ hybridization (FISH) experiments and 
also for the immunofluorescent in situ detection of DNA methylation. This technique adds a new dimen-
sion and higher resolving power to pachytene chromosome-based molecular cytogenetics research.

Key words: Pachytene chromosome, FISH, DNA methylation, Molecular cytogenetics

Meiotic pachytene chromosomes are on average 10–50 times 
longer than somatic metaphase chromosomes and provide a supe-
rior resolution for cytogenetic mapping (1, 2). The euchromatin 
and heterochromatin are well differentiated on pachytene chro-
mosomes in some plant species. Thus, pachytene chromosomes 
provide an excellent cytological target for molecular and bio-
chemical characterization of these two distinct types of chromatin 
(3–6). In this chapter, we describe a technique that can be used 
to mechanically stretch plant pachytene chromosomes up to at 
least 20 times longer than their normal sizes (Fig. 1a). Such super-
stretched pachytene chromosomes provide an unprecedented 
resolution for chromosome-based cytogenetic mapping. 
Regular fluorescence in situ hybridization (FISH) can be com-
bined with the immunodetection of 5-methyl cytosine (5mC) 

1. �Introduction
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on super-stretched pachytene chromosomes (Fig.  1b), which 
provides a powerful tool to study DNA methylation associated 
with specific euchromatic and heterochromatic domains in plant 
genomes.

	 1.	Modified Carnoy’s II: 6:3:1 parts of absolute ethanol:glacial 
acetic acid:chloroform, respectively. For 100 ml: mix 60 ml of 
100% ethanol with 30 ml of glacial acetic acid and 10 ml of 
chloroform. This fixative must be freshly prepared.

	 2.	Carnoy’s I: Three parts of ethanol and one part of glacial 
acetic acid. Prepare fresh.

	 3.	4% Formaldehyde: Heat 80 ml of ddH2O to 50–55°C and 
add 4  g of paraformaldehyde (Sigma), add 0.5  ml of 1  N 
NaOH to solublize paraformaldehyde (formaldehyde), add 
10 ml of 10× PBS, and adjust the final volume to 100 ml with 
ddH2O. The solution can be stored at 4°C for several days.

2. �Materials

2.1. �Fixatives

Fig. 1. Super-stretched maize pachytene chromosomes for cytogenetic mapping. (a) Two super-stretched pachytene 
chromosomes, including a chromosome that can be identified by its characteristic satellite. The satellite knob is resistant 
to stretching (arrow). (b) Mapping 5mC (green) and CentC (centromere satellite repeat – red) on a super-stretched 
pachytene chromosome. Rectangle delimits the centromere region of the chromosome. Inset: Signals from 5mC, CentC 
and a merged image are enlarged for clarity. Note the reduced methylation in the middle section of the centromere. 
Bars = 20 mm.
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	 4.	10× PBS: 1.4 M NaCl, 80 mM Na2HPO4, 18 mM KH2PO4, 
27 mM KCl, pH 7.4. Dissolve the components in approxi-
mately 900 ml of H2O. Adjust the pH to 7.2–7.4 with HCl 
and then adjust the final volume to 1 l with H2O. Sterilize by 
autoclaving. Store at room temperature (see Note 1).

	 1.	70% Formamide in 2× SSC (10 ml): 7 ml deionized forma-
mide, 1 ml 20× SSC, and 2 ml ddH2O. Store at 4°C.

	 1.	Mouse monoclonal antibody against 5mC (Eurogentec).
	 2.	Alexa Fluor 488-conjugated rabbit anti-mouse IgG 

(Invitrogen).
	 3.	Rhodamine anti-digoxigenin (Roche).
	 4.	0.5% BSA/PBST: 0.5% bovine serum albumin, 10× PBS, 

0.5% Tween 20. Combine the following in 10 ml of 1× PBS: 
50 ml of Tween 20 (Sigma) and 0.05 g BSA (Sigma). This 
solution should be freshly prepared.

	 5.	TNB: 0.1 M Tris–HCl (pH 7.5), 0.15 M NaCl, 0.5% block-
ing reagent. For 100 ml: 10 ml of 1 M Tris–HCl (pH 7.5), 
15 ml of 1 M NaCl, and 0.5 g of blocking reagent (Roche). 
Adjust the final volume to 100  ml of ddH2O. Store at 
−20°C.

	 1.	2× SSC: Make the 10× dilution from a 20× SSC stock solu-
tion. 20× SSC stock: 3 M NaCl, 0.3 mM trisodium citrate, pH 
7.0. Sterilize by autoclaving and store at room temperature.

	 2.	4 T: 4× SSC/0.05% Tween 20. Make the 5× dilution from a 
20× SSC/0.25% Tween 20. Store at room temperature.

	 3.	TNT: 0.1 M Tris–HCl (pH 7.5), 0.15 M NaCl, 0.05% Tween 
20. For 1,000 ml: Mix 10 ml of 1 M Tris–HCl (pH 7.5), 
30 ml of 5 M NaCl. Add distilled H2O to 1  l. Sterilize by 
autoclaving. When cooled, add 0.05 ml of Tween 20. Store at 
room temperature.

	 4.	1× PBS: Make the 10× dilution from a 10× PBS stock solu-
tion. Store at room temperature.

	 1.	Choose panicles (or flower buds) at the pachytene stage.
	 2.	Immerse the panicles in the modified Carnoy’s fixative II 

solution for 3–4 h at room temperature, then re-fix with 3:1 
ethanol:acetic acid and store at 4°C until use (see Note 2).

	 3.	Extract one anther from a flower and extrude the pollen mother 
cells (PMCs) onto a glass slide containing 1% acetocarmine. 

2.2. �Denaturation

2.3. �Detection

2.4. Posthybridization 
Washes

3. �Methods

3.1. Preparation  
of Super-Stretched 
Pachytene 
Chromosome
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Make a slide preparation and check the stage of meiosis (see 
Note 3). Determine the proper floret size needed to recover 
meiotic chromosomes at pachytene stage, then continue to 
step 4.

	 4.	In the same fashion as step 3, press out the PMCs from a 
size-selected anther onto a poly-l-lysine-coated slide (Sigma) 
containing 15  ml of 60% acetic acid/0.05% Triton X-100. 
Carefully dissect the anther using a needle. Do not let the cell 
suspension dry.

	 5.	Remove the cellular detritus with a pair of fine forceps and 
place a coverslip (22 × 22 mm) over the cell suspension.

	 6.	Examine the chromosomes using a phase contrast microscope 
to make sure the PMCs are well separated. If not, very lightly 
tapping on the coverslip with a needle should sufficiently sep-
arate the clumped cells.

	 7.	To stretch the chromosomes: Place filter paper over the cov-
erslip and while gently applying thumb pressure to the cover-
slip, roll the thumb one direction across the area of the 
coverslip (see Note 4).

	 8.	Freeze the preparation immediately by placing the slide in a 
−80°C freezer (see Note 5).

	 1.	Remove the coverslips from the frozen slides (stored in a 
−80°C freezer) with a razor blade.

	 2.	Immediately immerse the slides in 3:1 ethanol:acetic acid 
for  2  min at room temperature and then bake for 10  min 
at 60°C.

	 3.	Pipette 100  ml of a solution containing RNase A (Sigma, 
100 mg/ml) in 2× SSC onto slides and cover with a coverslip. 
Place the slide in a humid chamber and incubate at 37°C for 
1 h (see Note 6).

	 4.	Remove the coverslip and immerse the slides in 1× PBS.
	 5.	Wash slides in 1× PBS twice each with 5 min.
	 6.	Dehydrate slides in 70 and 95% ethanol for 2 min each, and 

air dry.

	 1.	Pipette 100 ml of a 70% formamide/2× SSC solution directly 
on the slide and cover with a 22 × 44 mm coverslip.

	 2.	Denature the chromosomal DNA on heat block at 80°C for 
3 min.

	 3.	Dehydrate slides in 70 and 95% cold ethanol for 3 min each, 
and air dry.

	 1.	Add 100 ml of 0.5% BSA/PBST, apply a clean coverslip and 
incubate for 30 min at room temperature (see Note 7).

3.2. Immunodetection 
of 5mC Combined with 
FISH

3.2.1. Pretreatment  
of Slides

3.2.2. �DNA Denaturation

3.2.3. Immunodetection  
of 5mC on Chromosomes
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	 2.	Remove coverslip and apply 100 ml of a mouse monoclonal 
antibody against 5mC (1:250 dilution from an original stock 
solution, Eurogentec) in PBST and incubate at room 
temperature for less than 12  h, or alternatively, at 4°C for 
24–48 h (see Note 8).

	 3.	Remove coverslip and immediately place slides in 1× PBS.
	 4.	Wash twice for 5 min each in 1× PBS at room temperature.
	 5.	Protect slides from light during following detection 

procedures.
	 6.	Add 100  ml of detection reagent mixture [Alexa Fluor 

488-conjugated rabbit anti-mouse IgG (1:100 dilution from 
an original stock solution, Invitrogen) in TNB], and cover 
with a 22 × 44 mm coverslip.

	 7.	Incubate at 37°C for 1 h in a humid chamber.
	 8.	Wash slides twice, 5 min each in 1× PBS at room temperature.

	 1.	Protect slides from light during the following fixation 
procedure.

	 2.	Add 600 ml of the 4% formaldehyde/1× PBS solution onto a 
slide and cover with plastic coverslip (see Note 9).

	 3.	Incubate at room temperature for 20–30  min in a humid 
chamber.

	 4.	Remove the coverslip and place the slide into a coplin jar in 
1× PBS.

	 5.	Wash slides twice, 5 min each in 1× PBS at room tempera-
ture, air dry.

	 1.	Protect the slides from light during the FISH procedure.
	 2.	Pipette 100 ml of 70% formamide/2× SSC on the slide.
	 3.	Cover with a 22 × 44 mm coverslip.
	 4.	Denature the chromosomal DNA on a heat block at 70°C for 

2 min.
	 5.	Dehydrate slides in 70% ethanol (−20°C) for 5 min and 95% 

ethanol (room temperature) for 3 min, air dry.
	 6.	Pipette 20 ml of denatured, digoxigenin-labeled FISH probe 

mix onto each slide and cover with a 22 × 44 mm coverslip. 
Seal the coverslip with rubber cement.

	 7.	Place slides in a humid chamber at room temperature for 
12–14 h.

	 1.	Preheat a coplin jar containing 2× SSC to 42°C.
	 2.	Remove slides from humid chamber and carefully remove the 

rubber cement.

3.2.4. Fixation  
of Immunostained 
Chromosomes

3.2.5. FISH on 
Immunostained 
Chromosomes  
(see Note 10 )

3.2.6. Posthybridization 
Wash and Detection
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	 3.	Let coverslips fall in a coplin jar with 2× SSC. If necessary, the 
coplin jar can be placed on a rotary shaker on low speed to 
coax the coverslip into separating from the slide.

	 4.	Wash the slide with the following steps. All washing steps are 
done with gentle agitation on a rotary shaker in dark condi-
tion (RT – room temperature).

2× SSC RT 5 min

2× SSC 42°C 10 min

2× SSC RT 5 min

4 T RT 5 min

	 5.	To detect the digoxigenin-labeled FISH probe, apply 100 ml 
of anti-digoxigenin rhodamine (1:100 dilution from an origi-
nal stock solution, Roche) in TNB and cover with a 22 × 44 mm 
coverslip.

	 6.	Incubate at 37°C for 1 h in moist chamber.
	 7.	Wash twice for 5 min each in TNT at room temperature.

	 1.	Shake off excess wash buffer and apply a drop of Vectashield 
anti-fade solution containing DAPI (4’,6-diamidino-2-
phenylindole) (Vector Lab), and cover with a 22 × 44 cover-
slip. Squeeze out the excess Vectashield from the preparation 
by applying light pressure to the coverslip and slide with a 
piece of filter paper.

	 2.	The 5mC and FISH signals are visualized using an epifluores-
cence microscope. Slides can be analyzed immediately or 
stored in the dark at 4C or −20°C for future analysis.

	 1.	For in situ hybridization, some laboratories may use a differ-
ent formulation of PBS, such as NaCl (7.59 g/l), Na2HPO4 
(1 g/l), and NaH2PO4 (0.42 g/l). The pH will be 7.4 based 
on the ratio of monobasic and dibasic sodium phosphate.

	 2.	The process of fixing the chromosomes is critical for generat-
ing elasticity of the pachytene chromosomes. The impact of 
different fixatives on chromosome stretching was described 
previously (7).

	 3.	Chromosomes at mid-pachytene stage are most suitable for 
super-stretching.

	 4.	This preparation procedure is similar to the traditional squashing 
technique. However, the rolling motion causes displacement 

3.2.7. Visualization of 
Stretched Chromosome 
and Detection of 
Fluorescence Signals

4. �Notes
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of the coverslip, which moves approximately 1  mm after 
squashing. It is the actual movement of the coverslip over the 
preparation that results in the stretching of pachytene 
chromosomes. An illustration of the rolling motion is provided 
in Koo and Jiang (7).

	 5.	Slides stored overnight generally retain a better morphology 
of the stretched chromosomes.

	 6.	RNase A treatment removes endogenous RNA, which might 
otherwise contribute to background signal.

	 7.	BSA treatment reduces nonspecific antibody binding to chro-
mosome preparations. BSA solutions are filter-sterilized 
immediately before use.

	 8.	A relatively long incubation time (≥12 h at 4°C) is necessary 
to ensure the proper and reproducible penetration of 
antibodies.

	 9.	Chromosomes should be fixed to reduce 5mC signal loss during 
FISH procedures.

	10.	A conventional FISH procedure can be applied on immunos-
tained chromosomes.
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Chapter 14

Cytological Dissection of the Triticeae Chromosomes 
by the Gametocidal System

Takashi R. Endo 

Abstract

Triticeae species have a large and complex genome, which has made it difficult to obtain their sequence 
data. Some alien chromosomes called the gametocidal (Gc) chromosomes introduced into common 
wheat can induce chromosomal breakage resulting in the generation of deletions and translocations. The 
induced deletions have been established as deletion stocks in common wheat. This Gc system is also 
effective in inducing chromosomal breakages in Triticeae chromosomes added to common wheat. The 
induced aberrant chromosomes can be identified by chromosome banding and fluorescence in situ 
hybridization and can be established in common wheat as dissection lines. This Gs system will be useful 
to dissect the single chromosomes of Triticeae species.

Key   words: Triticeae, Common wheat, Rye, Barley, C-banding, N-banding, FISH, GISH, 
Gametocidal chromosome, Alien addition, Deletion, Translocation, Dissection line

Triticeae, a tribe in the grass family Poaceae, contains major crop 
genera including wheat, rye, and barley. These genera contain 
diploid, allotetraploid, and/or allohexaploid genomes with the 
basic chromosome number x = 7. Most of the Triticeae species 
have a huge genome, e.g., bread wheat or common wheat 
(Triticum aestivum, 2n = 6x = 42, 1C = 16,979  Mb), rye (Secale 
cereale, 2n = 2x = 14, 1C = 8,110 Mb), and barley (Hordeum vul-
gare, 2n = 2x = 14, 1C = 5,439 Mb), when compared with those of 
rice (1C = 490  Mb) and Arabidopsis (1C = 157  Mb) (1). This 
large genome size has hindered the complete sequencing of the 
Triticeae genomes.

The polyploid plant species have tolerance to aneuploidy to 
some extent. Especially, the hexaploid nature has allowed a wide 

1. �Introduction
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variety of aneuploid lines to be established in common wheat, i.e., 
monosomics, nullisomics, nullisomic–tetrasomics, and telosomics 
(2–4). In a sense, these aneuploids, which lack specific chromo-
somes or chromosome arms, dissected the wheat genomes and 
have been used to allocate genes and DNA markers for the spe-
cific missing chromosomes or chromosome arms (5).

Many Triticeae species have been successfully crossed with 
common wheat and the F1 hybrids backcrossed to common wheat 
to produce wheat–alien chromosome addition and substitution 
lines (5). In these lines, the genomes of such Triticeae species 
have been dissected into single chromosomes or chromosome 
arms in the genomic background of common wheat. The pres-
ence of alien chromosome-specific genes and DNA markers would 
be indicated from the phenotypes and marker profiles of the alien 
addition and substitution lines, respectively.

Sub-arm dissection of the chromosome would undoubtedly 
be more useful in genome analysis. There are two genetic systems 
that induce chromosomal rearrangements lacking part of chro-
mosome arms, namely, the homoeologous pairing (Ph) system 
and the gametocidal (Gc) system. The Ph system has been used to 
recombine the wheat and alien chromosomes by inducing homoe-
ologous chromosome pairing (6). In the Gc system, the Gc chro-
mosome is introduced into common wheat from various species 
of the genus Aegilops, and the Gc chromosome induces random 
chromosomal breakage resulting in the generation of deletions 
and translocations (7, 8). Figure 1 shows how the Gc chromo-
some induces chromosomal structural changes: When introduced 

self-pollination

2n=42+1Gc
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n=21+1Gc
Gametophyte
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chromosomal
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Fig.  1. Schematic illustration of the action of the Gc chromosome. See the text for 
details.
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into common wheat, it induces chromosome breakage only in 
gametes without the Gc chromosome. The Gc system has been 
successfully used to produce deletion stocks of common wheat 
(9), and the deletion stocks have been used in the cytological 
chromosome mapping of DNA markers, such as RFLPs (10) and 
ESTs (11). The Gc system has also been proved to be useful for 
inducing chromosomal aberrations in rye and barley chromo-
somes added to common wheat (12, 13). The Gc system may also 
be useful for dissecting other alien chromosomes of Triticeae spe-
cies, such as Agropyron elongatum. The following is described the 
procedure for using the Gc gametocidal system to dissect alien 
chromosomes added to common wheat, with examples of rye and 
barley chromosomes as targets of dissection. Important cytologi-
cal protocols are also described because efficient and reliable 
chromosome identification is crucial to the successful application 
of the Gc system.

	 1.	Fixative: one part glacial acetic acid, three parts ethanol (95–99%). 
Store at room temperature, need not be freshly prepared.

	 2.	Acetocarmine stain solution: Dissolve 1  g carmine powder 
(Merck) in 100 mL 45% acetic acid and boil for 24 h, using a 
reflux condenser to prevent the solution from being boiled 
dry. Transfer to a bottle without filtration and store at room 
temperature. Use the clear layer on the top.

	 1.	Staining solution: Various stain solutions are available. Wright 
Stain Solution (Muto Pure Chemicals Co. LTD., Japan) is 
one of the recommended stain solutions (see Note 1). Store 
at room temperature.

	 2.	Phosphate buffer: Prepare a stock solution with 0.1 M Na2HPO4 
(14.2 g/1,000 mL) and 0.1 M KH2PO4 (13.6 g/1,000 mL).

	 3.	5% Ba(OH)2 solution: Place 50 g Ba(OH)2 in a glass con-
tainer and pour hot tap water up to 1,000 mL. The container 
should be stopped tightly for storage at room temperature.

	 4.	2× SSC: Prepare a 20× SSC stock solution with 3 M NaCl 
and 0.3 M C6H5Na3O7⋅2H2O. Dilute tenfold with distilled 
water for use.

	 1.	0.15  N NaOH/ethanol solution: Dissolve 6  g NaOH in 
1,000 mL 70% ethanol. Store at room temperature.

	 2.	Fluorescence In Situ Hybridization (FISH) probe: Using 
DIG-High Prime (Roche Diagnostics) or Biotin-High Prime 
(Roche Diagnostics), label total genomic DNAs from the 

2. �Materials

2.1. Chromosome 
Preparation

2.2. Chromosome 
Banding

2.3. Fluorescence 
In Situ Hybridization
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alien species and PCR-amplified subtelomeric repeat sequences 
of alien chromosomes, such as pSc200 (14) and HvT 01 (15). 
Store the labeled probes at 4°C. FISH using total genomic 
DNA probes is called GISH (genomic in situ hybridization).

	 3.	ISH solution: Prepare a solution with 50% (v/v) formamide 
and 5% (w/v) dextran sulfate in 2× SSC. Store at 4°C.

	 4.	Hybridization mixture: Mix the labeled probe (1 part) and 
ISH solution (19 parts) (see Note 2). Heat the mixture at 
90–100°C for 8–10 min and immediately freeze it until use.

	 5.	Detection mixture: Anti-Digoxigenin-Fluorescein, Fab frag-
ments (Roche Diagnostics) for Dig-labeled probe and 
Streptavidin-CY3 (Invitrogen) for Biotin-labeled probe 
diluted as recommended by the manufacturer (see Note 3). 
Store at 4°C or at −20°C for longer storage (do not repeat-
edly freeze after thawing).

	 6.	Counter staining solution: DAPI (4¢, 6-diamidino-2-
phenylindole) (Roche Diagnostics) diluted in an anti-fade 
solution as recommended by the manufacturer.

	 1.	Gametocidal lines: Addition lines of common wheat cv. “Chinese 
Spring” carrying a gametocidal chromosome, 2C or 3CSAT (8) 
(see Note 4).

	 2.	Nullisomic–tetrasomic lines: Aneuploids of “Chinese Spring” 
that lack one chromosome pair and have four doses of a 
homoeologous chromosome compensating for the missing 
chromosome pair.

	 3.	Alien addition lines: Addition lines of common wheat cv. 
“Chinese Spring” carrying single alien chromosomes derived 
from rye, barley, and other Triticeae species.

The gametocidal and nullisomic–tetrasomic lines and many 
alien chromosome addition lines can be obtained from the 
National BioResource Project (NBRP) (http://www.shigen.nig.
ac.jp/wheat/komugi/top/top.jsp).

	 1.	Place root tips in small vials filled with distilled water and 
immerse them in ice water for 16–20 h to collect metaphase 
cells.

	 2.	Fix the root tips in the fixative for 1 day, stain them in the ace-
tocarmine solution for 12 h, return to the original fixative, and 
store for 2–3 days for chromosome banding and for 3–6 days 
for FISH. Perform all procedures at room temperature. The 
fixed and stained root tips can be stored at −20°C until use.

2.4. �Wheat Stocks

3. �Methods

3.1. Chromosome 
Preparation
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	 3.	Stain the fixed and stained root tips again in the acetocarmine 
solution for 10–20 min.

	 4.	Make chromosome preparations by the squash method from 
the stained root tips and immediately store them at −70°C or 
below until use.

	 5.	Remove the cover slip quickly from the frozen slide, using a 
razor blade, immerse the slide in 45% acetic acid at 40–45°C 
for 2–3 min, and air-dry the slide at room temperature. The 
air-dried slide can be used immediately or stored in an airtight 
container at −20°C up to several months.

	 1.	Incubate the air-dried slide (see Subheading  3.1) in 1  M 
NaH2PO4 solution for 1.5 min at 92–95°C.

	 2.	Wash the slide briefly with hard tap water (see Note 5).
	 3.	Place the wet slide into the staining solution at room tempera-

ture until appropriate staining is achieved (usually about 2 h).

	 1.	Place the air-dried slide (see Subheading 3.1) in a container 
with a lid.

	 2.	Pour 5% Ba(OH)2 solution into the container, put the lid on, 
and keep it for about 5 min at room temperature.

	 3.	Take out the slide, quickly wash with hard tap water, and 
incubate in 2× SSC for 10 min at 42–45°C.

	 4.	Wash the slide briefly with hard tap water.
	 5.	Place the wet slide into the staining solution at room tem-

perature until appropriate staining is achieved (usually about 
50 min).

	 1.	Wash the stained slide briefly with hard tap water.
	 2.	Air-dry the slide using a puffer (a camera tool).
	 3.	Mount the slide in immersion oil with or without a cover slip 

(see Note 6).

Figure 2 shows a C-banded mitotic metaphase cell of rye (a) 
and N-banded mitotic metaphase cell of barley (b).

	 1.	 Immerse the air-dried slide (see Subheading 3.1) in the 0.15 N 
NaOH/ethanol solution for 5 min at room temperature.

	 2.	Transfer the wet slide into a series of two 70% and one 99% etha-
nol each for 3 min at room temperature.

	 3.	Dry the slide quickly with a puffer.

	 4.	Apply the denatured hybridization mixture (10 mL per slide) onto 
the slide, and place a cover slip on it and incubate the slide in a 
moistened chamber for 6–24 h at 30°C (see Note 7).

3.2. Chromosome 
Banding

3.2.1. N-Banding

3.2.2. �C-Banding

3.2.3. Microscopic 
Observation

3.3. �FISH/GISH
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	 5.	Remove the cover slip with a pair of forceps (when the cover 
slip is firmly stuck on the slide, do not apply force to remove 
it; instead dip the slide in 2× SSC and let the cover slip fall 
off) and immerse the slide for 3  min in 2× SSC at room 
temperature.

	 6.	Wash the slide briefly with distilled water and blow off water 
using a puffer.

	 7.	Apply the detection mixture (10 mL per slide), place a cover slip 
on the slide and incubate in a wet chamber for about 1 h at 30°C.

	 8.	Remove the cover slip with a pair of forceps (when the cover slip 
is firmly stuck on the slide, do not apply force to remove it, but dip 
the slide in 2× SSC and let the cover slip fall off) and wash the 
slide briefly with distilled water and blow off water using a puffer.

	 9.	Apply the counter staining solution (5 mL per slide) and cover 
with a cover slip for fluorescence microscopic observation.

	 1.	After recording the images of chromosome banding, wash off 
immersion oil from the slide by dropping a mixture of 
xylene/99% ethanol (1:1) onto the slide three times and 
blowing off the mixture using a puffer.

	 2.	Dip the slide in 70% ethanol for at least10 min and in 99% 
ethanol for at least 5 min at room temperature.

	 3.	Air-dry the slide using a puffer.
	 4.	Treat the slide as described in Subheading 3.3.

3.3.1. FISH/GISH After 
Chromosome Banding

Fig. 2. A C-banded mitotic metaphase cell of “Prolific” rye (a) and an N-banded mitotic metaphase cell of “Shinebisu” 
barley (b). The chromosome designations of rye and barley are based on the karyotypes in previous studies (16, 17). 
The identification of chromosomes 2R, 3R and 7R is not clear. N- and C-banding patterns are basically the same in barley, 
but N-banding differentiates no terminal heterochromatic bands in rye as C-banding does.
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The deletion stocks of common wheat cultivar “Chinese Spring” 
have been produced from deletions induced mostly by the 2C 
chromosome and screened by C-banding (9). Figure 3 shows a 
C-banded mitotic metaphase cell of a “Chinese Spring” plant 
with three deletions. At present about 350 deletion-homozygous 
lines are available from NBRP, but the number of deletion stocks 
for each chromosome is at most 36 for 1B. Although an unlim-
ited number of deletions can practically be produced in this way, 
the number becomes limited because the C-banding needs skill 
and is time consuming. However, the use of nullisomic–tetrasomic 
lines and PCR-based chromosome-specific markers would enable 
us to screen for chromosome-specific deletions on a large scale. 
The procedure is as follows.

	 1.	Cross the disomic 2C line with euploid “Chinese Spring” to 
obtain monosomic 2C plants.

	 2.	Cross the monosomic 2C plants as the female parent with 
one of the nullisomic–tetrasomic lines.

	 3.	Grow the progeny plants from more or less shriveled seeds, which 
are liable to have chromosomal aberrations. Plump seeds tend to 
have the Gc chromosome and no chromosomal aberration.

	 4.	Conduct PCR analysis of the plants using PCR markers spe-
cific to the chromosome that is missing in the nullisomic–
tetrasomic line that was used to pollinate the monosomic 2C 
plants. The most distal markers on both chromosome arms 

3.4. Dissection 
of Triticeae 
Chromosomes

3.4.1. Deletion Lines 
of Common Wheat

Fig. 3. A C-banded mitotic metaphase cell of a common wheat plant carrying deletions. Note this plant has three different 
deletions, 5A, 7A, and 5B (pointed with arrows) and is partially trisomic for 5B.
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are most suitable for the detection of terminal deletions of 
the chromosome.

	 5.	Select plants that lack any chromosome-specific marker. These 
plants can be regarded as lacking part of a critical chromo-
some in the hemizygous condition.

	 1.	Cross the Gc lines with an alien addition line of common wheat.
	 2.	Backcross the F1s to the alien addition line.
	 3.	Select plants disomic for the alien chromosome and mono-

somic for the Gc chromosome (2n = 45) by C- or N-banding 
and GISH. An example of the 45-chromosome constitution 
is shown in Fig. 4.

	 4.	Backcross the 45-chromosome plants to euploid “Chinese 
Spring” and grow the progeny plants from more or less shriv-
eled seeds. Plump seeds tend to have the Gc chromosome 
and no chromosomal aberrations.

	 5.	Harvest root tips and DNA from the progeny plants for 
screening.

	 1.	Check the chromosome constitutions of the progeny plants by 
FISH/GISH. The FISH probes of alien species-specific subte-
lomeric sequences, such as HvT 01 for barley chromosomes 
and pSc200 for rye chromosomes, are useful in detecting aber-
rations of the alien chromosomes. Figure 5 shows examples of 
aberrant alien chromosomes identified by FISH/GISH.

3.4.2. Developing Alien 
Addition Lines Carrying  
a Gc Chromosome

3.4.3. Cytological 
Screening for and 
Characterization  
of Aberrant Alien 
Chromosomes

Fig. 4. A C-banded mitotic metaphase cell of a 45-chromosome plant of common wheat disomic for 2H and monosomic 
for 2C.
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	 2.	When two alien chromosomal segments are present in a plant 
as shown in Fig. 5a, backcross the plant, and select plants with 
single alien chromosomal segments among the progeny.

	 3.	The established lines with single alien chromosomal segments 
are called dissection lines of the alien chromosome.

	 4.	In some aberrant alien chromosomes, the chromosome arm 
where the breakpoint is located can be identified from the 
FISH/GISH image (Fig. 5b). In some aberrant alien chro-
mosomes, however, sequential C-(or N-) banding and FISH/
GISH may be necessary to identify the chromosome arm 
where the breakpoint is located (Fig. 5c).

The terminal deletions of the alien chromosome can be detected 
by PCR using the most proximal marker among those mapped to 
an alien chromosome in the progeny of the 45-chromosome con-
taining plants backcrossed to euploid “Chinese Spring”. Although 
some deletions cannot be detected by PCR when the deleted seg-
ments are translocated to wheat chromosomes, PCR screening is 
the most efficient way to screen for the deletions of alien chromo-
somes added to common wheat on a large scale.

	 1.	Collect alien chromosome-specific markers such as RFLPs, 
SSRs and ESTs.

	 2.	Check the polymorphism of the markers between the alien 
chromosome addition line and euploid “Chinese Spring”.

	 3.	Search for the polymorphic markers in an array of dissection 
lines.

	 4.	Arrange the results into a matrix and construct a cytological 
map of the alien chromosome with the DNA markers.

	 5.	The DNA markers can be used, instead of FISH/GISH, in 
screening for plants carrying aberrant alien chromosomes in 
the progeny of dissection lines (12, 13). The most proximal 

3.4.4. PCR Screening  
for Deletions of Alien 
Chromosomes

3.4.5. Deletion Mapping  
of DNA Markers Using 
Dissection Lines  
of Alien Chromosomes

Fig. 5. The FISH/GISH images of reciprocal translocations involving 1R chromosome of “Imperial” rye (a) and of a trans-
location involving 5H chromosome of “Betzes” barley (b), and the sequential C-banding and FISH/GISH image of a dele-
tion of 7H chromosome of “Betzes” barley (c). The brightest parts (in green) represent FISH signals of pSc200 repeats in 
(a) and HvT 01 repeats in (b) and (c), the less bright regions (in pink) show GISH signals of rye chromatin in (a) and of 
barley chromatin in (b) and (c), and the least bright regions (in blue) show wheat chromosomes.
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DNA markers on both chromosome arms make universal 
markers to check for the presence of critical aberrant alien 
chromosomes in dissection lines.

	 1.	Choice of stain solutions is crucial to successful chromosome 
banding. Therefore, different stain solutions from different 
manufacturers should be tried.

	 2.	The proportion of the labeled probe to ISH solution should 
be kept minimal to attain the weakest FISH/GISH back-
ground signals, but FISH/GISH signals strong enough for 
observation and photography.

	 3.	The detection mixture can be diluted much more than the 
manufacturer recommends.

	 4.	Both Gc chromosomes induce deletions and translocations. 
However, the Gc action of 3CSAT seems to be weaker than 
that of 2C and that 3CSAT may induce more translocations 
than 2C does.

	 5.	In Kyoto, Japan, 0.65 g CaSO4⋅2H2O is added to 1,000 mL 
tap water to make it hard water. The use of distilled water or 
soft tap water would deteriorate differential staining of 
chromosomes.

	 6.	A special 100× objective that does not require a cover slip is 
available (OLYMPUS, MPLAPON 100XO), but ordinary 
100× objectives can be used without a cover slip.

	 7.	At the lower temperature (30°C) for hybridization, GISH 
without unlabeled blocking DNA generates as satisfactory 
signals as clear as those generated by other GISH protocols 
using 37°C for hybridization.
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Chapter 15

Development and Use of Oat–Maize Chromosome Additions 
and Radiation Hybrids

Ralf G. Kynast and Oscar Riera-Lizarazu 

Abstract

Hybridization experiments of oat with maize require fastidious coordination of plant cultivation and 
flowering timing, meticulous crossing techniques, stimulation with plant growth substances, and in vitro 
rescue and culture of the hybrid embryos. The majority of hybrid offspring gradually lose all maize 
chromosomes consequently resulting in haploid oat plants. However, a minority of the offspring retain 
one or more maize chromosome(s) in addition to their haploid oat complements (partial hybrids). Oat 
haploids and partial hybrids with 1–3 maize chromosomes are partially fertile. Controlled self-fertilization 
of partial hybrids allows for the production of doubled haploid oat plants with an added single maize 
chromosome (monosomic addition) or an added pair of homologous maize chromosomes (disomic 
addition) among the inbred offspring. g-Irradiation of monosomic oat–maize addition lines can be used 
to further dissect the maize chromosome in a given line. The lines with identified maize chromosome 
fragments (radiation hybrids) are the basis for establishing chromosome-specific panels. Although still in 
the experimental phase, the use of radiation hybrids has been useful and has widened the repertoire of 
maize genetics and genomics methodology.

Key words: Alien chromosome addition, Avena sativa L., g-Irradiation, In situ DNA/DNA hybrid-
ization, In vitro embryo rescue culture, Interspecies crossing, Molecular marker, PCR assay, Physical 
chromosome mapping, Zea mays L

Crossing plants of very remote relationship – such as common oat 
(Avena sativa L.; 2n = 6x = 42; 1C » 12.961 Gbp; fam. Poaceae, 
subfam. Pooideae) and cultivated maize (Zea mays L.; 2n = 2x = 20; 
1C » 2.671 Gbp; fam. Poaceae, subfam. Panicoideae) – can com-
bine unrelated genomes completely or partially into one hybrid 
genotype (1). Such interspecies hybrids can be used to expand the 
gene/allele pool beyond intraspecific variability (2) and open 

1. Introduction
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novel research opportunities on host–alien gene/allele interactions 
as well as genome dissection in an alien genetic background (3).

Crossing particular genotypes of oat by maize produces 
offspring of about 50–66% haploid oat plants (2ni − nj = 3x = 21) 
and 34–50% partial hybrids, haploid oat plants with one or more 
retained maize chromosome(s) (2ni − nj = 3x + 1 to 10 = 22 to 31) 
owing to complete and partial loss, respectively, of the maize 
genome during embryogenesis (4, 5). Haploid oat and partial 
hybrids with 1–3 maize chromosomes can be partially fertile due 
to the formation of unreduced gametes. Partial hybrids with more 
than three maize chromosomes have low vigor and are sterile  
(1, 5). By employing the techniques described in this chapter, 
fertile and homozygous oat plants with an added pair of homolo-
gous maize chromosomes (2n = 6x + 2 = 42 + 2 = 44) can be identi-
fied and isolated among the inbred offspring after controlled 
self-fertilization of partial (oat × maize) hybrids (1). A series of these 
disomic oat–maize chromosome addition lines for each of the 
individual ten maize chromosomes has been established using 
various oat and maize genotype combinations (6).

Oat–maize addition (OMA) lines are unique and useful genetic 
stocks, for instance, where research requires a heterologous system 
to study, analyze, and manipulate a given maize chromosome sep-
arate from other chromosomes of its native genome. These mate-
rials can be used, e.g., to assign or physically localize molecular 
markers and genes to specific maize chromosomes (7, 8), to study 
chromosome pairing dynamics (9), and in the study of chromo-
some structure (10). Further dissection of the maize genome 
through the g-irradiation of OMA lines can yield materials carrying 
maize subchromosomal segments (11). Like addition lines, sub-
chromosomal stocks have been used in a variety of genomics and 
chromosome research applications (3, 12–14). A listing of addi-
tion lines made to date with sweet corn variety Seneca60 and 
inbreds B73 and Mo17 as maize chromosome donors, phenotypes 
of OMA plants, and radiation hybrids produced is available at 
http://agronomy.cfans.umn.edu/Maize_Genomics.html.

	 1.	Plants: Maize inbred lines B73 and Mo17, maize cultivar 
Seneca60; oat cultivars Starter, Sun II, and GAF/Park.

	 2.	Soil/potting mix: Two parts of steam-sterilized soil and one 
part of Fison’s LC1 mix (Bellevue, WA) supplemented with 
general commercial fertilizer, slow or quick release (e.g., one-
half teaspoon soluble “20-20-20” per pot), or Hoagland’s 
solution.

2. Materials

2.1. Parent Plant 
Cultivation, 
(Oat × Maize) Crossing, 
In Vitro F1-Embryo 
Rescue Culture, 
F1-Hybrid Plant 
Cultivation, and 
I1-Offspring Production
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	 3.	Plant growth substance cocktail: Dissolve 100  mg of 
2,4-dichlorophenoxyacetic acid in ~2  ml of methanol and 
50  mg of gibberellic acid in ~2  ml of methanol, then add 
both to 1 L ddH2O and store at 4°C.

	 4.	Diluted bleach: Mix 50  ml of any commercially available 
washing or household bleach with 50 ml sterile ddH2O and 
use immediately.

	 5.	In vitro culture medium (sterile “½MS” prepared under asep-
tic condition, autoclaved at 121°C for 15 min and cast into 
sterile Petri dishes and culture tubes): Dissolve 50 ml macro-
nutrients, 5 ml Fe-EDTA, 29 ml of 102 mM CaCl2, 1 ml 
micronutrients, 1 ml of 0.5 mM KI, 10 ml vitamins, 20 g 
sucrose, 2 g gelrite in ddH2O up to 1 l.

	 6.	Stock of macronutrients: 412 mM NH4NO3, 375 mM KNO3, 
30 mM MgSO4, 25 mM KH2PO4 in ddH2O.

	 7.	Fe-EDTA solution: Dissolve 3.7 g Na2EDTA⋅2H2O and 2.8 g 
FeSO4·7H2O in ddH2O to 500 ml, boil for 5 min and stir 
while cooling down to RT for 1 h.

	 8.	Stock of micronutrients: 100 mM MnSO4, 100 mM H3BO3, 
40 mM ZnSO4, 1 mM Na2MoO4, 0.1 mM CuSO4, 0.1 mM 
CoCl2 in ddH2O.

	 9.	Stock of vitamins: 15 mg nicotinic acid, 30 mg thiamine-HCl, 
15 mg pyridoxine-HCl, 60 mg glycine, 3 g myo-inositol in 
ddH2O up to 300 ml.

	 1.	Agarose: Standard melting and gelling temperature, multi-
purpose agarose.

	 2.	ddH2O: Deionized distilled water autoclaved and stored in 
aliquots at RT.

	 3.	70%v/v EtOH: Dilute 350 ml of absolute ethanol with 150 ml 
ddH2O and store at RT.

	 4.	50× TAE (2 M Tris-acetate pH 8.0, 50 mM Na2EDTA) buf-
fer pH 8.0: Dissolve 242.24  g of Tris base and 18.6  g of 
Na2EDTA in ~700 ml ddH2O, titrate pH to 8.0 with glacial 
acetic acid (~57 ml), add ddH2O up to 1 l, filter and store 
at RT.

	 5.	1× TAE (40 mM Tris-acetate pH 8.0, 1 mM Na2EDTA) buf-
fer pH 8.0: Dilute 100 ml of 50× TAE pH 8.0 with 4,900 ml 
ddH2O and store at RT.

	 6.	6× SLB (Stop and Loading Buffer) pH 8.0: Dissolve 12 mg 
of bromophenol blue, 12  mg of xylene cyanol, 18  mg of 
orange G, and 2.23 g of Na2EDTA in 1× TAE pH 8.0 up to 
40 ml, add 60 ml of glycerol, mix and store at RT.

	 7.	10,000× SYBRSafe DNA Gel Stain (Invitrogen): Stain 
concentrate in DMSO stored in dark at RT.

2.2. F1-Hybrid Plant 
Selection
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	 8.	250 ng/ml DNA-ladder: Molecular weight marker (100 bp 
ladder) from 100 to 1,500  bp and stored in aliquots at 
−20°C.

	 9.	REDExtract-N-Amp™ Plant PCR Kit with extraction tubes, 
extraction solution, dilution buffer, and red 2× PCR reaction 
mix (Sigma) stored in aliquots at −20°C.

	10.	1 mM F/R primers mix (500 nM Forward primer + 500 nM 
Reverse primer): Dilute 20  ml of 100  mM forward primer 
and 20 ml of 100 mM reverse primer with 3,960 ml ddH2O 
and store in aliquots at −20°C.

Marker Primer Sequence 5¢ >>> 3¢ n GC% Tm DG

p-Grande1 Forward AAAGA CCTCA 
CGAAA GGCCC 
AAGG

24 54 80.5 −49.2

Reverse AAATG GTTCA 
TGCCG ATTGC 
ACG

23 47 75.0 −47.0

	 1.	Same soil/potting mix as described in Subheading 2.1.

	 1.	Same materials as described in Subheading 2.2.
	 2.	Maize chromosome arm-specific microsatellite markers 

selected from the Maize Genetics and Genomics Database: 
http://www.maizegdb.org/.

	 1.	CTAB (1% CTAB, 100 mM Tris–Cl pH 7.5, 10 mM Na2EDTA 
pH 8.0, 700 mM NaCl, 140 mM b-mercaptoethanol) solu-
tion, e.g., 350 ml for 16 samples of ~20 ml for ~5 g leaf tissue: 
Dissolve 3.5 g of CetylTrimethylAmmonium Bromid (Sigma), 
35 ml of 1 M Tris–Cl pH 7.5, 7 ml of 0.5 M Na2EDTA pH 
8.0, 49 ml of 5 M NaCl, and 3.5 ml of b-mercaptoethanol 
in ddH2O up to 350  ml, warm up to 65°C and use 
immediately.

	 2.	Chloroform-n-octanol mix: Mix 240 ml of chloroform with 
10 ml of 1-octanol and store at RT.

	 3.	1%w/v RNase A in 10  mM Tris–Cl pH 7.5, 15  mM NaCl 
(DNase free): Dissolve 100 mg of RNase A, 100 ml of 1 M 

2.3. Maize 
Chromosome 
Identification in 
Shoots and Roots  
of I1 Plants

2.3.1. Germination and 
Cultivation of I1 Offspring

2.3.2. DNA Extraction from 
I1-Plant Leaf Tissues and 
PCR Assay Using Maize 
Chromosome Arm-Specific 
Microsatellite Markers

2.3.3. DNA Extraction from 
Maize Leaf Tissues, 
Chemical Labeling, 
Somatic Chromosome 
Preparation, and Genomic 
In Situ Hybridization



263Development and Use of Oat–Maize Chromosome Additions and Radiation Hybrids

Tris–Cl pH 7.5, and 30 ml of 5 M NaCl in ddH2O to 10 ml, 
incubate in boiling water bath for 15 min, slowly cool down 
and store in 200-ml-aliquots (for DNA extraction) and 30-ml-
aliquots (for in situ hybridization) at −20°C.

	 4.	TE (10 mM Tris–Cl pH 8.0, 1 mM Na2EDTA ) buffer pH 
8.0: Dilute 2 ml of 1 M Tris–Cl pH 8.0 and 400 ml of 0.5 M 
Na2EDTA pH 8.0 with ddH2O to 200 ml and store at 4°C.

	 5.	3 M Na-acetate pH 5.2: Dissolve 40.81 g of Na-acetate ⋅ 3H2O 
in 60 ml ddH2O, titrate pH to 5.2 with glacial acetic acid, 
add ddH2O to 100 ml and store at 4°C.

	 6.	70%v/v EtOH: Dilute 350 ml of absolute ethanol with 150 ml 
ddH2O and store at RT.

	 7.	80%v/v EtOH: Dilute 400 ml of absolute ethanol with 100 ml 
ddH2O and store at RT.

	 8.	90%v/v EtOH: Dilute 450 ml of absolute ethanol with 50 ml 
ddH2O and store at RT.

	 9.	ULYSIS® Alexa Fluor® 488 Nucleic Acid Labeling Kit 
(Invitrogen), Alexa Fluor® 488: Excitationmax = 490 nm and 
Emissionmax = 519 nm.

	10.	Farmer’s Fixative Fluid: Mix 3× volume of absolute alcohol 
and 1× volume of glacial acetic acid and use immediately.

	11.	45%v/v Acetic acid: Dilute 45 ml of glacial acetic acid in 55 ml 
ddH2O and store in 20-ml aliquots at RT.

	12.	Diluted RNase A (for 15 slides): Thaw a 30-ml aliquot of 1% 
RNase A stock and dilute (1/100): Mix 30 ml of 1% RNase A 
stock, 300  ml of 20× SSC and 2,670  ml ddH2O, and use 
immediately.

	13.	500 mM PB (phosphate buffer, 350 mM Na2HPO4, 150 mM 
NaH2PO4) pH 7.4: Mix 500 mM Na2HPO4 and 500 mM 
NaH2PO4 together to pH 7.4 and store at RT.

	14.	10× PBS (phosphate-buffered saline, 70  mM Na2HPO4, 
30 mM NaH2PO4, 1.3 M NaCl) pH 7.4: Mix 130 ml of 5 M 
NaCl, 100 ml of 500 mM PB pH 7.4 and 270 ml ddH2O, 
filter and store at RT.

	15.	4%w/v PFA: Warm 200 ml ddH2O to 70–80°C, add 10 g of 
paraformaldehyde, mix, add 250 ml of 4 M NaOH, mix, add 
25  ml of 10× PBS, mix, and cool to RT, add ddH2O to 
250 ml, mix, and use immediately.

	16.	20× SSC (saline sodium citrate, 3 M NaCl, 0.3 M Na3-citrate) 
pH 7.0: Dissolve 88.23 g of Na3-citrate ⋅ 2H2O and 175.32 g 
of NaCl in ~850 ml ddH2O, titrate pH to 7.0 with NaOH/
HCl, add ddH2O to 1 l, filter and store at RT.

	17.	FA (formamide) for posthybridization wash: Use formamide 
of highest grade and store in 200-ml aliquots at RT.
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	18.	FA (formamide) for hybridization solution: Deionize formamide 
of highest grade by stirring 5 g of in vacuo dried mixed bed 
exchange resin AG 501-X8(D), molecular biology grade 
(BIO-RAD) in 100 ml of formamide for ~3 h or until pH is 
neutral, check pH with pH paper (e.g., UNITEST), filter 
through Whatman No. 1 and store in 5-ml aliquots at −20°C.

	19.	10 mg/ml Carrier DNA: Use sonicated (~150 bp), denatured 
DNA from salmon testes and store at −20°C.

	20.	100  mg/ml PI (red counterstain; Excitationmax: 340 and 
530 nm, Emissionmax: 615 nm): Dissolve 1 mg of propidium 
iodide in 10 ml ddH2O and store in 1-ml aliquots in amber 
tubes at −20°C.

	21.	Antifade Vectashield (Vector Laboratories).

	 1.	Soil/potting mix as described in Subheading 2.1.

	 1.	ddH2O/glycerol mix: Mix 60 ml ddH2O and 40 ml glycerol 
thoroughly and use immediately.

	 2.	Soil/potting mix as described in Subheading 2.1.
	 3.	g-Rays source: Use a 137Cs or a 60Co source and calibrate the 

irradiation with oat seeds.
	 4.	Materials as described in Subheading 2.2.

	 1.	Same materials as described in Subheadings 2.1 and 2.2.

	 1.	Same materials as described in Subheadings 2.1 and 2.2.

2.4. Back-Crossing of 
Disomic Oat–Maize 
Chromosome Addition 
Plants to Oats

2.5. Irradiation of 
Monosomic Oat–Maize 
Chromosome Addition 
Seeds by Gamma 
Rays, Cultivation  
and Self-Pollination  
of the M1 Plants,  
and M2-Offspring 
Production

2.6. Selection of 
Radiation Hybrids 
Among the M2 Plants 
and Marker Allocation 
to Chromosome 
Segments

2.7. Panel 
Development for 
Maize Genetics/
Genomics
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	 1.	Germinate and cultivate maize plants in soil/potting mix in 
14-in. pots with ample supply of water and nutrients in a 
growth chamber with high (80%) relative air humidity for 
good vegetative growth in long days (16 | 8) for about 4 weeks 
(see Notes 1 and 5–7).

	 2.	Shift plants to induce flowering into short days (10 | 14) with 
slightly lower (60%) relative air humidity and slightly increased 
temperature setting for the day phase to accelerate generative 
development (see Notes 1 and 4–7).

	 1.	Germinate and cultivate oat plants in soil/potting mix in 
7-in. pots with ample supply of water and nutrients in a 
growth chamber with high (80%) relative air humidity for 
good vegetative growth in short days (10 | 14) for about 6 weeks 
(see Notes 2, 5, 6, and 8).

	 2.	Shift plants to induce flowering into long days (16 | 8) with 
slightly lower (60%) relative air humidity and shifted time 
setting (see Notes 2–6 and 8).

	 1.	One day before anther dehiscence, remove secondary florets 
from the spikelets of the upper two-thirds of the oat panicle 
and emasculate primary florets of the same spikelets by pulling 
out all anthers by the use of a very fine forceps without touch-
ing the feathery stigmas and without wounding lemma, palea, 
and glumes.

	 2.	Cut off all awns from emasculated spikelets.
	 3.	Cut off all spikelets that are not emasculated (lower one-third 

of the panicle).
	 4.	Isolate the panicle in a glassine bag and support it by fixing 

the bagged panicle to a sturdy stick; record date and time of 
emasculation.

	 5.	One day after emasculation, collect freshly shed maize pollen 
onto a clean paper sheet by tapping the tassel branch with 
exposed anthers ready to dehisce (8:00 to 10:30  a.m.; see 
Notes 4 and 5).

	 6.	Pour the pollen grains from the paper sheet into a glass Petri 
dish, and sprinkle pollen grains onto the feathery stigmas of 
the emasculated oat florets by using a fine soft camelhair 
brush.

3. Methods

3.1. Parent Plant 
Cultivation, 
(Oat × Maize) Crossing, 
In Vitro F1-Embryo 
Rescue Culture, 
F1-Hybrid Plant 
Cultivation and 
I1-Offspring 
Production (Fig. 1)

3.1.1. Maize Plant 
Cultivation

3.1.2 �Oat Plant Cultivation

3.1.3. Oat × Maize Crossing
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Fig. 1. Hybridization of oat and maize and production of oat–maize addition lines. Oat 
(female) is crossed by maize (male). One or 2 days after pollination, crossed florets are 
treated with hormones (auxin and gibberellic acid) to promote seed and embryo devel-
opment. Fifteen to 18 days after pollination, seeds are collected, disinfected, and dis-
sected under sterile conditions. Hybrid embryos formed are transferred to synthetic 
media for additional development and germination. In vitro-regenerated seedlings are 
transferred to pots and allowed to develop. Root tips from regenerated plants are col-
lected for chromosome counting and GISH analysis. Simultaneously, leaf tissue is col-
lected for DNA extraction and marker assays. About half of the plants will be oat haploids 
(2n = 21) and the rest will be oat haploids with one or more maize chromosomes (partial 
hybrids). Subsequently, partial hybrids are allowed to self-pollinate. Plants originating 
from seeds of partial hybrids are also analyzed cytologically and with DNA-based mark-
ers to determine their chromosome constitution. Oat–maize disomic addition lines are 
oat plants with a pair of homologous maize chromosomes (2n = 6x + 2 = 42 + 2).
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	 7.	Put the glassine bag back over the pollinated panicle and 
support it by fixing the bagged panicle to a sturdy stick; record 
genotype ID of pollen donor, date and time of pollination.

	 8.	Two days after pollination, spray the upper half of the polli-
nated plant with the plant growth substance cocktail in order 
to support F1-embryo development and to delay F1-endosperm 
collapse; record date and time of treatment.

	 1.	Fifteen days after pollination, harvest thin green karyopses of 
pollinated florets at late afternoon and store them in sterile 
ddH2O at 4°C overnight whereas discarding any plump 
starch-filled karyopses that may have resulted from oat self-
fertilization.

	 2.	Disinfect the karyopses by gentle shaking in diluted bleach at 
RT for 10 min.

	 3.	Wash off bleach by 5× rinsing the karyopses in sterile ddH2O 
at RT for 5 min, each.

	 4.	Dismantle the immature embryo (proembryo) from the 
endosperm and put it with the scutellum onto the surface of 
culture medium in a Petri dish; label and record (oat × maize) 
ID, date and time of preparation.

	 5.	In vitro dark culture: Cultivate the proembryos in permanent 
dark (24 h) consistently at 20 ± 1°C for ~14 days or till plant-
lets of ~2 cm shoot size with healthy roots of 1–2 cm length 
are formed.

	 6.	Transfer plantlets into new culture medium in large culture 
tubes.

	 7.	In vitro light culture: Cultivate the plantlets in short days 
(10 | 14) consistently at 20 ± 1°C for ~14 days or till plant 
height has passed ~6 cm (see Notes 5, 6, and 9).

	 1.	Transplant the F1 plants into soil/potting mix in 7-in. pots 
and cultivate with ample supply of water and nutrients in a 
growth chamber with high (80%) relative air humidity for 
good vegetative growth in short days (10 | 14) for about 6 
weeks (see Notes 5, 6, and 9).

	 2.	Shift plants for inducing flowering in long days (16 | 8) with 
slightly lower (60%) relative air humidity (see Notes 5, 6, 
and 9).

	 3.	Isolate four panicles (a-, b-, c-, and d-panicle) from the physi-
ologically first four maize-positive tillers of the F1 plant indi-
vidually in glassine bags shortly before anthesis in order 
to  ensure controlled self-pollination/self-fertilization for  
I1-offspring production (see Note 10).

	 4.	Support bagged panicles by fixing them to a sturdy stick; 
record date and time of isolation.

3.1.4. In Vitro Embryo 
Rescue Culture

3.1.5. F1-Hybrid Plant 
Cultivation and I1-Offspring 
Production
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	 5.	Continue cultivation and let plants completely mature before 
crop (see Notes 5, 6, and 9).

	 6.	Harvest I1 seeds from different tillers of the same F1 plant 
separately and treat as distinctive I1-offspring populations, 
and record data (see Note 11).

F1 plants are selected on the basis of whether the shoot tissue cells 
carry in their complements one or more maize chromosome(s) 
in addition to the haploid oat genome (i.e., being maize-positive) 
or do not (i.e., being maize-negative) regardless of presence or 
absence of maize chromatin in their root tissues cells (see 
Note 10). Molecular markers for repetitive DNA segments that 
are dispersed in multiple clusters along all maize chromosome 
arms but absent from the total DNA of all oat genotypes used – 
such as, e.g., p-Grande1 for the LTR-type retrotransposon Grande 
– are employed to verify presence vs. absence of maize chromatin.

The population of F1 plants is tested in two steps (see Note 10):
At first, DNA is extracted from the completely unfolded blades 

of the juvenile plants’ first leaves and assayed with the marker to 
discriminate maize-positive and maize-negative F1 plants. Secondly, 
the maize-positive plants are continued to grow till panicles emerge 
from the physiologically first four tillers (a-, b-, c-, and d-tiller) and 
DNA is extracted from their flag leaves’ blades and assayed like-
wise to discriminate maize-positive and maize-negative tillers.

DNA extractions and PCR assays using maize-specific repeti-
tive DNA markers are accomplished by using the REDExtract-N-
Amp™ Plant PCR Kit as follows:

	 1.	Rinse paper punch in 70% EtOH, let dry and punch a 0.5 cm 
disc of leaf tissue into an extraction tube (kit component 1).

	 2.	Add 100 ml of extraction solution (kit component 2) per tube, 
vortex and spin down droplets.

	 3.	Incubate at 95°C for 10 min, let cool to RT for ~2 min and 
spin down droplets.

	 4.	Add 100 ml of dilution buffer (kit component 3) per tube, 
vortex and spin down droplets (see Note 12).

	 5.	Make PCR mixes (15 ml for one sample):
7.5 ml of red 2× PCR reaction mix (kit component 4)
4.5 ml of 1 mM F/R primers mix
3.0 ml of leaf tissue disc extract mix

	 6.	� Incubate PCR mixes with the following thermal cycle program:

Lid 100°C

1× 94°C, 30 s

30× 92°C, 30 s; 62°C, 30 s; 72°C, 30 s

1× 72°C, 3 min 30 s

End 14°C

3.2. F1-Hybrid Plant 
Selection (Fig. 1)
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	 7.	Add 3 ml of 6× SLB per mix and spin down droplets.
	 8.	Prepare a 1.5% agarose gel in 1× TAE, add SYBRSafe, mix 

and cast it:

Mini gel 
(cm × cm)

Combs  
(8 teeth) 1× TAE (ml) Agarose (g) SYBRSafe (ml)

10.2 × 6.4 1 30 0.45 3

Maxi gel 
(cm × cm)

Combs  
(25 teeth) 1× TAE (ml) Agarose (g) SYBRSafe (ml)

11.1 × 23.0 1 100 1.50 10

21.0 × 23.0 2 190 2.85 19

30.9 × 23.0 3 280 4.20 28

40.8 × 23.0 4 370 5.55 37

	 9.	Load stopped mixes (18 ml) into the gel wells and run elec-
trophoresis at 80 V for ~30 min.

	10.	Check gel on a 470 nm blue light transilluminator for the 
DNA bands (PCR products).

	11.	Scan band pattern, select maize-positive vs. maize-negative 
plants/tillers, and record data.

	 1.	Germinate I1 seeds in permanent dark (24 h) on wet filter 
paper at 22 ± 2°C for 3–4 days or until seedlings have ~2 cm 
long shoots and roots, and harvest root tips for Genomic 
In Situ Hybridization (GISH)-assay (karyotype analysis).

	 2.	Transplant the I1 seedlings into soil/potting mix in 7-in. pots 
and cultivate them with ample supply of water and nutrients 
in a growth chamber with high (80%) relative air humidity for 
good vegetative growth in short days (10 | 14) for about 6 weeks 
(see Notes 5, 6, and 9).

	 3.	Shift plants to induce flowering into long days (16 | 8) with 
slightly lower (60%) relative air humidity (see Notes 5, 6, 
and 9).

	 4.	Isolate four panicles (a-, b-, c-, and d-panicle) developing 
from the physiologically first four maize chromatin-positive 
tillers with identified added maize chromosome(s) of the I1 
plant individually in glassine bags shortly before anthesis in 
order to ensure controlled self-pollination/self-fertilization 
for production of I2 offspring with stable maize chromosome 
transmission (see Note 13).

	 5.	Support bagged panicles by fixing them to a sturdy stick; 
record date and time of isolation.

	 6.	Continue cultivation and let plants completely mature before 
crop (see Notes 5, 6, and 9).

3.3. Maize 
Chromosome 
Identification in 
Shoots and Roots of I1 
Plants and Oat–Maize 
Addition Production

3.3.1. Germination and 
Cultivation of I1 Offspring, 
and Production of I2 
Offspring
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	 7.	Harvest I2 seeds from different tillers of the same I1 plant 
separately and treat as distinctive I2-offspring populations (see 
Note 13).

	 8.	Identify and select I2 genotypes/karyotypes like for the I1 
plants, estimate the frequencies of transmission from I1 to I2 
generation for the individual maize chromosomes, establish 
the disomic (2n = 6x + 2 = 42 + 2 = 44) and monosomic 
(2n = 6x + 1 = 42 + 1 = 43) oat–maize chromosome addition 
lines (OMAs), and record data.

The maize chromosomes sexually transmitted from the F1 plant 
to the I1 offspring are identified by a set of a minimum of 40 
selected microsatellite markers representing at least two specific 
ones for each of the 20 maize chromosome arms. This is done to 
help determine along with later chromosome in situ hybridiza-
tion if maize chromosomes are retained intact. Each individual 
I1-plant tiller must be tested separately. Test the first four tillers by 
assaying DNA from their flag leaves and document the maize chro-
mosome constitution of each plant tiller (see Notes 12 and 14).

	 1.	Germinate and cultivate maize plants in soil/potting mix in 
14-in. pots with ample supply of water and nutrients in a 
growth chamber with high (80%) relative air humidity for 
good vegetative growth in long days (16 | 8) for about 4 weeks 
(see Notes 1 and 5–7).

	 2.	Put the plants into permanent dark (24 h) with the same tem-
perature regime as in step 1 for about 4 days in order to etio-
late the leaves.

	 1.	Freeze ~5 g of cut etiolated leaves (one sample) in liquid N2 
in a mortar.

	 2.	Grind the frozen tissue in liquid N2 with pestle to a very fine 
powder.

	 3.	Transfer the powder into a pre-cooled 50-ml Falcon tube.
	 4.	Add 20 ml of warm (65°C) CTAB solution and gently rock 

the sample at 65°C for 1 h.
	 5.	Let sample cool down to RT.
	 6.	Add 10 ml of chloroform-n-octanol mix and gently rock the 

sample at RT for 5 min.
	 7.	Centrifuge the sample at RT for 20 min.
	 8.	Transfer the top layer (~20 ml) into a new 50-ml Falcon tube 

(see Note 15).
	 9.	Add 20 ml of chloroform-n-octanol mix and gently rock the 

sample at RT for 5 min.
	10.	Centrifuge the sample at RT for 20 min.

3.3.2. DNA Extraction from 
I1-Plant Leaf Tissues and 
PCR-Assay Using Maize 
Chromosome Arm-Specific 
Microsatellite Markers

3.3.3. DNA Extraction from 
Maize Leaf Tissues, 
Chemical Labeling, 
Somatic Chromosome 
Preparation, and Genomic 
In Situ Hybridization

3.3.3.1. Maize Plant 
Cultivation

3.3.3.2. Start Maize DNA 
Extraction, First Day
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	11.	Transfer the top layer (~20 ml) into a new 50-ml Falcon tube 
(see Note 15).

	12.	Add 200  ml of 1% RNase A stock, mix and incubate the 
sample at 37°C for 30 min.

	13.	Add 20 ml of iso-propanol and very gently mix the sample at 
RT for ~5 min or until fine long DNA fibers are formed.

	14.	Spool the DNA fibers onto a sterile glass hook.
	15.	Repeatedly immerse the hook with DNA fibers in ~5 ml of 

70% EtOH in a 15-ml Falcon tube until DNA fibers form a 
white fluffy cloud.

	16.	Spool the washed DNA fibers onto the same glass hook and 
air-dry.

	17.	Dissolve the DNA in 6 ml of TE buffer pH 8.0 at 4°C over-
night in a 15-ml Falcon tube.

	 1.	Add 6 ml of chloroform-n-octanol mix and gently rock the 
sample at RT for 5 min.

	 2.	Centrifuge the sample at RT for 20 min.
	 3.	Transfer the top layer (~6 ml) into a new 15-ml Falcon tube 

(see Note 15).
	 4.	Add 6 ml of chloroform-n-octanol mix and gently rock the 

sample at RT for 5 min.
	 5.	Centrifuge the sample at RT for 20 min.
	 6.	Transfer the top layer (~6 ml) into a new 15-ml Falcon tube 

(see Note 15).
	 7.	Add 600 ml of 3 M Na-acetate pH 5.2 and mix.
	 8.	Add 6 ml of iso-propanol and very gently mix the sample at 

RT for ~5 min or until fine long DNA fibers are formed.
	 9.	Spool the DNA fibers onto a new sterile glass hook.
	10.	Repeatedly immerse the hook with DNA fibers in ~5 ml of 

70% EtOH in a 15-ml Falcon tube until DNA fibers form a 
white fluffy cloud.

	11.	Spool the washed DNA fibers onto the same glass hook and 
air-dry.

	12.	Dissolve the DNA in 600 ml of TE buffer pH 8.0 at 4°C for 
³3 days in a 2-ml screw-cap tube (see Note 16).

	13.	Dilute DNA with TE buffer pH 8.0 to a final concentration 
of 1 mg/ml.

	 1.	Shear the extracted maize DNA (1 mg/ml) to a middle length 
of 400–500 bp by autoclaving in a small-size (3 L) pressure 
cooker at 121°C, 15 lb. for 4–12 min (Nominal pressure of 
80 kPa = 11.6 psi).

3.3.3.3. Continue Maize 
DNA Extraction, Second 
Day

3.3.3.4. DNA Labeling 
Using the ULYSIS® Alexa 
Fluor® 488 Nucleic Acid 
Labeling Kit, First Day
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	 2.	Let cool down the autoclaved DNA to RT.
	 3.	Dilute the DNA with ddH2O to a final concentration of 

100 ng/ml.
	 4.	Add 10 ml of 100 ng/ml sheared DNA into an amber 0.5-ml 

tube on ice (see Note 17).
	 5.	Add 1 ml of 3 M Na-acetate pH 5.2 and mix.
	 6.	Add 27 ml of cold 100% EtOH, mix and incubate the sample 

at −20°C overnight.

	 1.	Centrifuge the sample (38  ml) with 16,000 × g at 4°C for 
15 min.

	 2.	Decant the supernatant and carefully wash the pellet in ~50 ml 
of cold 70% EtOH.

	 3.	Centrifuge the sample with 16,000 × g at 4°C for 3 min in 
order to refasten the pellet to the tube wall.

	 4.	Decant the supernatant and air-dry the pellet in vacuo (e.g., 
Savant DNA 120 SpeedVac Concentrator) at RT for 
~15 min.

	 5.	Completely dissolve the pellet in 24 ml of 5 mM Tris–Cl pH 
8.0, 1 mM Na2EDTA (kit component C).

	 6.	Denature sample at 95°C for 5 min, chill on ice for 5 min and 
spin down condensed water.

	 7.	Add 1 ml of A/B mix to the denatured DNA sample, mix and 
incubate at 80°C for 15 min (see Note 18).

	 8.	Stop incubation by setting the tube on ice.
	 9.	Add 2.5 ml of 3 M Na-acetate pH 5.2 and mix.
	10.	Add 65 ml of cold 100% EtOH, mix and incubate at −80°C 

for 2 h.
	11.	Centrifuge the sample (92.5 ml) with 16,000 × g at 4°C for 

15 min.
	12.	Decant the supernatant and carefully wash the pellet in 

~100 ml of cold 70% EtOH.
	13.	Centrifuge the sample with 16,000 × g at 4°C for 3 min in 

order to refasten the pellet to the tube wall.
	14.	Decant the supernatant and carefully wash the pellet in 

~100 ml of cold 80% EtOH.
	15.	Centrifuge the sample with 16,000 × g at 4°C for 3 min in 

order to refasten the pellet to the tube wall.
	16.	Decant the supernatant and air-dry the pellet in vacuo (e.g., 

Savant DNA 120 SpeedVac Concentrator) at RT for ~15 min.
	17.	Completely dissolve the pellet in 20 ml of TE buffer pH 8.0 

and store the F-probe (~50 ng/ml) at −20°C in the amber 
tube (see Notes 17 and 19).

3.3.3.5. DNA Labeling 
Using the ULYSIS® Alexa 
Fluor® 488 Nucleic Acid 
Labeling Kit, Second Day
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	 1.	Cut one or maximal two roots (about 1.5 cm long) per ger-
minated I1 seedling and incubate in 2 ml ddH2O in 5-ml tubes 
in ample wet ice for 24 h (ice water treatment) (see Note 20).

	 2.	Fix roots in Farmer’s fixative fluid at RT for ~24 h (up to use 
store roots at about −10°C).

	 3.	Wash roots in ddH2O at RT for ~1 h in order to remove fixa-
tive from tissue.

	 4.	Macerate roots in 45% acetic acid at RT for 3–5  min (see 
Note 21).

	 5.	Gently strike out meristem cells from the root tip onto a slide.
	 6.	Squash meristem cells in a drop of 45% acetic acid under a 

glass cover slip (18 mm × 18 mm).
	 7.	Examine mitotic index and chromosome spreading with a 

phase-contrast microscope.
	 8.	Freeze the slide upside-down on dry ice or in liquid N2, flick 

off the cover slip and incubate the slide in 100% EtOH for 
~10 min.

	 9.	Air-dry the slide in an oven at 37°C for about ~20 min.
	10.	Add 200 ml of diluted RNase A onto a slide and cover with a 

plastic slip (20 mm × 20 mm).
	11.	Incubate slides in a wet chamber at 37°C for 30–45 min.
	12.	3× gently shake slides in 2× SSC at RT for 5 min, each.
	13.	Gently shake slides in 4% PFA at RT for 10 min.
	14.	3× gently shake slides in 2× SSC at RT for 5 min, each.
	15.	Dehydrate slides in 70%, then 90%, then 100% EtOH at RT 

for 3 min, each.
	16.	Air-dry slides in an oven at 37°C for about ~20 min.
	17.	Prepare 30 ml of hybridization solution (HS) per slide in an 

amber tube as follows (see Notes 17 and 22):

Volume  
(ml/slide) Component

DNA mass 
(ng/slide) Final concentration

9.10 ddH2O – –

12.00 Formamide – 40%

2.25 20× SSC pH 7.0 – 1.5× SSC = 0.2925 M Na+

0.15 10 mg/ml Carrier  
(Salmon sperm 
DNA)

~1,500 ~50.0 ng/ml

0.50 50 ng/ml F-probe  
(Maize DNA)

~25 ~834 pg/ml

6.00 50% Dextran sulfate – 10%

3.3.3.6. Somatic 
Chromosome Preparation 
and Genomic In Situ 
Hybridization
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	18.	Denature HS at 95°C for 6 min, chill on ice for 6 min.
	19.	Add 30  ml of HS onto one slide, cover with plastic slip 

(20 mm × 20 mm).
	20.	Incubate slides in a wet chamber at 80°C for 6  min, cool 

down with 0.05°C/s to 37°C.
	21.	Incubate slides in a wet chamber at 37°C for 6–12 h.
	22.	2× gently shake slides in 2× SSC at 42°C for 10 min, each.
	23.	2× gently shake slides in 40% FA/1.5× SSC at 42°C for 

10 min, each (see Note 22).
	24.	2× gently shake slides in 2× SSC at 42°C for 10 min, each.
	25.	Gently shake slides in 2× SSC at RT for 10 min.
	26.	Add 2 ml of diluted PI onto one slide and incubate without 

cover slip at RT for 16 min.
	27.	Wash off excess of PI from slides with ~3 ml of 1× PBS from 

a pipette.
	28.	Mount slides with antifade (~20 ml/slide) and cover with thin 

glass slips (24 mm × 30 mm).
	29.	Analyze slides by using an epifluorescence microscope (see 

Note 23).

	 1.	Germinate and cultivate the oat plants (to be emasculated 
mother plants) and identified disomic maize chromosome 
addition plants (to be pollen donors) in soil/potting mix in 
7-in. pots with ample supply of water and nutrients in a 
growth chamber with high (80%) relative air humidity for 
good vegetative growth in short days (10 | 14) for about 
6 weeks (see Notes 2, 5, 6, and 9).

	 2.	Shift plants to induce flowering into long days (16 | 8) with 
slightly lower (60%) relative air humidity (see Notes 2, 5, 6, 
and 9).

	 1.	One day before anther dehiscence, remove secondary florets 
from the spikelets of the upper two-thirds of the oat panicle 
and emasculate primary florets of the same spikelets by pulling 
out all anthers by the use of a very fine forceps without 
touching the feathery stigmas and without wounding the 
lemma, palea, and glumes.

	 2.	Cut off all awns from emasculated spikelets.
	 3.	Cut off all spikelets that are not emasculated (lower one-third 

of the panicle).
	 4.	Isolate the panicle in a glassine bag and support it by fixing 

the bagged panicle to a sturdy stick; record date and time of 
emasculation.

3.4. Back-Crossing  
of Disomic Oat–Maize 
Chromosome Addition 
Plants to Oat

3.4.1. Plant Cultivation

3.4.2. (Oat × Disomic OMA) 
Crossing and BC1-Offspring 
Production
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	 5.	One day after emasculation, collect freshly shed pollen from 
the disomic OMA plant into a glass Petri dish by tapping the 
exposed anthers ready to dehisce (11:30 a.m. to 12:30 p.m.; 
see Notes 4 and 5).

	 6.	Sprinkle pollen grains onto the feathery stigmata of emascu-
lated oat florets by using a fine and soft camelhair brush.

	 7.	Put back the glassine bag over the pollinated panicle and sup-
port it by fixing the bagged panicle to a sturdy stick; record 
genotype ID of pollen donor, date and time of pollination.

	 8.	Continue cultivation and let plants completely mature before 
crop (see Notes 5, 6, and 9).

	 9.	Harvest BC1-seeds and test a representative sample (about 
20 seeds) from the population for monosomic condition of 
the added maize chromosome and the euploid condition for 
the oat complement (2n = 6x + 1 = 42 + 1 = 43) by GISH-assay, 
and record data.

	 1.	Store ~500 BC1 seeds to be g-irradiated – spread out in a 
single layer in a large Petri dish – together with a mixture of 
(60% ddH2O + 40% glycerol) in a desiccator for 5 days in 
order to equilibrate seed moisture.

	 2.	Irradiate the BC1 seeds with g-rays from a 137Cs source in 
order to induce as much chromosome breakage as possible, 
while maintaining seed germination ability and plant viability; 
g-rays from a different source (e.g., 60Co) require recalibra-
tion (see Note 24).

	 3.	Germinate the irradiated BC1 seeds (=M1 seeds) and cultivate 
the M1 plants in soil/potting mix in 7-in. pots with ample sup-
ply of water and nutrients in a growth chamber with high 
(80%) relative air humidity for good vegetative growth in short 
days (10 | 14) for about 6 weeks (see Notes 5, 6, and 9).

	 4.	Shift plants to induce flowering into long days (16 | 8) with slightly 
lower (60%) relative air humidity (see Notes 5, 6, and 9).

	 5.	Test DNA of M1 plants for presence of maize chromatin 
(chromosome segments) by the use of the PCR assay with a 
maize-specific dispersed marker (e.g., p-Grande1) in two steps 
as described in Subheading 3.2, and record data.

	 6.	Isolate the four panicles (a-, b-, c-, and d-panicle) from the 
physiologically first four maize-positive tillers of the M1 plants 
individually in glassine bags shortly before anthesis in order 
to ensure controlled self-pollination/self-fertilization for pro-
duction of M2 offspring with stable maize chromosome seg-
ment transmission (see Note 25).

	 7.	Support bagged panicles by fixing them to a sturdy stick; 
record date and time of isolation.

3.5. Irradiation of 
Monosomic Oat–Maize 
Chromosome Addition 
Seeds by g -Rays, 
Cultivation and 
Self-Pollination of the 
M1 Plants, and 
M2-Offspring 
Production (Fig. 2)
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	 8.	Continue cultivation and let plants completely mature before 
crop (see Notes 5, 6, and 9).

	 9.	Harvest M2 seeds from different tillers of the same M1 plant 
separately and treat as distinctive M2-offspring populations, 
and record data (see Note 25).

	 1.	Plant a collection of independently derived M2 seeds, and 
grow M2 plants following the plant rearing conditions in 
Subheading 3.5.

	 2.	Collect leaf tissue, isolate DNA, and test DNA for the presence 
of maize chromatin by the use of a PCR-based assay with a 

3.6. Selection of 
Radiation Hybrids 
Among the M2 Plants 
and Marker Allocation 
to Chromosome 
Segments (Fig. 3)

Fig. 2. Production of oat–maize radiation hybrids. Seed of a monosomic maize chromosome 
9 addition line of oat was treated with gamma-rays (30–50 krad), subsequently planted, 
and surviving plants were self-pollinated. Progeny from self-pollination (the radiation 
hybrids) possessing maize chromosome 9 chromatin including plants with an apparently 
normal maize chromosome 9 as well as plants with various maize chromosome 9 rear-
rangements (intergenomic translocations, deletions, and a combination of both) are 
selected for analysis. This figure is based on Riera-Lizarazu et al. (15) and is reproduced 
with permission from the publisher (copyright © 2008 S. Karger AG, Basel).
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Fig. 3. Development of a radiation hybrid panel. Radiation hybrids are cytologically (GISH) characterized and analyzed 
with molecular markers to determine their maize chromosome constitution. These analyses provide a picture of the level 
and pattern of chromosome breakage that was induced in each line. Subsequently, radiation hybrids with defined con-
stitutions are then assembled to form a panel. The collective pattern of chromosome breakpoints in a panel of radiation 
hybrids can be used to define chromosome segment bins for physical mapping and other applications.
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maize-specific marker (maize-specific dispersed retrotransposon 
LTR) as described in Subheading 3.2.

	 3.	Lines that tested positive for the maize-specific marker are 
tested with ~20-well-distributed markers (SSRs or ESTs) that 
span the pertinent maize chromosome.

	 4.	Concurrently, lines that tested positive for the maize-specific 
marker should be analyzed cytologically (GISH) as described 
in Subheading 3.3.

	 5.	These assays will reveal marker content and the pattern of 
maize chromosome breakage in each M2 plant (or radiation 
hybrid).

A radiation hybrid panel is composed of individuals that have 
lost at least one marker due to radiation-induced chromosome 
breakage. Panels of varying levels of chromosome breakage or 
mapping resolution can be assembled depending on the intended 
use of the panel (see Note 26).

	 1.	Select a small number of radiation hybrids (<100) where the 
maize chromosome in question was only involved in simple 
intergenomic translocations. These radiation hybrids will 
exhibit a low number of obligate chromosome breaks per 
individual (1–2). Typically, these panels have a mapping reso-
lution in the range of 0.5–10 Mb (low resolution panel).

	 2.	Collect larger number of individuals (>100) where the maize 
chromosome in question suffered multiple interstitial dele-
tions. These radiation hybrids will exhibit a high number of 
chromosome breaks per individual (2–10). These panels have 
a mapping resolution range of 0.2–1 Mb (medium resolution 
panel).

	 1.	Maize genotypes used as pollen donors and DNA source for 
F-probe production are plants of the inbred lines B73, Mo17, 
and the cultivar Seneca60; all maize genotypes are dark-ger-
minating spring-type short-day plants.

	 2.	Oat plants used to develop OMAs are offspring of single-
plant selections from the cultivars Starter, Sun II, and GAF/
Park; all oat genotypes are dark-germinating spring-type 
long-day plants.

	 3.	An elevated temperature regime of about 3°C above the 
optimal growth conditions for oat during anthesis and early 
embryogenesis can foster (oat × maize) cross-fertilization and 
may reduce maize chromosome elimination.

3.7. Panel 
Development for 
Maize Genetics/
Genomics (Fig. 3)

4. Notes
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	 4.	In order to obtain hour-synchronized flowering time for 
crossing the two species, the parental oat and maize plants are 
grown with multiple planting dates ensuring properly 
overlapping the very diverse seasonal developments of oat 
and maize. Photoperiod and thermoperiod regimes are very 
critical for the oat and maize cultivation, especially when 
shifting from the vegetative to the generative phase of growth. 
Near the main flowering time, the relative air humidity must 
be reduced to support stamen exposure and anther dehis-
cence. Both, oat and maize have very limited time frames for 
pollen shedding and receptivity of their stigmas. When grown 
in the field, oat peaks stigma receptivity for pollen from 
11:30 am to 12:30 pm, whereas maize peaks shedding of 
pollen grains in the field from 08:00 to 10:30 am. Maize 
pollen grains with high fertilization potency have a short life 
span – only 20–30 min. Taken these facts together, to syn-
chronize the flowering time by the hour between maize and 
oat grown in chambers with conditions set as described in 
Notes 7 and 8, the entire oat life regime must be shifted about 
3.5 h ahead. Hence, the “oat-day” starts 0:30 am and ends 
4:30 pm provided that the “maize-day” is set from 7:00 am to 
5:00 pm.

	 5.	All time calculations are based on a standard time with the 
assumption, that 12:00 pm (noon) is when the sun is in the 
south (northern hemisphere) or north (southern hemisphere) 
regardless of whether the clock is changed to summer time/
daylight saving time. Thus, the local time settings for the 
chambers have to be adjusted accordingly.

	 6.	Light of ~400  mE/m2/s at canopy height (=100%) is pro-
vided from a mixture of fluorescent and incandescent lamps 
to meet the spectral requirements for the two species. 
Introducing transition phases of 30 min of 50% light intensity 
on each end of the light cycle seems to generate more vigor-
ous plants with higher seed sets.

	 7.	Growth conditions for maize plants:

Ramp  
(sunup) Light (day)

Ramp 
(sundown) Dark (night)

16 | 8 30 min, 20 ± 1 
24 ± 1°C

50% Light

15 h, 24 ± 1°C
100% Light

30 min, 24 ± 1  
20 ± 1°C

50% Light

8 h, 20 ± 1°C
0% Light

Start 4:00 am 4:30 am 7:30 pm 8:00 pm

10 | 14 30 min, 20 ± 1  
26 ± 1°C

50% Light

9 h, 26 ± 1°C
100% Light

30 min, 26 ± 1  
20 ± 1°C

50% Light

14 h, 20 ± 1°C
0% Light

Start 7:00 am 7:30 am 4:30 pm 5:00 pm
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	 8.	  Growth conditions for oat plants (shifted for cross-pollination 
by maize):

Ramp  
(sunup) Light (day)

Ramp 
(sundown) Dark (night)

10 |14 30 min, 14 ± 1  
18 ± 1°C

50% Light

9 h, 18 ± 1°C
100% Light

30 min, 18 ± 1  
14 ± 1°C

50% Light

14 h, 14 ± 1°C
0% Light

Start 7:00 am 7:30 am 4:30 pm 5:00 pm

16 | 8 30 min, 20 ± 1  
24 ± 1°C

50% Light

15 h, 24 ± 1°C
100% Light

30 min, 24 ± 1  
20 ± 1°C

50% Light

8 h, 20 ± 1°C
0% Light

Start 0:30 am 1:00 am 4:00 pm 4:30 pm

	 9.	 Growth conditions for oat plants (regular) and OMAs:

Ramp  
(sunup) Light (day)

Ramp 
(sundown) Dark (night)

10 |14 30 min, 14 ± 1  
18 ± 1°C

50% Light

9 h, 18 ± 1°C
100% Light

30 min, 18 ± 1  
14 ± 1°C

50% Light

14 h, 14 ± 1°C
0% Light

Start 7:00 am 7:30 am 4:30 pm 5:00 pm

16 | 8 30 min, 17 ± 1  
21 ± 1°C

50% Light

15 h, 21 ± 1°C
100% Light

30 min, 21 ± 1  
17 ± 1°C

50% Light

8 h, 17 ± 1°C
0% Light

Start 4:00 am 4:30 am 7:30 pm 8:00 pm

	10.	Because uniparental genome loss (UGL) of the maize genome 
in F1 (oat × maize) hybrids can be incomplete and last through a 
number of cell cycles during early embryogenesis, different 
individual cells of one and the same F1 embryo can have differ-
ent individual karyotypes, including those cells being the origin 
for the tillers to build. As a consequence, the individual tillers of 
one F1 plant can carry different maize chromosomes retained 
together with the oat chromosomes, and F1 plants frequently 
become mosaics. Thus, avoid cross-pollination among different 
panicles of the same F1 plant! For practicability, the flag leaves of 
the physiologically first four tillers (a-, b-, c-, and d-tiller) of an 
F1 plant are considered for DNA analysis, and the corresponding 
panicles for I1 offspring production. Mosaicism occasionally 
occurs also between shoot and root tissues in F1 plants.

	11.	Do not pool I1 seeds from different panicles (tillers) of the 
same F1 plant; each of the seeds must be treated as individual 
genotype with potentially different karyotype!

	12.	Store leaf tissue disc extract mix (200 ml) at 2–8°C no longer 
than 4 days. For long-term storage, remove leaf tissue disc 
and store extract mix at −20°C.
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	13.	It is crucial to avoid cross-pollination among different panicles 
of the same I1 plant. Pollen grains from panicles of different 
tillers with different chromosome constitution (e.g., euploid 
oat vs. monosomic maize addition vs. disomic maize addition 
of the same maize chromosome) may compete with one 
another and as a result diminish or even prevent paternal 
transmission of the added maize chromosome to I2 offspring. 
Hence, I2 seeds from different panicles of the same I1 plant 
must not be pooled. Consecutive offspring generations need 
to be treated likewise until steady transmission of the added 
maize chromosome without any residual mosaicism is reached. 
Mixing seed batches from monosomic and disomic maize 
addition tillers with each other and/or with oat seeds without 
maize addition disguise frequencies of maternal and paternal 
maize chromosome transmission to offspring.

	14.	DNA extraction, PCR, and electrophoresis as in 
Subheading  3.2, except that PCR with primers for maize 
chromosome arm-specific microsatellite markers is accom-
plished with 35 cycles (92°C, 30 s, 62°C, 30 s, 72°C, 40 s) 
instead in 30 cycles used for PCR with p-Grande1 primers.

	15.	Use a large orifice plastic 5-ml transfer pipette in order to 
avoid shearing the DNA.

	16.	Measure DNA with spectrometer as follows:
		 Dilute (1/20) a 5 ml DNA sample with 95 ml ddH2O
		 Measure the diluted sample at 260 nm UV light (DNA)
		 Measure the diluted sample at 280 nm UV light (protein)
		 Measure the diluted sample at 320  nm UV light 

(background)
		 Calculate:

X = (absorption at 260 nm) − (absorption at 320 nm)
Y = (absorption at 280 nm) − (absorption at 320 nm)
X = amount (OD)
X × 20 × 50 (mg/ml) ÷ 1,000 = concentration (mg/ml)
Z = X ÷ Y = purity (³1.8)

	17.	Use amber tubes for all steps of DNA labeling in order to 
prevent ULS agent (Alexa Fluor® 488) from bleaching by 
extended exposures to artificial and/or daylight.

	18.	Immediately prior to use, add 5 ml of DMSO (kit component B) 
to one vial of the ULS labeling reagent (kit component A) 
and protect from light. Vortex A/B mix until all of the ULS 
labeling reagent has dissolved and no particulate matter 
remains. The A/B mix is stable, when stored at 4°C and 
protected from light, for 3–4 weeks.
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	19.	Spot 0.5  ml of the labeled DNA (F-probe) onto a sheet 
(2 cm × 2 cm) of nylon membrane. Air-dry sheet for ~10 min 
and examine fluorescence intensity using blue excitation light 
with appropriate wavelength (Alexa Fluor® 488 excitationmax: 
490 nm/emissionmax: 519 nm).

	20.	Root meristems can also be treated with similar effect of arrest-
ing cells at metaphase with good chromosome morphology 
in a mixture of 1.25 mM colchicine and 2 mM quinolinol in 
0.1%v/v DMSO at RT for 3 h.

	21.	Very tough roots can be macerated by washing roots in 
50 mM citrate buffer pH 4.5 at RT for ~20 min, then incu-
bating roots in an enzyme solution (450  U/ml cellu-
lase + 150 U/ml pectinase in 50 mM citrate buffer pH 4.5) 
at 37°C for 40–180 min, and again washing roots in 50 mM 
citrate buffer pH 4.5 at RT for ~20 min to stop maceration 
and remove enzymes from tissue; very efficient enzymes 
are CELLULYSIN® (Calbiochem) and MACERASE® 
(Calbiochem).

	22.	Stringency [%] = 100 [%] − fm(Tm [°C] − Th [°C])
		 Tm = melting temperature [°C] = 81.5 [°C] + 16.6 × log10M +  

0.41 × (% G + C) − 500/n − 0.61 × (% formamide)
		 On the assumption that: fm = mismatch factor = 1, M = 1.5× 

SSC = 0.2925  M Na+, (% G + C) = 45.5%, n = 450,  
(% formamide) = 40%

		 GISH stringency = 100 − 66 + 37 = 71%
		 Wash stringency = 100 − 66 + 42 = 76%
	23.	Epifluorescence microscope equipped with filter sets suitable 

for:

F-probe (Alexa 
Fluor® 488) PI counterstaining

Excitationmax 490 nm Blue 340 nm + 530 nm UV + green

Emissionmax 519 nm Green 615 nm Red

		 Maize chromatin will emit green fluorescence under blue 
light, whereas oat chromosomes will emit red fluorescence 
under UV or green light.

	24.	The appropriate dosage of g-rays to be applied to a batch of 
seeds needs to be determined empirically. The dosage that is 
applied is dependent on the source of g-rays (60Co or 137Cs) 
and seed quality. Thus, it is advisable that the kill or survival 
rates as a function of radiation dose (krad) is established 
beforehand. First, apply dosages ranging from 0 to 50 krad 
and choose a dose that results in 20–50% plant survival. Based 
on our experience, treatments that result in 20–50% plant 
survival produces a population of plants where 90% of plants 
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will be self-fertile and will yield progeny carrying chromosomes 
with 0–10 radiation-induced chromosome breaks.

	25.	g-Irradiation is intended to generate random breaks in the 
added monosomic maize chromosomes of an OMA embryo 
(seed). There are three groups of chromosome mutations to 
consider (in the context of RH production): (1) “Background”, 
M1 seeds with lesions on oat chromosomes without involve-
ment of the added maize chromosome. Provided a physiolog-
ical neutrality of the rearranged oat genome, the unchanged 
maize chromosome is expected to transmit to M2 offspring 
maternally at a usual frequency for alien plant chromosomes 
of about 10%, whereas paternal transmission is inhibited. 
(2) “Deficiency,” M1 seeds with truncations in the added 
maize chromosome and rearrangements among oat chromo-
somes only. Provided the rearranged oat genome stays physi-
ologically neutral, a truncated maize chromosome with an 
active maize centromere is expected to transmit to M2 off-
spring at similar maternal and paternal frequencies as those of 
the added unchanged maize chromosome. (3) “Translocation,” 
M1 seeds with reciprocal translocations between the added 
maize chromosome and one oat chromosome, and indepen-
dent oat background rearrangements. Provided the oat back-
ground acts physiologically neutral, the frequency of maternal 
transmission to M2 offspring is expected to reflect the segre-
gation pattern of the heteromorphic trivalent (centric maize/
noncentric oat translocation – oat homolog – reciprocal cen-
tric oat/noncentric maize translocation) during meiosis I. 
Paternal transmission is expected to be merely inhibited due 
to the competitive superiority of euploid gametes without 
translocations. Thus, it is crucial to prevent any cross-pollina-
tion among different panicles of the same M1 plant in order 
to avoid further increase of segregation complexity for trans-
mitted maize chromosome segments. M2 seeds from the a-, 
b-, c-, and d-panicle of the same M1 plant must not be pooled! 
Mixing the seed batches disguise frequencies of maternal and 
paternal transmission of maize chromosome segments. 
Consecutive offspring generations need to be back-crossed 
by/to oat until oat–oat chromosome translocations and any 
residual karyotype segregation are eliminated.

	26.	The production of oat–maize radiation hybrids can be viewed 
as a way to produce partial maize chromosome hypo-aneu-
ploids where a maize chromosome has been dissected and 
distributed into various lines. In this context, a collection of 
lines containing overlapping pieces of a maize chromosome 
can be used to define chromosome segments or bins. The 
average physical size of these chromosome bins will depend 
on the number of lines and unique chromosome breaks 
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present in each line. Radiation hybrids can also be viewed as 
substrates for high resolution mapping if a sufficiently large 
number of lines with high levels of chromosome breakage is 
available.
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Chapter 16

Enhancer Trapping in Plants

Sivanandan Chudalayandi 

Abstract

Advances in sequencing technology have led to the availability of complete genome sequences of many 
different plant species. In order to make sense of this deluge of information, functional genomics efforts 
have been intensified on many fronts. With improvements in plant transformation technologies, T-DNA 
and/or transposon-based gene and enhancer-tagged populations in various crop species are being devel-
oped to augment functional annotation of genes and also to help clone important genes. State-of-the-art 
cloning and sequencing technologies, which would help identify T-DNA or transposon junction sequences 
in large genomes, have also been initiated. This chapter gives a brief history of enhancer trapping and 
then proceeds to describe gene and enhancer tagging in plants. The significance of reporter gene fusion 
populations in plant genomics, especially in important cereal crops, is discussed.

Key words: Enhancer trap, T-DNA mutagenesis, Transposon tagging, Gene trap, Functional 
genomics

Enhancers are stretches of DNA sequences that regulate genes 
lying far downstream or upstream. They are capable of activating 
genes from long distances. There is no doubt that these sequences 
that mostly occur in the vast noncoding part and sometimes in 
the coding regions of the genome have a great deal of influence 
on gene expression. Although the exact mechanism of enhancer–
promoter interaction remains elusive, several models have been 
proposed (1). Among these models, the most plausible is the 
looping model. The intervening sequence between the enhancer 
and the downstream gene is looped out so that the enhancer is in 
close proximity to the target gene. However, to date, no technical 
advance has been made to unequivocally test the model, though 
some really promising advances have been made toward fulfilling 
this objective. Carter et al. (2) devised RNA TRAP (RNA tagging 

1. �Introduction
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and recovery of associated proteins) strategy to examine 
promoter–enhancer interaction of the mouse Hbb locus. A high 
throughput technology called capturing chromosome conforma-
tion, also called 3C (3), was developed to detect the frequency of 
interaction between any two genomic loci. Derivatives of 3C, viz. 
circular chromosome capture conformation, 4C (4), and chro-
mosome conformation capture carbon copy, 5C (5), have made it 
possible to study interchromosomal interactions on a large scale 
in mammalian systems. These state-of-the-art technologies have 
been thoroughly described in a recent review (6).

While amazing strides have been made in studying inter and 
intrachromosomal interactions, a three-decade-old technology, 
enhancer trapping, is still relevant especially in this postgenomic 
era. Enhancer trapping is a method of gene regulatory sequences 
detection. A directly or indirectly detectable “reporter” gene 
under the control of a minimal promoter is distributed through-
out the genome of the organism. When the minimal promoter 
comes under the influence of endogenous enhancers, the reporter 
gene is activated and faithfully reports the presence of the enhanc-
ers. Although the term enhancer trap is common in the scientific 
literature, it essentially amounts to “enhancer detection” as the 
system does not trap sequences as such unlike a promoter or 
gene trap but helps detect sequences that amplify the expression 
of the reporter gene that it carries (7). In plants, enhancer detec-
tion using reporter genes has been available for the last two 
decades. In the postgenomic era, these populations of enhancer-
trapped plants could be more relevant in determining the role 
and functions of enhancer elements in orchestrating the expression 
of the whole genome. Over the course of the last two decades, 
various gene detection/tagging systems have been developed, 
which can be broadly divided into three categories, and are 
summarized in Fig. 1. In this chapter, I cover the technique of 
enhancer trapping in plants and how it has evolved over the years 
and discuss its significance to plant genomics.

Enhancer/gene trapping was first carried out in bacteria more 
than 30 years ago (8). Promoterless beta galactosidase (lacZ) 
reporter gene was randomly inserted into the Escherichia coli 
genome. By looking for expression of lacZ gene in the bacterial 
cell, gene fusions were identified. Because the bacterial genome is 
small and gene-rich, promoterless constructs worked very well in 
acting as promoter detectors. This allowed for screening classes of 
constitutive as well as various stress-induced genes. Apart from 
being adapted to other bacterial systems (9), this system of gene 

2. A Brief History 
of Enhancer 
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tagging was also extended to higher eukaryotes, namely, fruit flies 
(Drosophila), using the weak P element (7). The construct used in 
flies had a weak P element promoter controlling the lacZ gene to 
detect enhancers in the fly genome (10). Eukaryotic genomes are 
much bigger and not as gene-rich, so it is not surprising that 
minimal promoters have to be used to detect enhancers. These 

Fig. 1. Gene and regulatory sequence detection and trapping systems have been used in prokaryotes and eukaryotes to 
augment functional genomic studies. This figure summarizes the three broad types of traps. (a) An enhancer detector: a 
reporter gene under the control of a minimal promoter (TATA) is introduced randomly into the genome. When the minimal 
promoter comes under the influence of endogenous enhancers, it is activated thus leading to expression of the reporter 
gene in the target tissues. Thus, the reporter gene faithfully reports the presence of enhancers. (b) A promoter trap: a 
promoterless reporter gene is introduced randomly into a genome. When the reporter integrates into the exon of an 
endogenous gene, a transcriptional fusion is formed that faithfully reports the expression of the endogenous promoter. 
E1, E2, and E3 represent three exons of the hypothetical gene. The dotted lines represent the introns. Note if a promoter 
trap is inserted into an intron of a gene, it gets spliced out, and there will be no reporter gene expression. (c) A gene trap: 
a promoterless reporter gene equipped with a splice acceptor at the 5’ end is introduced randomly into a genome. When 
the reporter integrates into the exon or intron of an endogenous gene, the reporter is properly spliced, resulting in a 
transcriptional fusion. Thus, the reporter faithfully reports the expression of the endogenous gene. E1, E2, and E3 repre-
sent three exons of the hypothetical gene; the dotted lines represent the introns. SA refers to the 5’ splice acceptor.
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constructs had an added advantage in that the P element could 
excise and reinsert elsewhere in the genome, leading to the for-
mation of new alleles. It may be easy to detect enhancer expres-
sion in eukaryotes using suitable reporter genes; however, it might 
be difficult to clone and characterize an enhancer because enhanc-
ers can act in any orientation and at considerable distances. 
However, various studies confirmed that the enhancer detectors 
did in fact reproduce the expression of the gene they regulate ((7) 
and references therein). The technique of enhancer detection 
using minimal promoter-driven reporter genes has been very 
fruitful in identifying several molecular markers in Drosophila.

In the postgenomic era, the plant research community has been 
besieged by an ever-increasing deluge of sequence data from dif-
ferent organisms. The draft sequence of Arabidopsis was pub-
lished in 2000 (11). This was followed by an increase of sequencing 
efforts in cereal plants such as rice and corn. The first announce-
ment of rice sequencing (12, 13) shifted the focus to functional 
genomics efforts in Arabidopsis, rice, and other crop plants includ-
ing maize (14, 15) in many labs around the world. Unlike rice 
and Arabidopsis, Zea mays (maize) has a very large, mostly repeti-
tive genome, yet the first draft sequence of maize inbred B73 
was announced at the 50th annual maize genetics meeting at 
Washington DC in Feb 2008. The sequence is now being further 
refined for gaps (for latest information see http://www.maizegdb.
org/sequencing_project.php).

It may be impossible to assign a biological function to every 
gene of higher plants considering the fact that most crop genomes 
are full of duplications leading to the presence of many genes with 
redundant functions (see e.g., refs. 16, 17) and conserved non-
coding sequences even among disparate species (18). It is impor-
tant, however, to comprehend the biological significance of gene 
sequences. Understanding the biological function of important 
genes in a pathway is one major step toward metabolic engineer-
ing. Insertional mutagenic screens have been developed for many 
plants since the late 1980s (19). Over the years, several improve-
ments to plant transformation techniques and in cloning tech-
niques have resulted in improved ability to make larger and 
beneficial genetic screens. Additionally, many technical improve-
ments to sequencing, especially from the high-throughput non-
gel-based massively parallel signature sequencing (20) to the latest 
direct RNA sequencing (reviewed in ref. 21), have revolutionized 
the way scientists look at eukaryotic transcriptomes and hence 
significantly improved our understanding of gene regulation.

3. Enhancer 
Trapping  
and Insertional 
Mutagenesis  
in Plants
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The growth of the science and art of Agrobacterium-mediated 
plant transformation with foreign DNA grew hand in hand with 
the evolution of gene traps and comprehensive genetic screens. 
Early experiments were conducted on tobacco protoplasts with 
Agrobacterium T-DNA containing promoterless antibiotic resis-
tance gene at one of the T-DNA borders (summarized in ref. 22 
and references therein). In these cases, only successful plant-
bacterial gene fusions expressing antibiotic resistance that were 
able to regenerate in tissue culture were produced. Further devel-
opment of tissue-culture-mediated plant transformation saw the 
addition of a second antibiotic resistance marker within the 
T-DNA (e.g., ref. 23); later, beta glucuronidase (Gus) reporter 
genes (24, 25) were included. The Gus reporter from E. coli has 
been a common reporter for gene fusions in plants since it was 
first reported (26). Plants lack endogenous Gus activity; hence it 
became the popular reporter for gene fusions.

The earliest experiments in nontissue-culture-based transfor-
mation, in planta, of Arabidopsis were performed by Feldmann 
and Marks (27). Agrobacterium solution was applied to Arabidopsis 
seeds and planted. The seeds from these plants were screened and 
determined to have a low percentage of transformants. Nevertheless, 
since this transformation circumvented the need for plant tissue 
culture, it significantly accelerated the development of Arabidopsis 
gene tagging (28). Eventually, the vacuum infiltration technique 
of Arabidopsis (29) was developed, where Arabidopsis plants were 
uprooted and placed in a bell jar containing a solution of 
Agrobacterium. Vacuum was then applied and released and the 
plants were transferred back to soil and allowed to set seed. Many 
transformed seeds could be selected on a medium containing an 
antibiotic selection marker. This technique was rapid and success-
ful, so it became possible to generate and screen a large number 
of transformed Arabidopsis plants, leading to the development of 
many gene trap systems (reviewed in ref. 28). Subsequently, 
Arabidopsis in planta transformation became even easier when 
transformation by simple floral dip in Agrobacterium solution 
containing a surfactant (Silwet) was reported (30). Thousands of 
promoter trap lines of Arabidopsis using Gus have been very help-
ful in embryology in plants (31–33), by identifying several molec-
ular markers of embryogenesis.

T-DNA tagging is still common in plants, but the technique 
suffers from some disadvantages. T-DNA does not always insert a 
single copy. Multiple loci integrations have often been reported, 
while at other times complex integrations (tandem insertions) are 
found at the same locus (34). Barbara McClintock first identified 
DNA elements that she termed controlling elements, i.e., the 
autonomous activator (Ac) and the nonautonomous dissociator 
(Ds) in maize, and showed that in the presence of Ac, Ds can 
excise from its original place in the genome (35). Ac and Ds in 

3.1. T-DNA Genetic 
Screens
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maize were identified and cloned more than three decades later 
(36). Ac encodes an enzyme called the transposase that catalyzes 
the transposition of the nonautonomous Ds element, which is a 
variant of Ac that cannot transpose by itself. In addition to an 
explosion of genetic and mutant screens, the mid-1980s also saw 
the genetic characterization of many plant transposons, notably 
the Ds, dSpm, and Mu element from maize (36–38). Subsequently, 
Ds transposition has also been characterized in heterologous sys-
tems like tobacco (39) and tomato (40). Most eukaryotic genomes 
are full of inactive and active transposons (reviewed thoroughly in 
ref. 41). The Ac/Ds system and En/Spm-i/dSpm system from 
maize have been adapted in T-DNA vector delivery systems to 
generate enhancer and gene traps in Arabidopsis (42) and rice 
(43, 44) efficiently. There are many advantages of using transpo-
sons within T-DNA. Starting with a relatively small T-DNA pop-
ulation, it is possible to generate several lines containing unique 
transposons insertions by simply crossing these lines to plants 
containing a stable source of transposase.

In Arabidopsis, the first comprehensive enhancer trap collection 
was the Cold Spring Harbor Lab (CSHL) enhancer trap lines 
(42). The Ds-E (enhancer trap) construct carried the Gus gene 
downstream of a minimal 35S promoter. In addition to enhancer 
traps, a gene trap (Ds-G) was also constructed where a promoter-
less Gus gene was cloned immediately downstream of an intron 
sequence and two slice acceptors. By selecting for kanamycin 
resistance and against another closely linked marker gene (iaah; 
indole acetic acid hydrolase gene), the population was enriched 
for unlinked Ds transpositions. This collection of enhancer trap 
lines was the first that used Ds transposons effectively in conjunc-
tion with T-DNA-mediated transformation. Use of transposons 
ensures relatively large number of new insertions from simple 
genetic cross with a line containing the stable transposase source. 
The transposed Ds insertions (reinsertion) are single copy, and 
isolation of sequences flanking a Ds insertion is relatively easy, 
since the Ds sequence is known. It was demonstrated using this 
collection that it is possible to identify patterns of gene expression 
in almost all developmental processes.

In the mid-1990s, the green fluorescent protein (GFP) from 
Jellyfish was codon-optimized and adapted to plants and was 
shown to be successful as a fusion reporter (45). When exposed 
to UV light, GFP fluoresces in the visual range. Screening for 
GFP is thus remarkably easier and nondestructive compared with 
the destructive histochemical staining for detecting beta glucuroni-
dase. Developments in Drosophila research have immensely ben-
efited the Arabidopsis research community. In Drosophila, the P 
element transposon-based gene detection approach has been 
improved upon by using the yeast transcriptional factor, Gal4, 

3.2. Enhancer 
Detection in 
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mediated tagging and by using enhancer suppressors to increase 
gene knockouts. Also, more recently, different recombinase systems 
have improved transgenesis in Drosophila (46). An Arabidopsis 
enhancer trap population was generated using minimal 35S pro-
moter controlling modified yeast Gal4 with Herpes Simplex virus 
transcriptional activator (Gal4–VP16) in conjunction with upstream 
activation sequence (UAS) cloned upstream of 35S TATA: GFP 
(35S TATA refers to the 90 to +8 sequence of the CaMV35S pro-
moter, please refer to ref. 47 for further details). Note that UAS 
from yeast can only activate the downstream gene if GAL4 pro-
tein binds to it. Thus, GFP expression effectively and faithfully 
reports the enhancers that activate Gal4. This collection was 
employed to screen 250 lines with root-specific GFP expression 
patterns (48). Subsequently, the enhancer trap vector was used to 
generate the University of Pennsylvania enhancer trap collection 
in Arabidopsis (http://www.enhancertraps.bio.upenn.edu/
default.html). The University of Pennsylvania and the Cambridge 
collections were used to analyze stomatal guard cell development 
in Arabidopsis (49). One of these lines tracked stomatal develop-
ment, since GFP expression was detected in the early stages of 
guard cell development but not in the mature guard cells. This 
Gal4:VP16-GFP line could be used to devise strategies involving 
mistargeting genes involved in early stomatal development or 
tissue-specific silencing by controlling the expression of Gal4. 
A comprehensive listing of collections of enhancer trap lines in 
Arabidopsis and rice has been reported in an earlier review (50). 
In addition to GFP, other reporters, namely, luciferase and GUS, 
have also been used to generate Gal4-mediated enhancer trap 
systems in Arabidopsis (51). Recently, codon-optimized luciferase 
has been used to generate a promoter trap collection of banana 
(52) which was used to characterize a promoter that was activated 
during low-temperature stress.

Rice has been a model system for cereal genomics (53) due 
to its small genome, the availability of finished quality sequence 
(54), and the relative ease of Agrobacterium-mediated transfor-
mation (see ref. 55 for indica rice Agrobacterium transformation 
protocols). Several groups around the world have generated 
many rice T-DNA insertion lines (56) including some high-
throughput targeted insertion population. For example, enhancer 
trap lines have been generated using Gus with minimal 35S pro-
moter (57). More than 13,000 lines of rice have also been gener-
ated using a combination of minimal 35S promoter: GAL4 vp16 
and UAS:GFP (58). A good percentage of these two enhancer-
tagged rice populations have been organized into a phenotypic 
mutant database (59). About 30% of the GAL4:GFP enhancer 
trap lines showed GFP expression. Much of the GFP expression 
was found in specific cell types. Some of these lines could be use-
ful tools in studying developmental progression of specific organs 
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and in studies related to identification of gene targets. Separately, 
Gal4 and GUS Plus (from Staphylococcus) systems have been used 
to generate 30,000 rice enhancer trap lines (60). In addition to 
T-DNA-mediated enhancer tagging (43), maize En/Spm–i/
dSpm in conjunction with DsRed and s-GFP has been produced 
to develop a library of insertional mutations in rice (43). 
Separately, the same group (44) also used the Ac–Ds system to 
generate a large library of insertional mutants in rice. The Ac–Ds 
system was enriched for unlinked Ds transposition by selecting 
for bialaphos (Basta) resistance and selecting against closely linked 
expression of a closely linked GFP expression. In comparing the 
two populations, they reported that the Spm–dSpm system is as 
good as the Ac–Ds system. Further, dSpm tended to transpose 
more often to unlinked locations. Thus, the Spm/dSpm system 
would give a wider genomic coverage. Several thousands of lines 
of rice insertional mutants and enhancer trap population are 
already available to the plant scientific community to augment 
and complement functional genomics efforts in rice. Because rice 
chromosomes are syntenic to maize and other grass genomes, 
interesting results from the study of the rice genome could be 
applied to or at least form the basis of similar experiments on 
other cereal crops.

Functional genomics efforts in maize as in other crops predate 
the genomic era. Maize genetics is robust and has a very rich his-
tory. The availability of several polymorphic inbreds, mapping 
populations, and chromosomal stocks make designs of many ele-
gant genetic screens possible (61 and references therein). The 
ease of crossing and the ability to score several visible traits on the 
maize kernel are just some of the many advantages of using corn. 
Barbara McClintock followed the progenies of spotted and purple 
kernels (due to the expression of C1 gene in the aleurone) over 
generations to arrive at her prediction about the maize dissociator 
and activator controlling elements.

Many active transposable elements have been cloned and 
characterized in maize. The active DNA transposons consisting of 
the two component autonomous–nonautonomous element pair, 
such as the Ac–Ds originally described by McClintock (35), the 
Spm–dSpm independently reported by McClintock(62) and 
Peterson (63), or the Robertson’s Mutator (64), among others, 
have been thoroughly characterized. The Mu transposon has 
been the most widely used to create insertion tagged lines of 
maize because it accumulates to very high copy numbers and 
transposes to unlinked loci. Sequences from many such popula-
tions e.g., the uniform Mu population where Mu transposition is 
maintained at a steady state by repeated backcrossing to an inbred 
(65) and rescue-Mu (for details see http://www.maizegdb.org/

3.3. Insertional 
Mutagenesis and 
Functional Genomics 
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rescuemu-phenotype.php), a transgenic Mu1 that allows for 
plasmid rescue. Maize genome sequences flanking the site of 
insertion/transposition are publicly available. Mu transposes at a 
very high rate and is thus very much suitable for saturating the 
maize genome. Though there is a problem with high levels of 
somatic insertion, the availability of complete maize genome 
sequence and improvements in sequencing will make these popu-
lations really important resources for maize functional genomics.

The maize Ac–Ds two component tagging system has been 
used as a heterologous tool to create populations of knockout/
insertion mutants that have been routinely used to clone and 
identify many genes in Arabidopsis and rice, as discussed in the 
previous subsections. Since Ds elements transpose mostly to 
nearby sites in maize, they have been useful for regional mutagen-
esis (see ref. 66). An ambitious Ac–Ds tagging system that uses 
the Ac-immobilized (Ac-im) source has been developed (67). The 
sequences flanking the Ds insertion and the details about the proj-
ect are posted on (http://www.plantgdb.org/prj/AcDsTagging/ 
#Contents).

The collections of En/Sp–I/dSpm tagged maize plants have 
facilitated the identification and cloning of many genes in maize 
such as ramosa (68) and opaque2 gene (69). Ac–Ds and Spm–
dSpm have been the most widely used transposons systems to tag 
genes in cereals. Table 1 summarizes the various collections using 
Ac–Ds and En/spm transposon-tagged populations in various 
cereal crops constructed for the purposes of gene tagging, 
enhancer trapping, and insertional mutagenesis.

Compared with Arabidopsis and rice, transformation of maize 
inbreds is still in its infancy. However, Agrobacterium-mediated 
transformation of Maize Hi II hybrids using immature embryos 
is well established (70) and has been used for introduction of a 
Cre–lox-site-specific recombinase system in maize (71). There 
have been no reports of enhancer trap screens in maize developed 
using reporter gene fusions. Our laboratory has used the 
Agrobacterium transformation of Hi II hybrids of maize to 
develop a screen of maize enhancer traps using a Ds-based mini-
mal 35S: mGFP5. The scorable marker is the C1 gene of maize 
responsible for anthocyanin pigmentation in the aleurone under 
the control of the CaMV35S promoter. To determine the loca-
tion of transgene insertion, we employed chromosomal FISH 
(72). Figure 2 shows a chromosome spread of a T1 transgenic line 
(Hi II A × B hybrid) with a transgene (Texas red) insertion in 
chromosome 7. The immobile Ac transposase (73) is used to 
launch the Ds elements from their original place of insertion. 
Somatic excision of Ds occurs, and germinal Ds reinsertions are 
being characterized.

3.4. Enhancer Trapping 
in Maize
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Table 1 
Ac–Ds and Spm/dSpm transposon-tagged insertional mutant/regulatory sequence 
trap population developed in cereal crops

Cereal crop

Type of population 
and reporter gene  
if applicable

Details of construct  
and crosses Reference/Web site/database

Ac–Ds-tagged population

Barley Gene tag/test 
population

Ds-Ubi Bar
Ac
Gene Gun

Koprek et al. 2000 (77)
University of California,  

Berkeley, CA

Barley Gene trap Ds-Ubi Bar
Ac from maize
(Agrobacterial  

transformation)

Zhao et al. 2006 (78)
MPI for Plant Breeding  

Research, Cologne, Germany

Barley Gene trap 
GUS

Ds-Gus
cw-AC
Gene Gun

Lazarow et al. 2009 (79)
University of Hamburg, Hamburg, 

Germany

Maize Insertional  
mutants/no  
reporter

Natural Ds
Spontaneous  

mutant Ac-im

Ahern et al. (66) http://www.
plantgdb.org/prj/AcDsTagging/

Boyce Thompson Institute, Ithaca, NY
Iowa State University, IA, USA

Rice Gene trap Ds-Ubi BAR
GFP for counterselection
35S-Ac from maize

Kolesnik et al. (44)
UC Davis, CA

Rice Gene trap Gus Derived from Kolenik  
et al. 2004

Jiang et al. 2007 (82)
Temasek Life Sciences laboratory, 

Singapore and China

Rice
Japonica
Indica

Enhancer trap Ds GFP
Ac

Van Encevort et al. 2005 (80) 
OS-TID database

Plant Research International, 
Wageningen, The Netherlands

Rice Gene trap Ubi:Ds-Bar-Ds
Gus reporter
Ubi-Ac

Luan et al. 2008 (81)
Rice Research Institute, Zheijiang, 

China

Rice Enhancer trap Ds-Gus Ubi Bar
35S-Ac

Ito et al. 2004 (84)
National Institute of Genetics, 

Shizuoka-ken, Japan

Rice
Japonica  

and indica

Gene trap; GUS Callus cultures of Ac  
and Ds containing  
lines

Park et al. 2003 (83)
Korea

En/Spm-tagged population

Rice Gene trap
GFP and Ds red

dSpm-Ds-Red
En/Spm-GFP

Kumar et al. (43)
Sundaresan Lab, UC Davis, Davis, 

California

Rice Gene trap
Enhancer trap

dSpm-Bar-min 35 Gus
35S-En/Spm

Greco et al. 2003 (85)
Plant Research International, 

Wageningen, The Netherlands
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The postgenomic era has seen the rise of high-throughput 
strategies for studying the biology of organisms, leading to the 
advent of systems biology. The vast amounts of data have led to 
the development of numerous databases including those integrat-
ing semantics and biology, for example, BioGateway (http://
www.semantic-systems-biology.org/biogateway). In agriculture, 
the comparative genomics of cereals could take us closer to 
manipulate genetic pathways that might eventually help improve 
cereal yield and quality. Modernized high-throughput ventures 
support and immensely benefit from the painstaking work that 
needs to be carried out in the lab or field by scientists and breeders. 
Development of newer tools has opened new vistas for tradi- 
tional analytical methods. Since the 1980s, the discoveries of 
abundant polymorphic markers in natural populations of plants 
and the vast improvement in computational powers have greatly 
improved the science of QTL detection (74). Vast populations of 
insertion mutants in model plants such as Arabidopsis will con-
tinue to complement the efforts of functional genomics and 
advance studies on epigenetics. For example, a whole genome 
transposon tagging in Arabidopsis revealed location-dependent 
effects on transcription and chromatin organization (75). Great 
advances in sequencing have provided a wealth of sequence data 
and also made it possible to sequence difficult targets. As an 
example, amplifying unknown sequences flanking a known target 
in large genomes such as maize has been difficult. However, 

4. Postgenomic 
Perspectives and 
Applications

Fig. 2. FISH on transgenic Hi II maize plant: a chromosome spread of Transgenic Hi II 
showing transgene insertion in the seventh chromosome. Chromosomes are stained 
with 4’ 6-diamidino-2-phenylindole (DAPI). The centromeres and TAG microsatellite 
repeats are labeled green and the “transgene” is labeled red. The location of transgene 
is marked with an arrow.
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recently, a digestion–ligation–amplification-based strategy was 
used to clone the gl4 gene from a maize mutator-tagged popula-
tion (76). A transposon-based insertional mutant population can 
always be genetically (by crossing to the line containing transpos-
ase) made to produce newer alleles and thus tag newer genes. The 
Gal4:GFP-based enhancer trap populations developed in 
Arabidopsis and rice could be extremely important tools in learn-
ing about the nuances of gene action at the tissue and cellular 
levels in developmental pathways. Newer and more optimized 
reporter genes would enable researchers to track gene expression 
changes in specific cell types throughout the life of a plant. 
The potential role of enhancers in speciation and evolution has 
been the subject of a few studies (74). Reporter-gene fusions 
have a great potential to provide information regarding subtle 
gene expression changes in intra and interspecific hybrid 
backgrounds.
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Chapter 17

Chromatin Beacons: Global Sampling of Chromatin Physical 
Properties Using Chromatin Charting Lines

Aniça Amini, Chongyuan Luo, and Eric Lam 

Abstract

The extent to which physical properties and intranuclear locations of chromatin can influence transcription 
output remains unclear and poorly quantified. Because the scale and resolution at which structural param-
eters can be queried are usually so different from the scale that transcription outputs are measured, the 
integration of these data is often indirect. To overcome this limitation in quantifying chromatin structural 
parameters at different locations in the genome, a Chromatin Charting collection with 277 transposon-
tagged Arabidopsis lines has been established in order to discover correlations between gene expression 
and the physical properties of chromatin loci within the nuclei.

In these lines, dispersed loci in the Arabidopsis genome are tagged with an identical transgene cas-
sette containing a luciferase gene reporter, which permits the quantification of gene expressions in real 
time, and an ~2 kb LacO repeat that acts as a “chromatin beacon” to facilitate the visual tracking of a 
tagged locus in living plants via the expression of LacI–GFP fusion proteins in trans. In this chapter, we 
describe the methods for visualizing and tracking these insertion loci in vivo and illustrate the potential 
of using this approach to correlate chromatin mobility with gene expression in living plants.

Key words: Arabidopsis, Epigenetics, Luciferase, Fluorescence microscopy, 3D nuclear space

Eukaryotic genomes are organized into morphologically distinct 
subnuclear structures (e.g., nucleoli) and functional domains (e.g., 
heterochromatin vs. euchromatin). Even in the interphase cells, 
where chromatin is known to be decondensed and relatively acces-
sible as compared to those in the mitotic nuclei, the existence of 
these structural and functional organization units raises the possi-
bility that large-scale physical organization of the genome could 
be a mechanism through which processes such as transcription can 
be regulated (1). However, direct causal relationships between the 
physical and functional properties of chromatin have been difficult 

1. Introductions

James A. Birchler (ed.), Plant Chromosome Engineering: Methods and Protocols, Methods in Molecular Biology, vol. 701,
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to resolve. For example, the structural integrity of the nucleolus 
apparently depends on an intact RNA Polymerase I complex (2), 
while expressed genes can be found within pericentromeric regions 
that are heterochromatic (3), albeit at much lower density. These 
observations serve as examples that illustrate the dilemma of dis-
tinguishing whether an apparent subnuclear structure is a conse-
quence of the organized functionality of macromolecular machines 
or the spatial organization of chromatin is in fact a distinct type of 
global control mechanism. The existence of possible microhetero-
geneities within large heterochromatic domains further compli-
cates the analyses (4). Nevertheless, recent technological advances 
have provided additional supporting evidence, although not defin-
itive proof, for the existence of some level of three-dimensional 
(3D) order of genome organization in interphase cells and its 
importance for global gene regulations (1, 5).

Deployment of multicolored fluorescence in situ hybridization 
(FISH) technology in the past decade has revealed that spatial 
localization of genomic loci can be highly correlated with gene 
expression in eukaryotic cells (6). Domains occupied by chromo-
somes in interphase nuclei are called chromosome territories (CTs), 
with little evidence for intermixing between chromosomes. Each 
CT is separated from its neighbors by interchromatin domains (7) 
that are thought to represent the “accessible” regions within the 
nucleus where most of the active genes and decondensed faculta-
tive heterochromatin reside. CTs are organized in 50–200  kbp 
loops called small loops (SLs), and these SLs form a chromatin 
rosette-like structure where the conformation of each SL may 
change according to the functional status of the genes residing 
within (8). In contrast, constitutive heterochromatic regions are 
organized as chromocenters (CCs) that contain high levels of cyto-
sine methylation as well as repetitive sequences, whereas euchro-
matin typically emanates from CCs as loops at the periphery of the 
CT (8). In addition to heightened DNA methylation, heterochro-
matin and repressive domains of the genome are also known to 
correlate with specific types of posttranslational modifications on 
the N-terminal tails of core histones in nucleosomes (9). Diverse 
types of covalent modifications such as phosphorylation, ubiquit-
inylation, acetylation, and methylation on these proteins have been 
characterized. For example, histone H3 can be methylated at dif-
ferent lysines or arginines and to different extents on the free amino 
groups on each of these lysine and arginine residues (e.g., mono-, 
di-, and trimethylation). Suppression of transcription in hetero-
chromatin is generally correlated with the trimethylation of histone 
H3 at lysine 9 (H3K9me3) in animal cells but with the dimethyla-
tion of H3K9 in plants (10). In contrast, transcription repression 
induced by Polycomb-group protein (PcG) typically correlates 
with trimethylation of lysine 27 (H3K27me3) and are also accom-
panied by a depletion of dimethylation of lysine 4 (H3K4me2) and 
lysine 36 (H3K36me2) at the promoter region and the 3¢ portion 
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of the transcription unit respectively (11). In Arabidopsis, 
H3K27me3 is specifically associated with the protein TERMINAL 
FLOWER2 (TFL2)/LIKE HETEROCHROMATIN PROTEIN1 
(LHP1). LHP1 together with AtRING1a and AtRING1B forms 
the polycomb repressive complex 1 (PRC1)-like complex, which 
can bind H3K27me3 via the chromodomain of LHP1 (12). The 
PRC1-like complex is not directly involved in the deposition of 
H3K27me3 mark, but it represses the transcriptional activities of 
genes targeted by the polycomb repressive complex 2 (PRC2) such 
as FLOWERING LOCUS T (FT) or FLOWERING LOCUS C 
(FLC) genes that are involved in flowering time determination 
(13). The exact mechanism of gene repression by the PRC com-
plex remains to be worked out in plants, with the formation of 
more compacted chromatin domains a probable scenario.

Using genome-wide methods that examine associations of 
genomic sequences to various subnuclear compartments in yeasts, 
it has been found that suppressed genes are predominantly local-
ized to the nuclear periphery, similar to other cases that have been 
reported for individual loci in animal models (14). However, it 
has also been observed that gene activation in yeasts can result in 
the directed association of the activated locus to the nuclear pore 
(15), thus indicating that the nuclear periphery can also be het-
erogeneous with some locations containing actively expressing 
genes, while others contain inhibitory functions. In addition to 
the possible role of nuclear periphery tethering in regulating gene 
expression, nucleolar associations via linkage to tRNA genes have 
also been reported to result in silencing of RNA Pol II-dependent 
genes in yeast (16). These and other studies indicate that higher 
order genome organizations can be dynamic and may correlate 
with changes in gene expression patterns as well as cell type speci-
fications that associate with reversible chromatin modifications 
(17). Elucidating the mechanisms of how different regions of the 
genome are localized to distinct compartments and regions within 
the nucleus will thus be important for delineating the causes and 
effects for these correlative observations. A number of recent 
studies using nuclear lamina tethering to remodel the locations of 
target loci indicate that nuclear periphery localization can result 
in silencing of gene expression (14, 18). In addition, other 
approaches aimed at disrupting key proteins involved in creating 
and/or maintaining specific types of large-scale chromatin struc-
tures will also be useful for determining the importance of spatial 
organization for global gene regulation (19).

Aside from methods aimed at perturbing the “normal” organi-
zation of the genome in the interphase nucleus, methods that can 
allow the quantification of physical properties of chromatin at mul-
tiple loci can also reveal evidence for global controls through 
genome-wide association analyses. Recently, adaptation of NextGen 
ultrahigh-throughput sequencing technology (Illumina GA2) to 
map nearest neighbor relationships by the so-called Chromosome 
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Conformation Capture strategy (20) has successfully generated the 
first glimpse of the 3D packing of the human genome at a resolu-
tion of about 1 Mbp (21). In addition to confirming the existence 
of CTs, this Hi-C method revealed clear evidence for two genome-
wide compartments representing active and repressed portions of 
the genome, which map respectively to the open and closed chro-
matin domains as assayed by sensitivity to DNaseI digestion in two 
different cell types. Further refinements and applications of this 
technology should reveal much about the spatial organization of 
chromatin and how it may be controlled dynamically.

Implicit in the description of transcriptionally repressed chro-
matin domains and heterochromatin as “closed” or “condensed” 
is the prediction that these silenced loci are spatially more com-
pacted and less accessible to proteins. In addition, one may also 
expect these loci to have slower diffusion rates as well as more 
constrained mobility relative to open chromatin within the nucle-
oplasm. The direct measurement of local chromatin mobility at 
the scale of a single gene (i.e., 10 kb or less) has only been possible 
since 1997, using a visual tracking system (also referred to as a 
chromatin beacon) consisting of a tandem array of the LacO oper-
ator sequence and the regulated expression of a LacI–GFP fusion 
protein (22). Using this approach, the movement of chromatin 
has been studied in intact cells of yeast, animal, and plant model 
systems. In the cases that have been reported, the data is best fitted 
to a constrained random diffusion model and diffusion coefficients 
observed typically in the range of 10−4 mm2 s−1, with rates as fast as 
1 × 10−3 mm2 s−1 (23) and as slow as 0.3 × 10−4 mm2 s−1 having been 
reported (24). The confinement radius in the Arabidopsis nucleus 
also ranges from 0.1 to 0.4 mm, depending on the ploidy and 
activity state of the locus (24, 25). This chromatin beacon tech-
nique thus provides the means by which the physical location and 
dynamic behavior of specific insertions in a genome can be mea-
sured nondestructively. Coupling this tool with a convenient 
reporter gene for the quantification of transcriptional activity 
should allow one then to correlate some of the physical parameters 
of the insert’s location to its associated gene expression potential. 
In our lab, we have recently characterized a collection of 277 
transgenic Arabidopsis lines, called Chromatin Charting (CC) 
lines, in which a common, single-copy insertion element contain-
ing a 35S-Luc reporter gene and a LacO array of 2–2.2 kb are 
present (24). This construct thus permits one to visually track the 
insertion loci via the chromatin beacon and to quantify the linked 
Luc gene’s expression at the corresponding locations in the 
genome of living plants. To construct the CC lines, wild-type 
Arabidopsis thaliana (ecotype Columbia) plants were first trans-
formed with the CCP4 construct. CCP4 construct contains a 
Luciferase gene (Luc) driven by the constitutive CaMV 35S pro-
moter for quantification of gene expression, a LacO tandem array 
to tag the locus of insertion, a Nos:NptII:nos expression cassette 
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for positive selection, and the GUS gene under the control of a 
minimal 35S promoter to detect possible enhancer elements near 
the insert sites (Fig. 1). This gene unit is flanked by two maize Ds 
sequences to create a nonautonomous transposable element. At 
the proximal end of the Ds5 sequence is placed a 2P¢:IAAH marker 
gene expressing an indole acetamide hydrolase gene that confers 
1-naphthaleneacetamide (NAM) sensitivity to plants. Homozygous 
transgenic plants containing single copies of the CCP4 construct 
were then crossed with homozygous CCP5 transgenic plants, 
which express constitutively the maize Ac transposase (24), and F1 
progeny were obtained and screened by double selection for novel 
transposants (CCT lines). This transposon-aided tagging system 
has previously been described for the creation of gene-trap and 
enhancer-trap lines in Arabidopsis (26). The screening by Kan/
NAM resulted in the isolation of 611 chromatin charting transpo-
sants (CCT lines) from seven CCP4 launchpad lines. Six CCP4 
lines and 271 CCT lines have been mapped by tail PCR and fur-
ther confirmed through locus specific PCR analyses. Sequence and 
functional characterizations of these lines can be obtained from 
the Cold Spring Harbor web site for our Chromatin Charting 
project (http://charting.cshl.org/).

Quantifying Luc activity in 277 CC lines dispersed through-
out the five chromosomes of Arabidopsis generated the first tran-
scription potential map and revealed insertion locations that may 
facilitate or repress transcription of an inserted gene. Focusing on 
a selected 100  kbp region on Chr. 2 that has a relatively high 
concentration of insertion lines represented in our CC collection, 
we characterized in depth the functional and physical properties 
of several insertion lines that showed interesting position effects. 
While DNA methylation is apparently required for maintaining 
the silencing observed in some of the insertion lines within this 
region, differential effects on nucleolar periphery association were 
observed for some of the CC lines examined. In general, how-
ever, increased locus mobility is well correlated with higher activ-
ity of the Luc reporter gene (24). The CC line collection, thus, 
provides a unique resource to begin a systematic comparison of 
the physical properties of the Arabidopsis genome at various 
tagged locations and to correlate the observed behavior with the 
associated gene expression potential at that position. In this 
chapter, we focus on describing the details for using these CC 

Fig. 1. Chromatin charting vector and its uses. RB and LB right and left border of T-DNA; 2 ′P promoter for the IAAH 
selection gene; IAAH indole acetamide hydrolase gene; DS5 and DS3 5 ′ and 3¢ border sequence for maize Ds element; 
LUC firefly luciferase gene; 35S CaMV 35S promoter; LacO Lac operator array; NPTII neomycin phosphotransferase 
gene; GUS b-glucuronidase gene; Mini minimal CaMV 35S promoter (−46 to +8). Sizes of elements are not drawn to 
scale.
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lines to tag and visually track the inserted element in live 
Arabidopsis plants, in addition to assaying Luc activity with live 
plants for correlation studies between structural parameters and 
transcription potential under similar conditions.

	 1.	50% Bleach.
	 2.	Solid Growth Medium: 0.5× Murashige and Skoog (MS) 

mineral salts, 1% sucrose, 0.8% agar, 50 mg/ml Kanamycin 
(for hemizygous CC lines).

	 3.	0.1% bacto-agar (Sigma Aldrich).
	 4.	SterilGARD Laminar Flow Hood.

	 1.	d-Luciferin, potassium salt (Gold Biotechnology) (0.3 mg/mL 
d-Luciferin, 0.01% Triton X-100).

	 2.	Biotek Synergy™ HT Multi-Detection Microplate Reader.
	 3.	White opaque 96-well plate (Costar).
	 4.	Lumazone FA bioluminescence/chemiluminescence/fluores-

cence macroscopic imaging system (MAG Biosystems) 
equipped with a Photometrics 1024B CCD camera.

	 1.	Dexamethasone stock solution (3 mM dexamethasone in eth-
anol; Gold Biotechnology).

	 2.	Ethanol (>95%).
	 3.	Agrobacterium tumefaciens GV3101/mp11 strain trans-

formed with pJM71 or pEL700.
	 4.	Applied Precision DeltaVision image restoration microscope 

system Version 3.5 equipped with Nikon TE200 microscope 
and CH350 high-speed camera (Photometrics).

	 5.	softWoRx 3.6.1 Suite software package (default analytical 
software of DeltaVision system).

	 1.	Dispense 200 mL of 0.5× MS solid media (kept at 60°C) per 
well in 96-well plates (plates are allowed to solidify at 4°C for 
several hours).

	 2.	For surface sterilization, seeds of CCT or CCP lines are vor-
texed for 5 min in eppendorf tubes with 50% bleach and then 
rinsed with sterile water five times in a laminar flow hood.

2. Materials

2.1. Seed Germination

2.2. Luciferase Assays

2.3. In Vivo 
Visualization of 
Tagged Loci and 
Microscopy

3. Methods

3.1. Germination  
of Seeds

3.1.1. Germination of 
Seeds on 96-Well Plates
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	 3.	Resuspend seeds in 0.1% agar, and deposit five surface-sterilized 
seeds in each well of a 96-well plate.

	 4.	Synchronize seed germination by placing the plates at 4°C in 
the dark for 72 h, before transferring plates to a growth room 
set at 22°C under continuous light.

	 1.	Seeds of CCT or CCP lines are sterilized by vortexing for 
5 min with 50% bleach and then rinsed with sterile water five 
times in a laminar flow hood.

	 2.	Spread seeds on 0.5× MS plates or selection plates with 
Kanamycin (for hemizygous lines). Synchronize seed germi-
nation by placing plates at 4°C in the dark for 72 h, before 
transferring plates to a growth room at 22°C (as above) and 
set vertically for 7 days.

To quantify relative Luc expression level in whole plants, Luc 
activity can be measured with a microtiter plate reader or a high-
performance CCD camera system (Lumazone Fluorescence 
Automated Imaging System, MAG Biosystems). The measure-
ment of Luc activity with the microtiter plate reader allows one to 
screen transgenic plants in a high-throughput format, using 
96-well plates. On the other hand, with the CCD camera tech-
nology, it is possible to quantify Luc expression from different 
tissues and organs of a single live plant. With spatial resolution at 
the macroscopic scales, the CCD camera approach enables the 
comparison of Luc expression at the whole plant level in real time. 
These two in  vivo methods of Luc expression assay are, thus, 
complementary in their applications.

	 1.	Spray the plants directly on the 96-well plate with Luciferin 
working solution.

	 2.	Leave the plate on the bench for 5 min to allow uptake of 
d-Luciferin into the plant tissues and cells.

	 3.	Set up the program for the plate reader and load the assay 
plate onto the plate reader.

	 4.	Read for at least 30 min.

	 1.	Spray the petri dish with Luciferin working solution and leave 
the plate for 10 min on the bench at room temperature.

	 2.	Put the plate into the ultradark chamber of the Lumazone FA 
system and take a bright-field image of the sample for recog-
nition of the plant outlines.

	 3.	Keep the plate for 5 min in the dark to eliminate interference 
from delayed fluorescence of chlorophyll in the green tissues.

	 4.	Acquire bioluminescence for 7 min in the dark at room tem-
perature through the chemiluminescence detection channel 

3.1.2. Germination of 
Seeds on Petri Dishes

3.2. In Vivo Luciferase 
Assay

3.2.1. Luciferase Assay 
with the Microtiter Plate 
Format

3.2.2. Luciferase Assay 
with the Lumazone FA 
Imaging System
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of the Lumazone FA. The bioluminescence can then be 
superimposed onto the bright-field image to facilitate subse-
quent quantification (Fig. 2).

	 5.	Quantify Luc activity from live plants. Luc activity of a single 
plant was defined as the total pixel intensity divided by the 
area on the plate that is covered by the plant. The count/size 
function of Lumazone Analyzer 2.0 was applied to the bright-
field images to identity the outline for areas covered with 
plant tissues. The measurement of pixel intensities was per-
formed with the Measurement Tool from the Lumazone FA 
software. Average pixel intensities of wild-type plants were 
determined as system background and were subtracted from 
each measurement.

Since the construct in the CC lines does not contain any cassette 
for LacI–GFP fusion protein expression, visualization of the LacO 
array tag requires the supply in trans of this protein. This can be 
achieved through crossing of the CC lines with a CCV (Chromatin 

3.3. Microscopy Assay

Fig. 2. Differential expression of luciferase activity in CC lines visualized by Lumazone 
FA. Bright-field and bioluminescence images were acquired separately and then merged. 
Acquisition was done with a MS agar plate containing wild-type (WT), CCP4.20, CCP4.80, 
and CCP4.211 plants. The color scale of luminescence shown represents the range of 
4.8 × 106 photons s−1 (red ) to 4.8 × 107 photons s−1 (blue).
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Charting Visualization) line that expresses a GFP–LacI–NLS 
protein. Ideally, the expression level of the GFP–LacI–NLS pro-
tein should be controlled carefully in order to maximize the signal 
to background ratio (GFP–LacI–NLS bound to the LacO array 
vs. diffuse free GFP–LacI–NLS in the nucleoplasm) for detecting 
the tagged loci. Each 2-kb-long LacO repeat in the CC lines can 
bind no more than ~128 GFP-LacI-NLS molecules (assuming 
about 64 copies of the LacO sequence). Therefore, a background 
fluorescence significantly weaker than that emitted by 128 GFP 
molecules will be essential for the detection of the tagged locus. 
In our studies, chemical inducible expression systems were cho-
sen to express the GFP–LacI–NLS (or other spectral variants of 
GFP) protein under tight transcriptional regulation. In our lab, 
we have used successfully two visualization constructs (named 
CCV constructs) in combination with the CC lines, through 
which the expression of GFP–LacI–NLS protein can be induced 
by either ethanol (pJM71) or Dexamethasone (pEL700) treat-
ment of the F1 progeny (Fig. 3).

The CCV construct can be introduced into Chromatin Charting 
(CC) lines using three approaches: (1) Transform CCV construct 
into wild-type Arabidopsis and screen for stable transgenic CCV 
lines. CC lines of interests are then crossed with selected CCV 
lines. (2) CC lines can be directly transformed with the pEL700 
vector. pJM71 cannot be used for this method as it has the same 
selection marker (Kanamycin resistance) as found in the CC lines. 
(3) Transient expression of GFP–LacI–NLS protein in leaves of 
CC lines through infiltration of Agrobacterium containing CCV 
vectors and subsequently activated by chemical induction. We 
recommend the first approach if consistent inducible expression 
of GFP–LacI–NLS in multiple cell types and if quantitative com-
parison between different CC lines are desired. The direct trans-
formation of CC lines with a CCV construct will also allow 
visualization in various cell types. However, one should expect 

3.3.1. Introducing CCV 
Constructs into Chromatin 
Charting Lines

Fig. 3. Two vectors that can be used to generate CCV lines. (a) pEL700: GVG glucocorticoid binding domain/VP16 acidic activa-
tion domain/Gal4 DNA-binding domain fusion protein; tE9 pea rbcS-E9 terminator; pNOS promoter from the nopaline synthase 
(NOS) gene of Agrobacterium; HPT Hygromycin phosphotransferase; tNOS terminator from NOS; 6 X UAS six tandem copies of 
the upstream activation sequence for yeast Gal4 binding; TATA TATA box; GFP-LacI-NLS green fluorescent protein/Lac repressor/
nuclear localization signal fusion protein; 3A Term pea rbcS-3A terminator; (b) pJM71: EYFP–LacI–NLS enhanced yellow fluo-
rescent protein/Lac repressor/nuclear localization signal fusion protein; pAlcA alcA promoter from Aspergillus; AlcR alcohol-
responsive alcR transcription factor from Aspergillus.
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complexities such as transgene silencing of the CCV construct as 
frequently seen with Agrobacterium transformation. Thus, com-
parison between independent transformed lines with the CCV 
construct inserted at different locations may be problematic. The 
last method is suitable for working with a large number of CC 
lines. Chromatin dynamics can only be visualized conveniently in 
a few cell types (i.e., leaf epidermal cells and mesophyll cells) using 
this approach. We focus on describing methods relating to meth-
ods 1 and 2 in the subsequent sections, since method 3 has been 
described previously (27).

	 1.	Cross selected CC lines with a stable CCV line that can express 
GFP–LacI–NLS under ethanol (JM71) or dexamethasone 
(EL700) induction respectively (24, 28).

	 2.	The LacO array can then be visualized in either F1 or F2 
plants generated from the cross. Quantifying chromatin 
dynamics will require at least two tagged alleles. Therefore, 
chromatin dynamics can only be measured in endoredupli-
cated cells of F1 plants, while diploid cells (e.g., guard cells) 
can be assayed with plants that are homozygous for the CC 
locus in the F2 generation. The coexistence of the CC con-
struct and the EL700 construct can be selected by using 
plates containing both 50 mg/ml kanamycin and 10 mg/ml 
hygromycin. Since pJM71 as well as our Chromatin Charting 
construct confers kanamycin resistance, fluorescence micros-
copy after ethanol induction and PCR-assisted genotyping 
together will be required for characterizing the identity of 
individual F1 and F2 progeny.

	 1.	Transform selected Chromatin Charting lines with 
Agrobacterium containing pEL700 (28) by the standard floral 
dipping protocol (29).

	 2.	Germinate T1 seeds on 0.5× MS solid media supplemented 
with 50  mg/ml kanamycin, 10  mg/ml hygromycin, and 
200 mg/ml carbenicillin. Resistant seedlings should be trans-
ferred to a fresh plate with 0.5× MS solid media at ~10 days 
after germination.

	 3.	Fluorescence microscopy can then be performed with either 
T1 or T2 seedlings after screening and verification of their 
GFP–LacI–NLS fusion protein’s induction characteristics by 
epifluorescence microscopy (28).

	 1.	For inducing expression of GFP–LacI–NLS in EL700 trans-
genic plants, float 1- to 2-week-old Arabidopsis seedlings on 
0.3 mM dexamethasone (stock solution diluted 10,000× with 
water) for 12–16 h at room temperature under identical illu-
mination conditions as described above.

3.3.2. Visualization of the 
LacO Array in CC Lines 
with Stably Transformed 
CCV Lines

3.3.3. Direct 
Transformation of 
Chromatin Charting Lines 
with pEL700

3.3.4. Induction of 
GFP–LacI–NLS Expression 
by Ethanol or 
Dexamethasone
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	 2.	Expression of YFP–LacI–NLS fusion protein from JM71 
transgenic plants can be induced by overnight treatment of 
seedlings with 1% ethanol vapor on 0.5× MS plates.

Three dynamic parameters of LacO-tagged insertion loci can be 
determined through in vivo 3D-restoration microscopy imaging, 
once an active CCV construct has been introduced into a CC line 
(24, 25): (1) the radial position of the tagged locus within the 
nucleus that is often represented as the distance of the GFP 
labeled “spot” to the nuclear or nucleolar periphery; (2) the con-
finement radius of the tagged locus, which may be correlated with 
high-order chromatin organization and transcription activities; 
(3) the diffusion coefficient of the tagged locus that correspond 
to the intranuclear mobility of chromatin at the location of the 
insert in the particular CC line.

	 1.	Mount the induced seedling on a microscope slide with a 
drop of water and cover with a glass coverslip.

	 2.	Locate the region of interest using lower magnification 
(40–200×). Mark the area with the “Mark Point” function 
of softWoRx software to allow the return to the same loca-
tion at a later time.

	 3.	Acquire fluorescence images of Arabidopsis nuclei using a 
600–1,000× magnification. We generally acquire 40–60 
Z-stacks with 0.2-mm Z-steps. Perform a trial Z-stack scan to 
ensure that the whole nucleus can be covered. The target 
nuclei can then be tracked for 10  min in order to extract 
dynamic information. The exposure time for each set of 
images needs to be empirically optimized to generate images 
with required quality while at the same time minimizing pho-
tobleaching of the sample.

	 4.	The acquired images are then deconvolved by the deconvolu-
tion tool included in the softWoRx suite. An example from a 
3D-restored image of an Arabidopsis nucleus rendered from 
the fluorescence microscopy is shown in Fig. 4 from two dif-
ferent angles.

	 5.	In order to distinguish LacO array spots from random fluc-
tuations in nuclear GFP background fluorescence, clusters of 
pixels with average intensity o > m + 3.3S were determined as 
fluorescent spots corresponding to the inserted LacO array, 
where m is the average pixel intensity of the nucleus and S 
represents the standard deviation.

	 6.	To define the radial position of the decorated LacO array 
spots within nuclei, the 3D coordinate of the spots is defined 
as the position of the brightest pixel. The distance between 
the center of the fluorescent spot and nuclear or nucleolar 
periphery is measured in several consecutive Z-stacks with the 

3.3.5. 3D-Restoration 
Microscopy of Chromatin 
Dynamics with LacO-
Tagged Insertions in Live 
Plants



312 Amini, Luo, and Lam

Distances tool of the softWoRx suite. The minimal values 
from these measurements were taken as the distance between 
the fluorescent spot and a particular periphery.

	 7.	Derivation of both confinement radius and diffusion coeffi-
cient requires precise measurement of distance between two 
LacO array spots in the same nucleus as a function of time. We 
calculate distances between LacO array spots from their 3D 
coordinates using the Pythagorean theorem. The squared dis-
tance between two spots A and B, dA,B

2 = (xa − xb)
2 + (ya − yb)

2 +  
((za − zb) × s)2, where (xa, ya, za) and (xb, yb, zb) each refers to the 
3D coordinate for spots A and B, respectively; s equals to the 
step distance between two consecutive Z-stacks.

	 8.	Plot Ddt
2 = (dt − d0)

2 between two LacO array spots against the 
elapsed time t, where dt and d0 represent the distance between 
two spots at time points t and 0, respectively. The character-
istic of confined diffusion is that Ddt

2 will reach a plateau after 
a certain period of observation. In contrast, two freely diffus-
ing particles will give rise to an infinitely increasing Dd2. The 
confinement radius can be derived from the value of 
Ddt

2 = (dt − d0)
2 at the plateau. For each tagged insertion locus, 

an average confinement radius computed from multiple spot 
pairs can thus be used to describe the dynamic behavior.
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Chapter 18

Transposable Elements as Catalysts for Chromosome 
Rearrangements

Jianbo Zhang, Chuanhe Yu, Lakshminarasimhan Krishnaswamy,  
and Thomas Peterson 

Abstract

Barbara McClintock first showed that transposable elements in maize can induce major chromosomal 
rearrangements, including duplications, deletions, inversions, and translocations. More recently, research-
ers have made significant progress in elucidating the mechanisms by which transposons can induce 
genome rearrangements. For the Ac/Ds transposable element system, rearrangements are generated 
when the termini of different elements are used as substrates for transposition. The resulting alternative 
transposition reaction directly generates a variety of rearrangements. The size and type of rearrangements 
produced depend on the location and orientation of transposon insertion. A single locus containing a 
pair of alternative transposition-competent elements can produce a virtually unlimited number of genome 
rearrangements. With a basic understanding  of the mechanisms involved, researchers are beginning to 
utilize both naturally occurring and in vitro-generated configurations of transposable elements in order 
to manipulate chromosome structure.

Key words: Transposable elements, Chromosome rearrangements, Deletion, Duplication,  
Inversion, Ac/Ds, Maize, Rice, Arabidopsis

This chapter will focus on the maize transposable element system 
Activator/Dissociation (Ac/Ds) as a catalyst of chromosome rear-
rangements. The maize Ac/Ds elements comprise a classical two-
component system of the hAT transposon family (1). The 
autonomous Ac element is 4,565 bp in length, whereas the non-
autonomous Ds elements vary in length and internal sequence 
composition. Ac and Ds elements share 11 bp terminal inverted 
repeat sequences (TIRs), and they also contain multiple copies of 
subterminal hexamer motifs (AAACGG or similar) located within 

1. Introduction
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250 bp of the element termini (2–4). The Ac element produces a 
single predominant spliced mRNA that encodes a 102 kD trans-
posase protein. The transposase binds to the AAACGG hexamer 
motifs in the Ac/Ds subterminal regions (5–7). Although the 
exact mechanism of Ac/Ds transposition is unclear, evidence to 
date indicates that Ac/Ds elements transpose by a cut-and-paste 
mechanism (8–10). Ac/Ds excision is presumed to generate a 
chromosomal double-strand break (DSB), which is then religated 
to generate an excision site (11, 12). The Ac/Ds system has been 
used extensively for gene tagging in maize (13, 14) and heterolo-
gous plants including Arabidopsis (15–19), petunia (20), tomato 
(21), and rice (22, 23). Ac/Ds transposition has also been dem-
onstrated in yeast, zebrafish, and human cells (24, 25). These 
examples show that the basic biology of Ac/Ds transposition is 
shared with that of hAT transposons in a variety of organisms.

McClintock reported that the Ac/Ds system could induce chro-
mosomal rearrangements, such as deletions, duplications, inver-
sions, and reciprocal translocations (26–32). Whereas, analyses of 
single Ac or Ds elements showed that standard Ac/Ds transposi-
tion changes only the position of the elements, but does not 
generate chromosomal rearrangements. By studying chromo-
some-breaking state I Ds elements, English et al. (33), Weil and 
Wessler (35), and Martinez-Ferez and Dooner (34) showed that 
a pair of Ds 5¢ and 3¢ termini in direct orientation can undergo 
transposition reactions leading to ligation of sister chromatids 
(33–35). The covalent joining of sister chromatids occurs when 
the 5¢ and 3¢ Ac/Ds termini excise from the flanking DNA; trans-
poson excision is followed by ligation of the two flanking DNA 
segments (the donor sequences). When the transposon termini 
are located on sister chromatids, donor sequence ligation gener-
ates a chromatid bridge which will break in subsequent divisions. 
This basic mechanism has been confirmed by analysis of dele-
tion/duplication alleles isolated from a maize ear twinned sector. 
Sequences of the rearrangement junctions proved that these 
alleles were the reciprocal products of a single transposition event 
involving Ac 5¢and 3¢ ends from different sister chromatids (36); 
this reaction was termed sister chromatid transposition (SCT, 
Fig. 1.)

In the SCT model, reinsertion of the excised transposon ends 
into different sites in the chromatid bridge is predicted to gener-
ate a series of nested segmental deletions and inverted duplica-
tions. This prediction has been confirmed by the identification of 
35 interstitial deletions and 15 inverted duplications flanking the 
maize p1 gene on chromosome 1S. The deletions extend from 
the p1 gene to various proximal endpoints, and range up to 
>4.6 cM (3.6 Mb) (37). The inverted duplications also extend 
proximally, and range in size from ~70 kb to ~14.7 Mb (Zhang 

1.1. Sister Chromatid 
Transposition



317Transposable Elements as Catalysts for Chromosome Rearrangements

and Peterson, unpublished). Significantly, the rearrangement 
breakpoints are precisely bound by Ac/Ds termini, indicating that 
these are generated directly by transposon insertion (37). In sum-
mary, these results show that SCT can generate flanking deletions 
and inverted duplications of variable size. Reinsertion of the 
excised transposon termini into other chromosomes is also pre-
dicted to occur, but the products would be genetically unbal-
anced and not heritable from standard diploid parents.

Alleles containing reversely oriented Ac/Ds 5¢ and 3¢ termini can 
undergo a second type of alternative transposition termed 
reversed-ends transposition (RET). In RET, transposition involves 
the apposed 3¢ and 5¢ termini of nearby Ac/Ds elements which are 
themselves in direct orientation. Excision of the transposon ter-
mini and ligation of the donor sequence is predicted to generate 
a covalently closed circular DNA molecule composed of the DNA 
between the two linked Ac/Ds elements (the intertransposon seg-
ment, or ITS). While direct evidence for the circularized ITS is 
lacking, its existence is inferred from rare cases in which the ITS 
becomes circularly permuted; these are proposed to result from 
insertion of the reversed-ends transposon into the circularized 
ITS (38). Otherwise, the ITS circle would be lost because it lacks 
a centromere. Insertion of the excised reversed-ends transposon 

1.2. Reversed-Ends 
Transposition
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Fig. 1. Sister chromatid transposition generates reciprocal deletions and inverted duplications. The two lines indicate 
sister chromatids joined at the centromere (black circle). The boxes indicate exons 1, 2, and 3 (left to right) of the maize 
p1 gene. Red lines with arrow(s) indicate Ac or fAc (terminally deleted 3¢ fragment of Ac), and the open and solid arrows 
indicate the 3¢ and 5¢ ends, respectively, of Ac/fAc. The small vertical arrows indicate transposase cleavage sites. (a) Ac 
transposase cleaves at the 5¢ terminus of Ac in one sister chromatid and the 3¢ terminus of fAc in the other sister chro-
matid. (b) Cuts are made at the Ac and fAc termini. The two nontransposon ends join together to generate a chromatid 
bridge; minor sequence changes at the junction form a transposon footprint (×). (c) The excised transposon termini insert 
at a target site between b and c; the fAc 3¢ end joins to the c side to generate one sister chromatid with an inverted 
duplication, while the Ac 5¢ end joins to the b side to generate a second sister chromatid with a corresponding 
deficiency.
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into the flanking chromosomal DNA generates inversions or 
deletions, depending upon the insertion orientation (Fig.  2). 
Whereas, insertion into a different chromosome will produce (1) 
a pair of balanced reciprocal translocations, with the Ac termini 
precisely at the translocation junctions, or (2) a dicentric chromo-
some plus acentric fragment. Numerous cases of the former have 
been identified from alleles carrying Ac termini in reversed orien-
tation on maize chromosome 1S (39). The latter class (comprising 
a dicentric plus an acentric fragment) would be expected to be 
unstable and nonheritable. The generation of large inversions and 
reciprocal translocations by RET has been confirmed by classical 
cytogenetic analysis and fluorescence in situ hybridization (FISH) 
(39). Moreover, the presence of excision footprints and 8 bp tar-
get site duplications at the inversion and translocation junctions 
confirm that these rearrangements are formed as direct products 
of Ac/Ds transposition (38–41). Similarly, deletions and inversions 
have also been reported as the result of RET at the maize bz1 locus 
on chromosome 9S (42, 43). It is important to note that, unlike 
SCT that generates nested deletions on only one side of the trans-
poson sequence, reversed Ac ends transposition can generate 
nested deletions on both sides of the transposon sequences.

To test whether alternative transposition-induced rearrangements 
could be reproduced in transgenic systems, we generated a series 
of transgene constructs containing Ac/Ds termini together with 
suitable reporter genes (Fig. 3). Constructs were transformed into 
Arabidopsis (44), rice, and maize (45) followed by selection for 
included marker genes. Plants were screened to identify those 

1.3. Chromosome 
Rearrangements 
Induced by Engineered 
Ac/Ds Transposons in 
Maize, Rice, and 
Arabidopsis

a b

3' Ac 5' 3' fAc

gf

a b gf

b
a

b g fa

gf

a

d

c

b

Fig. 2. Reversed Ac ends transposition generates deletions. Symbols have the same meaning as in Fig. 1. (a) Ac trans-
posase cleaves at the 5¢ end of Ac and the 3¢ end of fAc. (b) Following transposase cleavage at the junctions of Ac/p1 and 
fAc/p1, the internal p1 genomic sequences are joined to form a circle. The “×” on the circle indicates a transposon foot-
print at the site of joining. (c) The excised transposon ends insert at a target site between a and b; the fAc 3¢ end joins to 
the a side to generate a p1 proximal deletion, while the Ac 5¢ end joins to the b side to form a circle. (d) The excised 
transposon ends insert at a target site between f and g; the Ac 5¢ end joins to the g side to generate a p1 distal deletion, 
while the fAc 3¢ end joins to the f side to form a circle (c, d are alternative outcomes).
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containing intact single-copy insertions, and a source of Ac trans-
posase was introduced by suitable crosses. Putative rearrangement 
events were identified by marker gene loss and confirmed by PCR 
analysis. Finally, rearrangement breakpoints were isolated by PCR 
methods, and sequenced. The results confirm that alternative 
transposition-induced rearrangements similar to those described 
above for natural maize alleles can be generated in transgenic 
maize, rice, and Arabidopsis (46).

The chromosome rearrangements generated by transposable ele-
ments could have a variety of potential uses. For example, a set of 
local nested deletions can be used to functionally dissect a chro-
mosome region or cluster of related genes (37). Duplications may 
be useful for increasing copy number of favorable genes whose 
expression is dose dependent. Inversions and translocations may 
provide favorable materials to study the position dependence of 
gene expression (position effect), and also as genetic tools for 
reproductive isolation. Finally, overlapping translocations and 
inversions can be used to generate segmental duplications with 
defined endpoints (47).

1.4. Potential Uses of 
Transposon-Induced 
Chromosome 
Rearrangements

Nos::NPTII 2’::iaaH ori/bla Nos::BAR

35S::Bar
LB RB

35S::Bar
LB RB

Ubi::GFP35S Ubi::RFP 35S::HPT
RB LB

RB LB

a

b

c

Fig. 3. Map of constructs used for maize, rice, and Arabidopsis transformation. In all constructs, LB and RB indicate the 
left- and right-border T-DNA sequence, respectively. The open and solid red arrowheads indicate the 3¢ and 5¢ ends, 
respectively, of Ac. The following lengths of Ac terminal sequences were used: For maize constructs, 307 and 239 bp 
from the Ac 5¢ and 3¢ termini, respectively; for Arabidopsis construct, 255 and 217 bp from the Ac 5¢ and 3¢ termini, 
respectively; for rice, 1,786 and 3,599 for the Ac 5¢ and 3¢ termini, respectively. (a) Maize constructs. The visual markers 
p1 and c1 are used to monitor transposition; red boxes indicate maize p1 gene exons, and purple boxes indicate maize 
c1 gene exons. The open and solid blue arrowheads are the 3¢ and 5¢ ends, respectively, of the I/dSpm element which is 
used to mobilize the Ac termini. Restoration of p1 function indicates excision of I/dSpm, and loss of c1 function indicates 
that alternative transposition events have occurred. (b) Arabidopsis construct. The NPTII gene confers resistance to 
kanamycin; iaaH gene is a negative selection marker that confers sensitivity to naphthalene acetamide; and the BAR 
gene confers resistance to bialaphos. The ori/bla segment (bacterial origin of replication and beta-lactamase gene con-
ferring resistance to ampicillin) can be used for plasmid rescue of the T-DNA insertion locus. (c) Rice construct. 35S 
indicates the CaMV 35S promoter driving the Ac transposase gene; Ubi::GFP and Ubi::RFP indicates the maize ubiquitin1 
promoter driving the GFP and RFP genes, respectively; 35S::HPT indicates the CaMV 35S promoter driving the hygromycin 
phosphotransferase gene. The rice construct was modified from plasmid pSQ5 (54).
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In this section, we describe the recommended lengths and 
configurations of Ac/Ds sequences; the use of marker genes to 
detect rearrangement events; and possible sources of Ac-encoded 
transposase.

	 1.	Ac/Ds termini: Sequences of Ac/Ds elements are available in 
public databases. Previous research has shown that 238 bp 
from the 5¢ and 209 bp of the 3¢ terminal sequences are suf-
ficient for element transposition (4). The 5¢ and 3¢ Ac/Ds 
termini can be cloned in the desired orientations using stan-
dard molecular techniques. For RET, the distance between 
the 5¢ and 3¢ termini (the ITS) appears to affect alternative 
transposition frequency. Highest transposition frequencies 
are observed for ITS lengths of ~0.4–4 kb; transposition fre-
quency appears to drop dramatically for ITS lengths of 
<100 bp (Fig. 4). The maximum length of ITS which can still 
support RET is still unknown. Alleles with ITS of 13 kb can 
still undergo significant levels of RET, although at a lower 

2. Materials

Fig. 4. The relationship between chromosome-breakage frequency and separation distance 
of reversed Ac-fAc termini at the maize p1 locus. Chromosome-breakage frequency 
was measured by the loss of the Dek1 marker distal to the p1 gene. The frequency was 
evaluated by grades 0–3. Three indicates the greatest breakage frequency, and 0 
shows no significant breakage frequency.
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frequency than alleles with a smaller ITS. Interestingly, the 
Dooner laboratory has identified pairs of Ac/Ds elements 
separated by >100 kb distance which can still induce signifi-
cant alternative transposition (43).

	 2.	Ac transposase: A source of Ac transposase is essential for 
inducing rearrangements. Full-length Ac elements are not 
recommended due to their mobility. Several loci containing 
Ac elements with limited or zero mobility have been described 
in maize (48, 49). Stocks containing these alleles are available 
from the Maize Genetics Cooperation Stock Center, Urbana, 
Illinois. For experiments in other plants, e.g., Arabidopsis and 
rice, Ac transposase can be supplied from an Ac transgene 
containing an in vitro-generated deletion of sequences from 
one or both termini. The Ac transposase source can be incor-
porated into the rearrangement-inducing construct or can be 
integrated into a separate locus (46).

	 3.	Selectable and scorable marker genes: A positive selectable 
marker gene (e.g., bar, hpt, nptII) is ordinarily required as 
part of the construct for selection of transformants (50). The 
incorporation of additional marker genes can facilitate the 
detection of rearrangement events. The most convenient 
markers are those that confer a visual pigmentation pheno-
type. Among the best known are the maize genes bz1, c1, 
dek1, and p1. Loss of function of any of these genes during 
maize plant development can result in a sector of nonpig-
mented or differentially pigmented cells (see Note 1). The 
size and number of sectors provides a useful indicator of the 
developmental timing and frequency of loss events. Loss 
events which are transmitted through the gametophytes may 
be recovered as mutant individuals. Thus, screening with vis-
ible markers enables convenient detection of chromosome 
rearrangements induced by alternative transposition events. 
Other useful visible markers include the fluorescent protein 
genes (e.g., GFP, RFP, and similar) which can function in 
many species. GFP appears to be more readily detected than 
RFP in plants, possibly because high levels of plant autofluo-
rescence may obscure the RFP signal. Genes conferring her-
bicide resistance also provide good indicators of chromosome 
rearrangement events (e.g., loss of the ITS, or deletions to 
one side or other of the Ac/Ds termini; see Note 2). For 
Arabidopsis and rice, sensitive plants must be rescued from 
the herbicide-containing growth media. Maize plants can be 
screened for BAR sensitivity by leaf painting assays without 
killing sensitive plants. If alternative transposition frequency 
is sufficiently frequent (>1%), it may be possible to detect 
chromosome rearrangements directly via molecular screening 
(e.g., PCR, see below).
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Configurations of transposable elements capable of undergoing 
alternative transposition reactions (SCT or RET) can be gener-
ated from naturally occurring (i.e., nontransgenic) genetic stocks 
containing active Ac/Ds transposable elements. The tendency of 
Ac/Ds elements to transpose during DNA replication and to 
insert into nearby sites can generate clusters of closely linked ele-
ments (51). If a pair of elements are in direct orientation, their 
apposed termini will be capable of undergoing RET (Fig.  2). 
Whereas, paired elements in inverted orientation will contain 
directly oriented 5¢ and 3¢ termini which are competent for SCT 
(Fig.  1). In either case, chromosome rearrangements can be 
detected via loss of expression of a nearby visible marker gene, 
e.g., bz1 (43) or p1 (38, 39). Putative rearrangements can be veri-
fied using diagnostic PCR as described below.

Where naturally occurring Ac/Ds pairs are not available, 
transgene constructs can be specifically designed to induce either 
SCT- or RET-induced chromosome rearrangements. Because 
production and analysis of transgenic plants requires considerable 
time and resources, great care should be taken to insure the integ-
rity of the construct prior to plant transformation.

	 1.	Transgene constructs containing Ac/Ds termini in either 
reversed or direct orientation can be prepared using standard 
molecular cloning techniques. The Ac/Ds termini sequences 
are inserted into a vector suitable for plant transformation. 
The frequency of alternative transposition reactions is affected 
by the physical distance separating the two termini. At the 
maize p1 locus, the highest frequencies of chromosome break-
age induced by RET occur when element termini are from 
~300 bp to ~5  kb apart; with greater separation distances, 
chromosome-breakage frequency declines gradually (Fig. 4). 
More strikingly, separation distances of <100 bp show mark-
edly reduced breakage frequency. Therefore, it is recom-
mended that the Ac/Ds termini should be separated by at 
least 300 bp.

	 2.	Marker genes are positioned with respect to the Ac/Ds 
sequences so as to provide an indication of the type of rear-
rangement induced. For example, an RET construct could 
contain three marker genes: one on each side of the Ac/Ds 
termini and one within the ITS. All RET events should show 
loss of the internal marker. Events that have lost in addition 
one or the other flanking markers indicate a deletion in that 
direction. Whereas, events that show loss of the ITS marker 
but retain both flanking markers are consistent with formation 
of inversions, translocations, or “fused-ends” (see Note 3).

3. Methods
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	 3.	The transgene construct is introduced into plant tissues and 
transformed plants are selected (44, 45). Transformed plants 
are screened for those carrying single-locus, single-copy inser-
tion events, as these are generally required in order to detect 
rearrangements via marker gene loss (the presence of multiple 
transgene copies containing functional marker genes will 
mask transposition-induced loss of any single copy). In addi-
tion, multicopy transgene insertions containing multiple 
transposon termini could undergo a potentially large number 
of possible alternative transposition events, which would 
complicate subsequent detection and analysis.

	 4.	An Ac transposase source is introduced by appropriate crosses 
or by subsequent transformation (see Note 4).

	 5.	The progeny of plants containing the transgene construct 
together with an Ac transposase source are screened for 
marker gene loss (putative rearrangement events). Candidate 
rearrangement-containing plants are then analyzed by PCR. 
The choice of PCR primers will vary depending on the type 
of construct (whether directly oriented Ac termini for SCT, 
or reverse-oriented Ac termini for RET). As an example, 
the following strategy has been useful for screening natural 
alleles and transgene constructs containing reverse-orien-
tated Ac termini for RET-induced rearrangements: 
Screening involves four sets of PCR primer pairs covering 
the following sequence junctions: (1) Ac 5¢ sequence and 
external flanking sequence, (2) Ac 5¢ end and ITS, (3) Ac 
3¢ end and ITS, (4) Ac 3¢ sequence and external flanking. 
The pattern of PCR results produced by each allele gives 
an indication of the type of rearrangement. For example: 
(+ + + +), no rearrangement; (+ + − + or + − + +), internal ITS 
deletion; (+ − − +), inversion, translocation or fused-end; 
(+ − − −), right-side deletion; (− − − +), left-side deletion; 
(− − − −), absence of construct, possibly due to segregation. 
Structures inferred by PCR patterns are compared with 
marker gene expression patterns to assess the validity of the 
rearrangement type.

	 6.	The sequences at the chromosome rearrangement break-
points can be cloned by several means, including I-PCR (53) 
or Ac-casting (52). Comparison with the genome sequence 
databases can precisely position the rearrangement.

	 1.	In some cases, loss of marker gene expression may result not 
from chromosome rearrangements but from spontaneous 

4. Notes
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silencing, which can occur frequently in transgenic plants. 
Different marker genes appear to exhibit differing susceptibility 
to silencing. In transgenic maize, the p1 gene undergoes fre-
quent spontaneous silencing, whereas the BAR and c1 genes 
exhibit little or no silencing. In any case, silencing can be 
distinguished from deletion by a PCR assay for gene 
sequences.

	 2.	Attempts have been made to employ the iaaH gene (50), as 
a negative selectable marker for RET in Arabidopsis. Plants 
carrying iaaH are reported to be sensitive to the herbicide 
NAM, whereas plants lacking iaaH are NAM-resistant (18). 
Insertion of the iaaH gene within the ITS should enable 
selection for plants in which RET has occurred, resulting in 
deletion of the ITS including the iaaH gene. In practice, 
however, the identification of NAM sensitive and resistant 
plants has proved unreliable (46).

	 3.	A frequent outcome of RET in Arabidopsis is the generation 
of “fused-ends”; i.e. deletion of the ITS and ligation of the 5¢ 
and 3¢ Ac/Ds termini. Fused-ends appear to occur much less 
frequently in rice, and very rarely in maize. It is not known 
whether the variation in occurrence of fused-ends is due to 
differences in the transgene constructs used, or species-specific 
differences in the transposition mechanism. Nevertheless, the 
generation of fused-ends products can result in a significant 
background of noninformative events. Where suspected, 
fused-ends can be detected by a simple PCR screen using oli-
gonucleotide primers complementary to the 5¢ and 3¢ Ac/Ds 
termini. Once formed, fused-ends appear to be refractory to 
further transposition events in tobacco (9).

	 4.	Ac dosage is known to affect the frequency of conventional 
Ac/Ds transposition. In maize, higher levels of Ac expres-
sion result in delayed timing and reduced transposition fre-
quency. This is known as the Ac negative dosage effect (1). 
If needed, the dosage of Ac can be manipulated by using Ac 
transposase source in either homozygous or heterozygous 
condition.

Acknowledgments

We thank Kan Wang and Bronwyn Frame of the Iowa State 
University Plant Transformation Facility for maize and rice trans-
formations. This research was supported by NSF Awards 0450243 
and 0923826 to TP and JZ.



325Transposable Elements as Catalysts for Chromosome Rearrangements

References

	 1.	 Kunze R, Weil CF. (2002) The hAT and 
CACTA superfamilies of plant transposons. 
In: Craig NL, Craige R, Gellert M, Lambowitz 
AM (eds), Mobile DNA II. ASM Press, 
Washington, DC, pp. 565–610.

	 2.	 Bravo-Angel AM, Becker HA, Kunze R, 
Hohn B, Shen WH. (1995) The binding 
motifs for Ac transposase are absolutely 
required for excision of Ds1 in maize. Mol 
Gen Genet 248, 527–34.

	 3.	 Coupland G, Baker B, Schell J, Starlinger P. 
(1988) Characterization of the maize trans-
posable element Ac by internal deletions. 
EMBO J 7, 3653–9.

	 4.	 Coupland G, Plum C, Chatterjee S, Post A, 
Starlinger P. (1989) Sequences near the ter-
mini are required for transposition of the 
maize transposon Ac in transgenic tobacco 
plants. Proc Natl Acad Sci USA 86, 9385–8.

	 5.	 Becker HA, Kunze R. (1997) Maize Activator 
transposase has a bipartite DNA binding 
domain that recognizes subterminal sequences 
and the terminal inverted repeats. Mol Gen 
Genet 254, 219–30.

	 6.	 Becker HA, Kunze R. (1996) Binding sites 
for maize nuclear proteins in the subterminal 
regions of the transposable element Activator. 
Mol Gen Genet 251, 428–35.

	 7.	 Kunze R, Starlinger P. (1989) The putative 
transposase of transposable element Ac from 
Zea mays L. interacts with subterminal 
sequences of Ac. EMBO J 8, 3177–85.

	 8.	 Gorbunova V, Levy AA. (2000) Analysis of 
extrachromosomal Ac/Ds transposable ele-
ments. Genetics 155, 349–59.

	 9.	 Gorbunova V, Levy AA. (1997) Circularized 
Ac/Ds transposons: formation, structure and 
fate. Genetics 145, 1161–9.

	10.	 Kunze R. (1996) The maize transposable ele-
ment Activator (Ac). Curr Top Microbiol 
Immunol 204, 161–94.

	11.	 Rinehart TA, Dean C, Weil CF. (1997) 
Comparative analysis of non-random DNA 
repair following Ac transposon excision in 
maize and Arabidopsis. Plant J 12, 1419–27.

	12.	 Rommens CM, van Haaren MJ, Buchel AS, 
et  al. (1992) Transactivation of Ds by 
Ac-transposase gene fusions in tobacco. Mol 
Gen Genet 231, 433–41.

	13.	 Levy AA, Walbot V. (1990) Regulation of the 
timing of transposable element excision dur-
ing maize development. Science 248, 
1534–7.

	14.	 Kolkman JM, Conrad LJ, Farmer PR, et  al. 
(2005) Distribution of Activator (Ac) 

throughout the maize genome for use in 
regional mutagenesis. Genetics 169, 981–95.

	15.	 Bancroft I, Bhatt AM, Sjodin C, Scofield S, 
Jones JD, Dean C. (1992) Development of an 
efficient two-element transposon tagging sys-
tem in Arabidopsis thaliana. Mol Gen Genet 
233, 449–61.

	16.	 Dean C, Sjodin C, Bancroft I, et  al. (1991) 
Development of an efficient transposon tag-
ging system in Arabidopsis thaliana. Symp Soc 
Exp Biol 45, 63–75.

	17.	 Fedoroff NV, Smith DL. (1993) A versatile 
system for detecting transposition in 
Arabidopsis. Plant J 3, 273–89.

	18.	 Sundaresan V, Springer P, Volpe T, et  al. 
(1995) Patterns of gene action in plant devel-
opment revealed by enhancer trap and gene 
trap transposable elements. Genes Dev 9, 
1797–810.

	19.	 Grevelding C, Becker D, Kunze R, et  al. 
(1992) High rates of Ac/Ds germinal trans-
position in Arabidopsis suitable for gene isola-
tion by insertional mutagenesis. Proc Natl 
Acad Sci USA 89, 6085–9.

	20.	 Chuck G, Robbins T, Nijjar C, Ralston E, 
Courtney-Gutterson N, Dooner HK. (1993) 
Tagging and cloning of a Petunia flower color 
gene with the maize transposable element 
Activator. Plant Cell 5, 371–8.

	21.	 Meissner R, Chague V, Zhu Q, Emmanuel E, 
Elkind Y, Levy AA. (2000) Technical advance: 
a high throughput system for transposon tag-
ging and promoter trapping in tomato. Plant 
J 22, 265–74.

	22.	 Chin HG, Choe MS, Lee SH, et  al. (1999) 
Molecular analysis of rice plants harboring an 
Ac/Ds transposable element-mediated gene 
trapping system. Plant J 19, 615–23.

	23.	 Izawa T, Ohnishi T, Nakano T, et al. (1997) 
Transposon tagging in rice. Plant Mol Biol 
35, 219–29.

	24.	 Emelyanov A, Gao Y, Naqvi NI, Parinov S. 
(2006) Trans-kingdom transposition of the 
maize Dissociation element. Genetics 174, 
1095–104.

	25.	 Weil CF, Kunze R. (2000) Transposition of 
maize Ac/Ds transposable elements in the 
yeast Saccharomyces cerevisiae. Nat Genet 26, 
187–90.

	26.	 McClintock B. (1953) Induction of instability 
at selected loci in maize. Genetics 38, 
579–99.

	27.	 McClintock B. (1950) The origin and behav-
ior of mutable loci in maize. Proc Natl Acad 
Sci USA 36, 344–55.



326 Zhang et al.

	28.	 McClintock B. (1949) Mutable loci in maize. 
Year B Carnegie Inst Wash 48, 142–54.

	29.	 McClintock B. (1953) Mutation in maize. 
Year B Carnegie Inst Wash 52, 227–37.

	30.	 McClintock B. (1948) Mutable loci in maize. 
Year B Carnegie Inst Wash 47, 155–69.

	31.	 McClintock B. (1951) Chromosome organi-
zation and genic expression. Cold Spring Harb 
Symp Quant Biol 16, 13–47.

	32.	 McClintock B. (1952) Mutable loci in maize. 
Year B Carnegie Inst Wash 51, 212–9.

	33.	 English J, Harrison K, Jones JD. (1993) A 
genetic analysis of DNA sequence require-
ments for Dissociation state I activity in 
tobacco. Plant Cell 5, 501–14.

	34.	 Martinez-Ferez IM, Dooner HK. (1997) 
Sesqui-Ds, the chromosome-breaking inser-
tion at bz-m1, links double Ds to the original 
Ds element. Mol Gen Genet 255, 580–6.

	35.	 Weil CF, Wessler SR. (1993) Molecular evi-
dence that chromosome breakage by Ds ele-
ments is caused by aberrant transposition. 
Plant Cell 5, 515–22.

	36.	 Zhang J, Peterson T. (1999) Genome rear-
rangements by nonlinear transposons in 
maize. Genetics 153, 1403–10.

	37.	 Zhang J, Peterson T. (2005) A segmental 
deletion series generated by sister-chromatid 
transposition of Ac transposable elements in 
maize. Genetics 171, 333–44.

	38.	 Zhang J, Peterson T. (2004) Transposition of 
reversed Ac element ends generates chromo-
some rearrangements in maize. Genetics 167, 
1929–37.

	39.	 Zhang J, Yu C, Pulletikurti V, et  al. (2009) 
Alternative Ac/Ds transposition induces 
major chromosomal rearrangements in maize. 
Genes Dev 23, 755–65.

	40.	 Chopra S, Brendel V, Zhang J, Axtell JD, 
Peterson T. (1999) Molecular characteriza-
tion of a mutable pigmentation phenotype 
and isolation of the first active transposable 
element from Sorghum bicolor. Proc Natl Acad 
Sci USA 96, 15330–5.

	41.	 Zhang J, Zhang F, Peterson T. (2006) 
Transposition of reversed Ac element ends 
generates novel chimeric genes in maize. PLoS 
Genet 2, e164.

	42.	 Dooner HK, Weil CF. (2007) Give-and-take: 
interactions between DNA transposons and 

their host plant genomes. Curr Opin Genet 
Dev 17, 486–92.

	43.	 Huang JT, Dooner HK. (2008) 
Macrotransposition and other complex chro-
mosomal restructuring in maize by closely 
linked transposons in direct orientation. Plant 
Cell 20, 2019–32.

	44.	 Clough SJ, Bent AF. (1998) Floral dip: a sim-
plified method for Agrobacterium-mediated 
transformation of Arabidopsis thaliana. Plant 
J 16, 735–43.

	45.	 Ishida Y, Saito H, Ohta S, Hiei Y, Komari T, 
Kumashiro T. (1996) High efficiency trans-
formation of maize (Zea mays L.) mediated by 
Agrobacterium tumefaciens. Nat Biotechnol 
14, 745–50.

	46.	 Krishnaswamy L, Zhang J, Peterson T. (2008) 
Reversed end Ds element: a novel tool for 
chromosome engineering in Arabidopsis. 
Plant Mol Biol 68, 399–411.

	47.	 Gopinath DM, Burnham CR. (1956) A cytoge-
netic study in maize of deficiency-duplication 
produced by crossing interchanges involving the 
same chromosomes. Genetics 141, 382–95.

	48.	 Xiao YL, Peterson T. (2002) Ac transposition 
is impaired by a small terminal deletion. Mol 
Genet Genomics 266, 720–31.

	49.	 Conrad LJ, Brutnell TP. (2005) 
Ac-immobilized, a stable source of Activator 
transposase that mediates sporophytic and 
gametophytic excision of Dissociation ele-
ments in maize. Genetics 171, 1999–2012.

	50.	 Sundar IK, Sakthivel N. (2008) Advances in 
selectable marker genes for plant transforma-
tion. J Plant Physiol 165, 1698–716.

	51.	 Chen J, Greenblatt IM, Dellaporta SL. (1992) 
Molecular analysis of Ac transposition and 
DNA replication. Genetics 130, 665–76.

	52.	 Ochman H, Gerber AS, Hartl DL. (1988) 
Genetic applications of an inverse polymerase 
chain reaction. Genetics 120, 621–3.

	53.	 Singh M, Lewis PE, Hardeman K, et  al. 
(2003) Activator mutagenesis of the pink 
scutellum1/viviparous7 locus of maize. Plant 
Cell 15, 874–84.

	54.	 Qu S, Desai A, Wing R, Sundaresan V. (2008) 
A versatile transposon-based activation tag 
vector system for functional genomics in cere-
als and other monocot plants. Plant Physiol 
146, 189–99.



327

A

aadA gene..................................................15, 38–41, 43, 46
Ac.......................... 19, 20, 289, 290, 292–294, 305, 315–324
Agrobacterium rhizogenes.....................................2, 4, 10, 203
Agrobacterium tumefaciens.................... ...2, 4–6, 10, 21, 114,  

151, 157, 170, 172, 190, 194, 201, 306
Alien addition..........................................227, 248, 250, 254
ARGONAUTE............................................................. 179
Artificial miRNA (amiRNA)..........180, 183–185, 190–197

B

Bacterial artificial chromosome (BAC)..............4, 6, 23, 78,  
88, 94–95, 132, 222, 235, 236

Bar..................7, 18, 21, 38, 39, 43, 115, 117, 123, 126, 128,  
137, 154, 156, 186, 294, 312, 319, 321, 324

Basic local alignment search tool (BLAST).........87, 89–90,  
158, 187, 190–191, 196

B chromosome......82, 97–107, 131–133, 135–137, 139, 141
Bialaphos..............................7, 115, 122, 137, 154, 292, 319
Binary bacterial artificial chromosome  

(BIBAC) vectors..................................................... 6
Biolistic transformation.......................... 18, 26, 44, 48, 116,  

120–123, 136, 138
Brachyscome.........................................................................98
BRCA2....................................................................... 58–59
Bxb1....................................................................... 147–165

C

Carnoy’s.................................................................. 240, 241
C-banding...............................................249–253, 255, 256
CCs. See Chromocenters
CENH3................................................................. 104, 105
CentC.....................................82, 90, 93, 104, 126, 136, 240
Chiasma........................................................................... 55
Chinese Spring........................................233, 250, 253–255
Chlamydomonas reinhardtii...........................................37–38
Chloroplast.................37, 38, 42, 44–45, 148, 200, 202, 210

transformation.............................................3, 15, 16, 26
Chromatin beacons................................................. 301–312
Chromocenters (CCs).................................................... 302
Chromosome conformation capture............................... 286
Chromosome painting.................................67–95, 101, 222
Chromosome sorting.............................................. 221–236

Chromosome territories (CTs)............................... 302, 304
Chromosome truncation..........................25, 106, 113–114,  

122–123, 125, 126, 128, 132–137, 139, 141, 143
Cotransformation.................................. 3, 17–19, 21, 40, 41
Cre-lox...........................20–21, 43, 137, 142, 147, 148, 293

D

Deletion............. 61, 103, 104, 155, 168, 173–175, 204, 227,  
248, 249, 253–256, 276–278, 316–319, 321–324

4¢,6-Diamidino-2-phenylindole (DAPI)................... 71, 77,  
81, 89, 92, 118, 125, 226, 227, 232–234, 236,  
244, 250, 295

DNA polymerase...................68, 73, 81, 117, 124, 149, 155,  
156, 158, 170, 171, 173, 174, 196

DNAse I...................................68, 78, 79, 81, 117, 124, 304
Double strand breaks (DSBs)............ 24, 55, 56, 60, 61, 316
Double-stranded RNA (dsRNA).....................23, 179, 183,  

190, 195, 196
Ds................. 19, 20, 289–290, 292–294, 305, 315–322, 324
DsRed.............................................. 115, 133, 137, 292, 294

E

Electroporation mediated transformation........................ 13
Embryo rescue.........................................260–261, 265–268
En....................................................................290, 292–294
Enhancer traps................................................285–296, 305

F

Flow cytometry...............................................102, 221–236
Flow sorting................................................................... 222
FLP–FRT...................................................................... 148
Fluorescence in situ hybridization (FISH)................ 25, 72,  

78, 86–89, 91–95, 99, 116–118, 122–125, 133, 136, 
138, 139, 226, 233–236, 239, 242–245, 249–256, 
293, 295, 302, 318

Fluorochromes........................71, 72, 74, 75, 79, 81, 87–91,  
95, 222, 227

FRT.........................................................115, 133, 142, 147

G

Gal4.........................................................290–292, 296, 309
Gametocidal system........................................103, 247–256
Gateway vectors................... 21–24, 170–172, 180, 186–190

Index

James A. Birchler (ed.), Plant Chromosome Engineering: Methods and Protocols, Methods in Molecular Biology, vol. 701,
DOI 10.1007/978-1-61737-957-4, © Springer Science+Business Media, LLC 2011



328 
  
Plant Chromosome Engineering: Methods and Protocols

	 Index

Gene gun............................................... 2, 45, 120, 122, 294
Genomic in situ hybridization (GISH)............93, 250–256, 

262–264, 266, 269–275, 277, 278, 282
GFP. See Green fluorescent protein
b-Glucuronidase (GUS) gene..... 17, 21, 137, 154, 290, 305
Glycosylation...........................................203, 207–208, 210
Gold particles..................12, 41–45, 48, 116, 120–121, 128,  

129, 138, 150, 158
Green fluorescent protein (GFP).....................7, 17, 18, 20,  

115, 154, 156, 207, 290–294, 296, 304, 308–312, 
319, 321

H

Hairpin RNA (hpRNA)......................................... 179–197
Hi-II maize line.................................. 9, 114, 119, 293, 295
Homoeologous pairing............................................. 57, 248
Homologous pairing....................................................... 105
Homologous recombination (HR).................15, 23, 24, 38,  

39, 51–61, 142, 202

K

Kinetochore.....................................................104, 105, 134
Knob.....................................57, 82, 88, 90, 93–94, 126, 240

L

LacO........................................................304, 305, 308–312
lacZ.................................................... 18, 186, 196, 286, 287
Left border (LB)......................... 4, 115, 155, 186, 197, 305
Liposome mediated transformation............................ 13–14
Luciferase.......................................... 18, 154, 291, 304–308

M

Meiosis................... 53, 92, 97, 101, 102, 134, 137, 242, 283
Microinjection transformation................................. 3, 4, 15
Microprojectile bombardment...........................7, 11–13, 25
Minichromosomes..........3, 25, 101, 107, 113, 114, 131–143
Murashige and Skoog............................................. 150, 306

N

N-banding.......................................................251, 252, 254
Nick translation........68, 72–74, 79, 81–83, 88, 89, 117, 124
Nicotiana sylvestris........................................................37–48
Nicotiana tabacum...........................................6, 37, 150, 203
Nitrous oxide......................70, 72, 75, 80, 84, 116, 117, 123
Nondisjunction........................................102–104, 106, 141
Nonhomologous end joining (NHEJ)....................... 52, 53,  

168, 173, 175
Nopaline synthase terminator............................................. 6
nptII gene........................................ 156, 304, 305, 319, 321

O

Oat-maize addition lines.................................. 99, 259–284
Origin of replication................................131, 132, 134, 319

P

PCR.............. 22, 70, 140, 149, 171, 180, 250, 262, 305, 319
phiC....................................................... 31, 39, 43, 148, 154
Plastid........................................ 13, 15, 16, 36–48, 202, 203
Plastid genome (ptDNA)................................37–41, 46, 47
Polyethylene glycol (PEG) mediated  

transformation........................................ 13–14, 135
Posttranscriptional gene silencing (PTGS)............ 205, 207

R

Rad..................................................................51, 54, 58, 59
Rad........................................................................52, 58, 59
Radiation hybrids................................................... 277, 284
rDNA............................................................... 99–101, 106
RecA................................................................................. 54
Regeneration.....................4, 8, 9, 13–15, 26, 40, 42, 45–47,  

115, 122–123, 137, 161, 165
Retroelement genome painting.............................68, 72, 93
Reversed-ends transposition (RET)...............317–318, 320,  

322–324
Right border (RB).....................4, 5, 19, 115, 128, 154, 155,  

186, 319
R–RS.............................................................................. 148

S

Secale........................... 98, 103, 224, 225, 228, 230, 231, 247
Silicon carbide mediated transformation  

(SCMT)..................................................... 3, 14–15
Single strand annealing (SSA).......................................... 52
siRNA. ............................................................................ 179
Sister chromatid transposition (SCT)................... 316–318,  

322, 323
Site-specific recombination........................ 3, 20–21, 25, 43,  

115, 133, 137, 138, 142, 153, 154, 159, 182
Spm.................................................................290, 292–294
35S promoter.........................6, 20, 137, 154–156, 186, 197,  

205–207, 290, 291, 293, 304–305, 319
Super-stretched pachytene chromosomes............... 239–245

T

Taq polymerase............................................................... 196
T-DNA.......................................... 2, 4–10, 19–21, 25, 115,  

128, 154, 168, 169, 171, 172, 174, 205, 289–291,  
305, 319

terminal inverted repeat sequences (TIRs)..................... 315
Ti plasmid...................................................................... 4, 5
TMV vectors.......................................................... 201, 207
Translocation...................101, 103, 104, 222, 227, 248, 255,  

256, 276–278, 283, 316, 318, 319, 322, 323
Transposase........ 19, 290, 293, 296, 305, 316–321, 323, 324
Transposon-mediated transformation.............................. 19
Transposon tagging...........................................16, 168, 295
Triticeae.................................................................. 247–256



Plant Chromosome Engineering: Methods and Protocols

    
329

	 Index	

V

VIP proteins....................................................................... 5
vir genes............................................................................. 4

Y

Yeast artificial chromosomes (YACS)..........12, 14, 132, 133

Z

Zinc finger endonucleases (ZFNs).......................24–26, 60,  
61, 168–176

ZmB............................................................................... 104


	Cover
	Methods in Molecular Biology, 701
	Plant Chromosome Engineering
	ISBN 9781617379567
	Preface
	Contents
	Contributors
	Chapter 1: Recent Advances in Plant Transformation
	1. Introduction
	2. Plant Transformation Methods
	2.1. Agrobacterium-Mediated Transformation
	2.2. Microprojectile (Particle) Bombardment Transformation
	2.3. Electroporation-Mediated Transformation
	2.4. PEG/Liposome-Mediated Transformation
	2.5. Silicon Carbide-Mediated Transformation (SCMT)
	2.6. Microinjection
	2.7. Chloroplast-Mediated Transformation
	2.8. Native Gene Transfer

	3. Marker Genes and Methods to Remove Selectable Markers from Transgenics
	3.1. Cotransformation
	3.2. Transposon-Mediated Transformation
	3.3. Multiautosystem
	3.4. Site-Specific Recombination
	3.5. Two T-DNA-Mediated Transformation

	4. Gateway Plant Transformation Vectors
	5. Gene Targeting (Zinc-Finger)
	6. Chromosome Truncation
	7. Future Prospects
	References

	Chapter 2: Engineering the Plastid Genome of Nicotiana sylvestris, a Diploid Model Species for Plastid Genetics

	1. Introduction
	2. Materials
	2.1. Cleaning of Gold Particles
	2.2. Coating of Gold Particles with Plasmid DNA
	2.3. DNA Delivery into Chloroplasts by the Biolistic Process
	2.4. Identification of Transplastomic Plants

	3. Methods
	3.1. Cleaning of Gold Particles
	3.2. Coating of Gold Particles with Plasmid DNA
	3.3. DNA Delivery into Chloroplasts by the Biolistic Process
	3.4. Identification of Transplastomic Plants

	4. Notes
	References

	Chapter 3: Homologous Recombination in Plants: An Antireview
	1. Introduction
	2. What is Meant by Homologous?
	3. What is Meant by Homologous Recombination?
	4. Anything Special About HR in Plants?
	5. How Efficient is HR in Plants?
	5.1. Meiotic Recombination
	5.2. Somatic Recombination

	6. The Regulation of Homologous Recombination
	6.1. The cis Regulators
	6.1.1. Sequence Divergence
	6.1.2. Chromatin Structure and Methylation
	6.1.3. Hot Spots

	6.2. The trans Regulators

	7. Gene Targeting
	8. Conclusions
	References

	Chapter 4: Chromosome Painting for Plant Biotechnology
	1. Introduction
	2. Materials
	2.1. Preparation of PCR Product for Labeling
	2.2. Nick Translation Reaction: Direct Labeling of SMALL Chromosomal Targets (<30 kb)
	2.3. Nick Translation Reaction: Direct Labeling of LARGE Chromosomal Targets (>30 kb)
	2.4. Purification and Precipitation of Red or Far-Red Probes
	2.5. Precipitation of Blue or Green Probes
	2.6. Testing Probes and Cocktail Mixes
	2.7. Preparation of Metaphase Spreads from Root Tissue
	2.8. Denaturation, Hybridization, and Slide Processing

	3. Methods
	3.1. Preparation of PCR Product for Labeling
	3.2. Nick Translation Reaction: Direct Labeling of SMALL Chromosomal Targets (<30 kb)
	3.3. Nick Translation Reaction: Direct Labeling of LARGE Chromosomal Targets (>30 kb)
	3.4. Purification and Precipitation of Red or Far-Red Probes
	3.5. Precipitation of Blue or Green Probes
	3.6. Testing Probes and Cocktail Mixes
	3.7. Preparation of Metaphase Spreads from Root Tissue
	3.8. Denaturation, Hybridization, and Slide Processing

	4. Notes
	References

	Chapter 5: Plant B Chromosomes
	1. Introduction
	2. Diverse Routes of B Chromosome Formation
	3. Non-Mendelian Segregation Behavior of B Chromosomes
	4. Centromere Organization of B Chromosomes
	5. Effects and Transcripts Associated with B Chromosomes
	6. Potential Applications of B Chromosomes
	References

	Chapter 6: Telomere Truncation in Plants
	1. Introduction
	2. Materials
	2.1. Maize Embryo Isolation and Callus Induction
	2.2. Maize Transformation
	2.2.1. Plasmids and Agrobacteria
	2.2.2. Agrobacterium-Mediated Maize Transformation
	2.2.3. Biolistic Transformation
	2.2.3.1. Gold Particle Preparation
	2.2.3.2. Bombardment
	2.2.3.3. Culture Media


	2.3. FISH
	2.3.1. Chromosome Preparation
	2.3.2. Probe Labeling
	2.3.3. Signal Detection

	2.4. Southern Blot Analysis
	2.4.1. Genomic DNA Preparation
	2.4.2. Prehybridization, Probe Labeling, and Hybridization


	3. Methods
	3.1. Maize Embryo Isolation and Callus Induction
	3.2. Maize Transformation
	3.2.1. Agrobacterium-Mediated Transformation
	3.2.2. Biolistic-Mediated Maize Transformation
	3.2.2.1. Washing of Gold Particles
	3.2.2.2. Osmotic Treatment of the Explants
	3.2.2.3. Coating of Gold Particles
	3.2.2.4. Bombardment
	3.2.2.5. Selection and Regeneration


	3.3. FISH
	3.3.1. Chromosome Preparation
	3.3.2. Probe Labeling and Purification
	3.3.3. Signal Detection

	3.4. Southern Blot Analysis
	3.4.1. Genomic DNA Extraction, Digestion, Electrophoresis, and Blotting
	3.4.2. Prehybridization, Probe Labeling, Hybridization, and Signal Detection


	4. Notes
	References

	Chapter 7: Engineered Plant Minichromosomes
	1. Introduction
	2. Engineered (Artificial) Chromosomes
	3. Methods for Engineering Minichromosomes in Plants
	3.1. Top-Down Approaches to Minichromosome Assembly in Plants
	3.2. The Bottom-Up Approach to Minichromosome Assembly in Plants

	4. Methods for Transforming Minichromosome-Generating DNA Constructs
	5. Detection and Confirmation of Minichromosomes
	6. Next-Generation Engineered Minichromosomes in Plants and Their Applications
	7. Conclusions and Future Questions
	References

	Chapter 8: Method for Bxb1-Mediated Site-Specific Integration In Planta
	1. Introduction
	2. Materials
	2.1. Recombinant DNA
	2.2. PCR Analysis
	2.3. Tobacco Tissue Culture
	2.4. Particle Bombardment
	2.5. Agrobacterium Transformation
	2.6. Protoplast Transformation

	3. Methods
	3.1. Recombinant DNA Constructs
	3.2. Generation of Target Lines
	3.3. Functional Recombination in Bacteria
	3.4. Functional Recombination In Planta (Biolistic Transient Assay)
	3.5. Site-Specific Integration in Plants (PEG Transformation of Protoplasts)

	4. Notes
	References

	Chapter 9: Targeted Mutagenesis in Arabidopsis Using Zinc-Finger Nucleases
	1. Introduction
	2. Materials
	2.1. Introducing ZFNs into Arabidopsis by Agrobacterium-Mediated Floral Transformation
	2.2. Inducing ZFN Expression in Primary Transgenic Arabidopsis Plants
	2.3. Screening for Mutant Plants

	3. Methods
	3.1. Introducing ZFNs into Arabidopsis by Agrobacterium-mediated Floral Transformation
	3.2. Inducing ZFN Expression in Primary Transgenic Arabidopsis Plants
	3.3. Screening for Mutant Plants

	4. Notes
	References

	Chapter 10: Vectors and Methods for Hairpin RNA and Artificial microRNA-Mediated Gene Silencing in Plants
	1. Introduction
	2. Materials
	2.1. Hairpin RNA Construction Using pHellsgate12
	2.1.1. hpRNA Target Selection and Design of Forward and Reverse PCR Primers
	2.1.2. Preparation of Template RNA
	2.1.3. Amplification of the Target Fragment by RT-PCR
	2.1.4. Cloning the RT-PCR Fragment into pENTR™/D-TOPO®
	2.1.5. Cloning PCR Fragment from pENTR™/D-TOPO® into pHellsgate12 (Fig. 1)

	2.2. Artificial miRNA Construction using pBlueGreen
	2.2.1. Artificial miRNA Selection and Design of Forward and Reverse PCR Primers
	2.2.2. Amplification of the Pre-amiRNA PCR Fragment
	2.2.3. Cloning the Pre-amiRNA PCR Fragment into the pGEM®-T Easy Vector
	2.2.4. Cloning of the Pre-amiRNA Restriction Fragment into the Plant Expression Vector pBlueGreen


	3. Methods
	3.1. The Gateway® Compatible hpRNA Plant Expression Vector, pHellsgate12
	3.1.1. hpRNA Target Selection and Design of Forward and Reverse PCR Primers
	3.1.2. Preparation of Template RNA
	3.1.3. Amplification of Target Fragment by RT-PCR
	3.1.4. Cloning the RT-PCR Fragment into pENTR™/D-TOPO®
	3.1.5. Cloning PCR Fragment from pENTR™/D-TOPO® into pHellsgate12

	3.2. The amiRNA Plant Expression Vector pBlueGreen
	3.2.1. Artificial miRNA Selection and Design of Forward and Reverse PCR Primers
	3.2.2. Amplification of the Pre-amiRNA PCR Fragment
	3.2.3. Cloning the Pre-amiRNA PCR Fragment into the pGEM®-T Easy Vector
	3.2.4. Cloning of the Pre-amiRNA Restriction Fragment into the Plant Expression Vector pBlueGreen


	4. Notes
	References

	Chapter 11: Recombinant Protein Expression in Nicotiana
	1. Introduction to Plant-Made Pharmaceuticals
	2. Protein Expression Methods in Nicotiana Species: Historical Overview and Progress
	2.1. Stable Expression Systems
	2.2. Transient Expression Systems
	2.3. Host Engineering for Optimal Protein Expression

	3. Tips for Successful Protein Expression in Nicotiana Plants
	3.1. Transgene Design
	3.2. Strategies to Improve Protein Accumulation
	3.3. Extraction and Purification

	4. Conclusion
	References

	Chapter 12: Chromosome Analysis and Sorting Using Flow Cytometry
	1. Introduction
	2. Materials
	2.1. Cell Cycle Synchronization and Metaphase Accumulation
	2.2. Preparation of Solutions of Mitotic Chromosomes
	2.3. Flow Cytometric Analysis and Sorting
	2.4. Identification of Sorted Chromosomes and Estimation of Purity in Sorted Chromosome Fractions by FISH

	3. Methods
	3.1. Seed Germination in Perlite (Vicia faba and Pisum sativum)
	3.2. Seed Germination on Filter Paper (Cicer arietinum, Hordeum vulgare, Secale cereale, Triticum aestivum, Triticum durum, and Vicia sativa)

	3.3. Cell Cycle Synchronization and Accumulation of Root-Tip Cells in Metaphases
	3.4. Preparation of Solutions of Intact Mitotic Chromosomes
	3.5. Chromosome Analysis Using Flow Cytometry
	3.6. Flow Cytometric Chromosome Sorting
	3.7. Identification of Sorted Chromosomes Using FISH

	4. Notes
	References

	Chapter 13: Super-Stretched Pachytene Chromosomes for Plant Molecular Cytogenetic Mapping
	1. Introduction
	2. Materials
	2.1. Fixatives
	2.2. Denaturation
	2.3. Detection
	2.4. Posthybridization Washes

	3. Methods
	3.1. Preparation of Super-Stretched Pachytene Chromosome
	3.2. Immunodetection of 5mC Combined with FISH
	3.2.1. Pretreatment of Slides
	3.2.2. DNA Denaturation
	3.2.3. Immunodetection of 5mC on Chromosomes
	3.2.4. Fixation of Immunostained Chromosomes
	3.2.5. FISH on Immunostained Chromosomes (see Note 10)

	3.2.6. Posthybridization Wash and Detection
	3.2.7. Visualization of Stretched Chromosome and Detection of Fluorescence Signals


	4. Notes
	References

	Chapter 14: Cytological Dissection of the Triticeae Chromosomesby the Gametocidal System
	1. Introduction
	2. Materials
	2.1. Chromosome Preparation
	2.2. Chromosome Banding
	2.3. FluorescenceIn Situ Hybridization
	2.4. Wheat Stocks

	3. Methods
	3.1. Chromosome Preparation
	3.2. Chromosome Banding
	3.2.1. N-Banding
	3.2.2. C-Banding
	3.2.3. Microscopic Observation

	3.3. FISH/GISH
	3.3.1. FISH/GISH After Chromosome Banding

	3.4. Dissection of Triticeae Chromosomes
	3.4.1. Deletion Lines of Common Wheat
	3.4.2. Developing Alien Addition Lines Carrying a Gc Chromosome
	3.4.3. Cytological Screening for and Characterization of Aberrant Alien Chromosomes
	3.4.4. PCR Screening for Deletions of Alien Chromosomes
	3.4.5. Deletion Mapping of DNA Markers Using Dissection Lines of Alien Chromosomes


	4. Notes
	References

	Chapter 15: Development and Use of Oat–Maize Chromosome Additions and Radiation Hybrids
	1. Introduction
	2. Materials
	2.1. Parent Plant Cultivation, (Oat×Maize) Crossing, In Vitro F1-Embryo Rescue Culture, F1-Hybrid Plant Cultivation, and I1-Offspring Production

	2.2. F1-Hybrid Plant Selection
	2.3. Maize Chromosome Identification in Shoots and Roots of I1 Plants
	2.3.1. Germination and Cultivation of I1 Offspring
	2.3.2. DNA Extraction from I1-Plant Leaf Tissues and PCR Assay Using Maize Chromosome Arm-Specific Microsatellite Markers
	2.3.3. DNA Extraction from Maize Leaf Tissues, Chemical Labeling, Somatic Chromosome Preparation, and Genomic In Situ Hybridization


	2.4. Back-Crossing of Disomic Oat–Maize Chromosome Addition Plants to Oats
	2.5. Irradiation of Monosomic Oat–Maize Chromosome Addition Seeds by Gamma Rays, Cultivation and Self-Pollination of the M1Plants, and M2-Offspring Production

	2.6. Selection of Radiation Hybrids Among the M2 Plants and Marker Allocation to Chromosome Segments
	2.7. Panel Development for Maize Genetics/Genomics

	3. Methods
	3.1. Parent Plant Cultivation, (Oat×Maize) Crossing, In Vitro F1-Embryo Rescue Culture, F1-Hybrid Plant Cultivation and I1-Offspring
Production (Fig. 1)
 
	3.1.1. Maize Plant Cultivation
	3.1.2 Oat Plant Cultivation
	3.1.3. Oat×Maize Crossing

	3.1.4. In Vitro Embryo Rescue Culture
	3.1.5. F1-Hybrid Plant Cultivation and I1-Offspring Production

	3.2. F1-Hybrid Plant Selection (Fig. 1)
	3.3. Maize Chromosome Identification in Shoots and Roots of I1 Plants and Oat–Maize Addition Production
	3.3.1. Germination and Cultivation of I1 Offspring, and Production of I2 Offspring
	3.3.2. DNA Extraction from I1-Plant Leaf Tissues and PCR-Assay Using Maize Chromosome Arm-Specific Microsatellite Markers
	3.3.3. DNA Extraction from Maize Leaf Tissues, Chemical Labeling, Somatic Chromosome Preparation, and Genomic In Situ Hybridization

	3.3.3.1. Maize Plant Cultivation
	3.3.3.2. Start Maize DNA Extraction, First Day
	3.3.3.3. Continue Maize DNA Extraction, Second Day
	3.3.3.4. DNA Labeling Using the ULYSIS® Alexa Fluor® 488 Nucleic Acid Labeling Kit, First Day
	3.3.3.5. DNA Labeling Using the ULYSIS® Alexa Fluor® 488 Nucleic Acid Labeling Kit, Second Day
	3.3.3.6. Somatic Chromosome Preparation and Genomic In Situ Hybridization


	3.4. Back-Crossing of Disomic Oat–Maize Chromosome Addition Plants to Oat
	3.4.1. Plant Cultivation
	3.4.2. (Oat×Disomic OMA) Crossing and BC1-Offspring Product


	3.5. Irradiation of Monosomic Oat–Maize Chromosome Addition Seeds by g-Rays, Cultivation and Self-Pollination of the M1 Plants, and
M2-Offspring
Production (Fig. 2)
	3.6. Selection of Radiation Hybrids Among the M2 Plants and Marker Allocation to Chromosome Segments (Fig. 3)
	3.7. Panel Development for Maize Genetics/Genomics (Fig. 3)

	4. Notes
	References

	Chapter 16: Enhancer Trapping in Plants
	1. Introduction
	2. A Brief History of Enhancer Trapping
	3. Enhancer Trapping and Insertional Mutagenesis in Plants
	3.1. T-DNA Genetic Screens
	3.2. Enhancer Detection in Arabidopsis and Rice
	3.3. Insertional Mutagenesis and Functional Genomics in Maize
	3.4. Enhancer Trapping in Maize

	4. Postgenomic Perspectives and Applications
	References

	Chapter 17: Chromatin Beacons: Global Sampling of Chromatin Physical Properties Using Chromatin Charting Lines
	1. Introductions
	2. Materials
	2.1. Seed Germination
	2.2. Luciferase Assays
	2.3. In Vivo Visualization of Tagged Loci and Microscopy

	3. Methods
	3.1. Germination of Seeds
	3.1.1. Germination of Seeds on 96-Well Plates
	3.1.2. Germination of Seeds on Petri Dishes

	3.2. In Vivo Luciferase Assay
	3.2.1. Luciferase Assay with the Microtiter Plate Format
	3.2.2. Luciferase Assay with the Lumazone FA Imaging System

	3.3. Microscopy Assay
	3.3.1. Introducing CCV Constructs into Chromatin Charting Lines
	3.3.2. Visualization of the LacO Array in CC Lines with Stably Transformed CCV Lines
	3.3.3. Direct Transformation of Chromatin Charting Lines with pEL700
	3.3.4. Induction of GFP–LacI–NLS Expression by Ethanol or Dexamethasone
	3.3.5. 3D-Restoration Microscopy of Chromatin Dynamics with LacO-Tagged Insertions in Live Plants


	References

	Chapter 18: Transposable Elements as Catalysts for Chromosome Rearrangements
	1. Introduction
	1.1. Sister Chromatid Transposition
	1.2. Reversed-Ends Transposition
	1.3. Chromosome Rearrangements Induced by Engineered Ac/Ds Transposons in Maize, Rice, and Arabidopsis
	1.4. Potential Uses of Transposon-Induced Chromosome Rearrangements

	2. Materials
	3. Methods
	4. Notes
	References

	Index


