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ABSTRACT

Cowpea (Vigna unguiculata L. Walp) is an important grain and fodder legume widely
cultivated in Africa, India, Middle East and South America. Insect pest infestation,
prevalently perennial damage of cowpea pods by pod borers, Maruca vitrata and Heliothis
armigera is most severe. Breeders lack resistance background for incorporation to
cultivated varieties to control the diseases. It has been demonstrated that the introduction
and expresssion of crystalline toxin genes (cry) derived from Bacillus thuringiensis (Bt)
through transgenic approaches are effective mechanisms for protecting crops against insect
infestations. In cowpea, absence of an efficient system for shoot multiplication and plant
regeneration amenable to Agrobacterium-mediated transformation, mechanisms to increase
T-DNA transfer to regenerating cells and strategy for efficient selection of transformed
shoots have been identified as major bottlenecks for implementing transgenic approaches
for genetic improvement. This investigation was carried out to find out the role of seedling
preconditioning with cytokinin on shoot proliferation efficiency of cotyledonary node
explants. A significantly higher shoot proliferation (7.1 shoots per explants), and mean
shoot length (2.6 cm) were obtained with cotyledonary node explants derived from
seedlings preconditioned in 10 pM TDZ for 4 days. The preconditioned explants were
employed for efficient regeneration of transgenic cowpea plants. BtcrylIAc and crylAb
overexpression constructs were prepared and mobilized to Agrobacterium tumefaciens vir

helper strain EHA105.

Method for efficient recovery of transgenic cowpea plants using an improved
kanamycin selection regime was established that showed 46.1% increase in efficiency as
compared to the existing transformation methods. Agrobacterium-cocultivated
cotyledonary node explants were selected on medium containing 150 mg/1 kanamycin for
20 days and surviving explants were shifted to kanamycin-free media supplemented with
reduced dosage of BAP (2.5 uM) that resulted in profuse proliferation of kanamycin-
resistant shoots with 63.6% increase in shoot length within 15 days of culture. Transgenic
cowpea plants with introduced crylAc were recovered that showed presence, integration,

expression and inheritance of transgene.

The role of sonication and vacuum infiltration on increase in T-DNA transfer
efficiency to cotyledonary node explants were investigated. A combination of 20 s

sonication followed by 5 min vacuum infiltration treatments were found to significantly
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enhance T-DNA transfer to target regenerating cells. Fertile transgenic cowpea plants
expressing crylAc were generated through sonication- and vacuum infiltration-assisted
Agrobacterium mediated transformation of cotyledonary node explants. The presence,
integration and expression of nptll and cry1Ac genes in transgenic plants were confirmed by
polymerase chain reaction (PCR), genomic Southern and qualitative reverse transcription
(RT)-PCR analysis. Western blot hybridization and Enzyme Linked Immunosorbant assay
(ELISA) detected the accumulation of Cry1Ac protein in transgenic plants. The crylAc gene

was transmitted in a Mendelian fashion.

The potential of newer explants based on sliced cotyledonary node on regeneration
and transformation in cowpea was investigated. The split cotyledonary node explants
allowed access of large number of regenerating cells to Agrobacterium-mediated
transformation. Stable transgenic plants expressing crylAb were recovered using split
cotyledoary node explants with an average transformation efficiency of 5.01%. The
presence and expression of crylAb in transgenic plants were confirmed by PCR, and

qualitative RT-PCR and ELISA respectively.

A positive selection system based on use of phosphomannose isomerase gene
(pmi/manA) of E. coli and mannose as carbon source was established for efficient
regeneration of transgenic cowpea plants. The selection scheme was determined on the
basis of judicious choice of mannose and sucrose combination that allowed initial
proliferation of shoot buds followed by their starvation. A combination of 20 g /1 of
mannose and 5 g/l sucrose was found optimal for selection of transformed shoots. The
presence and expression of pmi in transgenic cowpea plants were confirmed by PCR, and

RT-PCR and chlorophenol red assay respectively.

This research has demonstrated efficient recovery of cowpea transgenic plants
through improved regeneration, T-DNA delivery system and selection approaches.
Transgenic cowpea plants expressing crylAc and crylAb were generated which would
facilitate their evaluation to test the impact of expression of CrylAc and CrylAb for

resistance against target insects.
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Chapter 1]1

1.1 Introduction

Cowpea (Vigna unguiculata L. Walp.) is one of the most important food legume crop. The
seeds contain about 25% proteins and constitute an important source of quality
nourishment for the rural and urban poor in semiarid tropics. Cowpea leaves are used as
vegetables and the haulms which contain over 15% protein forms an invaluable source of
high quality fodder for livestock (Omo-Ikerodah et al. 2009). It is widely cultivated in the
semi-arid tropics covering Asia, Africa, and South America. Cowpea is well adapted to high
temperatures, drought and poor soils as compared to other crop species (Kolawale et al.
2000; Sanginga et al. 2000). In spite of its importance, cowpea faces numerous production
constraints. Among the major constraints, insect pests cause significant reduction in yield.
The pod borers, major lepidopteran insects perennially damage cowpea pods on fields. The
legume pod borer, Maruca vitrata (Lepidoptera: Crambidae) and Heliothis armigera are key
cowpea pests. Their larvae feed on the tender parts of the stem, peduncles, flower buds,
flowers and pods (Singh and Jackai 1988). Severe infestations may often result yield loss by
90% (Murdock et al. 2001).

Currently, insecticide sprays are the only viable control technology available, but
this approach has been compromised with the emergence of resistant biotypes due to
indiscriminate use of multiple classes of insecticides (Ekesi 1999). Therefore, development
of cowpea cultivars with insect resistance can form the backbone for integrated
management of these legume pod borers (Malick Ba et al. 2009). Advances have been made
in the various ramifications of cowpea breeding during the last few decades to ameliorate
the insect pest problem. Conventional breeding has been exploited to both increase the
genetic diversity of the cowpea as well as to improve the selection of desirable
characteristics. While some sources of insect resistance have been reported in wild cowpea

relatives (Vigna spp.) as well as other non-Vigna legumes such as African yam bean
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(Sphenostylis stenocarpa), none of these can inter-cross with cowpea via conventional
breeding (Machuka 2002). Several crosses of cultivated lines with wild cowpea cultivars
such as 'Tvu 946', identified to be moderately resistant to M. vitrata, had produced
offsprings with unacceptable agronomic characters and inadequate level of resistance as
compared with the wild parent (Singh 1995). It also faces formidable challenges in
incorporating all of the desirable traits into individual cultivars with acceptable grain
quality and adaptation to an array of farming systems.

It is known that insect pests, especially lepidopterans, can be controlled by Bacillus
thuringiensis (Bt) - an ubiquitous, soil-dwelling, spore-forming bacterium - when applied
topically on crops as spore formulations. Incidentally, Bt sprays are often washed away by
rain, degrade under solar ultra violet radiation and are not optimally targeted against
certain insect pests that live within plant tissues. Therefore, the application of
biotechnological tools and technologies hold great promise in overcoming the constraints in
cowpea production by expressing candidate genes for insect resistance. Incorporation of
Btcry genes encoding Bt crystal proteins in legumes (Sharma et al. 2006; Dufourmantel et al.
2005; Sanyal et al. 2005) has resulted in built-in protection against target lepidopteran
insects through the conceptual framework of genetic transformation. Artificial diet
bioassays with CrylAb (LCso 0.207 ppm) has been shown that CrylAb is most potent
against second instar larvae of Maruca vitrata followed by CrylAc (Srinivasan 2008).
Therefore, the overexpression of BtcrylAb and BtcrylAc in transgenic cowpea is most
promising for development of a durable and enhanced resistance against target insects.

Gene transfer to both Agrobacterium and direct DNA delivery has been attempted in
cowpea, however, the procedure is still far from routine for large scale recovery of
transgenics with desirable traits. Development of an efficient plant regeneration system

amenable to genetic transformation is the bottleneck in developing transgenics in cowpea, a
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highly recalcitrant grain and forage legume. Seed derived explants such as cotyledons
(Muthukumar et al. 1996), mature embryos (Popelka et al. 2006), cotyledonary nodes
(Chaudhury et al. 2007; Solleti et al. 2008a) and shoot apices (Ivo et al. 2008) have been
used to regenerate transgenic cowpea plants albeit with a low transformation frequency. In
most of the instances, the shoots formed as a result of proliferation of pre-existing
meristems. It is expected that the efficiency of genetic transformation will be significantly
improved if the proportion of meristematic cells in cotyledonary node explants is increased
and/or if the number of shoots regenerated from the existing meristems is increased.
Addition of BAP during seed germination has shown to improve regeneration from
cotyledonary node explants in cowpea (Chaudhury et al. 2007; Solleti et al. 2008a, b;
Raveendar et al. 2009). However, the effect of TDZ, a highly potent synthetic cytokinin, on
seed preconditioning has not been evaluated for its influence of plant regeneration in
cowpea. Therefore, to develop efficient plant regeneration system amenable to genetic
transformation of cowpea, the effect of the cytokinin dose and duration of seed
preconditioning was examined on efficiency of multiple shoot induction and recovery of
plants from different cowpea seedling explants.

Conventional negative selection system such as neomycin phosphotransferase Il
(nptll) gene, conferring resistance to aminoglycoside antibiotics, kanamycin and geneticin,
and herbicide resistance genes, bar which encodes for phosphinothricin acetyltransferase
and confers resistance to herbicides I-phosphinotricin, and hpt gene that confers resistance
to hygromycin have been used to select and recover transformed shoots in cowpea
(Choudhury et al. 2007; Solleti et al. 20083, b; Popelka et al. 2006; Muthukumar et al. 1996).
However, the use of antibiotic resistance markers to select transformed plants has
generated widespread public concern (Aragao and Brasileiro 2002; Bakshi 2003; Ramessar

et al. 2007). Beside the lack of public acceptance of transgenic plants, which is mainly based
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on concerns about health implications of consuming genetically modified food containing
antibiotic resistance genes, also regulatory authorities ensure for the avoidance of such
genes. In this context, positive selection system based on genes that confer selective
metabolic and growth advantage to transformed plant cells enable efficient selection and
recovery of transformed plants (Joersbo and Okkels 1996). Genes such as phosphomannose
isomerase (pmi/manA) of E. coli (Miles and Guest 1984) code for the enzyme that can
metabolize alternate source of sugar i.e.,, mannose, and therefore, the incorporation of pmi
gene provides the transformed cell the ability to metabolize mannose that is not usually
metabolized by target plants. The mannose based selection system has been successfully
used for regeneration of transgenics in wide array of crop plants (Stoykova and Stoeva-
Popova 2011). Evaluation of the efficacy of positive selection based on mannose in cowpea
is expected to establish efficient as well as environmentally safe method to recover
transgenics in cowpea.

The present study was undertaken with the objectives to establish an efficient plant
regeneration system amenable to Agrobacterium mediated transformation, investigate the
role of sonication and vacuum infiltration in enhancing T-DNA transfer, and formulate a
mannose based positive selection system in cowpea. The established transformation
systems were adopted for introduction and expression of the candidate genes, Btcry1Ac and
Btcry1Ab in cowpea in order to develop durable resistance against target insects, Maruca

vitrata and Heliothis armigera.
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1.2 Objectives
The present investigation is carried out with the broad objectives to establish an efficient
plant regeneration system from seedlings explants amenable to Agrobacterium mediated
transformation, prepare BtcrylAb and BtcrylAc overexpression constructs, enhance T-DNA
transfer through sonication and vacuum infiltration and generate stable transgenic plants
overexpressing BtcrylAb and BtcrylAc through a robust selection system, and perform
molecular analysis for expression of the candidate gene(s). The objectives are outlined as
= Studies on role of seedling preconditioning on plant regeneration efficiency in
cowpea
» Preparation of binary constructs for overexpression of Btcry1Ac and Btcry1Ab
= Establishment of an improved selection system and recovery of transgenic
cowpea expressing crylAc
= Investigation on sonication and vacuum infiltration assisted Agrobacterium-
mediated transformation in cowpea
= Establishment of split cotyledonary node based plant regeneration system and
recovery of transgenic cowpea overexpressing crylAb
= Development of a mannose based positive selection system for the recovery of

transgenic cowpea

TH-1062_06610608



Il Chapter 2

‘ ‘ Literature review

TH-1062_06610608



Chapter 2|6

2.1 Cowpea: A protein-rich grain legume
Cowpea (Vigna unguiculata L. Walp) is an important grain legume as well as fodder crop
widely cultivated in the semi arid tropics covering Asia, Africa, Southern Europe, Central
and South America (Timko and Singh 2008). Cowpea has superior nutritional attributes
containing 24-26% leucine, lysine and methionine (Bressani 1985). It is also valuable
sources of dietary fiber as well as vitamins and minerals including folate, thiamin and
riboflavin (Phillips et al. 2003). Dry cowpea grains are the principal product for human
consumption of the plant, but leaves, fresh peas and fresh green pods are also consumed as
a fresh vegetable. The crop is also used for green manure and fodder (Ehler and Hall 1997).
This crop is adaptable to harsh environments and withstands extreme temperatures, water
limiting conditions and poor soil fertility (Shimelis and Shiringani 2010). Due to adaptation
versatility, ability to fix atmospheric nitrogen and considerable level of seed protein,
minerals and vitamin contents cowpea emerge as viable and attractive crop in low input
farming systems.

Cowpea is predominantly a self fertilizing crop. The primitive and wild relatives of
V. unguiculata are reportedly found in Southern Africa. The Limpopo Province in the
Republic of South Africa was suggested to be the centre of diversity due to the presence of
most primitive wild botanical varieties (Ng and Marachel 1985). West Africa is a major
center of diversity of domesticated cowpea when India appears to be a secondary center of
diversity since significant genetic variability occurs on the subcontinent (Ehler and Hall
1997). Cowpea (2n = 2x = 22) with genome size 620 Mb belongs to the genus Vigna Savi.
(subgenus Vigna sect. Catiang) in the Phaseoleae group (Das et al. 2008) and the cultivated
cowpeas have been divided into five groups (Unguiculata, Melanophthalmus, Sesquipedialis,

Biflora and Textilis) based on pod and seed characteristics (Fang et al. 2007).
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2.2 Cowpea production and its constraints

Cowpea is most popular and widely cultivated among recourse-poor farmers in Africa, Asia
and Central America. Cultivation of cowpea in these farming systems supplement and
diversify the starch nutrition prevalent in these regions to improve the health and
livelihoods of millions of the poor people particularly in the developing countries. The
nutritional quality of its protein is limited by the presence of antinutrients as well as an
inherent resistance to digestion of the major globulins.

Further, its production is limited by major abiotic stresses including photoperiod
sensitivity, drought, heat, salinity and mineral toxicities. Insect pest infestations contribute
to major yield penalty to cowpea (Jackai and Daoust 1986). Every part of the cowpea plant
has an adapted pest species that can cause substantial damage and among these the flower
and pod pests cause major damage to yield. A detailed study by Karungi et al. (2000), has
found established that among all the biotic constraints, legume pod borers cause a

significant production loss in field (Fig. 2.1).

Yield reduction due to various biotic constraints

13.80%

® Thrips

H Legume pod borer
Pod sucking bugs

u Aphids

Fig. 2.1 Percentage of cowpea yield reduction due to various biotic constraints (Karungi et

al. 2000)
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Among the pod borers, lepidopteran insects Maruca vitrata and Heliothis armigera
perennially damage cowpea pods on fields, the tender parts of the stem, peduncles, flower
buds and flowers (Singh and Jackai 1988). Severe infestations may reduce yield by 90%
(Murdock et al. 2001).

2.3 Strategies to address production constraint due to insect infestation

Various control strategies have been used for the management of insects of cowpea. These
include culture controls, natural and biological control and use of insecticides.

2.3.1 Cultural control

Insect pest problems on cowpea can be reduced by the use of practices which involve
ecological manipulations. These include crop diversification (inter cropping), alteration of
planting dates, crop rotation, trap cropping, soil amendments and weed control. However,
the most common control strategies are manipulation of insect environments, use of
intercropping, alteration of planting dates and plant density.

2.3.2 Natural and biological control

Cowpea field pests can also be regulated to some extent by adverse weather conditions and
natural enemies (Ogenga-Latigo 1988; Ekesi et al. 1998). Unfortunately, weather conditions
cannot be manipulated, and rain is a density-independent mortality factor that cannot be
relied upon as a strategy in pest management. Strategic use of natural agents must, be based
on the manipulation of biotic mortality factors, particularly insect predators and parasitoids
in biological control programs (Adipala et al. 2000).

2.3.3 Use of insecticides

Insecticide application on cowpea to control the major field pests through foliar sprays is
most common. Although, foliar sprays are very effective against most insect pests of cowpea
but they are very expensive and the residual chemicals are harmful to human health and the

environment (Luck et al. 1977; Jackai 1983; Jackai and Adalla 1997). Vulnerability to the
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emergence of tolerant strains of pest or pathogen is probably the most severe; chemical
methods are also often insufficiently selective and very wasteful. Therefore, additional
control through the development of insect resistance cowpea cultivars seems more
economic, effective and safe compared with using insecticides and it can form the backbone
for integrated management of the pod borers (Malick Ba et al. 2009).

2.3.4 Genetic improvement for insect resistance by conventional breeding
Conventional breeding methods have been exploited to both increase the genetic diversity
of the cowpea and improve the selection of desirable characteristics. Most cowpea breeders
employ backcross, pedigree, or bulk breeding methods to handle segregating populations
because cowpea is a self-pollinating species. Due to the evolutionary 'bottleneck’,
insufficient genetic variability may exist in the species for pest resistance and to
support long term crop improvement efforts. Wild cowpeas possess extensive genetic
variability and valuable traits that are not available in cultivated germplasm (Ng and
Padulosi 1988).

Developing cultivars with sustainable resistance to insects is a key objective of many
breeding programs worldwide. While some sources of insect resistance have been reported
in wild cowpea relatives (Vigna spp.) as well as other non-Vigna legumes such as African
yam bean (Sphenostylis stenocarpa), none of these can inter-cross with cowpea via
conventional breeding approaches (Machuka 2002). Despite the extensive germplasm
screening, effective sources of resistance to Maruca vitrata and pod sucking bugs have not
been identified among cultivated varieties of cowpea. Repeated crosses of cultivated lines
with wild cowpea cultivars such as 'Tvu 946', identified to be moderately resistant to M.
vitrata, had produced offsprings with unacceptable agronomic characters and inadequate
level of resistance as compared with the wild parent (Singh 1995). Furthermore, breeders

lack an array of well-adapted insect resistant parental lines that could be recombined to
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generate cultivars with multiple resistances. It also faces formidable challenges in
incorporating all of the desirable traits into individual cultivars with acceptable grain
quality and adaptation to an array of farming systems.

2.4 Genetic engineering for insect resistance

Genetic engineering of crops may complement conventional breeding program to develop
resistant cultivars. It offers many advantages, not just widening the potential pool of useful
genes but also permitting the introduction of a number of different desirable genes at a
single event and of reducing the time needed to introgress introduced characters into an
elite genetic background. Since the first reports of transgenic plants appeared in 1984
(Horsch et al. 1984) there has been enormous progress directed at using transgenic
technology for the practical ends of crop improvement. Protection of crops from insect
pests was quickly seized upon as a major goal of plant genetic engineering (Fig. 2.2).

All plants possess a certain degree of resistance to insects, and so only a limited
range of herbivores are able to feed on each individual species. This inherent resistance is
based on various defense mechanisms, including a wide range of noxious secondary
metabolites produced by the plant (Schuler et al. 1998). Individual plants within one genus,
or even one species, vary in their level of insect resistance. At present, insect-resistance
transgenes, whether of plant, bacterial or other origin, can be introduced into plants to
increase the level of insect resistance, a technology that has dramatically extended the

scope of resistance genes available to plant breeders.
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Fig. 2.2 Genetic engineering approaches to control insects

2.4.1 Plants derived genes conferring insect resistance

Several classes of genes have the potential to provide genetically-engineered resistances to
insects in crop plants. Among the plant-derived genes, protease inhibitors, a-amylase
inhibitors, plant lectins have been widely used in genetic engineering of legumes for insect
resistance.

2.4.1.1 Protease inhibitor

Protease inhibitor gene expression has been detected in leaves of several species following
wounding, suggesting their role in protecting plants from insect attack and microbial
infection. After the identification of protease inhibitor as a valuable trait suitable for
developing insect-resistant transgenic plants, there was intense interest to identify the

protease inhibitor gene from different plant species. Protease inhibitor gene has been
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identified and cloned from a wide array of plant sources, including alfalfa (Gurel et al.
1995), tomato (Lee et al. 1986), potato (Cleveland et al. 1987; Sanchez-Serrano et al. 1986),
maize (Rohrmeier et al. 1993), mustard (Ceci et al. 1995), poplar (Hollick et al. 1993),
tobacco (Atkinson et al. 1993), rice (Abe et al. 1987), sweet potato (Yeh et al. 1997),
soybean (Song et al. 1991), amaranthus (Rodriguez et al. 1999), cowpea (Lee et al.1986)
and barley (Odani et al. 1983). Although the ubiquity of occurrence of protease inhibitors
in plants initially obscured their function in protecting the plant from insect attack,
abundant evidence now exists for the defensive role of these proteins (Gatehouse et al.
1991, 1992). Much of the present research is focused on expressing protease inhibitors in
transgenic plants. These protease inhibitor genes have advantages over genes encoding for
complex pathways ie. by transferring single defensive gene from one plant species to
another and expressing them from their own wound inducible or constitutive promoters
thereby imparting resistance against insect pests (Boulter 1993). Considering the high
complexity of protease/inhibitor interactions in host pest systems and the diversity of
proteolytic enzymes used by pests and pathogens to hydrolyze dietary proteins or to cleave
peptide bonds in more specific processes (Graham et al. 1997), the choice of an appropriate
proteinase inhibitor (PI) or set of PIs represents a primary determinant in the success or
failure of any pest control strategy relying on protease inhibition. Engineering of plant
protease inhibitors into a variety of crops can protect the plant from targeted insect-pest
infestation (Hilder et al. 1987; Xu et al. 1996; Girard et al. 1998; Lee et al. 1999; Lawrence et
al. 2001; Lawrence and Koundal 2001).

2.4.1.2 Plant lectins

Lectins are another important plant protein that play an important role in the plant’s
defense against insect pests, and have been found to be toxic to viruses, bacteria, fungi,

insects and higher animals. Lectins are proteins with atleast one non-catalytic domain that
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can reversibly bind to specific carbohydrates, either simple monosaccharides or more
complex glycans (Peumans and Van Damme 1995). The classical plant lectins are often
found at high concentrations in certain plant tissues (e.g. seeds, bark, bulbs). Although the
exact function of these proteins has yet to be elucidated, the high concentrations and their
source tissues suggest a role as storage proteins. Furthermore, lectins can also serve as
defense molecules against insect herbivores and pathogens (Michiels et al. 2010).

Till date, a broad spectrum of plant lectins has been tested on several insect species.
The snowdrop lectin (GNA) has previously been shown to be toxic to Homoptera (Rahbe et
al. 1995; Powell et al. 1995, 1998), Lepidoptera (Fitches et al. 1997), and Coleoptera
(Gatehouse et al. 1996; Elden 2000). Snowdrop lectin (2%) inhibited feeding and reduced
the weight of spotted pod borer, Maruca vitrata larvae (Machuka et al. 1999) and tomato
moth (Lacanobia oleracea) (Fitches et al. 1997). The biological effects of plant lectins from
field bean (Phaseolus vulgaris), pigeonpea (Cajanus cajan), chickpea (Cicer arietinum), and
garlic (Allium sativum) along with snowdrop (Galanthus nivalis) lectin on the growth and
development of H. armigera so as to identify the candidate genes for deployment through
transgenic plants to control this pest (Arora et al. 2007). Transgenic plants that express
snowdrop lectins (GNA) offer partial resistance to homopteran pests, as has been observed
in tobacco (Hilder et al. 1995; Yuan et al. 2001), potato (Down et al. 1996; Gatehouse et al.
1996), rice (Rao et al. 1998; Foissac et al. 2000; Sun et al. 2002), and wheat (Stoger et al.
1999).
2.4.1.3 a-amylase inhibitors
Cowpea seeds are rich in protein, carbohydrate and lipid and therefore suffer extensive
predation by bruchids (weevils) and other pests. The larvae of the weevil burrow into the

seed pods and seeds and the insects usually continue to multiply during seed storage. a-
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amylase inhibitors are attractive candidates for the control of seed weevils as these insects
are highly dependent on starch as an energy source.

The enzyme, a-amylases plays a key role in carbohydrate metabolism of
microorganisms, plants and animals. a-amylases (a-(1-4)-glucan-4-glucanohydrolases, EC
3.2.1.1) constitute a family of endoamylases catalyzing the cleavage of a-(1-4) glycosidic
bonds in starch and related carbohydrates with retention of a-anomeric configuration in
the products. Different plant a-amylase inhibitors exhibit different specificities against a-
amylases from diverse sources. Determination of specificity of inhibition is the important
first step towards the discovery of an inhibitor that could be useful for generating insect-
resistant transgenic plants. a-amylase inhibitors conveniently classified by their tertiary
structure into six classes: lectin-like, knottin-like, cereal-type, Kunitz-like, c-purothionin-
like and thaumatin-like (Richardson 1990).

The first practical demonstration involving a-amylase inhibitors used a-Al1, which
specifically inhibits the a-amylases of the three Old World bruchids; the pea weevil Bruchus
pisorum, the cowpea weevil and the azuki bean weevil. Transfer of common bean a-amylase
inhibitor 1 gene (atAl-1) to pea (Shade et al. 1994; Schroeder et al. 1995; Morton et al. 2000)
conferred complete resistance to pea weevil, Bruchus pisorum, in addition to three
Callosobruchus species C. chinensis, C. maculatus, and C. analis. Similarly, azuki bean plants
expressing a-All were completely resistant to the azuki bean weevil (Ishimoto et al. 1996).
Transfer of bean aAl-1 gene into chickpea, mungbean and cowpea (Sarmah et al. 2004;
Sonia et al. 2007; Solleti et al. 2008) in a seed specific manner resulted in accumulation of
0Al-1 in the seeds conferred complete protection from bruchid beetles.

2.4.2 Potential Bt cry genes to target insect
Bacillus thuringiensis (Bt), a wide spread soil bacterium, produces insecticidal proteins

called Bt toxins. There are many Bt strains that produce characteristic sets of toxins, each
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with its own activity spectrum that targets larvae of specific insect species. Bt endotoxins
have been used as biological control reagents since the 1920’s, but use of specific Bt toxins
has increased dramatically since 1996 with the introduction of these candidate Bt genes in
crops through conceptual framework of genetic engineering. These transgenic plants were
significantly toxic to the target insects while there was no direct effect on non-target species
(Qaim and Zilberman 2003).

Bt toxins are also called Cry toxins because they exist as crystals inside the
bacterium. Full length Cry toxins are inactive until cleaved to generate their active form in
the insect midgut (Lemaux, 2009). The cry genes code for proteins with arrange of
molecular masses from 50 to 140 kDa. Upon ingestion by the susceptible target, the
protoxins are solubilized and proteolytically processed to release the toxic fragment
(Babendreier et al. 2005) (Fig. 2.3). During proteolytic activation, peptides are removed
from both amino-and carboxyl-terminal ends of the protoxin. For the 130-to 140-kDa
protoxins, the carboxyl-terminal proteolytic activation removes half of the molecule,
resulting in an active toxin fragment of 60 to 70 kDa (Bravo 1997). Binding of activated
forms of Cry toxins to receptors in the midgut is generally believed to be essential for
toxicity. According to one model (Jim’enez-Ju’arez et al. 2007; Sober’on et al. 2007), after
binding to midgut receptors, activated toxins form oligomers that create pores in midgut
membranes, causing contents to leak, ultimately killing the larvae. The precision of Bt
proteins for certain insects and their lack of effects in mammals are due to the specificity of

receptor binding (Lemaux 2009).
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Fig. 2.3 Mode of action of Bt crystalline proteins (http://web.ulk.edu/~jurat)

The remarkable variety of known Cry proteins is the result of a continuing international
effort to isolate and characterize new strains of B. thuringiensis with the hope of finding
toxins with novel properties particularly suited for the control of agronomically or
medically important pests. Thousands of strains have been screened and there are
currently143 unique Cry toxins, according to the B. thuringiensis Toxin Nomenclature
webpage  (http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/). ~ The three-
dimensional structures of Cry toxins have provided considerable insight into the
mechanism of toxin function and have helped to explain differences in toxin specificity. To
date, seven structures have been solved by X-ray crystallography: Cry1Aa, Cry1lAc, Cry2Aa,

Cry3Aa, Cry3Ba, Cry4Aa, and Cry4Ba (Lemaux 2009). These toxins show considerable
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differences in their amino acid sequences and insect specificity but, remarkably, they all
have highly similar three domain structures.

Domain I was first described in Cry3Aa by Li et al. (1991). It consists of an alpha-
helical bundle in which six helices surround a central helix. Each of the outer helices is
amphipathic in nature; polar or charged residues are generally solvent exposed and
hydrophobic residues, typically aromatic in nature, project towards the central helix. These
structural properties led to the hypothesis that domain I was the major determinant of pore
formation in Cry toxins (Pigott and Ellar 2007).

Domain II is formed by three anti parallel 3-sheets packed together to form a (3-
prism with pseudo three-fold symmetry. Structurally, domain II is the most variable of the
toxin domains (Boonserm et al. 2005). Due to this variability, domain II is believed to be an
important determinant of toxin specificity.

Domain III forms a 3-sandwich. In this arrangement, two antiparallel 3-sheets pack
together with a “jelly roll” topology. Both sheets are composed of five strands, with the
outer sheet facing the solvent and the inner sheet packing against domain II. Domain III
shows less structural variability than domain II, and the main differences are found in the
lengths, orientations, and sequences of the loops. The importance of these differences is
particularly evident with CrylAa and CrylAc, where a loop extension in CrylAc creates a
unique N-acetyl galactosamine (GalNAc) binding pocket implicated in receptor binding
(Pigott and Ellar 2007).

Cry toxin binding to insect midgut epithelial receptors is an important determinant
of specificity. Cry toxin receptors have since been reported, of which the best characterized
are the aminopeptidase N (APN) receptors and the cadherin-like receptors identified in

lepidopterans. In nematodes, glycolipids are believed to be an important class of Cry toxin
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receptors (Griffitts et al. 2005). Other putative receptors include alkaline phosphatases
(ALPs), a 270-kDa glycoconjugate, and a 252 kDa protein (Pigott and Ellar 2007).

Several teams working in the domain of plant transgenes is decided to make use of
the insecticidal potential of Bt to generate genetically modified plants expressing 6-
endotoxin genes. A first decisive step in this direction was taken in 1987, with the
production of tobacco plants transformed with the Btcry1Ab gene (Vaeck et al. 1987) a gene
whose product is active against the European corn borer (ECB), one of the main pest
attacking maize in the US and Europe. The young ECB caterpillars burrow into the apical
bud and then penetrate into the interior of the stem, creating a network of holes in the soft
tissue. Thus, the insect rapidly finds shelter from classical insecticides and the damage it
causes is not immediately apparent. A promising approach to control this type of pests was
to create genetically engineered plants, expressing a cry Bt transgene in the tissues that are
prone to the insect attack, in order to neutralize it before causing major damage.

However, despite the use of strong promoters, toxin production in plants was
initially too weak for effective agricultural use (Koziel et al. 1993). Unlike plant genes, Bt
genes have a high A+T content (66%), which is a suboptimal codon usage for plants, and
potentially leads to missplicing or premature termination of transcription (Dela Riva and
Adang 1996). The coding sequence of cry genes has been modified (without modifying the
encoded peptide sequence) to ensure optimal codon usage for plants, and this allowed toxin
production in plants to be increased by two orders of magnitude (Perlak et al. 1991). This
strategy has been successfully used in many plants: cotton, rice and maize have been
transformed with modified cryl genes and potato has been transformed with a modified

cry3A gene.
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2.4.3 Gene pyramiding

As insect resistance is a highly complex multigenic trait, generally single gene
transformations result in insufficient and/or narrow spectrum insect resistance. In
addition, there is always a possibility for reversal of resistance because of appearance of
resistant strains of pathogens (Muthurajan and Balasubramanian 2010). Till date, many of
the candidate genes, that have been used in genetic transformation of crops, are either too
specific or are only mildly effective against the target insect pests. Some insect species are
also insensitive to some of these genes. Therefore, to convert transgenics into an effective
weapon in pest control, e.g., by delaying the evolution of insect populations resistant to the
target genes, it is important to pyramid genes with different modes of action in the same
plant. Hence, genetic engineering of crop plants with (i) a combination of genes
encoding/controlling interdependent or synergistic sub-components of insect-resistance to
realize effective resistance against a particular insect and (ii) a combination of genes
conferring resistance against wide-spectrum insect resistance would be more logical. A well
planned genetic engineering strategy involving a well balanced expression of transgenes
with different modes of action would ensure enhanced and durable resistance against
different target insects at a time.

2.4.4 Chloroplast transformation

The genetic transformation in plants generally concentrates on the nuclear expression of
foreign genes. Researchers have developed another important landmark in methods of
transformation, enhancing the ease and efficiency of plastid transformation globally.
Chloroplast transformation besides providing high foreign protein expression also ensures
maternal transmission of the foreign gene and therefore avoiding the spread of transgene
through pollen. Boynton et al. (1988) reported the first successful chloroplast

transformation in Chlamydomonas reinhardtii using gene gun and biolistic technology,
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followed by introduction of spectinomycin resistance into tobacco (Svab et al. 1990). Stable
chloroplast transformation depends on the integration of the foreign DNA into the
chloroplast genome by homologous recombination and therefore must be flanked by
sequences homologous to the chloroplast genome (Staub and Maliga 1992). Recent
advancements in the plastid transformation systems in Arabidopsis (Sikdar et al. 1998),
potato (Sidorov et al. 1999), and rice (Khan and Maliga 1999) come as a viable way forward,
not only in the modification of a number of economically important crop plants, but also for
a number of reasons such as high levels of protein expression, simultaneous expression of
several genes as a polycistronic unit, and in the elimination of positional effects and gene
silencing (Sharmah et al. 2005). Plastid expression of foreign genes also aims at eliminating
environmental risks that arise due to the gene flow via pollen to other plants.

2.4.5 RNA interference (RNAi) approach

Application of RNAi technology is emerging as a novel approach to confer resistance to
herbivorous insects in crop plants. Transgenic plants could be protected from the
herbivorous insects by engineering them to express double-stranded RNAs (dsRNAs)
directed against vital insect genes (Gordon and Waterhouse 2007).The key to the success of
these approach is (i) identification of a suitable insect target and (ii) dsRNA delivery, which
includes in planta expression of dsRNA and delivery of suitable amounts of intact dsRNA for
uptake by the insects. Experimental validation of this strategy however, has now been
studied in Arabidopsis and corn. Mao et al. (2007) identified a cytochrome P450 gene
(CYP6AE14) from cotton bollworm (Helicoverpa armigera) and dsRNA specific to
CYP6AE14 was expressed in Arabidopsis. Similarly, transgenic corn plants expressing
western corn root worm (WCR) dsRNAs show a significant reduction in WCR feeding
damage, suggesting that the RNAi pathway can be exploited to control insect pests by

expressing a dsRNA.
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2.5 Current status of transgenic research in cowpea and scope for developing insect-
pest resistance

Recent progress in genetic transformation of cowpea offers opportunities to engineer with
candidate genes for insect pest resistance. Although, considerable progress has been made,
through conventional genetics and breeding, on cowpea improvement over the decades
with respect to resistance to most of these stress factors (Singh 2007), the problem of insect
pests still remains largely unresolved. Hence genetic engineering approaches stand out as
the only effective alternative means of transferring genes that confer desirable agronomic
traits more specifically to address insect infestation in cowpea.

In the past two decades, considerable success has been achieved in cowpea
transformation (Table 2.1). Genetic transformation protocols have been developed for
cowpea widening possibilities of introduction of candidate genes for crop improvement. To
date, only three reports are available on generation of stable transgenic plants in cowpea
and all reports are based on Agrobacterium mediated transformation. Muthukumar et al.
(1996) recovered four hygromycin-resistant transformed plants, from mature de-
embryonated cotyledons, of which one showed stable integration of hpt gene. However, the
established plant failed to produce viable seeds. Popelka et al. (2006) generated transgenic
plants from longitudinally bisected embryonic axes, attached with cotyledons but devoid of
shoot and root apices, on phosphinothricin selection at a frequency of 0.001-0.003% in 5-8
months. Chaudhury et al. (2007) reported recovery of transgenic cowpea from cotyledonary
nodes under kanamycin selection at a frequency of 0.76% in 5-6 months. However, Ikea et
al. (2003) explored direct DNA delivery through particle bombardment in cowpea
transformation. However, molecular evidence of stable transformation and inheritance of
the transgenes to progeny was not provided. Employing the biolistic method of gene
transfer, Ivo et al. (2008) reported generation of transgenic cowpea plants at an efficiency

0f 0.9% from bombarded embryonic axes that showed inheritance of transgenes.
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Solleti et al. (2008a) demonstrated remarkable increase in the transformation
efficiency of cowpea (1.64-1.67%) through constitutive expression of additional virulence
genes in the LBA4404 Agrobacterium strain coupled to a regime of geneticin selection,
experiencing effective selection than phosphinothricin (Popelka et al. 2006) and kanamycin
(Chaudhury et al. 2007) respectively. The heterologous expression of the common bean a-
amylase inhibitor 1 gene in the transgenic cowpea seeds (Solleti et al. 2008b) conferring
resistance to storage pests, Callosobruchus maculatus and C. chinensis was the first report on
the expression of any candidate gene in cowpea. These recent successes in cowpea genetic
transformation have therefore pave way for the introduction of more agronomic important
genes to cowpea for enhancing its genetic diversity and consequently for complementation
of existing breeding programs.

2.6 Factors for improving cowpea transformation

Although many different techniques have been tested for gene delivery to plant cells, two
major methods, Agrobacterium-mediated and particle bombardment, have been extensively
employed for genetic transformation of cowpea. However, the overall transformation
efficiency in these protocols was much low, most likely due to (i) inefficient T-DNA delivery
from Agrobacterium tumefaciens to the regenerating cells of embryo-derived explants; (ii)
inefficient selection of proliferating transgenic cells; (iii) difficulty with regeneration of
shoots from transformed cells under the growth regulator and tissue culture regime
followed (Fig. 2.4). Hence, enhancement of transformation efficiency is expected from the
optimization of early gene transfer steps, use of efficient selection scheme, and tissue

culture regime for maximal growth of transformants (Solleti et al. 2008a).
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Fig. 2.4 Factors for improving cowpea transformation

The frequency of recovery of transgenic plants has been very low as the efficiency of the
multiple shoot induction for genetic transformation is inadequate. Plant regeneration in
cowpea has been achieved from different explants, cotyledon (Brar et al. 1999;
Pellegrineschi 1997), shoot tip (Kartha et al. 1981; Brar et al. 1997; Mao et al. 2006; Aasim
et al. 2009), cotyledonary node (Chaudhury et al. 2007; Solleti et al. 2008a; Raveendar et al.
2009), leaf (Muthukumar et al. 1996; Prem Anand et al. 2000; Ramakrishnan et al. 2005)
and hypocotyl (Pellegrineschi 1997). Among them, only seedling explants, cotyledons
(Muthukumar et al. 1996), mature embryos (Popelka et al. 2006) and cotyledonary nodes
(Chaudhury et al. 2007; Solleti et al. 2008a, b) have been most preferred for Agrobacterium-
mediated transformation of cowpea as T-DNA delivery to axillary meristem followed by

regeneration via adventitious bud formation minimizes the risks of chimeras and
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somaclonal variation (Tzfira et al. 1997). Yet, the efficiency of recovery of transgenic plants
using seedling explants is inadequate. It is expected that the efficiency of genetic
transformation will be improved if the proportion of meristematic cells in cotyledonary
node explants is increased or the number of shoots regenerated from the existing
meristems is enhanced. An efficient and rapid regeneration protocol need to be established
that would allow formation of more shoots capable of elongation and regeneration to
plantlets in a short period.

Plant transformation via Agrobacterium can be limited by both host specificity and
the inability of Agrobacterium to reach the proper cells in the target tissue. Therefore, a
robust Agrobacterium-based transformation technology is needed that overcomes these
barriers and enhances DNA transfer in recalcitrant grain legumes. Sonication-assisted
Agrobacterium-mediated transformation (SAAT) is a relatively new method for introducing
Agrobacterium into the target cell. Plant cells have a hard and thick cell wall and the SAAT
treatment produces a large number of small and uniform wounds across the tissue, allowing
Agrobacterium easy access into the target plant cells or tissue. It allows the Agrobacterium
to travel deeper and more completely throughout the tissue than normal cocultivation will
permit (Trick and Finer 1997; Santare'm et al. 1998; Tang et al. 2001; Liu et al. 2005), thus
enhancing the bacteria colonization and infection of the tissue. SAAT has been shown to
provide efficient delivery of T-DNA to cells in a number of plants (Santare'm et al. 1998;
Tang et al. 2001; Zaragoza et al. 2004; Beranova“ et al. 2008), especially those that are
typically more recalcitrant to Agrobacterium-mediated transformation (Trick and Finer
1997).

Plant transformation technologies rely on the use of selectable marker genes, which
are co-introduced with the gene of interest to select the transformation events. Selectable

marker genes enable transgenic cells expressing the marker gene to survive in the presence
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of the appropriate selective agent. For the transformation of cowpea, the most common
selection systems based on the use of the neomycin phosphotransferase Il (nptll) gene,
conferring resistance to aminoglycoside antibiotics, such as kanamycin (Choudhury et al.
2007) and geneticin (Solleti et al. 2008a, b) or of the bar gene, which encodes for
phosphinothricin acetyltransferase and confers resistance to herbicides l-phosphinotricin
(Popelka et al. 2006), glyphosinate and bialaphos, or of the hpt gene that confers resistance
to hygromycin (Muthukumar et al. 1996). However, the use of such markers for selecting
transformed plants has continued to generate widespread public concerns of potential
harmful effects to the environment and human health (Qiao et al. 2010). Therefore,
alternative methods for selection have been developed that avoid the use of antibiotic
resistant genes.

Till date, there are several approaches have been followed. One of these methods
involve the use of the positive selection system that enables identification and selection of
genetically modified cells without using the antibiotic resistance genes, which are based on
enabling transformed plant cells to metabolize compounds that are usually not metabolized
by plants (Joersbo and Okkels 1996). Genes such as phosphomannose isomerase
(pmi/manA) isolated from E. coli (Miles and Guest 1984) code for the enzyme that can
metabolize different source of sugar i.e., mannose, and therefore, the incorporation of pmi
gene provides the transformed cell the ability to metabolize mannose that is not usually
metabolized by target plants. The hexose sugar mannose is taken up by plants and
phosphorylated by hexokinase to mannose-6-phosphate, which is not further utilizable. The
accumulation of mannose-6-phosphate leads to a block in glycolysis by inhibition of
phosphoglucose-isomerase (Goldsworthy and Street 1965), resulting in severe growth
inhibition. In addition, synthesis of mannose-6-phosphate depletes cells of orthophosphate

that is required for ATP production. The PMI catalyzes the reversible isomerization of
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mannose-6-phosphate to fructose-6-phosphate, which serves as precursor for the glycolytic
pathway. Plant cells transformed with the manA gene are able to utilize mannose as a
carbon source and grow either in the presence of or with the addition of only small amounts
of other carbon sources such as glucose or sucrose. This selection system has been
successfully used for regeneration of transgenic sugar beet (Joersbo et al. 1998), cassava
(Zhang and Puonti-Kaerlas 2000), maize (Negrotto et al. 2000; Wright et al. 2001),
Arabidopsis (Todd and Tague 2001), wheat (Wright et al. 2001), tobacco and potato (Kunze
et al. 2001), pepper (Kim et al. 2002), sweet orange (Boscariol et al. 2003), pearl millet
(O’Kennedy et al. 2004), tomato (Sigareva et al. 2004), papaya (Zhu et al. 2005), bentgrass
(Fu et al. 2005), apple (Degenhardt et al. 2006), onion (Aswath et al. 2006), almond
(Ramesh et al. 2006), cucumber (He et al. 2006), cabbage (Min et al. 2007), sugarcane (Jain
et al. 2007), flax (Lamblin et al. 2007), sorghum (Gurel et al. 2009) and chickpea (Patil et al.
2009). However, the pmi/Man system has not been tested previously in cowpea.

2.7 Concluding remarks and Future perspectives

Plant biotechnology continues the trend of improving crops by offering new ideas and
techniques applicable to agriculture. The newly acquired ability to transfer genes into
existing crop varieties improves the efficiency of production and increases the utility of
agricultural crops (Sharmah et al. 2005). However, the insect-resistant transgenic plants
were among the first products of plant biotechnology to reach the marketplace. Recent
commercial releases of genetically engineered crops have included transgenic corn, cotton
and potato, which express Bacillus thuringiensis (Bt) toxins (Maagd et al. 1999). However,
one of the ecological risks of releasing transgenic Bt-plants, would be the unforeseen effects
of the toxin on organisms that are not pests of the crop itself - especially if those organisms
are predators and parasites of pests and therefore of benefit to agriculture. Furthermore,

concern about insects rapidly becoming resistant to Bt toxins as a consequence of the
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release of transgenic Bt-plants has received a great deal of attention (Maagd et al. 1999).
Hence, it is feasible to increase the levels of resistance in transgenic plants and also employ
different genes for managing development of resistance to Bt in insect populations.

Several strategies have been proposed to prevent or delay the rapid development of
resistance to insect resistance transgenic plants, mostly the transgenic Bt-plants. One of the
most plausible strategies is the use of temporal or spatial refuges. Rotation of Bt-crops with
non-transgenic plants would slow down development of resistance, particularly if
resistance is not stable in the insect population. With spatial refuges, part of a field is set
aside for non-transgenic plants. This allows Bt-resistant insects that have survived on the
transgenic plants to mate with non-selected, sensitive insects from the non-transgenic
plants, and prevents the rise of a population that is homozygous for a recessive or semi-
dominant resistance allele. A refinement of the spatial refuge strategy is the refuge/high
dose-combination, which entomologists consider to be the most promising. In this strategy,
refuges of non-transgenic plants are combined with transgenic plants that express Bt at a
high level which should be enough to kill insects that are heterozygous for a recessive or
semi-dominant resistance allele. This strategy is currently part of the resistance
management plans that are imposed by the US Environmental Protection Agency on the
companies selling Bt-cotton and Bt-maize (Maagd et al. 1999). Therefore, the large-scale
commercial cultivation of these crops necessitates stringent implementation of resistance
management strategies as also evaluation of the ecological, economic and social concerns
(Kaur 2004). For that, the long-term effectiveness of the transgenic approach will need to be
established. A combination of the new technology with existing technologies or treatments
might provide the most effective and durable basis for future control of these important

plant pathogens.
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3.1 Introduction

Cowpea (Vigna unguiculata L. Walp) is an important grain and fodder legume of tropics and
subtropics (Timko et al. 2007). The seeds are invaluable source of high-quality dietary
protein for millions of local populace. There is currently significant interest in creating
novel plants for insect pest and virus resistance in order to curb substantial yield loss due to
these pathogen infestations (Solleti et al. 2008a). Cultivated cowpea however has a narrow
genetic base and barriers in crossing with distant wild species allowing novel traits
(Gomathinayagam et al. 1998; Fang et al. 2007). Therefore, gene transfer technology offers
an alternative for the introduction of insect pest and virus resistance genes to potentially
address the constraints in production. However, success in genetic manipulation in cowpea
relies on the establishment of a highly efficient plant regeneration system for the
production of transgenic plants from seedling explants by Agrobacterium-mediated
transformation.

Regeneration of plants via organogenesis from cotyledonary node explants presents
an attractive target for Agrobacterium-mediated transformation as T-DNA delivery to
axillary meristem followed by regeneration of shoots via adventitious bud formation
without involvement of a de novo regeneration pathway minimizes the risks of chimeras
and somaclonal variation (Tzfira et al. 1997). In cowpea, there are only a few reports
demonstrating the possibility of recovering transgenic plants through Agrobacterium
mediated transformation of cotyledonary node explants (Chaudhury et al. 2007; Solleti et al.
2008a, b). From these experiments, it appears that shoot proliferation from transformed
cotyledonary node explants is largely inefficient due to the formation of few shoots per
explants, mostly stunted in nature and therefore incapable of elongating to shoots amenable
for root induction (Solleti et al. 2008b). Nevertheless, the efficiency of transformed shoot

recovery could be improved if the proportion of meristematic cells in explants is increased
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or the number of shoots regenerated from the existing meristems is enhanced (Zhihui et al.
2009). Among the factors which could potentially facilitate increase in proportion of
meristematic cells and shoot proliferation is the use of cytokinin especially thidiazuron
(TDZ) in the induction phase of regeneration. TDZ (N-phenyl-1,2,3-thidiazol-5-yl-urea) is a
non-purine cytokinin compound that has been established as a potent growth regulator of
morphogenetic responses in many plant species (Jahan et al. 2011). Preconditioning of
source of explants (seedlings) with high dose of cytokinin has been reported to improve
subsequent regeneration efficiency in various plants (Gurel et al. 2011; Jahan et al. 2011)
including grain legumes, mungbean (Amutha et al. 2006), common bean (Dang and Wei
2009) and pea (Zhihui et al. 2009). However, no systematic study has been conducted
concerning the influence of seedling preconditioning on shoot proliferation and its effect on
transgenic plant recovery.

In the present investigation, the effect of seedling preconditioning with cytokinin
(type and dose) and duration of preconditioning on shoot regeneration and elongation, and
efficiency of transgenic plant recovery were investigated.
3.2 Materials and methods
3.2.1 Pretreatment of seedlings and shoot multiplication
Seeds of commercially important cowpea cultivar, Pusa Komal were obtained from Indian
Agricultural Research Institute, New Delhi, India. The seeds were surface sterilized with
0.2% (w/v) mercuric chloride for 5 min followed by rinsing 4-5 times with sterilized
deionized water. The seeds were inoculated in MSBs medium [Murashige and Skoog (1962)
salts and Gamborg B5 vitamins (1968)] or MSBs medium containing different
concentrations (0, 5, 10 and 20 uM) of TDZ or BAP for 2-6 days (Fig. 3.1). Seeds cultured in

hormone free media were considered as control.
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In the first set of experiment, cotyledonary node explants (5-6 mm) excised from
control seedlings (untreated) were cultured in three different regeneration medium, MSBs
medium containing i) 5 uM BAP [M1], ii) BAP (5 uM) and kinetin (0.1 pM) [M2], and iii) BAP
(5 uM) and kinetin (0.5 uM) [M3] for shoot multiplication. In the second set of experiment,
both the effect of cytokinin (TDZ and BAP) preconditioning at different dose (0, 5, 10 and 20
uM) and for different duration (2-6 days) was tested. Cotyledonary node explants excised
from pretreated seedlings were cultured onto three different regeneration media (M1, M2,
M3) for shoot multiplication (Fig. 3.1). In both sets of experiments, after 2 weeks, shoots
were excised from the explants and transferred to fresh medium for elongation. The mother
explants were recultured on fresh medium after every 2 weeks for four consecutive times.

MSBs medium supplemented with 3% (w/v) sucrose and 0.8% (w/v) agar (Hi-
Media, Mumbai, India) was used throughout this study. The pH of the medium was adjusted
to 5.8 with 1 N NaOH or HCI prior to autoclaving at 121°C at 15 psi for 15 min. All the
cultures were maintained at 25+2°C under 16-h photoperiod with a photosynthetic photon
flux density (PPFD) of 50 pmol m=2 s! provided by 40 W cool white fluorescent lamps
(Philips, India).

3.2.2 Rooting and acclimatization

Regenerated shoots (3-4 cm) were transferred to MS basal medium for rooting. After 2
weeks of culture, the rooted plantlets were washed thoroughly in running tap water and
then transferred to plastic pots containing sterilized soil and vermiculite (1:1). For
acclimatization, pots were covered with transparent plastic bags to avoid dessication. The
plastic bags were gradually removed in 2 weeks, plants were maintained in the greenhouse.
After 4 weeks, plants were transferred to pots containing soil:compost (1:1) and grown to

maturity.
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3.2.3 Data collection and statistical analysis

Shoot multiplication data was recorded after every passage of 2 weeks and shoot elongation
data was recorded after two weeks of culture of solitary shoots. The experiments were
designed as four-factorial: the type of cytokinin (BAP and TDZ), dose of cytokinin (0, 5, 10
and 20 puM), duration of exposure (2-6 days) during seedling pretreatment and the type of
medium (M1, M2 and M3) used for shoot multiplication to select the best media for
maximum shoot multiplication and elongation. The effect of subculture passages was also
examined with optimal concentration of TDZ (10 pM). The shoot multiplication and
elongation were evaluated by the same manner described before. All experiments were set
up in a completely randomized design and repeated thrice with a minimum of twenty
replicates employed for each treatment. The data were subjected to analysis of variance
(ANOVA) to detect significant difference between means. Significant differences were
compared manually using Duncan’s multiple range test at P=0.05.

3.2.4 Agrobacterium strain, binary plasmid and bacterial culture

A. tumefaciens strain EHA105 harboring the binary vector pCAMBIA 2301 (Fig. 3.2) was
used for transformation. The T-DNA of pCAMBIA2301 includes neomycin
phosphotransferase gene (nptll) and -glucuronidase gene (gus) interrupted by catalase
intron, both driven by the cauliflower mosaic virus (CaMV) 35S promoter. A single colony of
the A. tumefaciens was inoculated into 25 ml of liquid AB minimal medium (Chilton et al.
1974) with 5 mg/l of rifampicin and 25 mg/l kanamycin and grown overnight at 28°C at
180 rpm until the O.D. of the culture reached to 0.8 at 600 nm. For infection, the cells were
collected by centrifuging at 5,000 rpm for 5 min and the pellet was resuspended in liquid
cocultivation medium (LCM). LCM is defined as MSBs medium containing 1 uM BAP, 3%

sucrose, with pH adjusted to 5.5 and supplemented with 100 uM acetosyringone.
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3.2.5 Optimization of transformation amenable regeneration procedure

Thirty to forty explants each derived from seedlings pretreated with different concentration
(0, 5,10 and 20 uM) of TDZ or BAP for varied duration (2, 4 and 6 days), were injured with a
hypodermic needle, and inoculated with the bacterial suspension for 30 min by occasional
shaking. The explants were then blotted dry on sterile filter paper. After infection, they
were cocultivated in petridishes lined with filter paper moistened with LCM supplemented
with 100 pM acetosyringone, for 3 days in dark condition at 22°C. A number of crucial
parameters associated with preconditioning of source seedlings and regeneration media
were evaluated to examine their effect on transformation efficiency and recovery of
transformed shoots in cowpea. The parameters included the type and dose of cytokinin, the
duration for seedling preconditioning and the regeneration medium used during selection
of transformed shoots. Each of these experiments was repeated thrice on independent days,
keeping two replicates per experiment.

Following cocultivation, the explants were washed with sterile distilled water
containing 100 mg/1 cefotaxime, blotted dry, and transferred to three kinds of regeneration
medium (M1, M2 and M3) differring in dose of BAP and kinetin and their combinations in
shoot multiplication medium. All of the three regeneration media contained 150 mg/1
kanamycin and 500 mg/l cefotaxime. Both regeneration controls (no cocultivation, no
selection) and transformation controls (no cocultivation but selection on kanamycin) were
used for all the experiments and at all cycles of selection. The cultures were transferred to
fresh selection medium at an interval of 5, 7 and 8 days. After 20 days of culture on selection,
the proliferating kanamycin resistant shoots (>1.5 cm) were transferred to rooting medium.

In order to evaluate the rooting efficiency of kanamycin resistant shoots, they (1.5-2
cm) were transferred to MS basal medium supplemented with different concentrations of

IBA (0, 0.5, 1.5, 2.0, 2.5 and 5 pM) for root induction. All the root induction media contained

TH-1062_06610608



Chapter 3|35

500 mg/] cefotaxime. The kanamycin resistant shoots cultured on MS medium containing
500 mg/] cefotaxime were treated as control. Well-rooted transformed plantlets were
washed thoroughly in running tap water and acclimatized and maintained in greenhouse as
per the procedure described earlier.

3.2.6 Histochemical GUS assay

Histochemical GUS staining was performed to verify GUS activity in transgenic cowpea
(Jefferson 1987). Transient expression was examined after 3-days of cocultivation (Solleti et
al. 2008a). Transient expression of GUS was scored on a per explant basis by estimating the
number of blue foci visible on the axillary region of each cotyledonary node explant. The
blue foci were discrete areas of cells with GUS activity. Stable gus expression was detected
in various plant parts following the described histochemical procedure.

The efficiency of transient transformation was calculated as number of explants
showing GUS expression at regenerating site and stable transformation as the number of
PCR (polymerase chain reaction) positive shoots obtained on kanamycin selection per
inoculated explants.

3.2.7 Molecular analysis

Molecular characterization of the transformants was carried out by PCR, Southern
hybridization, and RT-PCR analyses for confirmation of the presence, integration,
expression and inheritance of the introduced genes. Genomic DNA was isolated from the
young leaves of Tq putative transformants and T; transgenic plants using the modified CTAB
method (Solleti et al. 2008a). PCR amplification was carried out with gene specific primers
for nptll and gus using genomic DNA from putative transformed plants, non-transformed
control plants (negative control) and pCAMBIA2301 (positive control) as templates. The
540 bp region of nptll and 580 bp coding region of gus were amplified using respective 20

mers (nptll Fw: CCACCATGATATTCGGCAAC; Rv: GTGGAGAG GCTATTCGGCTA) and 18 mers
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(gus Fw: CTGTGGGCATTCAGTCTG; Rv: ACGCTGACATCACCATTG)-oligonucleotide primers.
The amplification reaction was carried out under the following conditions: 94°C for 5 min (1
cycle), 94°C for 1 min (denaturation), 58°C for 1 min (annealing), 72°C for 1 min (extension)
for 35 cycles followed by the final extension at 72°C for 7 min (1 cycle). PCR was performed
using ~100 ng of purified genomic DNA and Taq DNA polymerase (Genei, Bangalore, India)
according to manufacturer’s instruction. The amplified products were resolved by
electrophoresis on 1% agarose gel and visualized by ethidium bromide staining (Sambrook
etal. 1989).

Randomly selected PCR-positive Tq transgenic cowpea plants were further analyzed
by Southern hybridization for the integration of the nptll gene. 10 pg samples of genomic
DNA from non-transformed control and transgenic plants were digested with EcoRI. The
digested samples were fractioned on a 0.8% agarose gel and transferred to Zeta- Probe
membrane (Bio-Rad, USA). The blot was hybridized with DIG-labeled 540 bp PCR product,
corresponding to the coding region of nptll gene. The probe labeling and Southern
hybridization were performed using the nonradioactive DIG Labeling and Detection system
(Roche, Germany) following supplier’s instructions. Pre-hybridization and hybridization
were carried out using high hybridization buffer containing 5XSSC, 1% blocking solution,
0.1% (w/v) N-lauroyl sarcosine and 0.02% (w/v) sodium dodecyl sulfate. Washing and
detection were performed according to the instruction of the DIG labeling and detection
system (Roche Diagnostics, Mannheim, Germany).

For RT-PCR analysis, total RNA was isolated from the PCR-positive transgenic To
plants using Trizol Reagent (Invitrogen, USA) from 100 ng of leaf tissue according to the
manufacturer’s instructions. The integrity of RNA was verified by visualizing the RNA bands
on 1.5% denaturing agarose gel (Sambrook et al. 1989). RT-PCR was conducted using First

Strand cDNA Synthesis Kit (Fermentas, USA) according to the manufacturer’s instructions.
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PCR of the coding sequences of nptll gene in the cDNA was carried out using respective
primers as described earlier. The house keeping gene actin was used as a control to indicate
the amount of starting RNA. The sequences were designed from the Jatropha curcas actin
gene (Accession no: HM044307.1). The primers were 5'-ATGAGCTTCGAGTTGCAC-3" and 5'-
ACCATCACCAGAATCCAG-3’ which gave a 200 bp product with cDNA. The PCR products
were electrophoresed on 1.0% agarose gels, detected by ethidium bromide staining, and
photographed through the Bio-Rad gel documentation instrument.

The leaves of T; transgenic plants generated from eight independent transformation
events were analyzed for the presence of nptll and gus genes using PCR, as described
earlier. Segregation patterns were analyzed with the Chi-square test (x2) as described by
Solleti et al. (2008b).

3.3 Results and discussion

The effect of cytokinin preconditioning of seedlings on shoot regeneration capacity and
recovery of transgenic plant from cotyledonary node explants in cowpea were investigated
using two different cytokinins at different doses in the induction phase of regeneration for
different interval of time. A substantial amount of data were obtained by testing a total of 54
different treatments and generating different types of data; mean number of shoots per
explant and mean shoot length. Comparisons of different types of seedling preconditioning
treatments used during germination and different shoot multiplication medium
compositions were made irrespective of the other parameters tested.

3.3.1 Comparison of different cytokinins with varying dose in seedling
preconditioning on shoot regeneration

Cowpea seeds germinated on all the tested media within 2 days. Seeds cultured on MSBs
medium germinated normally (Fig. 3.3 b). However, the seeds cultured on MSBs media
supplemented with either TDZ or BAP (0, 5, 10 and 20 pM) germinated with thickened

seedlings, stunted and enlarged cotyledons, swelled cotyledonary nodes, and thick and
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short roots (Fig. 3.3c-e). Exposure to higher dose of TDZ or BAP caused increased swelling
of hypocotyls (Fig. 3.3d, e). Prolonged exposure (6 days) to high dose of TDZ or BAP
increased the length of the seedlings and induced the formation of secondary roots. No
callus was formed on intact seedlings.

When eight different germination media were compared for shoot regeneration
capacity, the medium containing no cytokinins was found the least effective (Fig. 3.4). The
explants excised from seedlings preconditioned on medium supplemented with either TDZ
or BAP showed significant increase in multiple number of shoots irrespective of the shoot
multiplication medium used (Fig. 3.4a-f). Seedling preconditioning in either TDZ or BAP
enhanced mean shoot number by 2 to 4 fold. Nevertheless, TDZ as compared to equimolar
dose of BAP exerted 1.5 to 2 fold increase in mean shoot number. Among the different dose
of TDZ and BAP tested for seedling preconditioning, maximum mean number of shoots (7.1
shoots) and also maximum shoot length (2.6 cm) were induced from explants, derived from
the seedlings preconditioned with 10 uM TDZ (Fig. 3.4c, 3.5c). A further increase in TDZ
dose (20 uM) resulted in reduction in mean shoot number and shoot length (Fig. 3.4, 3.5).
Moreover, the shoots appeared as a cluster of leafy structures which failed to develop
further. On the other hand, seedlings preconditioned with 20 uM BAP induced the lowest
number of shoots (Fig. 3.4). Consequently, seedlings preconditioned with 10 uM TDZ was
used for all experiments for optimal multiple shoot induction.

3.3.2 Comparison of different duration of seedling preconditioning on shoot
regeneration

When three different seedling preconditioning durations were compared, for shoot
regeneration capacity, it was observed that 4 days preconditioning induced maximum mean
shoot number developing shoots irrespective of cytokinin type used for preconditioning
and shoot multiplication medium tested (Fig. 3.4, 3.5c, d). Longer duration of seed

preconditioning (6 days) in either TDZ or BAP showed no significant improvement in mean
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number of shoot (Fig. 3.4e, f). Therefore, seed preconditioning for 4 days in 10 uM TDZ was
considered as optimal for induction of multiple shoots and used in all subsequent
regeneration studies.
3.3.3 Comparison of different regeneration media on shoot regeneration
The shoot proliferation was observed at the axils of the cotyledonary node explants (Fig.
3.6a) while their basal end formed non-friable green callus (Fig. 3.6b). With respect to the
regeneration capacities of the explants of preconditioned seedlings cultured on three
different regeneration media, the medium containing no cytokinin was found the least
productive in multiple shoot formation. In terms of both mean number of shoots per explant
and frequency of explants developing shoots, it was observed that the medium which
contained a combination of 5 uM BAP and 0.5 pM kinetin, produced highest mean number of
shoots per explants (7.1 shoots) (Fig. 3.4c; 3.6d) as compared to medium with either 5 uM
BAP or a combination of 5 uM BAP and 0.1 pM kinetin. The mother explants recultured on
the fresh medium induced formation of new shoots (Table 3.1; Fig. 3.6¢c), which could be
further elongated on culturing isolated shoots on fresh regeneration medium. The mother
explants induced new shoots on reculturing for two consecutive times (Table 3.1). However,
further reculture of the explants failed to induce shoots. The shoots excised and elongated
during successive subculture on the fresh media, formed well developed roots on MS basal
medium containing within 2 weeks (Fig. 3.6e).

Following transfer to soil, plantlets were successfully hardened with 94% survival.
The regenerated plants were apparently morphologically normal and flowered normally
and set seeds (Fig. 3.6f). The entire procedure from seed germination to establishment of
plants under greenhouse conditions took approximately 7 weeks.

In this study, it was observed that cowpea explants from seedlings (pretreated in

medium with 10 uM TDZ) were significantly more productive for shoot formation, 1.5 to 2.0
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fold higher than seedlings pretreated in medium with equimolar dose of BAP and 2 to 4 fold
higher than untreated seedlings. Our results are in agreement with previous report of
higher competition in diverse cultivars of recalcitrant rose to form adventitious shoots in
the result of preculturing on the medium containing TDZ instead of BAP (Kucharska and
Orlikowska 2009). These results were consistent with the findings in recalcitrant sugarbeet
(Gurel et al 2011; Zhang et al. 2001) wherein the petiole explants taken from donor plants
pretreated with BAP were the most prolific in regenerating shoots whereas those explants
excised from non-pretreated seedlings (i.e., seeds were germinated on hormone-free
medium) produced no shoots at all. Sorvari et al. (1993) reported the increase in
regeneration capacity by conditioning of donor cultures of strawberry on media containing
BAP and IBA in comparison to the media without growth regulators. However, contrasting
observation on considerably better results of preculturing the Castanea sativa donor shoots
in equimolar dose of BAP were recorded as compared to preculturing in TDZ (San-Jose et al.
2001). The histological documentation presented by the authors indicated that explants
precultured on BAP medium have in their shoot buds more meristematic cells from which
shoot primordia were formed. However, TDZ plays an important role in adventitious
regeneration and has been recommended for use in the induction stage for many plants,
including roses (Kucharska and Orlikowska 2009; Ibrahim and Debergh 2001; Dubois and
De Vries 1997; Rosu et al. 1995), blueberry (Meng et al. 2004), pear (Lane et al. 1998), apple
(Sriskandarajah and Goodwin 1998), gerbera (Orlikowska et al. 1999), safflower
(Orlikowska and Dyer 1993) and blackberry (Swartz et al. 1990).

In accordance with this theory, we suggest that the cowpea cotyledonary node
explants obtained from seedlings germinated in medium with TDZ and then further grown
on medium containing BAP might have gained a kind of competence at an earlier stage of

development, so that their cells can be more readily directed into shoot induction. The
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beneficial effect of TDZ was not only recorded significant in the first regeneration passage
but once induced activity for organogenesis was found consistent in the subsequent
passages upto 3 passages (Table 3.1).

3.3.4 Effect of seedling preconditioning on frequency of transformation

All the explants showed GUS activity following 3 days of co-cultivation with EHA105
harboring pCAMBIA2301, predominantly in the regenerating sites (Fig. 3.7b) which was not
observed in untransformed control explants (Fig. 3.7a). The effect of cytokinin type, dose
and duration of exposure during seedling preconditioning on transformation rate was
compared on the basis of both transient transformation efficiency of explants and
generation of kanamycin resistant transformed shoots. Explants of TDZ preconditioned
seedlings showed significantly higher transient transformation efficiency as compared to
that of explants of BAP preconditioned seedlings (Fig. 3.8). Among all the preconditioning
treatments tested, explants from seedlings preconditioned in 10 uM TDZ for 4 days showed
maximum transient transformation efficiency (Fig. 3.8a).

The frequency of explants regenerating shoots on kanamycin selection in
Agrobacterium-inoculated explants was significantly higher (38.9% than BAP) in explants of
seedlings preconditioned in 10 pM TDZ for 4 days and cultured on medium containing a
combination of 5 uM BAP and 0.5 pM Kkinetin (Table 3.3). Almost all (92%) transformed
shoots were phenotypically normal and elongated and rooted earlier (6 weeks) than those
obtained with explants from seedlings in absence of preconditioning, on kanamycin free MS
medium containing IBA (Fig 3.7e). Among different concentration of IBA tested for root
induction from kanamycin resistant transformed shoots, 2.5 uM IBA induced maximum
rooting efficiency (96.4%). Furthermore, the maxium number of roots from a single shoot
(4.8) and average root length (6.4) was obtained when the kanamycin resistant shoots were

cultured on 2.5 pM IBA containing rooting medium (Table 3.2).

TH-1062_06610608



Chapter 31|42

3.3.5 Molecular analyses of transformants

The presence of the nptll and gus genes in putatively transformed T, plants was confirmed
by PCR detection of the expected 540 bp and 580 bp amplification products, respectively
(Fig. 3.9 a,b). A strong, uniform and stable gus expression was detected in leaf and flower of
PCR-positive Ty plants and no endogenous gus expression was detected in the tissues of
control plants (Fig. 3.7g-j).

5 PCR-positive Ty transformed plants (lines 1-5) were randomly selected for
Southern blot analysis to confirm the integration of nptll gene. Hybridizations of DIG-
labeled nptll probe to total genomic DNA digested with EcoRI were expected to identify
DNA fragments unique to individual integration events greater than 2.1 kb (Fig. 3.9¢). As
shown in Fig. 3.9¢c, Southern blot analysis using the nptll gene as a probe revealed that all
the 5 randomly selected Ty transgenic plants were found positive for nptll gene integration
and furthermore, they showed differential integration events, confirming that these plants
were derived from independent transformation events (Fig. 3.9¢, lanes 1, 2, 3, 4 and 5). The
To transgenic plants exhibited simple hybridization patterns that ranged from single
integration event to 3 loci and, in general, most fragments were greater than 2.1 kb (Fig.
3.9¢). No amplification was detected in the control untransformed plants (Fig. 3.9c, lane C).

Semi-quantitative RT-PCR analysis was performed with six PCR positive To
transgenic lines as well as with untransformed control plants. Expression of nptll and gus
gene was confirmed by the presence of a band at the expected size of 540 bp and 580 bp in
the PCR products of transgenic lines, while untransformed control plants showed no
amplification (Fig. 3.9d). Furthermore, the amplification of the nptll sequence from plant
cDNA templates in RT-PCR ruled out the possibility of Agrobacterium contamination. Both

transformed and untransformed plants showed expression of reference gene actin as
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indicated from amplification of 200 bp (Fig. 3.9d). There were no significant differences in
the levels of gene expression.

Based on the GUS histochemical assay of kanamycin resistant shoots, 95.7 % of the
shoots expressed GUS (Fig. 3.10), thus demonstrating high transformation efficiency. The
transformation rate was significantly increased when donor seedlings were preconditioned
(in medium with 10 uM TDZ for 4 days), from 0.6% to 2.1% as compared to untreated
donor seedlings (Table 3.3).

The seeds from T, generation were advanced to T; generation and the T; transgenic
lines generated from 8 independent transformation events were analyzed for the
segregation pattern of nptll by PCR analysis. Presence of the expected 540 bp amplified
product corresponding to nptll in Ty transgenic lines confirmed the inheritance of nptll
gene. The segregation pattern of these selected transgenic events showed typical 3:1
Mendelian ratio as expected for single dominant gene inheritance (Table 3.4).

3.5 Conclusion

This is the first report on the efficiency of Agrobacterium-mediated genetic transformation
of cowpea using TDZ as a growth regulator in the preconditioning of donor seedlings.
Although it is rather difficult to compare the transformation efficiency obtained in this
study with those reported by others, the high efficiency of TDZ-induced regeneration in
both in vitro control culture and Agrobacterium-mediated genetic transformation further
confirmed the effectiveness of donor seedling preconditioning. It has been reported that
TDZ-induced regeneration is a manifestation of a metabolic cascade that includes an initial
signaling event, accumulation, and transport of endogenous plant signals such as auxin and
melatonin, a system of secondary messengers, and a concurrent stress response (Jones et al.
2007). Moreover, cytokinin-stimulation of cell division increases the numbers of cells

entering the S/G2 phase of the cell cycle, thus promoting higher expression of homologous
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recombination proteins such as Rad51 (Chen et al. 1997). Furthermore, cells undergoing
active division are more likely to be targeted by a stable T-DNA integration event. An
absolute requirement for the S-phase for transfer and/or T-DNA integration has been
previously demonstrated in P. hybrida (Villemont et al. 1997; Thirukkumaran et al. 2009).
An important role of active cell division in plant transformation is also supported by higher
transformation efficiency observed in maize cells expressing a modified version of the viral
replication-associated protein (RepA) that stimulates cell division (Gordon-Kamm et al.
2002). It can thus be hypothesized that the effects of TDZ on plant transformation are based
on its combined influence on homologous recombination activity and cell division.
However, the biochemical mechanisms underlying TDZ induced regeneration in plant cells
have not been clearly elucidated (Jones et al. 2007).

Cowpea is known to be a recalcitrant grain legume with respect to genetic
manipulation in in vitro, and the enhanced regeneration and transformation protocol
described in this report is expected to contribute to the efforts of biotechnological
improvement of cowpea by incorporation of candidate genes for biotic and abiotic stress
tolerance, since the establishment of an efficient and reproducible regeneration protocol is
a precondition for routine generation of transgenic plants with desirable traits in

recalcitrant grain legumes.
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Fig. 3.2 T-DNA region (5.3 kb) of binary vector pCAMBIA2301. Abbreviations: RB, right
border; LB, left border; 35S, CaMV 35S promoter or terminator; NOS, nopaline synthase
terminator;  intron-gus, intron interrupted [S-glucuronidase; nptll, neomycin

phosphotransferase.
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Fig. 3.3 Cowpea seed germination. Cowpea seeds (a); Seedling germinated on MSBs medium
(b) or MSBs medium containing 5 pM TDZ (c) or 10 pM TDZ (d) or 20 uM TDZ (e). Bar

represents 5 mm (a); 1 cm (b); 1 cm (c); 1 cm (d) and 1 cm (e).
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Fig. 3.4 Effect of seed pretreatment in the presence of different concentrations (5, 10, 20

uM) of TDZ and BAP, and the duration of pretreatment (2, 4, 6 days) on multiple shoot

induction from cotyledonary node explants of cowpea (along X-axis: Concentration of TDZ

or BAP in uM, along Y-axis: Mean shoot number).
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Fig. 3.5 Effect of seed pretreatment in the presence of different concentrations (5, 10, 20
uM) of TDZ and BAP, and the duration of pretreatment (2, 4, 6 days) on shoot length from
cotyledonary node explants of cowpea (along X-axis: Concentration of TDZ or BAP in pM,

along Y-axis: Shoot length).
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Fig. 3.6 Multiple shoot induction and plant regeneration from cotyledonary node explants
of cowpea (Vigna unguiculata L. Walp) cv. Pusa Komal. (a) Explant at the time of culture
(Bar=1 mm). (b) Shoot induction from axils of explant within 1 week (Bar=7 mm). (c) Shoot
proliferation from mother explants in subsequent reculture (Bar=5 mm). (d) Proliferation
of multiple shoots within 4 weeks of culture (Bar=1 cm). (e) A rooted shoot after 2 weeks of

culture (Bar=1 cm), (f) Plant acclimatized in greenhouse (Bar=10 cm).
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Fig. 3.7 Transient and stable gus expression and regeneration of transgenic plants. (a and b)
Transient GUS expression, non-transformed (control) explants not showing GUS activity (a),
cotyledonary node explants showing transient GUS activity after 3 days of co-cultivation (b).
(c and d) Selection of transformed explants, (c) Untransformed explants were bleached on
selection media; (d) Shoots were proliferated from transformed explants when cultured on
selection media. (e) In vitro rooting of elongated transformed shoot, (f) Acclimatized plant
maintained in transgenic greenhouse, (g) Non-transformed leaf, (h) Transformed leaf, (i)

Non-transformed flower, (j) Transformed flower.
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Fig. 3.8 Effect of pretreatment on transient transformation frequency. (a) Effect of different
dose and duration of TDZ pretreatment on transient transformation frequency; (b) Effect of

different dose and duration of BAP pretreatment on transient transformation frequency.
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Fig. 3.9 Molecular analysis of Ty transgenic plants. (a) PCR amplification of the 580 bp
fragment of the gus gene, (b) PCR amplification of the 540 bp fragment of nptll gene. Lane M
ADNA/EcoRI + Hindlll marker, lane P pCAMBIA2301 plasmid DNA (positive control), lane C
DNA from untransformed plant (negative control), lane B blank, lanes 1-6 DNA from
independently transformed plants. (c) Southern blot hybridization analysis of junction
fragments of five randomly selected PCR-positive Ty lines. The plasmid and genomic DNA
were digested with EcoRl, and hybridized with nptll probe. Lanes 1-5 genomic DNA from
four Ty lines, lane C genomic DNA from untransformed plant, lane P pCAMBIA2301/EcoRI.
(d) RT-PCR analysis of gus, nptll, and reference gene actin, Lane M ADNA/EcoRI + HindIll
marker, lane P pCAMBIA2301 plasmid DNA (positive control), lane C DNA from

untransformed plant (negative control), lanes 1-6 Ty transgenic plants
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Fig. 3.10 Transient GUS expression in leaves from randomly selected 95 kanamycin
resistance shoots; 91 shows blue staining and 4 lines (X) failed to show any blue staining.

Line (B) signifies no gus expression in untransformed control leaf.
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Table 3.1 Evaluation of morphogenetic potential of shoot cultures of cotyledonary

nodes for four subculture passages on shoot multiplication mediumx

Subculture = Mean number of shoots  Shoot length

passage / explant increment
(cm)

First 7.1+0.54 0.94 + 0.02

Second 6.0 +0.42 0.82 + 0.04

Third 4.7 £0.76 0.41 +0.03

Fourth 1.8+0.33 0.33 +0.03

xShoot cultures were subcultured on MSBs medium containing MSBs medium supplemented with 5

uM BAP and 0.5 uM Kinetin.

Values represent means * SE

Means followed by the same letters are not significantly different by the Duncan’s multiple range test

at p=0.05
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Table 3.2 Effect of different concentrations of IBA on root induction from kanamycin

resistant transformed shoots* of cowpea after 2 weeks of culture

IBA Rooting Mean number of roots Average

(uM) (%) (per shoot) root length (cm)
0 (Control) 0 0 0

0.5 105+ 1.1 1.2+0.5 0.7 £0.07

1.5 30+1.3 2.3+0.43 2.5+0.32

2.0 55+1.3 2.8 +0.55 3.4+0.92

2.5 96.4 +1.5 4.8+0.73 64+1.1

5.0 50+1.2 3.1+0.66 3.8+0.42

¥*Kanamycin resistant transformed shoots were cultured on MS medium containing 500 mg/]

cefotaxime and different concentrations of IBA.

Each treatment comprised of 20 kanamycin resistant shoots in three replicates.

Values represent means * SE

Means followed by the same letters are not significantly different by the Duncan’s multiple range test

at p=0.05
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Table 3.3 Comparative profile of transgenic plants of cowpea

Experimental No of Percentage of Frequency of explants Stable
condition explants explants regenerating shoots on transformation
co- expressing GUSat  kanamycin-containing efficiencyd (%)
cultivated regenerating mediac (%)
sites? (%)
C 100 9.7 11.3 0.61
95 10.5 15.3 0.59
Totale/ 1954 30.7¢ 13.3¢ 0.6
Averagef
1 110 324 45.3 1.57
105 35.5 39.2 1.69
Totald/ 2154 33.95¢ 42.25¢ 1.63¢
Averagee
2 120 39.2 55.2 1.98
125 38.8 62.2 2.23
Totald/ 2454 39¢ 58.7¢ 2.1e
Averagee

a Number of explants showing GUS expression per number of explants co-cultivated X 100
b Number of explants showing GUS expression at the regenerating sites per number of
explants co-
cultivated X 100
¢ Regeneration medium containing 150 mg/1 kanamycin
dNumber of Ty plants PCR-positive for nptll divided by the total number of explants co-
cultivated
C Transformation studies without pretreated seedlings
1 Transformation studies using BAP pretreated seedlings

2 Transformation studies using TDZ pretreated seedlings
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Table 3.4 Segregation of nptll gene in T1 progeny of transgenic cowpea plants

To Number of T; plants tested x2 value Expected
plants for nptll Ratio
Total nptll +ve nptll -ve
L1 32 25 7 0.167 3:1
L2 29 22 7 0.011 3:1
L3 25 19 6 0.013 3:1
L4 24 20 4 0.889 3:1
L5 22 18 4 0.545 3:1
L6 32 23 9 0.167 3:1
L7 26 20 6 0.054 3:1
L8 34 32 2 0.008 15:1
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4.1 Introduction

Cowpea is one of the most important grain legumes in the tropics including Africa, which
accounts for 64 percent of the world production (Mbene et al. 2000). Its global annual
production stands at 7.6 million tonnes. In spite of the significance of cowpea as a food crop
to millions of people on the continent, grain yields today remain low averaging 0.3
tonnes/ha due to several biotic and abiotic factors. Among these constraints are the pod
borers, major lepidopteran insects which perennially damage cowpea pods on fields. The
legume pod borer Maruca vitrata (Lepidoptera: Crambidae) is one of the key cowpea pest
species apart from Heliothis armigera, as the larvae feed on the tender parts of the stem,
peduncles, flower buds, flowers and pods (Singh and Jackai 1988), severe infestations may
reduce yield by 90% (Murdock et al. 2001).

It is known that insect pests, especially lepidopterans, can be controlled by Bacillus
thuringiensis (Bt) - an ubiquitous, soil-dwelling, spore-forming bacterium - when applied
topically on crops as spore formulations. Unfortunately, Bt sprays are often washed away by
rain, degrade under solar ultra violet radiation and are not optimally targeted against
certain insect pests that live within plant tissues. The limitations associated with the use of
conventional methods in effectively dealing with cowpea’s insect pest problem makes the
application of biotechnological procedures for overcoming the constraints to cowpea
production particularly promising. Transgenic approach envisages incorporation of
candidate genes in cowpea that encode expression of Bt crystal proteins, thus providing to
the plant built-in protection against lepidopteran insects such as Maruca pod borer through
the conceptual framework of genetic transformation.

Artificial diet bioassays at International Institute of Tropical Agriculture have shown
that Cry1Ab, Cry1C, and CrylIA proteins are toxic to Maruca pod borer (Machuka 2002). The

efficacy of different Cry proteins against second instar larvae of legume pod borer showed
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that the toxin CrylAb was the most potent toxin (LCso 0.207 ppm) followed by CrylAc
(Srinivasan 2008). Overexpression of BtcrylAb in transgenic pigeon pea (Sharma et al.
2006) and soybean (Dufourmantel et al. 2005) has conferred complete protection against
pod borer, Helicoverpa armigera and velvetbean caterpillar (Anticarsia gemmatalis)
respectively. Expression of truncated native Bt cry1Ac gene in chickpea has shown effective
resistance in transgenic plants to the major pod borer insects (Sanyal et al. 2005). However,
development of transgenic crops being a long lasting and high investment option a major
threat for the long lasting effect of such crops is the potentiality of the insects to develop
resistance against such crops. Therefore, it is envisaged introduction of BtcrylAc and
BtcrylAb in transgenic plants could be a potentially more viable strategy for controlling
Helicoverpa armigera and Maruca vitrata.

The most efficient system for gene transfer into plants is Agrobacterium-mediated
transformation that exploits the natural ability of the soil microorganism to transform wide
range of plant species (Uranbey et al. 2005). The candidate gene(s) to be transferred via
bacterial Ti plasmid are cloned between the borders of its T-DNA region. The majority of
binary vectors harbor an origin of replication from a broad host range plasmid that ensures
replication in both Escherichia coli (cloning procedure) and Agrobacterium (transformation
of plants).

In order to drive efficient transgene expression in transgenic cowpea, it is essential
to use a promoter that regulates gene expression to sufficient levels in tissues of interest.
Although several reports described inducible promoters or tissue specific promoters that
confer high levels of expression of Btcry genes in transgenic plants, the majority of crop
plant constructions for insect-pest or disease resistance employ a constitutive promoter

from cauliflower mosaic virus (CaMV). The CaMV promoter is preferred above other
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potential promoters because it is a more powerful promoter compared to others and is not
greatly influenced by environmental conditions or tissue types.

Here, in the present work, the overexpression constructs of BtcrylAc and BtcrylAb
are prepared for their subsequent use in developing transgenic cowpea for resistance to
pod borers.

4.2 Materials and methods

4.2.1 Cloning of Btcry1Ac in a plant binary vector

The standard binary vector pCAMBIA2301 (CAMBIA, Australia) was used to sub clone
synthetic BtcrylAc gene expression cassette between the T-DNA borders of the binary
vector. The T-DNA of pCAMBIA2301 includes neomycin phosphotransferase gene (nptll)
and B-glucuronidase gene (gus) both driven by the cauliflower mosaic virus (CaMV) 35S
promoter. The expression cassette of BtcrylAc is under control of (CaMV) 2X35S promoter
and Nos terminator, released as a 2.94 kb EcoRI/ HindIll fragment from 1AcPRD vector
(Valderrama et al. 2007).

The plasmids, pCAMBIA2301 and plAcPRD were isolated and digested with
EcoRI/Hindlll restriction enzyme. Digested pl1AcPRD sample was separated in 0.8%
agarose gel and the resulting fragment carrying the expression cassette was eluted using
GenElute™ Gel Extraction Kit (Sigma-Aldrich), and the EcoRI/HindIll digested
pCAMBIA2301 vector was also purified using the GenElute™ Gel Extraction Kit (Sigma-
Aldrich). T4 DNA ligase (NEB enzyme) was used to ligate the BtcrylAc gene expression
cassette to linearized pCAMBIA2301 and the ligated product was transformed to E. coli
DH5a. The recombinant clones were confirmed by Polymerase chain reaction using 24 mers
(BtcrylAc Fw: CCCAGAAGTTGAAGTACTTGGTGG; Rv: CCGATATT GAAGGGTCTTCTGTAC).
The amplification reaction was carried out under the following conditions: 94°C for 5 min (1

cycle), 94°C for 1 min (denaturation), 58°C for 1 min (annealing), 72°C for 1 min (extension)
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for 35 cycles followed by the final extension at 72°C for 7 min (1 cycle). PCR was performed
using ~100-200 pg of purified plasmid DNA and Taq DNA polymerase (Genei, Bangalore,
India) according to manufacturer’s instruction. The amplified products were resolved by
electrophoresis on 1% agarose gel and visualized by ethidium bromide staining (Sambrook
et al. 1989). Furthermore, the clones are additionally confirmed by restriction digestion
with EcoRI/Hindlll. The resulting BtcrylAc over expression construct was designated as
pSouv:crylAc (Fig. 4.1). Standard molecular biology techniques were used for all DNA

manipulations (Sambrook et al. 1989).
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Fig. 4.1 Cloning strategy of Btcry1Ac in T-DNA overexpression vector pPCAMBIA2301
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4.2.2 Mobilization of pSouv:icrylAc plant binary construct to Agrobacterium
tumefaciens

The construct pSouv:crylAc was mobilized to A. tumefaciens hypervirulent strain EHA105
(Hood et al. 1993) by triparental mating (Bevan 1984) and the integrity of region of crylAc,
nptll and gus within the Agrobacterium cells was confirmed through colony PCR using
respective BtcrylAc, nptll and gus gene specific oligonucleotide primers. The amplification
reaction was carried out following conditions described in the previous section. The
amplified products were resolved by electrophoresis on 1% agarose gel and visualized by
ethidium bromide staining (Sambrook et al. 1989).

4.2.3 Cloning of Btcry1Ab in a plant binary vector

The full length plant codon optimized Bt crylAb ORF (1.86 kb) was amplified from the
plasmid pUBB using primers corresponding full length Btcry1Ab with restriction sites Xhol
and Kpnl added at its 5’ and 3’ nucleotide ends respectively. The amplified cry1Ab fragment
was cloned in the intermediate vector pRT101 in between a 35S promoter and 35S
terminator sequence.

The BtcrylAb expression cassette (35S:BtcrylAb:polyA) was amplified from
pRT101cry1Ab using M13 universal primers 16 mers (M13 Fw: GTAAAACGACGGCCAG; Rv:
CAGGAAACAGCTATGAC). The amplification reaction was carried out under the following
conditions: 949C for 5 min (1 cycle), 94°C for 1 min (denaturation), 47°C for 1 min
(annealing), 72°C for 1 min (extension) for 35 cycles followed by the final extension at 720C
for 7 min (1 cycle). The amplified fragment was PCR purified and subsequently digested
with Pstl. The Pstl digested fragment was ligated into the Pstl site of plant binary vector
pCAMBIA2301 resulting in pCAMBIA2301cry1Ab, designated as pSouv:crylAb (Fig. 4.2).
The recombinant clones were confirmed by polymerase chain reaction for the presence of
cry1Ab gene using 21 bp full length gene specific primers (5’-CCCAGAAGTTGAAGTACTTGG-

3’ and 5’-CCGATATTGAAGGGTCTTCTG-3’). The amplification reaction was carried out
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under the following conditions: 94°C for 5 min (1 cycle), 94°C for 1 min (denaturation), 60°C
for 1 min (annealing), 729C for 1 min (extension) for 35 cycles followed by the final
extension at 729C for 7 min (1 cycle). Furthermore, the clones are additionally confirmed by
restriction digestion with Pstl.

4.2.4 Mobilization of pSouv:crylAb plant binary construct to Agrobacterium
tumefaciens

The construct pSouv:cry1Ab was mobilized to A. tumefacience hypervirulent strain EHA105
(Hood et al. 1993) by triparental mating (Bevan 1984) and the integrity of region of cry1Ab,
nptll and gus within the Agrobacterium cells was confirmed through colony PCR using
respective Btcry1Ab, nptll and gus gene specific oligonucleotide primers. pSouv:cry1Ab was
used as a positive control. The amplification reaction was carried out following conditions
described in the previous section. The amplified products were resolved by electrophoresis

on 1% agarose gel and visualized by ethidium bromide staining (Sambrook et al. 1989).
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Fig. 4.2 Cloning strategy of Btcry1Ab in T-DNA overexpression vector pPCAMBIA2301
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4.3 Results and discussion
4.3.1 Confirmation of Btcry1Ac in plant binary construct
The plant binary vector pCAMBIA2301 was digested with EcoRI/ Hindlll and 11.6 kb
linearised plasmid was used as a vector for the cloning (Fig. 4.3A). Similarly 1AcPRD was
digested with EcoRI/Hindlll and 2.9 kb of BtcrylAc expression cassette was released which
was used as an insert for the cloning it in pCAMBIA2301 (Fig. 4.3B). After ligation, the
recombinant clones were confirmed by PCR using gene specific primers for crylAc. The
internal fragment of 1.0 kb was amplified which confirmed the presence of crylAc gene in
all the recombinant clones (Fig. 4.3C). The pSouv:crylAc plasmid was isolated from
recombinant clones and additionally confirmed by restriction digestion. The expression
cassette (2.9 kb) was released from vector backbone (11.6 kb) upon digestion with
EcoRI/Hindlll (Fig. 4.3D).
4.3.2 Confirmation of Btcry1Ab in plant binary construct
The 1.86 kb fragment of Btcry1Ab was amplified from pUBB plasmid (Fig. 4.4A) and cloned
in TA cloning vector, pGEMTeasy. The ligated clones were confirmed by restriction
digestion where the 1.86 kb cry1Ab fragment was released from 3 kb vector backbone upon
digestion with Xhol/ Kpnl (Fig. 4.4B). However, the 1.86 kb Xhol/ Kpnl digested product
(Fig. 4.5A) was cloned in Xhol/Kpnl digested intermediate vector pRT101 (Fig. 4.5B). The
ligated clones were confirmed by PCR as well as restriction digestion. The amplification of
1.86 kb was confirming the presence of cry1Ab gene in ligated clones (Fig. 4.5C). The release
of 1.86 kb fragment of cry1Ab gene from the vector backbone (3.3 kb) upon digestion with
Xhol/Kpnl (Fig. 4.5D) was further confirmed the ligated clones.

The 2.5 kb of expression cassette of cryl1Ab (35S:Btcryl1Ab:polyA) was amplified
from the recombinant clone pRT101cry1Ab (Fig. 4.6A). The amplified fragment was PCR

eluted and digested with Pstl (Fig. 4.6B) and further cloned in plant binary vector
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pCAMBIA2301, linearized with Pstl (Fig. 4.6C). The recombinant clones were confirmed by
colony PCR using gene specific cry1Ab primer which amplified 1.86 kb fragments from the
ligated clones (Fig. 4.6D). The clones were further confirmed by restriction digestion with
Pstl. 2.5 kb fragment of the cry1Ab expression cassette was successfully released from 11.6
kb of vector backbone of pCAMBIA2301 (Fig. 4.6E).

4.3.3 Confirmation of Agrobacterium tumefaciens transconjugants

Both the plant binary constructs pSouv:crylAc and pSouv:crylAb were successfully
mobilized to A. tumefacience hypervirulent strain EHA105 and mobilization was confirmed
by colony PCR. The amplification of 540 bp, 580 bp and 1 kb fragments from
EHA105pSouv:crylAc clones were confirming the presence of nptll, gus and crylAc genes
respectively (Fig. 4.7). Similarly, the amplification of 540 bp, 580 bp and 1.86 kb fragments
from EHA105pSouv:cry1Ab clones were confirming the presence of nptll, gus and cry1Ab
genes respectively (Fig. 4.18).

4.4 Conclusions

In conclusion, the binary overexpression constructs for BtcrylAc and BtcrylAb were
prepared. The restriction digestion pattern and PCR confirmed the cloning. The constructs
were mobilized into A. tumefacience vir helper strain EHA105 and the transconjugants were
confirmed by PCR. The strains could be used for routine transformation of cowpea for
introduction and expression of crylAc and crylAb for developing transgenic plants for

insect resistance.
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Fig. 4.3 Cloning of BtcrylAc in pCAMBIA2301. (A) 11.6 kb linearised pCAMBIA2301 upon
digestion with EcoRI/Hindlll. (B) 2.94 kb Promoter-BtcrylAc-Terminator casette was
released from 1AcPRD upon digestion with EcoRI/Hindlll. (C, D) Confirmation of
pCAMBIA2301crylAc clones. (C) 1kb crylAc gene segment was amplified from ligated
clones. (D) Confirmation of clones by restriction digestion. L1: A DNA/HindIll marker; L2:
Ligated plasmids; L3: 14.5 kb linearised plasmid from ligated clones upon digestion with

EcoRI.
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Fig. 4.4 (A) 1.86 kb full length cry1Ab PCR amplified product from pUBB; (C) Confimation of
clones containing 1.86 kb Xhol-cry1Ab-Kpnl PCR product in pGEMT-Easy vector: L1: ligated
plasmid; L2: 4.8 kb of Xhol digested linearised fragment; L3: 1.86 kb cry1Ab fragment was

released upon digestion with Xhol and Kpnl
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Fig. 4.5 Cloning of Btcryl1Ab in pRT101. (A) 1.86 kb Btcryl1Ab was released from pGEMT
vector upon digestion with Xhol/Kpnl. (B) 3.3 kb linearised pRT101 upon digestion with
Xhol/Kpnl. (C, D) Confirmation of pRT101cry1A4b clones. (C) 1.86 kb cry1Ab gene segment
was amplified from ligated clones. (D) Confirmation of clones by restriction digestion. L1: A
DNA/EcoRI + Hindlll marker; L2: Ligated plasmids; L3: 1.86 kb linearzed fragment released

upon digestion with Xhol/Kpnl
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Fig. 4.6 Cloning of BtcrylAb in pCAMBIA2301. (A) BtcrylAb expression cassette was
amplified from pRT101cry1Ab with M13 primer. L1: 2.5 kb of 35S promoter-cry1Ab-polyA
was amplified from pRT101cryIAb using M13 universal primer, L2: 700bp of 35S-polyA
fragment was amplified from pRT101 using M13 primer, L3: A DNA/ EcoRI + HindIll
marker. (B) 2.5kb fragment of 35S5P-cry1Ab-polyA upon digestion with Pstl. L1: 1st elution;
L3: 2nd elution. (C) 11.6 kb of linearised pCAMBIA2301 upon digestion with Pstl. (D, E)
Confirmation of pCAMBIA2301cry1Ab clones. (A) 1.86 kb crylAb gene segment was
amplified from ligated clones. (B) Confirmation of clones by restriction digestion. L1: A
DNA/ EcoRI + Hindlll marker; L2-L5: 1.86 kb linearised fragment released upon digestion

with Pstl

TH-1062_06610608



Chapter 4|73

Confirmation of EHA105pCAMBIA2301crylAc

380bp
540bp

Fig. 4.7 Confirmation of Agrobacterium mobilisation of pCAMBIA2301cry1Ab in EHA105.
(A) 540bp of nptll gene segment was amplified, (B) 580 bp of gus gene segment was

amplified, (C) 1kb of cry1Ac gene segment was amplified from mobilised clones
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y

Fig. 4.8 Confirmation of Agrobacterium mobilisation of pCAMBIA2301cry1Ab in EHA105.
(A) 540bp of nptll gene segment was amplified, (B) 580bp of gus gene segment was

amplified, (C) 1.86 kb of cry1Ab gene segment was amplified from mobilized clones
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5.1 Introduction

Cowpea (Vigna unguiculata L. Walp) is one of the most important grain and fodder legumes
widely grown in tropical countries. The production of cowpea is affected by both biotic and
abiotic stresses (Solleti et al. 2008a). Among biotic stresses, the pod borers, Maruca vitrata
and Heliothis armigera cause extensive damage to pods, tender parts of stem, peduncles,
flower buds and flowers of cowpea fields (Singh and Jackai 1988). Severe infestations
accounts for as high as 90% reduction in yield (Murdock et al. 2001). Although conventional
breeding methods have enhanced yield and quality of cowpea, low levels of insect
resistance in cowpea germplasm and failures in interspecific crosses have limited the
success in breeding for protection (Machuka 2002). Genetic engineering of cowpea with
entomocidal genes for insect resistance offers a directed approach for protection against
insect infestation (Zaidi et al. 2005). Genetic transformation of cowpea has been reported
mainly through Agrobacterium-mediated transformation of cotyledons (Muthukumar et al.
1996) and cotyledonary node explants (Solleti et al. 2008a; Popelka et al. 2006; Chaudhury
et al. 2007) with an exception of DNA delivery to shoot apices by biolistic (Ivo et al. 2008).
Regardless of the availability of alternative plant transformation tool (Ivo et al. 2008),
Agrobacterium is the most preferred method of gene delivery for its simplicity, cost-
effectiveness and frequent single copy gene integration into the cowpea genome (Solleti et
al. 2008b). In cowpea, cotyledonary node explants have been successfully used for
regeneration of transgenic plants due to their competence for prolific shoot regeneration
and T-DNA delivery (Solleti et al. 2008a). We have recently reported the development of
transgenic cowpea expressing bean a-amylase inhibitor gene for storage pest resistance by
using Agrobacterium-mediated transformation of cotyledonary node explants (Solleti et al.

2008b). Nevertheless, the efficiency of stable transformation in cowpea is far less for
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production of numerous independent transformants with desirable genes to allow the
selection of those with the appropriate level of gene expression.

One of the major bottlenecks in Agrobacterium-mediated transformation of grain
legumes in general, and cowpea in particular is its high recalcitrance. The limitation in
recovery of transformed cowpeas is neither the T-DNA transfer to the host plant cells nor
plant regeneration from transformed cells, but the growth retardation of putative
transformed shoots on selection medium and subsequent poor rooting collectively pose
serious technical difficulties and restrict progress in cowpea biotechnology (Solleti et al.
2008b). Hence, there is a need to study the basis of cowpea recalcitrance to Agrobacterium-
mediated transformation in view of the impediments in efficient recovery of stable
transgenic plants. Exploring the basis of plant recalcitrance to Agrobacterium-mediated
transformation would be useful to improve the transformation efficiency of recalcitrant
grain legumes. Such attempt has so for not been made in any of the recalcitrant grain
legumes to the best of our knowledge. Hence, we analyzed the basis of cowpea plant
recalcitrance to Agrobacterium-mediated transformation in the current investigation by
assessing various selection regimes based on kanamycin. Our results showed that judicious
choice of selection dose and effectiveness of selection regime applied to the transformed
tissues hold the keys to efficient recovery of transgenic cowpea plants. Several transgenic
lines expressing cry1Ac were recovered that showed presence, integration, expression and
inheritance of transgene in subsequent generation.

5.2 Materials and methods

5.2.1 Plant material and culture initiation

The mature seeds of cowpea cultivar Pusa Komal (IARI, New Delhi, India) were used for all
the experiments in the present study. Seeds were surface-sterilized (Solleti et al. 2008a) and

cultured on MSBs medium [MS salts (Murashige and Skoog, 1962) + B5 vitamins (Gamborg
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et al. 1968)], 3% sucrose (w/v), 0.8% agar agar (w/v) and 10 pM TDZ. The cultures were
incubated at 25+2°C under 16-h photoperiod regime provided by cool white fluorescent
lamps (36 pmolm-2s-1). Cotyledonary node explants (5-6 mm) were excised from 4-d-old
seedlings as described previously (Solleti et al. 2008a).

5.2.2 Plasmid construct, bacterial strain and transformation

The A. tumefaciens strain EHA105 harbouring binary vector pSouv:crylAc (Fig. 5.1)
(Contruct preparation was described in Chapter 4) were maintained on solid YEP medium
(An et al. 1988) supplemented with 10 mg/] rifampicin and 50 mg/l kanamycin. The
bacterial suspension was prepared and explants were infected and cocultivated as per the
protocol described earlier (Chapter 3; Section 3.2.5). Following co-cultivation, the explants
were washed three to four times with LCM and blotted dry on sterile filter paper and
subjected to selection.

5.2.3 Selection regimes and regeneration of transgenic plants

In order to establish an efficient selection system to effectively select transformed shoots
without suppressing shoot induction and elongation processes, the cocultivated explants
were cultured onto initial multiple shoot induction and selection medium, P1 (MSBs
medium containing 5 uM BAP and 0.5 pM kinetin supplemented with 150 mg/l kanamycin
and 500 mg/I cefotaxime) for 20 days with 3 rounds of subculture at an interval of 5, 7 and
8 days respectively (Fig. 5.2). Following first round of selection, the survived explants were
subjected to four different selection regimes (S1, S2, S3 and S4), and degree of tissue
necrosis and increase in shoot length were determined. In S1, the explants were subjected
to continuous high selection pressure (150 mg/l kanamycin) by culturing onto P1 medium
for 15 days and in S2, the selection pressure was gradually reduced by culturing onto
selection medium containing 125 mg/l kanamycin for 10 days followed by culturing onto

kanamycin free medium for 10 days (Fig. 5.2). In S3, removal of selection pressure and
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reduction in BAP dosage were implemented by culturing explants on kanamycin free
medium containing 2.5 uM BAP for 15 days, and in S4, explants were cultured onto selection
media containing 150 mg/1 kanamycin and 2.5 pM BAP.
The efficiency of selection regimes was calculated by determining the number of
plants, PCR-positive for BtcrylAc and nptll per the number of shoots recovered on selection.
Elongated putative transformed shoots (>2 cm) were transferred to rooting medium
(MS + 2.5 uM IBA) devoid of any antibiotics for root induction. Rooted putative transformed
plants were transferred to pots containing sterile soil:compost (1:1) and were acclimatized
in greenhouse containment for 3 weeks.
5.2.4 Evaluation of transgenic plants
Molecular characterization of the Ty transformants was carried out by GUS histochemical
analysis, PCR, Southern hybridization, RT-PCR for confirmation of the presence, integration,
expression and inheritance of the introduced genes.
5.2.4.1 Histochemical GUS assay
Transient and stable gus expression were detected in explants and various plant parts
respectively, following the histochemical procedure as described by Jefferson (1987). Three
days after cocultivation, the cotyledonary node explants and also the flower, anthers,
pollens and pistils were incubated in GUS substrate solution (Solleti et al. 2008a) at 37°C
overnight. The tissues were bleached with 100% ethanol for few hours before examination
under a stereomicroscope.
5.2.4.2 PCR analysis
Genomic DNA was isolated from young leaves of putative transformants in To and T1 using
the modified CTAB method (Solleti et al. 2008a). PCR amplification was carried out with
gene specific primers for nptll and BtcrylAc using genomic DNA from putative transformed

plants, non-transformed control plants (negative control) and pSouv:crylAc (positive
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control) as templates. The 540 bp region of nptll and 1 kb coding region of BtcrylAc were
amplified by using respective oligonucleotide primers. The amplification reaction was
carried out under following conditions: 94°C for 1 min (1 cycle), 94°C for 1 min
(denaturation), 58°C for 1 min (anneling), 729C for 1 min (extension) for 35 cycles followed
by the final extension at 72°C for 7 min (1 cycle). The PCR was performed by using ~100 ng
of purified genomic DNA and Taq DNA polymerase (Genei, Bangalore, India) according to
manufacturer’s instruction. The amplified products were resolved by electrophoresis on 1%
agarose gel and visualized by ethidium bromide staining (Sambrook et al. 1989).

5.2.4.3 Southern hybridization

Four randomly selected PCR-positive To transgenic cowpea plants were further analyzed by
Southern hybridization for the integration of the crylAc. 10 pg samples of genomic DNA
from non-transformed control and transgenic plants were digested with HindIll. The
digested samples were fractioned on a 0.8% agarose gel and transferred to Zeta-Probe
membrane (Bio-Rad, USA). The blot was hybridized with DIG-labeled 1 kb PCR product,
corresponding to the coding region of crylAc gene. The probe labeling and Southern
hybridization were performed using the nonradioactive DIG Labeling and Detection system
(Roche, Germany) following supplier’s instructions. Pre-hybridization and hybridization
were carried out using the protocol described earlier (Chapter 3; Seection 3.2.7). The stable
transformation efficiency was calculated on the basis of percentage of co-cultivated explants
that developed to plants positive for cry1Ac by Southern hybridization.

5.2.4.4 RT-PCR analysis

Total RNA was isolated from the PCR-positive transgenic Ty plants using Trizol Reagent
(Invitrogen, USA) from 100 ng leaf tissue according to the manufacturer’s instructions. The
integrity of RNA was verified by visualizing the RNA bands on 1.5% denaturing agarose gel

(Sambrook et al. 1989). RT-PCR was carried out by using First Strand cDNA Synthesis Kit
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(Fermentas, USA) according to the manufacturer’s instructions. PCR of the coding
sequences of nptll and BtcrylAc genes in the cDNA was carried out by using respective
primers as described earlier.

5.2.5 Segregation analysis

The leaves of T; transgenic plants generated from all the 11 T, transformants recovered
through S3 selection regime were analyzed for the presence of BtcrylAc gene by PCR, as
described earlier. Segregation patterns were analyzed with the chi-square test (x2) as
described by Solleti et al. (2008b).

5.2.6 Cry1Ac protein expression assay

To test for the presence of CrylAc protein, total soluble protein was isolated from leaves of
T1 transgenic lines using sample extraction buffer (DesiGen, India) according to the
manufacturer’s instructions. Rapid detection of Cry1Ac gene expression in the leaves of T1
plants was carried out using immunodiagnostic Xpresstrips™ (DesiGen, India). DesiGen
Xpresstrips™ are lateral flow devices which detect the CrylAc protein in extracts from
plant samples. Each strip has a sample absorbing pad at one end and the extract moves up
the pad into the clear window and reaches a second absorbant pad at the top of the strip. A
line appears in the white window (control line), near the top absorbant pad, indicates that
the assay is functional. The test line that appears near the sample pad indicates positive for
Cry1Ac protein. Absence of test line signifies no expression of Cry1Ac.

5.2.7 Western hybridization

Proteins were extracted from about 1 g of young leaves of randomly chosen PCR positive T
transgenic lines using an extraction buffer containing 100 mM potassium phosphate buffer
(pH 7.8), 1 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, 10% glycerol, 1
mM dithiothreitol (DTT). The protein concentration was determined by the method of

Bradford (Bradford 1976). Thirty microgram of protein was fractionated on 12%
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acrylamide gels with sodium dodecyl sulfate (SDS-PAGE) and blotted on to a PVDF
membrane by electro transfer blotting unit. Blots were blocked for 2 h at room temperature
in 5% bloking buffer (nonfat powdered milk in Tris-buffered saline with 0.1% Tween-20).
Goat polyclonal antibodies (Amar Diagnostics, India) were used at 1/500 dilution in bloking
buffer and incubated for overnight at 4°C. The samples were washed three times in TBST
(Tris-Buffered Saline Tween-20) for 5 min each. A secondary rabbit anti-goat antibody
alkaline phosphatase conjugate (Amar Diagnostics, India) was then used for final detection,
at a dilution of 1/1000. Blots were incubated for 40 min at 4°C, washed five times for 5 min
each with TBST followed by development in nitro blue tetrazolium/ bromo chloro indolyl
phosphate (NBT/BCIP) substrate solution (Sigma, USA) for 15-20 min. The reaction was
stopped by washing the membrane with distilled water.

5.2.8 Data analysis

Data were subjected to analysis of variance (ANOVA) and mean separation by Duncan’s
multiple-range test (DMRT) using single-factor completely randomized block design in
order to study the effect of different selection regimes on recovery of stable transformants
of cowpea. The four selection regime experiments consisted of 120 explants each. Each
experiment was repeated at least three times.

5.3 Results and discussion

5.3.1 Transformation

Axillary meristems of the cotyledonary-node explants possess cells that are competent for
regeneration and T-DNA delivery (Chandra and Pental 2003). Regeneration of shoots from
cotyledonary node explants after Agrobacterium coculture is emerging as a rapid and
relatively efficient method in a number of legume species including soybean (Hinchee et al.
1988; Purcell et al. 1996; Meurer et al. 1998; Donaldson et al. 2000), pea (Davies et al. 1993;

Jordan et al. 1993; Bean et al. 1997), goat’s rue (Colle'n and Jarl 1999), groundnut
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(Venkatachalam et al. 1998), lentil (Mahmoudian et al. 2002a, b; Akcay et al. 2009),
mungbean (Jaiwal et al. 2001; Sonia et al. 2007) and blackgram (Saini and Jaiwal 2007). In
our experiments, cotyledonary node explants, prepared from 4-d-old seedlings germinated
on MSB5 media containing 10 pM TDZ, were used to synchronize the multiple shoot bud
induction with efficient T-DNA transfer process to regenerating cells. In the initial
regeneration optimization experiments, explants derived from 4-d-old seedlings,
germinated on MSBs media containing 10 pM TDZ were found competent for efficient
multiple shoot induction and plant regeneration. Following cocultivation, all the
cotyledonary node explants showed GUS activity predominantly in the regenerating sites
indicating the competence of these explants to T-DNA transfer (Fig. 5.3a).
5.3.2 Sensitivity of explants and shoot elongation to different selection regimes
A judicious choice of selection level is an important criterion for the recovery of
transformed shoots, because too high a level would be deleterious even to the transformed
cells at initial stages of screening (Sharma and Anjaiah 2000). Preliminary dose response
experiments with kanamycin using untransformed cowpea cotyledonary node explants
showed the inhibition of shoot bud induction at 150 mg/l. Continuous exposure of these
explants to 150 mg/l kanamycin resulted in growth retardation of kanamycin resistant
shoots. Similar observation on growth retardation of transformed shoots on continuous
high kanamycin selection pressure has been reported to produce transgenic plants at low
frequencies (Popelka et al. 2006; Chaudhury et al. 2007). Inability of transformed shoots to
elongate and form roots has been a major constraint in generating large number of
transgenic cowpea via Agrobacterium-mediated transformation.

In order to establish an efficient selection regime, the cocultivated explants after
first round of selection on P1 medium were subjected to continuous high selection pressure

(S1) or gradual removal of selection pressure (S2) or removal of selection pressure
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accompanied with reduction in BAP dosage (S3) or only reduction of BAP dosage (S4).
Significant difference was observed in degree of necrosis of survived explants among the
different selection regimes with highest degree of explant necrosis recorded in S1 followed
by S2, S4 and S3 respectively (Fig. 5.4). In S1, the explants displayed proliferation of
multiple shoot buds however, the shoots experienced growth retardation. The shoots were
unable to elongate and this in turn significantly affected their rooting efficiency (Table 5.1).
This may be attributed to the continuous exposure of explants to high selection pressure.
Inhibition of root formation of transformed shoots selected on continuous high selection
pressure has been reported in pea (Puonti-Kaerlas et al. 1990; Schroeder et al. 1993).
Gradual decrease in kanamycin concentration in S2 from 125 to 0 mg/l induced 30.4%
increase in shoot length as compared to continuous high selection pressure in S1 (Fig. 5.4).
Gradually relieving selection had a great improvement on the development of transgenic
shoots through adaptation of tissues to decreasing concentrations of selective agent in lentil
(Gulati et al. 2002). Reducing the concentration of the selective agent relieved selection
pressure on the explants and provided better elongation of the shoot buds into shoots.
Removal of selection pressure accompanied by reduction in BAP dosage to 2.5 pM in S3
resulted in profuse proliferation with 63.6% increase in shoot length as compared to S1
(Fig. 5.4). The shoots were healthy and green apparently with no sign of bleaching. On
transfer to rooting medium the shoots readily developed a good root system enabling
successful transplantation to soil. Reduction in BAP dosage in kanamycin-free medium (S3)
might have played a beneficial role in promoting elongation of kanamycin resistant shoots.
A 57.5% increase in length of kanamycin resistant shoots was recorded in S4 as compared
to S1. Among the four selection regimes tested, S3 induced maximum shoot elongation and
proficient rooting (Table 5.1; Fig. 5.3b). The observation clearly indicated that the exposure

of explants to appropriate duration of selection pressure was critical for elongation of

TH-1062_06610608



Chapter 583

kanamycin resistant shoots in cowpea. Therefore, S3 selection regime was adapted for
recovery of kanamycin resistant shoots in all subsequent experiments. The concentration
and timing for the selection process are important factors that determine the efficiency of
transformation (Tee et al. 2003). Application of short duration and timely selective
pressures has resulted in rapid and efficient production of normal transgenic plants in plum
(Padilla et al. 2003), apple (James et al. 1989) and recalcitrant turfgrass (Cao et al. 2006).

All the rooted plantlets transferred to soil survived, grew to maturity and produced
seeds in transgenic greenhouse containment (Fig. 5.3c). The seeds were collected, sown in
soil and T plants were raised.

5.3.3 PCR analysis and efficiency of selection regimes

The PCR analysis detected the presence of the expected 540 bp and 1 kb amplified product
corresponding to nptll and crylAc respectively (Fig. 5.5a, b) in kanamycin-resistant Ty
transformed plants. No amplification was detected in the control untransformed plants. PCR
analysis was correlated with the efficiency of different selection regimes in recovering
stable transformed plants (Table 5.1). In general, removal of kanamycin selection pressure
accompanied with reduction in BAP dosage (S3) resulted in maximum numbers of selected
plants (41.6%) transformed in nature as revealed by PCR analysis (Table 5.1). The selection
efficiency of S3 regime was found significantly higher than other tested regimes (Table 5.1)
and 3 fold higher than previous report on kanamycin based selection of cowpea transgenics
(Chaudhury et al. 2007).

5.3.4 Stable gus expression, Southern hybridization and RT-PCR analysis

A strong, uniform and stable gus expression was detected in flower, anthers, pollens and
pistils of PCR-positive Ty plants and no endogenous gus expression was detected in the

tissues of control plants (Fig. 5.3d-k).
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Four PCR-positive Ty transformed plants (lines 1-4) were randomly selected for
Southern blot analysis to confirm the integration of crylAc gene. Hybridizations of DIG-
labeled cry1Ac probe to total genomic DNA digested with Hindlll were expected to identify
DNA fragments unique to individual integration events greater than 5.0 kb (Fig. 5.5c). As
shown in Fig. 5.5c, Southern blot analysis using the cry1Ac gene as a probe revealed that all
the 4 randomly selected T, transgenic plants were found positive for crylAc gene
integration and furthermore, they showed differential integration events, confirming that
these plants were derived from independent transformation events (Fig. 5.5c, lanes 1, 2, 3
and 4). The Ty transgenic plants exhibited simple hybridization patterns that ranged from
single integration event to 3 loci and, in general, most fragments were greater than 5.0 kb
(Fig. 5.5¢). No amplification was detected in the control untransformed plants (Fig. 5.5c,
lane C).

RT-PCR analysis showed the presence of transcripts of transgenes in different Ty
transformants. The amplification of a 0.54 kb fragment of nptil and 1 kb fragment of cry1Ac
confirmed the accumulation of transcripts of both nptl/ and cry1Ac in Totransformants (Fig.
5.5d, e) indicating the absence of gene silencing events. Furthermore, the amplification of
the transgenes sequences from plant cDNA templates in RT-PCR ruled out the possibility of
Agrobacterium contamination.

The stable transformation efficiency was determined based on the number of Ty
plants PCR-positive for BtcrylAc and nptll divided by the total number of explants co-
cultivated. The stable transformation efficiency was evaluated as frequency of To
transgenics positive for crylAc by Southern hybridization. The stable transformation
efficiency of different selection regimes varied from 1.43 to 2.44 with maximum stable
transformation efficiency (2.44) recorded for selection regimes S3 (Table 5.1). The stable

transformation efficiency of S3 was recorded 46.1% higher than our previous report (Solleti
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et al. 2008a, b), 3.2 fold and 2.7 fold more efficient than other reports on cowpea
transformation (Chaudhury et al. 2007; Ivo et al. 2008).

5.3.5 Segregation analysis

A total of 31 transgenic lines were obtained from four selection regimes. Segregation
pattern of crylAc was analyzed on the basis of PCR analysis of cryl1Ac in progeny plants of
11 Ty transformants recovered from S3 selection regime. Presence of the expected 1 kb
amplified product corresponding to crylAc in T; transgenic lines confirmed the inheritance
of crylAc gene (Fig. 5.6). Segregation analysis showed a typical 3:1 segregation ratio for 9
line of Ty lines suggesting a single independently segregating locus (Table 5.2). Two lines of
the To lines (C10 and C11) showed a 15:1 segregation ratio indicative of two loci
segregating independently (Table 5.2).

5.3.6 Cry1Ac expression analysis

The randomly chosen PCR-positive T; transgenic lines were subjected to CrylAc protein
expression analysis by rapid qualitative immunodiagnostic assay and Western
hybridization. The clear appearance of test line in the DesiGen Xpresstrips™ confirmed the
presence of Cry1Ac protein in T; transgenic lines (Fig. 5.7).

Expression of the CrylAc was tested by Western analyses on proteins extracted
from Ti transgenic lines generated from 4 independent transformation events. The
polyclonal antibody detected an expected signal of 68 kDa protein corresponding to Cry1Ac
protein in Ty transgenic lines (Fig. 5.8). No signals for the presence of Cry1Ac were observed
in extracts from non-transgenic plant controls (Fig. 5.8). The Western analysis confirmed
the expression of crylAc in Ti transgenic lines generated from 4 independent
transformation events demonstrating the efficacy of this transformation system in cowpea.
The total time from inoculation of the explants to a transgenic plant established in the

greenhouse was approximately 2 months.
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5.4 Conclusion

In any recalcitrant crop transformation through Agrobacterium-mediated approach, the
major impediments in recovery of transgenic plants lie with either the inefficient T-DNA
delivery to cells competent for regeneration or poor proliferation of the small minority of
transformed cell populations or growth retardation of transformed shoots on selection
medium (Solleti et al. 2008a). From our study, it is clear that an efficient selection regime
based on a short duration and timely kanamycin selection pressure accompanied by
reduction in BAP dosage in cowpea rapidly evokes its responses, leading to significant
increase in stable transformation efficiency by as high as 48.7% (~50%) as compared to the
previous reports in cowpea. The formulated selection regime allowed generation of a large
number of phenotypically normal fertile transgenic plants expressing BtcrylAc. The Ty
transformed plants reported here showed integration of cry1Ac, expression in RT-PCR. The
crylAc was transmitted in a Mendelian fashion in transgenic plants. The rapid
immunodiagnostic strip assay and Western hybridization studies confirmed the expression
of CrylAc protein in T; transgenic lines. The transgenic cowpea plants overexperssing
crylAc could represent a good opportunity to analyze the impact of cry1Ac for resistance to
its target insects. Our protocol that addressed the key factor for recalcitrance of cowpea to
Agrobacterium-mediated transformation should permit improvement in recovery of stable

transgenic plants in other recalcitrant grain legumes.
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Fig. 5.1 Schematic construction of pSouv:crylAc (14.5 kb). The 2.9 kb (EcoRI-HindIIl)
fragment containing Btcry1Ac under control of CaMV 2X35S promoter and NOS terminator
was released from plAcPRD and cloned at the EcoRI-HindIll sites of T-DNA of
pCAMBIA2301. The resulting construct was designated as pSouv:crylAc. LB and RB: left
border and right border of T-DNA region, NOS T: nos terminator, 2X35P: double 35S

promoter, nptll: neomycin phosphotransferase II
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Selection regimes for cowpea transformation
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Fig. 5.2 Flow diagram showing the different selection regimes using kanamycin after 3-d
coculture of explants with A. tumefaciens EHA105pSouv:cry1Ac. For media abbreviations,

see text
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Fig. 5.3 Transient and stable gus expression and regeneration of transgenic plants. (a)
cotyledonary node showing transient gus expression after 3 days of cocultivation (Bar 5
mm), (b) In vitro rooting of elongated transformed shoot (Bar 10 mm), (c) acclimatized
plant maintained in transgenic green house (Bar 15 cm), (d) non-transformed control
flower (Bar 7 mm), (e) transformed flower (Bar 7 mm), (f) control pistil (Bar 5 mm), (g)
transformed pistil (Bar 8 mm), (h) control anthers (Bar 8 mm), (i) transformed anthers (Bar

8 mm), (j) control pollens (Bar 3 mm), (k) transformed pollens (Bar 3 mm)

TH-1062_06610608



Chapter 590

g} 60 04 __
'IE E
= 50 - oot
2 03 £
5 o
P 40 =
3 o
0 _ o
2R 30 0.2 €
S
— =
= 1)
% 20 - c
@
‘E - 0.1 :
ﬂ 10 7 g
o £
o 7
a 04 L 0.0

S1 s2 S3 S4
Selection regimes

Fig. 5.4 Effect of different selection regimes on degree of tissue browning and increase in

shoot length
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Fig. 5.5 Molecular analysis of transgenic plants. (a-d) analysis of Totransgenic plants, (a)
PCR amplification of the 540 bp fragment of the nptil gene, (b) PCR amplification of the 1 kb
fragment of the cry1Ac gene. Lane M molecular weight marker; lane P pSouv:cry1Ac plasmid
DNA (positive control); lane C DNA from untransformed plant (negative control); lanes 1-8
DNA from independently transformed plants, (c) Southern blot hybridization analysis of
junction fragments of four randomly selected PCR-positive Ty lines. The plasmid and
genomic DNA were digested with Hindlll, and hybridized with crylAc probe. Lanes 1-4
genomic DNA from four Ty lines, lane C genomic DNA from untransformed plant, lane P
HindIll digested pCAMBIA2301crylAc, (d) RT-PCR analysis of nptil gene (e) RT-PCR
analysis of crylAc gene. Lane M molecular weight marker; lane C untransformed plant

(negative control); lanes 1-6 T transgenic plants.
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Fig. 5.6 PCR amplification of the 1 kb fragment of the crylAc gene of T: plants. Lane M
molecular weight marker; lane P pSouv:cry1Ac plasmid DNA (positive control); lane C DNA

from untransformed plant (negative control); lanes1-10: DNA fromT; transgenic plants
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*+—Testine

Fig. 5.7 Rapid immunodiagnostic test for detection of CrylAc in T;transgenic lines using
DesiGen Xpresstrips™. C no test line appeared from control plants after lateral flow assay;

(1-2) transgenic lines showed test line signifies the presence of Cry1Ac
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68 kDa

Fig. 5.8 Detection of CrylAc protein by Western blotting analysis in T, transgenic cowpea
leaves. M: Protein molecular weight marker, lanes 1-4: crylAc transgenic lines (CT1A,

CT1B, CT1C and CT1D) respectively, lane 5: non-transformed plant
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Table 5.1 Effect of selection regimes on frequency of transformation in cowpea

Selection Rooting Selection Stable transformation
regime efficiency (%) efficiency (%) efficiency (%)
S1 31.5d 32.44 1.43cd
S2 42.5¢ 33.3¢ 1.55¢
S3 100a 41.62 2.44a
S4 81.5b 34.5b 2.00p

Each value in the table is the average of the three replicates. Values sharing the same letters
in each column are not significantly different from each other at p=0.05.

Selection efficiency (%) = No. of PCR-positive plants per no. of explants survived selection
Stable transformation efficiency (%) = Number of To plants PCR-positive for BtcrylAc and

nptll divided by the total number of explants co-cultivated
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Table 5.2 Segregation of cry1Ac gene in T, progeny of transgenic cowpea plants

To Number of T; plants tested X2 value Expected
plants for cry1Ac Ratio
Total crylAc+ve crylAc-ve
C1 41 29 12 0.39 3:1
C2 27 18 8 0.47 3:1
C3 35 24 11 0.77 3:1
C4 33 23 10 0.12 3:1
C5 27 19 8 0.31 3:1
C6 38 26 12 0.88 3:1
C7 18 12 6 0.67 3:1
C8 45 31 14 0.89 3:1
C9 41 29 12 0.40 3:1
C10 32 2% 3 0.28 15:1
C11 44 40 4 0.61 15:1
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Investigation on sonication and vacuum
infiltration assisted Agrobacterium-
mediated transformation in cowpea
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6.1 Introduction

An efficient genetic transformation system could provide a valuable tool for functional
genomics studies of cowpea. Agrobacterium-mediated transformation has been extensively
applied to many crop plants including grain legumes, because this method offers several
advantages such as the defined integration of transgenes, potentially low copy number, and
preferential integration into transcriptional active regions of the chromosome (Koncz et al.
1989; Hiei et al. 1994). Till date, Agrobacterium-mediated transformation of cotyledonary
explants has led to the generation of stable transgenic plants in cowpea (Muthukumar et al.
1996; Popelka et al. 2006; Chaudhury et al. 2007; Solleti et al. 2008a, b). Cotyledonary
explants are preferred for Agrobacterium-mediated transformation of cowpea as T-DNA
delivery to axillary meristem followed by regeneration via adventitious bud formation
minimizes the risks of chimeras and somaclonal variation (Tzfira et al. 1997). However,
cowpea transformation still remains inefficient and consequently, production of transgenic
cowpea is far from being a routine procedure due to poor transformation efficiency and low
numbers of regenerated transgenic plants. Sonication-assisted Agrobacterium-mediated
transformation (SAAT) (Joersbo and Brunstedt 1992; Trick and Finer 1998; Santare’m et al.
1998) and vacuum infiltration (Charity et al. 2002; Park et al. 2005; Paz et al. 2006)
methods have been reported to enhance the efficiency of Agrobacterium-mediated
transformation of recalcitrant plant species. Exposure of the explants to short periods of
sonication in the presence of Agrobacterium carrying desired T-DNA vector is thought to
produce large numbers of micro wounds across the tissue which permits the Agrobacterium
to penetrate deeper and more completely throughout the tissue as compared to the natural
infection obtained during co-cultivation (Trick and Finer 1997; Santare’'m et al. 1998; Tang
et al. 2001; Liu et al. 2005), thus enhancing the bacterial colonization and infection of the

tissue. Performed scanning electron and light microscopy observations revealed that
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ultrasound treatment produces small and uniform fissures and channels throughout the
plant tissue, which allows Agrobacterium access to internal plant tissue (Trick and Finer
1997). SAAT method has been successfully employed in improving transformation of a
number of recalcitrant plants (Oliveira et al. 2009).

Agroinfiltration is an effective method in enabling the regenerating cells, often
located a few cell layers beneath the surface of explants, rapid access to Agrobacterium and
consequently increasing transient transgene expression in many recalcitrant plant species
(Bechtold and Pelletier 1998; Tague and Mantis 2006). This method has been adapted for
the successful transformation of number of recalcitrant plants (Subramanyam et al. 2011).
Although the benefits of sonication and vacuum infiltration during A. tumefaciens-mediated
transformation methods are evident, no effort has been made to apply these methods to
cowpea. In order to improve the Agrobacterium- mediated transformation in cowpea for
routine generation of transgenic plants with candidate genes, we investigated the effect of
sonication and vacuum infiltration on Agrobacterium-mediated transformation of cowpea
cotyledonary node explants. Stable transgenic cowpea plants expressing crylAc were
recovered using both SAAT and vacuum infiltration, which showed presence, integration,
expression and inheritance of transgenes.

6.2 Materials and methods

6.2.1 Plant material and explant preparation

The mature seeds of cowpea were surface sterilized and cultured on MSBs medium [MS
salts (Murashige and Skoog 1962) + B5 vitamins (Gamborg et al. 1968)] supplemented with
3% sucrose (w/v), 0.8% agar agar (w/v) and 10 puM TDZ. Cotyledonary node explants (5-6

mm) were excised from 4-day-old seedlings and used for transformation experiments.
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6.2.2 Binary plasmid, bacterial strain and culture conditions

The binary plasmid pSouv:cry1Ac (Fig. 6.1) was mobilized into Agrobacterium tumefaciens
strain EHA105 and used for transformation experiments. The bacterial inoculums were
prepared as described in Chapter 1 (Section 3.2.4) and was resuspended in liquid co-
cultivation medium, LCM (MSBs medium containing 1 pM BAP, pH adjusted to 5.5)
supplemented with 100 pM acetosyringone and used for inoculation.

6.2.3 Inoculation of explants with A. tumefaciens

For each experiment, 30-40 explants were subjected to wounding treatment either by
mechanical injury with needle or by sonication, and inoculated in bacterial suspension by
occasional shaking for 30 min or by vacuum infiltration. The explants inoculated in bacterial
suspension without prior wounding treatment were considered as control. After inoculation
in all cases, explants were blotted on a sterile filter paper to remove excess liquid and
cocultivated for 3 days under dark condition at 22°C, in petridishes lined with filter paper
moistened with LCM supplemented with 100 pM acetosyringone. Following cocultivation,
the explants were rinsed three to four times with LCM and blotted dry on sterile filter paper
and placed onto initial multiple shoot induction and selection medium, SISM (MSBs medium
containing 5.0 pM BAP and 0.5 pM kinetin supplemented with 150 mg/l kanamycin and 500
mg/] cefotaxime) for 20 days with three rounds of subculture at an interval of 5, 7 and 8
days, respectively.

6.2.4 Wounding and SAAT treatments

The cotyledonary node explants were wounded at axils by puncturing approximately 1.5
mm in depth with a sterile hypodermic needle (0.56 mm in diameter.) prior to inoculation
with Agrobacterium cell suspension. For SAAT, the explants were immersed in 15 ml flat
bottom glass culture tubes (Borosil, India) containing 6 ml of Agrobacterium cell

suspension. The tubes were capped, placed in a float at the center of a bath-type sonicator
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(Telsonic ultrasonic TPC-40, Switzerland) and then subjected to ultrasound at a frequency
of 30 kHz. The treatments differed as to sonication duration (5, 10, 15, 20, 25, and 30 s).
Following sonication, explants were removed from the tubes, placed on sterile filter paper
surface to blot off excess bacteria and then transferred to co-cultivation medium.

For vacuum infiltration experiment, the explants with or without wounding and 20 s
sonication treatments were placed in vacuum system consisted of a vacuum pump at 600
mm Hg (Rocker 400, Tarson, India) to which a desiccators was attached. Glass petri dishes
containing explants immersed in Agrobacterium cell suspension were placed in the
desiccator and vacuum was applied for different durations (2.5, 5, 10, 15 and 20 min).

The best treatments achieved in SAAT and vacuum infiltration experiments were
combined to evaluate the effect of sonication followed by vacuum infiltration in contrast to
the use of these methods alone.

In all experiments, the frequency of transient GUS expression was analyzed after 3
days of co-cultivation. The optimal wounding, sonication and vacuum infiltration
treatments were determined as the levels that led to a perceived increase in GUS positive
foci in explants at the site of regeneration without any perceived decrease in explant
viability. Control treatments consisted of explants either uninoculated or inoculated with
Agrobacterium without wounding, sonication and vacuum infiltration treatments.

6.2.5 Histochemical GUS assays

GUS activity was visualized using the histochemical assay (Jefferson 1987). Transient
expression of GUS was scored on a per explant basis by estimating the number of blue foci
visible on the axillary region of each cotyledonary node explant. The blue foci were the

discrete areas of cells with GUS activity.

TH-1062_06610608



Chapter 6]101

6.2.6 Shoot recovery

Following three rounds of kanamycin selection on SISM, the survived explants were
transferred to SIEM [shoot induction and elongation medium (MSBs medium containing 5.0
uM BAP, 0.5 uM kinetin and 500 mg/] cefotaxime)] and cultured for 10 days for optimal
elongation and selective regeneration of transformants. Elongated putative transformed
shoots (> 1.5 cm) were transferred to rooting medium (MS + 2.5 pM IBA) devoid of any
antibiotics for root induction. Rooted putative transformed plants were transferred to pots
containing sterile soil:compost (1:1) and were acclimatized in greenhouse containment for
3 weeks.

6.2.7 Evaluation of transgenic plants

Molecular characterization of the transformants was carried out by PCR, Southern
hybridization, GUS histochemical analysis of different plant tissues, RT-PCR, ELISA and
Western blot hybridization analysis for confirmation of the presence, integration,
expression and inheritance of the introduced genes.

6.2.7.1 Stable GUS assay

Stable gus expression was detected in various plant parts including flower, anthers, pollens
and pistils following the histochemical procedure as described previously.

6.2.7.2 Screening of putative transformed plants using polymerase chain reaction
(PCR)

Genomic DNA was isolated from the young leaves of Ty putative transformants and T;
transgenic plants using the modified CTAB method (Solleti et al. 2008a). PCR amplification
was carried out with gene specific primers for nptll and BtcrylAc using genomic DNA from
putative transformed plants, non-transformed control plants (negative control) and
pSouv:crylAc (positive control) as templates. The 540 bp region of nptll and 1 kb coding
region of BtcrylAc were amplified using respective gene specific oligonucleotide primers.

The amplification reaction was carried out following the conditions described previously
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(Chapter 5; section 5.2.4.2). The amplified products were resolved by electrophoresis on
1% agarose gel and visualized by ethidium bromide staining (Sambrook et al. 1989).

6.2.7.3 Southern hybridization

Randomly selected PCR-positive Ty transgenic cowpea plants were further analyzed by
Southern hybridization for the integration of the crylAc. 10 pg samples of genomic DNA
from non-transformed control and transgenic plants were digested with HindIll. The
digested samples were fractioned on a 0.8% agarose gel and transferred to Zeta-Probe
membrane (Bio-Rad, USA). The blot was hybridized with DIG-labeled 1 kb PCR product,
corresponding to the coding region of crylAc gene. The probe labeling and Southern
hybridization were performed using the nonradioactive DIG Labeling and Detection system
(Roche, Germany) following supplier’s instructions.

6.2.7.4 Qualitative reverse transcription (RT)-PCR analysis

Total RNA was isolated from the PCR-positive transgenic To plants using Trizol Reagent
Invitrogen, USA) from 100 ng of leaf tissue according to the manufacturer’s instructions.
The integrity of RNA was verified by visualizing the RNA bands on 1.5% denaturing agarose
gel (Sambrook et al. 1989). RT-PCR was carried out using First Strand cDNA Synthesis Kit
(Fermentas, USA) according to the manufacturer’s instructions. PCR of the coding
sequences of BtcrylAc gene in the cDNA was carried out using respective primers as
described earlier.

6.2.7.5 Western blot hybridization

Proteins were extracted from 1 g of young leaves of Ty transgenic plants and the protein
concentration was determined by the method of Bradford (1976). 30 pg of protein was
fractionated on 12% acrylamide gels with sodium dodecyl sulfate (SDS-PAGE) and blotted
on to a PVDF membrane by electro transfer blotting unit. The bloting and the hybridization

protocol was described earlier (Chapter 5; Section 5.2.7).
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6.2.7.6 Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed to quantify the accumulated levels of Cry1Ac protein in Ty transgenic
plants using Desigen Quan T-ELISA-96 well plate kit (Desigen, Maharashtra, India)
following manufacturer’s protocol. Total protein was extracted using supplier’s instruction.
For the estimation of CrylAc, the 96-well titre plate was coated with 150 ul per well
(1:1,000) of goat anti-Cry1Ac antibodies. The plate was then loaded with 100 pl samples
and buffer was used in control wells. The plate was incubated at 37°C for 1.5 h, followed by
washing with wash buffer twice. After washing, the plate was incubated with alkaline
phosphatase conjugated secondary antibodies at a dilution of 1:1,000 with 250 pl per well
for 45 min at 37°C. The plate was then washed with wash buffer twice and 250 pl of freshly
prepared substrate (p-nitro phenyl phosphate, 1 mg/ml) was added per well. The plate was
incubated at room temperature in the dark for 30 min and reaction was stopped and
readings recorded at 405 nm in a micro plate reader (Tecan, Switzerland).

6.2.8 Segregation analysis

The leaves of T1 transgenic plants generated from eight independent transformation events
were analyzed for the presence of nptil and BtcrylAc genes using PCR, as described earlier.
Segregation patterns were analyzed with the Chi-square test (x2) as described by Solleti et
al. (2008b).

6.2.9 Data analysis

Data were subjected to analysis of variance (ANOVA) and mean separation by Duncan’s
multiple-range test (DMRT) using single-factor completely randomized block design in
order to study the effect of different treatments on frequencies of transient expression. All
experiments were performed at least three times with a minimum of 30-40 explants per

treatment.
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6.3 Results and discussion

6.3.1 Effect of wounding

Efficient Agrobacterium-mediated transformation requires optimal delivery of the T-DNA to
regenerable cells of the explants. Wounding of explants allows Agrobacterium to better
access plant cells as it stimulates the production of potent vir gene inducers, like phenolic
substances and enhances the plant cell competence for transformation (Stachel et al. 1985;
Shimoda et al. 1990; Bidney et al. 1992). Only plants with an appropriate wound response
develop larger populations of wound adjacent competent cells for regeneration and
transformation (Potrykus 1991). Although excessive wounding is probably detrimental to
stable transformation, the frequency of gene transfer via Agrobacterium-mediated
transformation in recalcitrant species can be significantly enhanced by inducing wounds in
the target tissue (Bidney et al. 1992). In cowpea, infection of cotyledonary node explants
with most effective supervirulent A. tumefaciens strain EHA105, in absence of injury
treatment resulted in 85% transient GUS expression frequency (Solleti et al. 2008a).
However, the accounted GUS foci were located mostly at the cotyledons detachment site of
cotyledonary node explants, and not at the regenerating site. The low stable transformation
efficiency, 1.64% in cowpea (Solleti et al. 2008a) could be attributed to poor conversion of
transient transformation to stable transformation. Wounding of regenerating sites of the
cotyledonary node explants of cowpea by a hypodermic needle and co-cultivation with A.
tumefaciens resulted in more efficient transient expression especially on needle wounded
explants, mainly in terms of the percentage of explants showing GUS foci at the regenerating
sites as compared to unwounded explants infected with A. tumefaciens (Fig. 6.2). This
clearly indicated that higher transient transformation of regenerating cells of meristematic
tissue-based explants such as cotyledonary nodes, required an efficient wounding

treatment. Wounding at the regenerating sites before co-cultivation allowed better bacterial
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penetration into the regenerating cells of cotyledonary node explants, facilitating the
accessibility of plant cells for Agrobacterium infection. Such mechanical wounding
treatments greatly enhanced transformation efficiency in a number of plant species
including recalcitrant grain legumes (Roome 1992; Rohini et al. 2005; Supartana et al. 2006;
Saini and Jaiwal 2007).

6.3.2 Effect of sonication and vacuum infiltration

To identify more efficient methods to improve access of Agrobacterium and also to create an
area of wounding to induce cotyledonary node cells and to produce phenolic compounds for
vir gene induction in cowpea, we evaluated the effect of sonication and vacuum infiltration
on A. tumefaciens-mediated transformation of cotyledonary node explants. These
treatments have the potential to increase transformation efficiency by improving
penetration of Agrobacterium cells into the cell layers beneath the epidermis of
cotyledonary node region. This is an important criterion as regenerating cells of
cotyledonary node explants are positioned a few cells layers beneath the surface at the axils
in Vigna species including cowpea, mungbean and blackgram (Sahoo and Jaiwal 2009). A
control experiment with explants without inoculation with Agrobacterium was designed to
determine whether these treatments could be used without a negative effect on shoot
regeneration from cotyledonary node explant. Sonication was very effective in increasing
transient GUS expression frequency (Figs. 6.3, 6.4a). With the increase in sonication
treatment time, the number of transiently transformed explants increased significantly with
a maximum of 79% of the explants showing GUS foci at the regenerating sites when
sonication treatment was prolonged to 20 s (Figs. 6.3, 6.4a). The number of GUS foci
appeared to be quite variable among cotyledonary node explants. At lower sonication
treatment time (10-20 s), the GUS foci were well defined, corresponding to probably one or

a collection of small individual spots (Fig. 6.3a-f). With the increase in sonication treatment
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time beyond 20 s, a diffuse GUS expression was presented all over the surface of the
cotyledonary node explants, making the quantification of the number of foci difficult (Fig.
6.3g-h). Moreover, with increase in sonication treatment time to 30 s, the untransformed
explants showed a decrease in their bud-forming capacity indicating that longer sonication
treatment compromised viability of regenerating cells. SAAT has been used to enhance
stable transformation of many recalcitrant plant species including soybean (Trick and Finer
1998), loblolly pine (Tang 2003), black locust (Zaragoza’ et al. 2004), sweet potato (Wang et
al. 2006), rice (Yookongkaew et al. 2007), Chenopodium rubrum (Flores Soli’s et al. 2007),
chickpea (Pathak and Hamzah 2008), flax (Beranova’ et al. 2008) and Theobroma cacao
(Silva et al. 2009).

We attempted various time intervals of vacuum infiltration of explants at 600 mmHg
in an Agrobacterium suspension, and of the different time intervals tested, a 5 min vacuum
infiltration resulted in a maximum of 93% transient transformation efficiency as accounted
on the basis of number of explants showing GUS foci at the regenerating sites (Fig. 6.4b).
Vacuum infiltration of cotyledon explants of Pinus radiata in an Agrobacterium suspension
has allowed Agrobacterium to penetrate several layers deep through the sub-epidermal
layer to mesophyll cells and vascular tissues (Charity et al. 2002), although the cells buried
several layers deep, were not necessarily those that would induce shoots (Yeung et al.
1981). The vacuum infiltration of Agrobacterium has been successfully used to produce
transgenic plants of model plant Arabidopsis (Clough and Bent 1998), and recalcitrant crop
species including wheat (Cheng et al. 1997), mungbean (Jaiwal et al. 2001), pinus (Charity et
al. 2002), cotton (Leelavathi et al. 2004), kidney bean (Liu et al. 2005), coffee (Canche-Moo

etal. 2006), chickpea (Indurker et al. 2010) and banana (Subramanyam et al. 2011).
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6.3.3 Combined treatment of sonication and vacuum infiltration
In order to evaluate the combined action of sonication and vacuum infiltration on transient
transformation, the effect of 20 s sonication and 5 min vacuum infiltration was tested as
compared to the two treatments separately. The combination of 20 s sonication followed by
5 min vacuum infiltration resulted in maximum frequency of cotyledonary node explants
expressing GUS at the regenerating sites (Fig. 6.4c). Sonication coupled with vacuum
infiltration has increased transient and stable transformation of radish (Park et al. 2005),
kidney bean (Liu et al. 2005), citrus (Oliveira et al. 2009), Fraxinus pennsylvanica (Du and
Pijut 2009), chickpea (Indurker et al. 2010) and banana (Subramanyam et al. 2011).
6.3.4 Production of transgenic cowpea plants carrying cry1Ac gene
Putative transformed plants were regenerated from cotyledonary node explants, which
were subjected to a combination of 20 s sonication followed by 5 min vacuum infiltration
prior to Agrobacterium co-cultivation, on kanamycin selection medium and established in
greenhouse containment (Fig. 6.5a-g). A strong, uniform and stable gus expression was
detected in flower, anthers, pollens and pistils of PCR-positive Ty plants and no endogenous
gus expression was detected in the tissues of control plants (Fig. 6.5h-0).
6.3.5 Analysis of transgenic cowpea plants
The detection of the expected 540 bp and 1 kb amplified products corresponding to nptil
and crylAc in PCR analysis confirmed the presence of the transgenes in T, transformed
plants (Fig. 6.6a, b). No amplification was detected in the control untransformed plants.
Four randomly selected PCR-positive Ty transgenic cowpea plants were further
screened by Southern analysis to confirm the integration of crylAc gene. Southern blot
analyses of four Totransgenic plants are shown in Fig. 6c. Hybridizations of DIG-labeled
crylAc probe to total genomic DNA digested with Hindlll were expected to identify DNA

fragments unique to individual integration events greater than 5.0 kb (Fig. 6.1). All the four
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randomly selected T, transgenic plants were found positive for crylAc gene and
furthermore, they showed differential integration events, confirming that these plants were
derived from independent transformation events (Fig. 6.6c, lanes 1, 2, 3 and 4). The To
transgenic plants exhibited simple hybridization patterns that ranged from single
integration event to three loci and, in general, most fragments were greater than 5.0 kb (Fig.
6.6c). A signal of size less than 5.0 kb was detected in lane 3 (Fig. 6.6c), suggesting the
possibility of rearrangement of the T-DNA near the left border upon integration into the
plant genome. No hybridization signal was detected in the untransformed plant (Fig. 6.6c,
lane C).

The expression of the cry1Ac genes in leaves of Ty transgenic plants was determined
by RT-PCR analysis. RT-PCR showed the presence of expected transcripts of transgenes in
different Ty transgenic plants. The amplification of a 1 kb fragment of cry1Ac confirmed the
accumulation of transcripts of crylAc in Ty transgenic plants (Fig. 6.6d, e) indicating the
absence of gene silencing events. Furthermore, the amplification of the crylAc sequence
from plant cDNA templates in RT-PCR ruled out the possibility of Agrobacterium
contamination.

The stable transformation efficiency was determined based on the number of Ty
plants PCR-positive for BtcrylAc and nptll divided by the total number of explants co-
cultivated. An average stable transformation efficiency of 3.09 was recorded (Table 6.1),
which was significantly higher than the previously published report on Agrobacterium-
mediated transformation of cowpea using extra copies of vir genes (Solleti et al. 2008a).
6.3.6 Cry1Ac expression analysis
The randomly chosen PCR-positive Ty transgenic lines were subjected to CrylAc protein
expression analysis by Western hybridization and ELISA. The expression of the CrylAc

protein was analyzed in Ty, transgenic lines generated from four independent
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transformation events by Western blot hybridization. A single band of 68 kDa
corresponding to CrylAc toxin protein was detected immunologically in T, transgenic
plants confirming stability of cry1Ac expression. Protein extracts of control nontransformed
plants did not show the 68 kDa protein band (Fig. 6.7a).

The level of expression of CrylAc protein in transgenic lines ranged from 0.001 to
0.089% of the total leaf soluble protein (Fig. 6.7b). The results described above
demonstrated that expression of the crylAc regulated by the double 35S-promoter led to
the accumulation of Cry1Ac protein in transgenic plants.

6.3.7 Segregation analysis

The seeds from Togeneration were advanced to T; generation and the T; transgenic lines
generated from eight independent transformation events were analyzed for the segregation
pattern of crylAc by PCR analysis. Presence of the expected 1 kb amplified product
corresponding to crylAc in Titransgenic lines confirmed the inheritance of crylIAc gene
(Fig. 6.8). The segregation pattern of these selected transgenic events showed typical 3:1
Mendelian ratio as expected for single dominant gene inheritance (Table 6.2).

6.4 Conclusion

In conclusion, an improved Agrobacterium-mediated transformation system was developed
for cowpea by employing sonication and vacuum infiltration was enhanced by 88.4% using
SAAT in combination with vacuum infiltration as compared to simple Agrobacterium-
mediated transformation. This is the first report on cowpea transformation using SAAT and
vacuum infiltration. Furthermore, cowpea transgenics expressing crylAc is reported for the

first time.
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Fig. 6.1 Schematic construction of pSouv:crylAc (14.5 kb). The 2.9 kb (EcoRI-HindIII)
fragment containing Btcryl1Ac under control of CaMV 2X35S promoter and NOS terminator
was cloned at the EcoRI-Hind]Ill sites of T-DNA of pCAMBIA2301. LB and RB: left border and
right border of T-DNA region, NOS T: nos terminator, 2X35P: double 35S promoter, nptll:

neomycin phosphotransferase II
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Fig. 6.2 Effect of mechanical injury by hypodermic needle on transient transformation of
cowpea cotyledonary nodes as evaluated with GUS assay. Control - injury is omitted in
explants. The bars indicate + standard errors. Means followed by the same letter are not

statistically significant at P < 0.05.
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Fig. 6.3 Transient expression of GUS at the regenerating sites of sonication-treated
cotyledonary node explants after 3-days of co-culture. (a) Control (untransformed). (b)
Agrobacterium-treated explants (without sonication treatment). (c-h) sonication treated

cotyledonary nodes (c: 5s, d: 10s, e: 15s, f: 20s, g: 25s and h: 30s). Bar (in all figures): 1mm
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Fig. 6.4 (a) Effect of SAAT treatment duration and (b) vacuum infiltration treatment
duration on transient transformation of cowpea cotyledonary nodes as evaluated with GUS
assay. (c) Effect of different wounding methods on transient transformation of cowpea
cotyledonary nodes as evaluated with GUS assay. C Without wounding. I Injury treatment by
hypodermic needle. S 20 s sonication treatment. V Vacuum infiltration treatment for 5 min.
SV 20 s sonication followed by vacuum infiltration treatment for 5 min. The bars indicate *

standard errors. Means followed by the same letter are not statistically significant at P>0.05
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Fig. 6.5 Transient and stable gus expression and regeneration of transgenic plants. (a)
cotyledonary node explants. Bar 2 mm. (b and c) Transient GUS expression, non-
transformed (control) explants not showing GUS activity (b), cotyledonary node explants
showing transient GUS activity after 3 days of co-cultivation (c). Bar 4 mm. d Shoot
induction from axils of explant after 5-day culture on SISM. Bar 2 mm. (e) Proliferation of
multiple shoots within 4 weeks of culture. Bar 10 mm. (f) In vitro rooting of elongated
transformed shoot. Bar 12 mm. (g) Acclimatized plant maintained in transgenic green
house. Bar 10 cm. h Non-transformed control flower. Bar 7 mm. (i) Transformed flower. Bar
7 mm. (j) Control anthers. Bar 8 mm. (k) Transformed anthers. Bar 8 mm. (1) Control pistil.
Bar 8 mm. (m) Transformed pistil. Bar 8 mm. (n) Control pollens. Bar 3 mm. (o)

Transformed pollens. Bar 3 mm
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Fig. 6.6 Molecular analysis of To transgenic plants. (a) PCR amplification of the 1 kb
fragment of the cryl1Ac gene, (b) PCR amplification of the 540 bp fragment of the nptll gene.
Lane M A DNA/EcoRI + Hindlll marker, lane P pSouv:crylAc plasmid DNA (positive control),
lane C DNA from untransformed plant (negative control), lane B blank, lanes 1-7 DNA from
independently transformed plants. (c) Southern blot hybridization analysis of junction
fragments of four randomly selected PCR-positive Ty lines. The plasmid and genomic DNA
were digested with Hindlll, and hybridized with crylAc probe. Lanes 1-4 genomic DNA
from four Ty lines, lane C genomic DNA from untransformed plant, lane P crylAc PCR
amplicon. (d) RT-PCR analysis of cry1Ac gene, (e) RT-PCR analysis of nptll gene. Lane M A
DNA/EcoRI + Hindlll marker; lane C untransformed plant (negative control); lane B blank;

lanes 1-8 Ty transgenic plants
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Fig. 6.7 (a) Detection of CrylAc protein by Western blotting analysis in transgenic cowpea
leaves. M Protein molecular weight marker, lanes 1-4 cry1Ac transgenic lines (CT1A, CT1B,
CT1C and CT1D), respectively, lane 5 non-transformed plant. (b) Expression level of
BtCry1lAc protein in transgenic cowpea lines (CT14A, CT1B, CT1C and CT1D) from enzyme-
linked immunesorbent assay (ELISA). Error bars represent + standard error of the means.

Means followed by the same letter are not statistically significant at P>0.05
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Fig. 6.8 PCR amplification of the 1 kb fragment of the crylAc gene of T; plants. Lane M A
DNA/EcoRI + Hindlll marker, lane P pSouv:crylAc plasmid DNA (positive control), lane C

DNA from untransformed plant (negative control), lane B blank, lanes 1-5 DNA from T

transgenic plants
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Table 6.1 Summary of the Agrobacterium-mediated transformation of cowpea
cotyledonary node explants subjected to 20 s sonication followed by vacuum
infiltration for 5 min with Agrobacterium tumefaciens EHA105pSouv:crylAc

Exp. no. No. of explants Transient No. of shoots No. of plants Transformation
inoculated in transformation recovered positive for efficiency® (%)
Agrobacterium  efficiency? (%)  onselection crylAcand
suspension medium nptll genes by

PCR

1 247 91.10 15 8 3.20

2 239 95.00 12 "4 2.93

3 204 92.12 11 6 2.94

4 243 95.10 12 8 3.30

Totalc / 933« 93.33d 50¢ 29¢ 3.094

Averaged

aNumber of explants showing GUS foci at the regenerating sites per number of explants
cocultivated with Agrobacterium tumefaciens EHA105pSouv:cry1Ac

bNumber of plants PCR-positive for crylAc and nptll per number of explants co-cultivated

TH-1062_06610608



Chapter 6119

Table 6.2 Segregation of cry1Ac gene in T, progeny of transgenic cowpea plants

To Number of T; plants tested X2 value Expected
plants for crylAca Ratio
Total crylAc+ve crylAc-ve
C1 52 39 14 0.10 3:1
C2 35 24 11 0.77 3:1
C3 39 27 12 0.69 3:1
C4 55 40 15 0.15 3:1
C5 28 21 7 0.18 3:1
Ccé 43 30 13 0.56 3:1
c7 31 22 9 0.27 3:1
C8 44 40 4 0.61 15:1

a Presence of crylAc was analyzed by PCR
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7.1 Introduction

Cowpea (Vigna unguiculata L. Walp.) is one of the important food legumes widely cultivated
in the semi-arid tropics covering Asia, Africa, southern Europe, Central and South America
(Singh 2002). Cowpea has excellent nutritional attributes containing 24-26% protein and
well balanced essential amino acid composition with high amounts of leucine, lysine and
methionine (Bressani 1985). However, cowpea production is limited by numerous
constraints both biotic and abiotic of which several diseases, insect pests, nematodes, and
parasitic weeds cause significant cowpea yield loss (Shimelis and Shiringani 2010). Losses
due to insect pests alone can exceed 90 percent. Even in cases where modest levels of insect
resistance have been developed in cowpea varieties against some of the insect pests, there
is virtually none with demonstrable resistance against pod borer Maruca vitrata, a serious
field pest of cowpea (Mignouna et al. 2010). The limitations associated with the use of
conventional breeding methods in effectively dealing with cowpea’s pest problem makes
the biotechnological interventions most attractive by engineering the host with candidate
gene, cry1Ab thus providing in built protection against Maruca vitrata.

For this purpose, a highly efficient cowpea transformation is required. The first
cowpea transgenic plants were reported through Agrobacterium-mediated transformation
of cotyledons (Muthukumar et al. 1996) followed by cotyledonary node explants (Popelka
et al. 2006; Chaudhury et al. 2007; Solleti et al. 20083, b; Bakshi et al. 2011). Alternative
target tissues such as shoot apices have also been used for cowpea transformation through
biolistic (Ivo et al. 2008). However, cotyledonary node explants still remain the target tissue
of choice for cowpea transformation due to their competence for prolific shoot regeneration
and T-DNA delivery (Bakshi et al. 2011). In comparison to DNA delivery to cowpea by

particle bombardment, Agrobacterium-mediated transformation was more efficient and
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preferred for its simplicity, cost-effectiveness and frequent single copy gene integration into
the cowpea genome (Bakshi etal. 2011).

Although, cotyledonary explants are most preferred for Agrobacterium-mediated
transformation of recalcitrant cowpea, the transformation efficiency has been reported to
be in a range of 0.05-1.67%. In a more recent report, we described a transformation
efficiency of 3.09%., averaged across four experiments starting with a total of 933
cotyledonary node explants (Bakshi et al. 2011). However, a number of different
modifications were employed during the study including employment of sonication and
vacuum infiltration in order to improve access of Agrobacterium to regenerating cells,
located few cell layers beneath the epidermis of cotyledonary node region. Although these
treatments consequently increased the number of cells transiently expressing transgenes,
the method is still complex to generate numerous independent transgenic events with
candidate genes to allow the selection of those with the appropriate level of gene
expression. Furthermore, absence of a reproducible, simple and highly efficient
transformation technology in cowpea will be a major impediment in developing of
resources for functional genomics studies, such as T-DNA insertion mutants that require
thousands of independent transgenic lines.

In the present study, we examined the potential of newer explants, split
cotyledonary nodes and effect of dose and duration of preconditioning of source seedlings
with cytokinin on multiple shoot induction in order to significantly improve the
regeneration rate. Furthermore, the regeneration system was combined with a
straightforward Agrobacterium-mediated transformation, for the first time in cowpea, in the
pursuit of developing a robust, simple, rapid and highly efficient method for recovery of
transgenic plants. The procedure yielded large numbers of independently transformed

cowpea plants expressing crylAb gene with average transformation efficiency of 5.01%,
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opening avenues for targeted expression of a number of desirable genes for varietal
improvement as well as development of functional genomics resources in cowpea.

7.2 Materials and methods

7.2.1 Pretreatment of seedlings and explant preparation

Mature seeds of cowpea cultivar Pusa Komal (IARI, New Delhi) were surface-sterilized
(Solleti et al. 2008a) and inoculated in MSBs medium containing different concentrations (0,
5, 10 and 20 pM) of TDZ or BAP for 2-6 days. Seeds cultured in hormone free media were
considered as control. Whole cotyledonary nodes were excised from aseptic seedlings by
detaching primary leaves and epicotyls leaving approximately 5-6 cm long hypocotyls intact
(Fig. 7.1). The resulting cotyledonary nodes were sliced longitudinally through both the
axils with sterile surgical blades to produce two split cotyledonary nodes (Fig. 7.1) and

used for multiple shoot induction.

7.2.2 Multiple shoot induction and plant regeneration
The explants were cultured horizontally with their cut surface slightly embedded in the
multiple shoot induction medium. In the first set of experiment, explants excised from
control seedlings (untreated) were cultured in three different regeneration medium, MSBs
medium containing i) 5 uM BAP [M1], ii) BAP (5 uM) and kinetin (0.1 puM) [M2], and iii) BAP
(5 uM) and kinetin (0.5 uM) [M3] for shoot multiplication. In the second set of experiment,
both the effect of cytokinin (TDZ and BAP) preconditioning at different dose (0, 5, 10 and 20
uM) and for different duration (2-6 days) was tested. Explants excised from pretreated
seedlings were cultured onto three different regeneration media (M1, M2, M3) for shoot
multiplication. In both sets of experiments, after 2 weeks, shoots were separated from the
cultured explants and transferred individually to fresh medium for elongation.

MSBs medium supplemented with 3% (w/v) sucrose and 0.8% (w/v) agar (Hi-

Media, Mumbai, India) was used throughout this study, including rooting experiments. The
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pH of the medium was adjusted to 5.8 with 1 N NaOH or HCI prior to autoclaving at 121°C at
15 psi for 15 min. TDZ was filter sterilized and added to the medium after autoclaving and
BAP was added prior to autoclaving.

Regeneration response was recorded based on the mean number of shoots per
explant multiple shoot frequency. Shoot multiplication data was recorded after every
passage of 2 weeks. The experiments were designed as four-factorial: the type of cytokinin
(BAP and TDZ), dose of cytokinin (0, 5, 10 and 20 uM), duration of exposure (2-6 days)
during seedling pretreatment and the type of medium (M1, M2 and M3) used for shoot
multiplication to select the best media for maximum shoot multiplication. All experiments
were set up in a completely randomized design and repeated thrice with a minimum of
thirty replicates employed for each treatment. The data were subjected to analysis of
variance (ANOVA) to detect significant difference between means. Significant differences
were compared manually using Duncan’s multiple range test at P=0.05.

Regenerated shoots (1.5-2.5 cm) were transferred to MS basal medium for rooting.
After 2 weeks of culture, the rooted plantlets were washed thoroughly in running tap water
and then transferred to plastic pots containing sterilized soil and vermiculite (1:1). For
acclimatization, pots were covered with transparent plastic bags to avoid dessication. The
plastic bags were gradually removed in 2 weeks, plants were maintained in the greenhouse,
and the percentage of survival was recorded. After 4 weeks, plants were transferred to pots
containing soil:compost (1:1) and grown to maturity. The percentage survival was recorded
15 days after transfer to greenhouse.

7.2.3 Establishment of selection system
Prior to transformation experiments, a threshold concentration of kanamycin for selection
of putative transformed shoots was determined by culturing the explants on M3 medium

supplemented with different concentrations of kanamycin (25, 50, 75, 100 and 125 mg/1).
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Explants cultured on M3 medium in absence of any antibiotics served as control. The
optimum selection pressure was determined based on the kanamycin dose that allowed
initial proliferation of shoot buds, but bleached them afterwards. The observations were
scored after 2 weeks on selection medium.

7.2.4 Agrobacterium strain, binary plasmid and transformation

A. tumefaciens strain EHA105 harboring the binary plasmid pSouv:crylAb (BtcrylAb
expression cassette cloned in binary vector pCAMBIA2301) (Fig. 7.2) was used for
transformation experiments. The T-DNA of pCAMBIA2301 includes neomycin
phosphotransferase gene (nptll) and -glucuronidase gene (gus) interrupted by catalase
intron, both driven by the cauliflower mosaic virus (CaMV) 35S promoter. The bacterial
suspension was prepared and explants were infected and co-cultivated as per the protocol
described in Chapter 3; Section 3.2.5. The competence of explants derived from both
untreated as well as treated (on 10 pM TDZ) seedlings for transformation was compared.
7.2.5 Shoot recovery

Following co-cultivation, the explants were washed four to five times with sterile double
distilled water and blotted dry on sterile filter paper. The explants were cultured on M3
medium supplemented with 50 mg/l kanamycin and 500 mg/l cefotaxime for selective
regeneration of transformants. Same levels of antibiotics were maintained during
subsequent subcultures. Both regeneration controls (no cocultivation, no selection) and
transformation controls (no cocultivation but selection on kanamycin) were used for all the
experiments and at all cycles of selection. The elongated shoots were rooted in MS medium
supplemented with 2.5 uM IBA and 500 mg/] cefotaxime. The putative transformed plants

were established in soil:compost (1:1) and grown to maturity in greenhouse.
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7.2.6 Histochemical GUS assay

Histochemical GUS staining was performed to verify GUS activity in transgenic cowpea
(Jefferson 1987). Transient expression was examined after 3-days of cocultivation (Bakshi
et al. 2011). Transient expression of GUS was scored on the basis of number of explants
showing GUS expression. Stable gus expression was detected in various plant parts
including flower, anthers, pollens and pistils following the described histochemical
procedure. The efficiency of stable transformation was calculated as the number of PCR
(polymerase chain reaction) positive shoots obtained on kanamycin selection per
inoculated explants.

7.2.7 Evaluation of transgenic plants

Molecular characterization of the transformants was carried out by PCR, RT-PCR, rapid
diagnostic assay and ELISA for confirmation of the presence, expression and inheritance of
the introduced genes.

7.2.7.1 Screening of putative transformed plants using polymerase chain reaction
(PCR)

Genomic DNA was isolated from young leaves of T, putative transformants using the
modified CTAB method (Solleti et al. 2008a). PCR amplification was carried out with gene
specific primers for nptll and BtcrylAb using genomic DNA from putative transformed
plants, non-transformed control plants (negative control) and pSouv:crylAb (positive
control) as templates. The 540 bp region of nptll and 1.86 kb coding region of Btcryl1Ab
were amplified by using respective oligonucleotide primers. The amplification reaction was
carried out under following conditions: 949C for 5 min (1 cycle), 94°C for 1 min
(denaturation), 58°C for 1 min (anneling for nptll) and 60°C for 2 min (annealing for
cry1Ab), 72°C for 1 min (extension) for 35 cycles followed by the final extension at 720C for
7 min (1 cycle). The PCR was performed by using ~100 ng of purified genomic DNA and Taq

DNA polymerase (Genei, Bangalore, India) according to manufacturer’s instruction. The
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amplified products were resolved by electrophoresis on 1% agarose gel and visualized by
ethidium bromide staining (Sambrook et al. 1989).

7.2.7.2 Qualitative reverse transcription (RT)-PCR analysis

Total RNA was isolated from the PCR-positive transgenic To plants using Trizol Reagent
(Invitrogen, USA) from 100 ng of leaf tissue according to the manufacturer’s instructions.
The integrity of RNA was verified by visualizing the RNA bands on 1.5% denaturing agarose
gel (Sambrook et al. 1989). RT-PCR was carried out using First Strand cDNA Synthesis Kit
(Fermentas, USA) according to the manufacturer’s instructions. PCR of the coding
sequences of crylAb gene in the cDNA was carried out using respective primers as
described earlier. The house keeping gene actin was used as a control to indicate the
amount of starting RNA. The PCR products were electrophoresed on 1.0% agarose gels,
detected by ethidium bromide staining, and photographed through the Bio-Rad gel
documentation instrument.

7.2.7.3 Cry1ADb Protein Expression Analysis

To test for the presence of Cry1Ab protein, total soluble protein was isolated from leaves of
transgenic lines using sample extraction buffer (DesiGen, India) according to the
manufacturer’s instructions. Rapid detection of CrylAb gene expression in the leaves of
transgenic plants was carried out using immunodiagnostic Xpresstrips™ (DesiGen, India).
DesiGen Xpresstrips™ are lateral flow devices which detect the Cry1Ab protein in extracts
from plant samples. The protocol is described previously in Chapter 5; Section 5.2.6. The
test line that appears near the sample pad indicates positive for Cry1Ab protein. Absence of
test line signifies no expression of Cry1Ab.

7.2.7.4 Enzyme Linked Immunosorbant assay (ELISA)

ELISA was performed to quantify the accumulated levels of Cry1Ab protein in Ty transgenic

plants using Desigen Quan T-ELISA-96 well plate kit (Desigen, Maharashtra, India)
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following manufacturer’s protocol. Total protein was extracted from 5 mg dry leaf powder
using 500 pl of sample extraction buffer. The sample was chilled and spun at 8000 rpm for
15 min and 100 pl of supernatant was used for loading to anti-Cry1Ab pre-coated plate. For
the estimation of Cry1Ab, the 96 well titre plate was coated with 150 pl per well (1:1000) of
goat anti-Cry1Ab antibodies. The plate was then loaded with 100 pl samples and buffer was
used in control wells. The plate was incubated at 37°C for 1.5 h, followed by washing with
wash buffer twice. After washing, the plate was incubated with alkaline phosphatase
conjugated secondary antibodies at a dilution of 1:1000 with 250 pl per well for 45 min at
370C. The plate was then washed with wash buffer twice and 250 pl of freshly prepared
substrate (p-nitro phenyl phosphate, 1 mg/ml) was added per well. The plate was incubated
at room temperature in the dark for 30 min and reaction was stopped and readings
recorded at 405 nm in a micro plate reader (Tecan, Switzerland).

7.2.8 Segregation analysis

The leaves of T: transgenic plants generated from twelve independent transformation
events were analyzed for the presence of crylAb genes using PCR, as described earlier.
Segregation patterns were analyzed with the Chi-square test (x2) as described by Solleti et
al. (2008b).

7.3 Results and discussion

Development of a high-throughput Agrobacterium mediated cowpea transformation
technology is dependent on the establishment of a protocol for proficient multiple shoot
differentiation, shoot development and whole plant regeneration from tissues competent
for transformation. We evaluated the organogenic potential of split cotyledonary nodes of
cowpea, derived from pre-treated seedlings, using shoot multiplication media with three

different combinations of cytokinins.
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7.3.1 Effect of seedling preconditioning on direct organogenesis and plant
regeneration
Seeds cultured on MSBs medium germinated normally whereas those cultured on media
supplemented with either TDZ or BAP (0, 5, 10 and 20 uM) germinated with thickened
seedlings, stunted and enlarged cotyledons, swelled cotyledonary nodes, and thick and
short roots. The explants from untreated seedlings showed least response in shoot
regeneration media (Fig. 7.3) as compared to the explants from seedlings treated with
either TDZ or BAP which showed significant increase in regeneration of shoots irrespective
of the shoot multiplication medium used (Fig. 7.3a, c, e). Therefore, the effect of cytokinin
dose and duration of seedling pretreatment on regeneration response of explants on
different shoot multiplication medium were evaluated. Although preconditioning in either
TDZ or BAP enhanced mean shoot number by 2.5-7.5 fold, TDZ at equimolar dose of BAP
exerted 1.5 to 3 fold increase in mean shoot number. Among the different dose of TDZ and
BAP tested for seedling preconditioning, maximum mean number of shoots (16.11 shoots)
were induced from explants of seedlings pretreated with 10 uM TDZ (Fig. 7.3c). Further
increase in TDZ concentration to 20 pM, reduced the number of shoots induced per
explants. Moreover, shoots formed as a cluster, and it took a much longer time for the
cluster to develop into individual shoots. Consequently, seedlings preconditioned with 10
uM TDZ was used for all experiments for optimal multiple shoot induction. The dose
dependent positive effect of seed pretreatment in TDZ on shoot multiplication efficiency of
split cotyledonary node explants in cowpea clearly reaffirmed the role of seedling
preconditioning on shoot organogenesis of explants.

Among the different pretreatment durations, 4 days pretreatment in either TDZ or
BAP induced higher mean number of shoots as compared to 2- or 6-days pretreatment (Fig.

7.3). Longer pretreatment duration (6 days) in either TDZ or BAP showed no significant
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improvement in mean number of shoots (Fig. 7.3e, f). Four days pretreatment in 10 uM TDZ
was found optimal for maximum shoot induction and therefore, used in all subsequent
regeneration and transformation studies.

7.3.2 Effect of culture media on shoot proliferation

The frequency of the regeneration and mean number of shoots were affected by the size and
type of the explants. In the present study, the effects of three different media supplements
were investigated on shoot regeneration from split cotyledonary node explants. The results
showed significant differences in shoot regeneration response for the various media
supplements. Among them, medium containing a combination of 5 pM BAP and 0.5 pM
kinetin induced significantly higher shoot proliferation (Fig. 7.3) as compared to medium
with either 5 uM BAP or a combination of 5 uM BAP and 0.1 uM Kinetin.

After 1 week on regeneration medium, callus began to appear at the bottom of shoot
clusters in the medium (Fig. 7.4b). Therefore, explants needed to be transferred to fresh
medium every week. Once shoot clusters formed, shoots needed to be separated and
transferred to fresh medium in order to elongate, or shoots would deteriorate. The shoots
excised and elongated during successive subculture on the fresh media, formed well
developed roots on MS basal medium within 2 weeks (Fig. 7.4d). Following transfer to soil,
plantlets were successfully hardened with 94% survival (Fig. 7.4e). The regenerated plants
were apparently morphologically normal and flowered normally and set seeds. The entire
procedure from seed germination to establishment of plants under greenhouse conditions
took approximately 5 weeks.

7.3.3 Effect of kanamycin on shoot organogenesis from explants
The split cotyledonary nodes used as explants were susceptible to all the tested
concentrations of kanamycin, whereas green shoots were formed in antibiotic-free

regeneration medium. Nevertheless, the study showed significant difference among
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different kanamycin treatments (Fig. 7.5; 7.6). The regeneration efficiency gradually
declined with increase in kanamycin concentration in the medium (Fig. 7.5). However, a few
explants that regenerated on medium with kanamycin concentration above 50 mg/l on
reculturing on fresh media with same level of kanamycin resulted in inhibition of shoot
proliferation from explants, and the appeared green shoots became chlorotic within 20 days
of incubation (Fig. 7.6¢c-f; Fig. 7.7). Therefore, M3 media with 50 mg/l of kanamycin was
used for selection of transformed shoots.

7.3.4 Recovery of transgenic plants

In the study to establish a selection regime it was observed that, after the first cycle of
selection, the explants in the regeneration control cultures showed induction and
proliferation of green shoot buds in all the explants (Fig. 7.8d) while those on the
transformation control cultures showed formation of shoot buds in few explants (Fig. 7.8c,
d). On further selection, the explants on transformation control cultures showed complete
chlorosis of differentiated shoots (Fig. 7.8c). However, the frequency of shoot regeneration
as well as the number of shoots per surviving explant decreased with each cycle of
selection. To decrease the undue effects of the selection agent with continued exposure on
the putative transformants the concentration of kanamycin in the third cycle of selection
was decreased to 35 mg/1 and a selection regime of 50-50-35 mg/1 was followed.

The primary transformants obtained after the third cycle of selection from 4 sets of
experiments. A total of 161putative transformed shoots that were 2-4 cm in length with 2-
3 distinct nodes were transferred to rooting medium, where the shoots developed roots
after 15-20 days in culture. The frequency of rooting of the primary transformants (82%)
was lower compared with that of the regenerated shoots (97%). About 132 shoots showed

rooting, but a very few rooted shoots failed to survive on acclimatization. The shoots that
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survived on sterile soilrite (Fig. 7.8e) were transferred to soil in pots and left in the
greenhouse.

Under the transformation and selection conditions described here, 153 kanamycin-
resistant plantlets out of 975 infected explants were obtained (15.7%) after one round of
selection; however, after 4 weeks of recurrent 3 rounds of selection, only 132 plantlets were
selected (13.5%). No shoot emerged from control non-infected explants placed on selection
medium. Although the transformation frequency determined as the percentage of
kanamycin-resistant plant regenerated over the total infected explants is not a reliable
measure of transformation efficiency, it provided an indirect measure of this; in this sense,
putative-transformed plants of cowpea were generated at transformation rate of 13.5%.
Almost all transformed shoots were phenotypically normal and rooted 6 weeks after co-
cultivation on rooting media in absence of kanamycin and finally established in greenhouse
containment (Fig. 7.8e).

A strong and uniform GUS expression was detected in flower, anthers, pollens and
pistils of kanamycin resistant putative-transformed plants (Fig. 7.8f-j) confirming the
presence and stable expression of the transgene. No endogenous GUS-like activity was
detected in the tissues of uninfected control plants.

7.3.5 Molecular analysis of putative transformants

Molecular characterization of the Ty transformants was carried out by GUS histochemical
analysis, PCR, RT-PCR, rapid immunodiagnostic assay and ELISA for confirmation of the
presence, integration and expression of the introduced genes.

All the explants showed GUS activity following 3 days of co-cultivation with EHA105
harboring pCAMBIA2301cry1Ab, predominantly in the regenerating sites (Fig. 7.8b) which

was not observed in untransformed control explants (Fig. 7.8a).
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The putative transformants obtained after the 3 cycles of selection were subjected
to PCR with nptll and cry1Ab gene specific primers. PCR amplification of transformants with
the nptll and cry1Ab gene specific primers showed DNA fragments of the expected size of
540 bp and 1.86 kb, respectively, confirming the presence of the introduced DNA in the
transformed shoots (Fig. 7.9a, b). Both nptll and cry1Ab DNA fragments were not detected
in the control (untransformed) plants.

It is not only essential to determine the presence of the transgene but also
important to check the expression of the introduced gene. Transcript detection in leaves of
PCR positive Ty transgenic plants was done through RT-PCR analysis with cryl1Ab gene
specific primers, which showed the expected band size of 1.86 kb, in all 5 plants tested (Fig.
7.9¢), confirming the accumulation of transgene transcripts. Furthermore, the amplification
of the cry1Ab sequence from plant cDNA templates in RT-PCR ruled out the possibility of
Agrobacterium contamination. Amplification was not observed in the control
(untransformed) plants for either nptll or crylAb genes. Both transformed and
untransformed plants showed expression of reference gene actin as indicated from
amplification of 200 bp (Fig. 7.9c). There were no significant differences in the levels of
gene expression.

The stable transformation efficiency was determined based on the number of Ty
plants PCR-positive for crylAb and nptll divided by the total number of explants co-
cultivated. An average stable transformation efficiency of 5.01was recorded (Table 7.1).

The randomly chosen PCR-positive transgenic lines were subjected to CrylAb
protein expression analysis by rapid qualitative immunodiagnostic assay and ELISA. The
clear appearance of test line in the DesiGen Xpresstrips™ confirmed the presence of Cry1Ab
protein in transgenic lines (Fig. 7.10a). The level of expression of CrylAb protein in

transgenic lines ranged from 0.001% to 0.008% of total leaf soluble protein (Fig. 7.10b).
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Such variation in the level of Cry1Ab protein is usually attributed to unpredictable levels of
transgene expression as a consequence of position effects resulting from differences in the
integration site.

The seeds from Ty generation were advanced to T; generation and the T; transgenic
lines generated from 12 independent transformation events were analyzed for the
segregation pattern of cry1Ab by PCR analysis. Presence of the expected 1.86 kb amplified
product corresponding to cry1Ab in T, transgenic lines confirmed the inheritance of cry14b
gene. The segregation pattern of these selected transgenic events showed typical 3:1
Mendelian ratio as expected for single dominant gene inheritance (Table 7.2).
7.4 Conclusion
We report here the development of a simple, robust and highly efficient Agrobacterium-
mediated transformation protocol for cowpea in which split cotyledonary nodes were used
as the explants for the generation of transgenic plants. The plants were induced from split
cotyledonary node explants of cowpea seedlings pretreated with TDZ. To our knowledge,
this is the first report of reproducible production of transgenic cowpea plants using split
cotyledonary node explants as the target for Agrobacterium-mediated transformation, and
also the first report of cryl1Ab expression in transgenic cowpea plants. Cowpea is known to
be stubbornly recalcitrant to genetic transformation by Agrobacterium as evident from low
stable transformation efficiency in published reports (Solleti et al. 2008b). One of the main
bottlenecks in regenerating transformed plants through axillary shoot proliferation from
most preferred target tissue, intact cotyledonary nodes was the limited accessibility of
Agrobacterium to regenerating cells, located few cell layers beneath the epidermis of
cotyledonary node region (Bakshi et al. 2011).

Only two types explants have been previously used in the development of

Agrobacterium mediated transformation protocols for cowpea (Muthukumar et al. 1996;
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Popelka et al. 2006; Chaudhury et al. 2007; Solleti et al. 2008a, b; Bakshi et al. 2011). Our
success in obtaining transgenic cowpea using split cotyledonary node explants is probably
due to the fact that by splitting them in halves, we increased the exposure of actively
dividing plant cells to A. tumefaciens, facilitating infection and subsequent transfer of the T-
DNA into the plant cell. It has been previously shown that host-cell division is required for
successful Agrobacterium transformation (Binns and Thomashow 1988). We found that the
mean shoot number could be dramatically increased by 2.1 fold respectively by
longitudinally cutting cotyledonary node tissues as relative to uncut explants (Solleti et al.
2008a). Explants prepared by longitudinally cutting have been reported to enhance shoot
multiplication in green bean (Franklin et al. 1991), sweet orange and citrange (Yu et al.
2002), sunflower (Hawezi et al. 2003), cotton (Hazra et al. 2002; Guru Prasad et al. 2011)
and common bean (Dang and Wei 2009).

The high-throughput cowpea transformation system developed using split
cotyledonary node as explants would accelerate cowpea genetic improvement program by
transfer of candidate genes for both biotic and abiotic stress tolerance. The protocol would
also lead to the possibility of the development of improved functional genomics tools for
use in cowpea improvement by over-expression or silencing of target genes. In addition,
with routine 5.01% transformation efficiencies, the development of tools such as T-DNA
insertion populations in cowpea would now be a possibility. It is expected that with further
optimisation, even higher efficiencies will be achieved opening up even more possibilities
for transformation based resources in cowpea. Furthermore, the large number of transgenic
cowpea plants expressing crylAb would pave way in verifying the efficacy of CrylAb

proteins against cowpea insects.
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Fig. 7.1 Schematic representation of split cotyledonary node
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Fig. 7.2 T-DNA region (7.8 kb) of pSouv:cry1Ab. LB left border, RB right border, 355P CaMV
35S promoter, CaMV35polyA CaMV35S terminator, NOS nopaline synthase terminator, gus

intron interrupted -glucuronidase, nptll neomycin phosphotransferase II. cry1Ab Bacillus

thuringiensis crystalline protein toxin 1
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Fig. 7.3 Effect of seed pretreatment in the presence of different concentrations (5, 10, 20
uM) of TDZ and BAP, and the duration of pretreatment (2, 4, 6 days) on multiple shoot
induction from split cotyledonary node explants of cowpea (along X-axis: Concentration of

TDZ or BAP in uM, along Y-axis: Mean shoot number).
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Fig. 7.4 Multiple shoot induction and plant regeneration from split cotyledonary node
explants of cowpea (Vigna unguiculata L. Walp) cv. Pusa Komal. (a) 4-d old split
cotyledonary node explant (Bar=3 mm); (b) Shoot induction from explant (Bar=3 mm); (c)
Multiple shoot proliferation on regeneration media (Bar=1 cm); (d) In vitro rooting (Bar=1

cm); (e) Transgenic plant acclimatize into Greenhouse (Bar=10 cm)
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Fig. 7.5 Effect of various kanamycin concentration (0, 25, 50, 75, 100, 125 mg/1) on shoot

regeneration rate
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Fig. 7.6 Selection optimisation for split cotyledonary node explants on various

concentration of kanamycin (0, 25, 50, 75, 100, 125 mg/1)
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Fig. 7.7 Effect of kanamycin concentration on split cotyledonary node regeneration. (a)
Green shoot proliferation on media devoid of kanamycin; (b) Responded explants turned
bleached on media containing 50 mg/l kanamycin; (c) Explants were uncapable to
regenerate on media containing 125 mg/l kanamycin. Data were taken after 15 days of

culture.

TH-1062_06610608



Chapter 7142

Fig. 7.8 Transient and stable gus expression and regeneration of transgenic plants. (a and b)
transient GUS expression, non-transformed (control) explants are not showing GUS activity
(a), cotyledonary node explants showing transient GUS activity after 3 days of cocultivation
(b). Bar=4 mm; (c and d) Selection of transformed explants, (c) Untransformed explants
were bleached on selection media; (d) Shoots were proliferated from transformed explants
when cultured on selection media. Bar=2 cm; e acclimatized plant maintained in transgenic
green house. Bar=10 cm; (f - j) Stable GUS expression in different part of flower of Ty
transgenic plants f non-transformed control flower. Bar=7 mm; g transformed flower. Bar=7
mm; h transformed anthers. Bar=8 mm; i transformed pistil. Bar=8 mm; j transformed

pollens. Bar=3 mm
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Fig. 7.9 Molecular analysis of Ty transgenic plants. (A) PCR amplification of the 540 bp
fragment of nptll gene. Lane M ADNA/HindlIl marker, lane P pCAMBIA2301cry1Ab plasmid
DNA (positive control), lane C DNA from untransformed plant (negative control), lane B
blank, lanes 1-7 DNA from independently transformed plants. (B) PCR amplification of the
1.86 kb fragment of crylAb gene. Lane M ADNA/EcoRl + Hindlll marker, lane P
pCAMBIA2301cry1Ab plasmid DNA (positive control), lane C DNA from untransformed
plant (negative control), lane B blank, lanes 1-7 DNA from independently transformed
plants. (C) RT-PCR analysis of nptll, and reference gene actin, Lane M ADNA/EcoRI + HindIll
marker, lane P pCAMBIA2301cry1Ab plasmid DNA (positive control), lane C DNA from

untransformed plant (negative control), lanes 1-5 Ty transgenic plants
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Fig. 7.10 Detection of CrylAb protein expression in transgenic lines. (a) Rapid
immunodiagnostic test for detection of CrylAb in T, transgenic lines using DesiGen
Xpresstrips™. C no test line appeared from control plants after lateral flow assay; (1-3)
transgenic lines showed test line signifies the presence of CrylAb, (b) Expression level of
BtCry1Ab protein in transgenic cowpea lines (T0-4, T0-7, T0-8, T0-14, TO- 23 and T0-35)
from enzyme-linked immunesorbant assay (ELISA). Error bars represent + standard error

of the means
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Table 7.1 Summary of the Agrobacterium-mediated transformation of cowpea split

cotyledonary node explants

Exp.no. No.ofexplants Transient No. of shoots No. of plants  Transformation
inoculated in transformation recovered on positive for efficiency® (%)
Agrobacterium efficiency? (%) selection cry1Ab genes
suspension medium by PCR

1 245 100 48 12 4.89

2 255 100 51 14 5.49

3 240 99 39 11 4.58

4 235 100 23 12 5.1

Totale/ ~ 975¢ 99.754 40.254 12.25d 5.014

Averaged

aNumber of explants showing GUS expression per number of explants cocultivated with

Agrobacterium tumefaciens EHA105pSouv:cry1Ab

bNumber of plants PCR-positive for cryl1Ab and nptll per number of explants co-cultivated
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Table 7.2 Segregation of cry1Ab gene in T, progeny of transgenic cowpea plants

To Number of T; plants tested X2 value Expected
plants for cry1Aba Ratio

Total crylAb+ve crylAb-ve

C-AB1 43 33 10 0.069 3:1
C-AB2 36 28 8 0.148 3:1
C-AB3 52 40 12 0.101 3:1
C-AB4 28 20 8 0.189 3:1
C-AB5 29 23 6 0.286 3:1
C-AB6 44 31 13 0.484 3:1
C-AB7 51 38 13 0.005 3:1
C-AB8 37 29 8 0.224 3:1
C-AB9 42 30 12 0.285 3:1
C-AB10 37 28 9 0.008 3:1
C-AB11 28 20 8 0.189 3:1
C-AB12 36 33 3 0.266 15:1

a Presence of cry1Ab was analyzed by PCR
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8.1 Introduction

Cowpea (Vigna unguiculata L. Walp) is one of the most important food legumes which
provide quality protein for the world’s poorest and most food-insecure populace in the
underdeveloped and developing nations of Sub Saharan Africa, Asia and Central America
(Shimelis and Shiringani 2010). However, the production of cowpea is severely limited by
biotic constraints which reduce the overall average grain yield losses by 0.37 ton per hecter
(Waddington et al. 2010). Conventional breeding for improvement of cowpea for insect pest
and disease resistance has met with limited success due to narrow genetic base and barriers
in crossing with distant wild species (Fang et al. 2007). Development of reliable genetic
transformation system for cowpea would form the basis to transfer genes for desirable
traits and accelerate crop improvement program by complementing classical breeding
approaches. Furthermore, the robust genetic transformation system would provide a
valuable tool for functional genomics studies of cowpea. However, grain legumes in general
and cowpea in particular are known to be highly recalcitrant to genetic manipulation in in
vitro (Singh and Singh 2010). Absence of robust and efficient genetic transformation system
in cowpea has remained as the bottleneck in targeted improvement for biotic and abiotic
stress tolerance (Obembe 2008).

Possibility of recovering stable transgenic plants of cowpea has been reported
through Agrobacterium-mediated transformation of cotyledonary explants (Muthukumar et
al. 1996; Popelka et al. 2006; Chaudhury et al. 2007; Solleti et al. 2008a, b; Bakshi et al.
2011) and direct DNA delivery to shoot apices by particle bombardment (Ivo et al. 2008).
Using Agrobacterium-mediated transformation of cotyledonary node explants, recently, we
reported the development of transgenic cowpea expressing common bean a-amylase
inhibitor (a-ail) gene for storage pest resistance (Solleti et al. 2008b) and BtcrylAc gene

(Bakshi et al. 2011) towards insect resistance. For the transformation of cowpea, the
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published protocols have utilized the use of the hygromycin phosphotransferase (hpt) gene,
conferring resistance to aminocyclitol antibiotic, hygromycin (Muthukumar et al. 1996) or
neomycin phosphotransferase I (nptll) gene, conferring resistance to aminoglycoside
antibiotics, such as kanamycin (Chaudhury et al. 2007; Solleti et al. 2008b; Bakshi et al.
2011), and geneticin (Solleti et al. 2008a) or of the bar gene, which encodes for
phosphinothricin acetyltransferase and confers resistance to herbicide l-phosphinotricin
(Popelka et al. 2006) or the mutated ahas gene, which encodes for a mutated
acetohydroxyacid synthase and confers resistance to herbicide imazapyr (Ivo et al. 2008).
Although promising results have been obtained, cowpea genetic transformation still
remains far from routine due to the poor selection of transformed shoots on antibiotic- or
herbicide-supplemented medium leading to regeneration of escapes, growth retardation of
selected transformed shoots owing to long-time exposure to stringent selection and
consequently low rooting efficiency of the transgenic plants (Bakshi et al. 2011). During
such negative selection, the majority of the cells in the cultured tissue die. These dying cells
may release toxic substances (such as phenolics), which in turn may impair regeneration of
the transformed cells. In addition, dying cells may form a barrier between the medium and
the transgenic cells, thereby preventing or slowing the uptake of essential nutrients
(Joersbo and Okkels 1996). Furthermore, these few well-characterized selection systems for
higher plants may not work efficiently with all species of interest. In addition, paucity of
selection options can be a constraint for the stacking of multiple transgenes in a given plant
line and consequently may be a barrier to a wider adoption of transformation technology as
retransformation would preclude the use of the same marker gene (Hare and Chua 2002).
Moreover, the use of such markers for selecting transformed plants has continued to
generate widespread public concerns of potential harmful effects to the environment and

human health (Qiao et al. 2010). These include the real or perceived threats of transfer of
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herbicide- or antibiotic-resistant genes to weedy relatives or microorganisms. An additional
consideration is that antibiotic and herbicide resistance genes in widely grown crops may
pose real or perceived threats of transfer to weedy relatives or microorganisms. Although
all evidence indicates that selection genes pose no health threat to human or animal
consumers, there is a definite possibility of poor consumer acceptance of food products
containing antibiotic-inactivating proteins (Zhu et al. 2005). Beside the lack of public
acceptance of transgenic plants primarily due to the perceived health implications of
consuming genetically modified food containing antibiotic resistance genes, the regulatory
authorities demand for the avoidance of such genes. New European laws restrict the
deliberate release of genetically modified plants transformed with marker genes conferring
resistance to clinically important antibiotics (Zhu et al. 2005).

To circumvent problems associated with antibiotic- or herbicide-based selection
systems, methods to either eliminate selection genes from the transformed plants or
strategies to avoid selection of transformed cells with antibiotics and herbicides have been
developed. Among them, methods based on “positive” selection are becoming increasingly
popular. A “positive” selection regimen essentially incorporates a physiologically inert
metabolite as the selection agent and a corresponding selectable marker gene that confers a
metabolic advantage to transformed plant cells to metabolize compounds that are usually
not metabolized by plants (Joersbo and Okkels 1996). One of these methods involves the
use of mannose, a hexose sugar, as the carbon source in media because plants are not able
to metabolize mannose as easily as other sugars (Lee and Matheson 1984). The mannose-
positive selection system favours the regeneration and growth of the transgenic cells
expressing phosphomannose isomerase (PMI) gene, manA while the growth of the non-
transgenic cells is inhibited through carbohydrate starvation (positive selection). The utility

of the pmi from Escherichia coli (Miles and Guest 1984) as a positive selectable marker in
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conjunction with mannose for recovery of transgenic plants has been demonstrated in
number of crops, sugar beet (Joersbo et al. 1998), cassava (Zhang and Puonti-Kaerlas 2000),
maize (Wang et al. 2000; Wright et al. 2001), wheat (Wright et al. 2001), pepper (Kim et al.
2002), sweet orange (Boscariol et al. 2003), pearl millet (O’Kennedy et al. 2004), tomato
(Sigareva et al. 2004), papaya (Zhu et al. 2005), onion (Aswath et al. 2006), almond
(Ramesh et al. 2006), and cucumber (He et al. 2006), maize (Privalle 2002), rice (He et al.
2004), wheat (Wright et al. 2001), barley (Reed et al. 2001), pearl millet (O’Kennedy et al.
2004), pepper (Kim et al. 2002), tomato (Sigareva et al. 2004), apple (Degenhardt et al.
2006), cabbage (Min et al. 2007), sugarcane (Jain et al. 2007), flax (Lamblin et al. 2007),
citrus (Ballester et al. 2008), sorghum (Gurel et al. 2009) and chickpea (Patil et al. 2009).

To our knowledge, the pmi/Man system has not been tested previously in cowpea.
For each new crop, mannose selection system must be optimized for the production of
transgenic plants efficiently. In this chapter, we report the development of an efficient
system with mannose as a selectable agent for the Agrobacterium- mediated transformation
of cowpea.
8.2 Materials and methods
8.2.1 Plant material
Cowpea seeds were surface sterilized (described in Chapter 3; Section 3.2.1) and cultured in
plankton boxes (Tarson, Kolkota, India) containing MSBs medium [Murashige and Skoog
(1962) salts and Gamborg B5 vitamins (1968)], 3% sucrose, and 0.8% (w/v) agar agar
(HiMedia, Mumbai, India) containing 10 pM of TDZ. The cotyledonary nodes (5-6 mm)
excised from 4 days old in vitro raised seedlings were used as explants for transformation

and regeneration.
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8.2.2 Binary plasmid, bacterial strain and culture conditions

The binary vector pNOV2819 (kindly provided by Syngenta, Switzerland) was used for
cowpea transformation (Fig. 8.1). The T-DNA carried the pmi gene under the control of a
400-bp fragment of the Cestrum yellow leaf curling virus constitutive promoter (CMPS). It
contained the essential promoter motifs plus a 62-bp fragment of the leader sequence
downstream of the transcriptional start site (Stavolone et al. 2003). This promoter was
shown to be highly active in vegetative and reproductive tissues of various mono- and
dicotyledonous species (Stavolone et al. 2003). The pNOV2819 vector was mobilised by
triparental mating into the disarmed Agrobacterium tumefaciens strain EHA105 and
maintained on solid YEP medium (An et al. 1988) supplemented with 10 mg/l rifampicin
and 100 mg/l spectinomycin. Prior to transformation, single bacterial colony was
inoculated into 25 ml of liquid AB minimal medium (Chilton et al. 1974) with appropriate
antibiotics and grown overnight at 280C on a rotary shaker at 180 rpm, until optical density
at 600 nm reached to 0.8. The cells were collected by centrifuging at 5,000 rpm for 5 min,
and then the pellet was resuspended in liquid co-cultivation medium, LCM (MSBs medium
containing 1 uM BAP, pH adjusted to 5.5) supplemented with 100 uM acetosyringone prior
to inoculation of the explants.

8.2.3 Explant sensitivity to the selection agent

Cotyledonary node explants were cultured on shoot regeneration medium (SRM) [MSBs
medium containing 5 pM BAP and 0.5 pM kinetin containing 0.8% (w/v) agar-agar, pH 5.8]
supplemented with various concentrations of mannose (0, 5, 10, 20, 30, 40 and 50 g/1) or
sucrose (0, 2.5, 5, 7.5, 10, 20 and 30 g/1) to determine whether cowpea cotyledonary node
explants could metabolize these sugars as the sole carbon source during shoot
organogenesis. The experimental design was completely randomized with three

replications, each consisting of 25 explants, with a total of 75 explants per treatment. After 4
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weeks, the explants were scored for their regeneration response based on the percentage of
explants forming shoots (regeneration efficiency) and percentage of necrotic explants.

8.2.4 Determination of mannose concentration for efficient selection

In order to find out an appropriate selection condition, the explants were cultured on SRM
supplemented with various combinations of sucrose (S) and mannose (M), 2.5:0; 2.5:10;
2.5:20; 2.5:30; 5:0; 5:10; 5:20; 5:30; 7.5:0; 7.5:10; 7.5:20; 7.5:30. For each combination, 30
explants were used with three replicates per treatment. All cultures were incubated at 27°C
with a 16-h photoperiod using cool white fluorescent tubes with an irradiance of 40
pumolm-2s-1. After 4 weeks of culture, the explants were morphologically evaluated for their
regeneration response based on the percentage of explants forming shoots (regeneration
efficiency). A mannose dose-response curve was plotted from these completely randomized
design treatments and data were analyzed.

8.2.5 Transformation and regeneration

The transformation procedure described in a recently published protocol by our laboratory
(Bakshi et al. 2011) was used with few modifications. The explants were subjected to a
combination of 20 s sonication followed by 5 min vacuum infiltration prior to inoculation in
bacterial suspension for 30 min with occasional shaking. The explants were blotted on a
sterile filter paper to remove excess liquid and cocultivated for 3 days under dark condition
at 220C, in petridishes lined with filter paper moistened with LCM supplemented with 100
UM acetosyringone. Following cocultivation, the explants were rinsed three to four times
with LCM and blotted dry on sterile filter paper and placed onto multiple shoot induction
and selection medium, (SISM) [SRM containing 20 g mannose and 5 g sucrose,
supplemented with 500 mg/1 cefotaxime] for 42 days with two rounds of subculture at an
interval of 14 days each. After 6 weeks of culture on selection medium, the surviving shoots

were transferred to the rooting medium (MS + 2.5 uM IBA), containing 30 g/l sucrose
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supplemented with 500 mg/l cefotaxime. Rooted putative transformed plants were
transferred to pots containing sterile soil:compost (1:1) and acclimatized in greenhouse
containment for 3 weeks.

8.2.6 Evaluation of transgenic plants

Molecular characterization of the transformants was carried out by PCR, Southern
hybridization, RT-PCR analysis, and chlorophenol red (CPR) assay for confirmation of the
presence, integration, expression and inheritance of the introduced pmi gene.

8.2.6.1 Screening of putative transformed plants using polymerase chain reaction
Genomic DNA was isolated from young leaves of putative Ty putative transformants and T
transgenic plants using the modified CTAB method (Solleti et al. 2008a). PCR amplification
was carried out with gene specific primers for pmi using genomic DNA from putative
transformed plants, non-transformed control plants (negative control) and pNOV2819
(positive control) as templates. The 1.2 kb pmi coding region was amplified by using
respective 30 mers (Fw: 5-GCACTCGAGCTCTTACAGCTTGTTGTAAAC-3’; Rv: 5'-
GCACTCGAGCATGCAAAAACTCATTAAACTCAG-3") oligonucleotide primers. The
amplification reaction was carried out under following conditions: 94°C for 1 min (1 cycle),
940C for 1 min (denaturation), 62°C for 1 min (annealing), 72°C for 1.5 min (extension) for
35 cycles followed by the final extension at 72°C for 7 min (1 cycle). The PCR was performed
by using ~100 ng of purified genomic DNA and Taq DNA polymerase (Genei, Bangalore,
India) according to manufacturer’s instruction. The amplified products were resolved on a
1% agarose gel and visualized by ethidium bromide staining (Sambrook et al. 1989).

8.2.6.2 Southern hybridization

Randomly selected PCR-positive Ty transgenic cowpea plants were further analyzed by
Southern hybridization for the integration of the pmi gene. Ten pg samples of genomic DNA

from non-transformed control and transgenic plants were digested with HindIll. The
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digested samples were fractioned on a 0.8% agarose gel and transferred to Zeta- Probe
membrane (Bio-Rad, USA). The blot was hybridized with DIG-labeled 1.2 kb PCR product,
corresponding to the coding region of pmi gene. The probe labeling and Southern
hybridization were performed using the nonradioactive DIG Labeling and Detection system
(Roche, Germany) following supplier’s instructions. Pre-hybridization and hybridization
were carried out using high hybridization buffer containing 5XSSC, 1% blocking solution,
0.1% (w/v) N-lauroyl sarcosine and 0.02% (w/v) sodium dodecyl sulfate. Washing and
detection were performed according to the instruction of the DIG labeling and detection
system (Roche Diagnostics, Mannheim, Germany).

8.2.6.3 Qualitative reverse transcription (RT)-PCR analysis for pmi gene expression
Total RNA was isolated from the PCR-positive transgenic Ty plants using Trizol Reagent
(Invitrogen, USA) from 100 ng of leaf tissue according to the manufacturer’s instructions.
The integrity of RNA was verified by visualizing the RNA bands on 1.5% denaturing agarose
gel (Sambrook et al. 1989). RT-PCR was carried out using First Strand cDNA Synthesis Kit
(Fermentas, USA) according to the manufacturer’s instructions. PCR was performed with
cDNA as template using primers specific to the coding sequences of pmi gene as described
earlier. To check the integrity of cDNA and normalise the amount of cDNA template in each
PCR reaction, a PCR product (200 bp) corresponding to the S-actin gene (internal standard)
was amplified with Jatropha curcas actin (Accession no: HM044307.1) primers (Fw: 5'-
ATGAGCTTCGAGTTGCAC-3") and (Rv: 5'-ACCATCACCAGAATCCAG-3"). Amplified products
were resolved on a 1% agarose gel.

8.2.6.4 Chlorophenol red assay

A chlorophenol red (CPR) assay was performed to visually verify PMI activity in transgenic
plants (Wright et al. 2001). Leaf segments of PCR-positive transgenic Ty plants were placed

in separate wells of a multiwall plate containing MS liquid medium supplemented with 15
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g/l mannose (control), pH 6.0, and 50 mg/l chlorophenol red and incubated for 24 hours in
dark at 27°C. Red or purple indicated no enzyme activity whereas yellow or orange
indicated PMI activity due to acidification of medium by the mannose-resistant leaf tissue.
8.2.7 Inheritance of mannose resistance in the progeny of cowpea transformants

The leaves of T: transgenic plants (progeny of greenhouse-grown primary transformants, To
generation) generated from eight independent transformation events were analyzed for the
presence of pmi gene using PCR, as described earlier. Segregation patterns were analyzed
with the Chi-square test (x2) as described by Solleti et al. (2008b).

8.3 Results and discussion

8.3.1 Effects of mannose on shoot formation from cotyledonary node explants

The use of the pmi/mannose selection system in genetic transformation is based on its
ability to inhibit shoot organogenesis from non-transformed explants cultured on medium
using mannose as a carbon source. In cowpea, cotyledonary node explants have been most
preferred for transformation and regeneration of transgenic plants due to their competence
for prolific shoot regeneration and T-DNA delivery (Bakshi et al. 2011). Efficient shoot
proliferation is induced from cowpea cotyledonary node explants cultured in media
containing salts, vitamins, growth regulators and sucrose as a carbon source (Solleti et al.
2008a, b; Bakshi et al. 2011). In order to recover transgenic plants of cowpea using
mannose selection system, it is imperative to evaluate the sensitivity of cowpea explants to
mannose for determining selective concentration as some leguminous plants such as
soybean have been reported to have PMI activity (Lee and Matheson 1984). The effect of
various mannose concentrations (0-50 g/1) on shoot formation from non transformed
control explants in absence of sucrose was studied (Fig. 8.2a). The explants showed
regeneration in the media containing mannose upto 10 g/l (Fig. 8.2a) which indicated that

non transformed cowpea cotyledonary node explants has little basal level of PMI activity.
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The percentage of explants forming shoots decreased with further increase in mannose
concentration (Fig. 8.2a). The media containing 20 g/l mannose allowed regeneration of
explants till 14 days in culture albeit with reduced regeneration frequency. However, the
shoot growth in the regenerated explants in media containing mannose 20 g/1 or above was
completely retarded within 28 days of culture (Fig. 8.2b). Mannose at concentrations of 30-
50 g/1 resulted in no regeneration of explants. Complete suppression of shoot regeneration
potential of cowpea cotyledonary node explants within 28 days in media containing 20 g/1
mannose indicated the duration of exposure to minimum inhibitory concentration is crucial
for determining mannose selection system.

The regeneration response explants gradually declined with decrease in
concentration of sucrose in culture media. Explants remained healthy in media containing
2.5 g/l sucrose, however low shoot regeneration frequency was observed (Fig. 8.2c).
Furthermore, no further shoot growth was observed from the regenerated explants at
sucrose concentration upto 5 g/l (Fig. 8.2d).

8.3.2 Establishment of selection pressure by mannose

In order to determine the optimal mannose concentration for selection of putative
transformed shoots, effect of the combinations of sucrose and mannose on growth and
regeneration of control non transformed explants was analyzed from the completely
randomized design treatments. The sucrose was supplemented with mannose-containing
medium in order to alleviate the toxic effect of mannose-6-phosphate. A dose-response
curve was designed for cowpea cotyledonary node explants for testing increasing mannose
concentration (0 to 30 g/1) and decreasing sucrose content (30 to 0 g/1) (Fig. 8.3; 8.4). The
results showed that mannose inhibited shoot regeneration from explants in a dose-
dependent manner up to 30 g/l, a concentration at which the regeneration was completely

suppressed, even when the medium was supplemented with sucrose (Fig. 8.4). Increase of
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sucrose concentration (upto 7.5 g/1) in the media containing higher content of mannose (20

and 30 g/1) could not alleviate the inhibitory or starvation effect of high mannose dose (Fig.

8.4). Nevertheless, increase of sucrose concentration (to 5 and 7.5 g/1) in media containing

10 g/l mannose (that allowed shoot proliferation from explants till 28 days of culture)

slightly enhanced the shoot proliferation ability of explants indicating recovery from

starvation effect in presence of higher sucrose concentration (Fig. 8.4). Addition of sucrose

to the mannose containing medium has been shown to modulate the inhibitory effect of
mannose on shoot formation and allowed efficient recovery of transgenic shoots in many
plants (Joersbo et al. 1998; Negrotto et al. 2000; Zhang et al. 2000; He et al. 2004). Based on

our results, a combination of 5 g/l sucrose and 20 g/l mannose (mannose selection medium)
was chosen for selection in order to suppress the emergence of escape shoots from

cotyledonary node explants.

8.3.3 Genetic transformation of cowpea with pmi gene

Four independent Agrobacterium-mediated transformation experiments were performed

with pNOV2819 vector using cotyledonary nodes as explants. Initial selection of
transformed shoots was carried out on SISM medium that contained 20 g/l mannose and 5

g/l sucrose. After 2 weeks on the selection medium, the transformed explants showed the

sign of regeneration with emergence of shoot buds whereas the untransformed explants

remained starved (Fig. 8.5a, b). The regenerating explants were subcultured onto SISM

medium every 14 days. After 4 weeks on the selection medium (with two rounds of
subculture), the individual shoots were isolated and transferred to shoot elongation

medium devoid of mannose where they elongated within 2 week of culture. The elongated

shoots formed roots in MS supplemented with 2.5 pM IBA medium within 2 week of culture

(Fig 8.5c). Independently regenerated putative cowpea transformed plants on mannose

TH-1062_06610608



Chapter 8| 158

selection with robust root systems were successfully established in the greenhouse (Fig.
8.5d).

The optimal concentration of mannose required for efficient selection of cowpea (20
g/1) was about eight times higher than that used for sugar beet (Joersbo et al. 1998) and
almond (Ramesh et al. 2006), twice that for cucumber (He et al. 2006), maize (Negrotto et
al. 2000), four times that for rapeseed (Wallbraun et al. 2009), similar to that for chickpea
(Patil et al. 2009) and one quarter less that for rice (He et al. 2004). This indicates that
cowpea is less sensitive than other plants to the toxic effects of mannose. However, this
difference could be attributed to the inherent PMI activity which may differ between plants
and target tissues used for transformation. Chickpea has also been reported to have
tolerance to higher concentration of mannose (Patil et al. 2009). Chiang and Kiang (1988)
have reported insensitiveness of soybean to the inhibitory effects of mannose due to high
PMI activity rendering ineffectiveness of PMI/Man selection system for use in transgenics in
soybean.
8.3.4 Molecular analysis of transgenic cowpea plants
Out of a total of 970 explants used for transformation in 4 batches, 137 mannose-resistant
shoots were obtained (Table 8.1). Preliminary screening of putative transgenic plants was
performed by PCR. The detection of the expected 1.2 kb amplified product corresponding to
pmi in PCR analysis confirmed the presence of the pmi in T, transformed plants (Fig. 8.9a).
No amplification was detected in the control untransformed plants. The stable
transformation efficiency was determined based on the number of Toplants PCR-positive
for pmi divided by the total number of explants co-cultivated. An average stable
transformation efficiency of 3.6 was recorded (Table 8.1) which was significantly higher

than the previously published reports on Agrobacterium-mediated transformation of

TH-1062_06610608



Chapter 8| 159

cowpea in our lab using negative selection system based on npt as selection system (Solleti
etal. 20083, b; Bakshi etal. 2011).

In order to verify integration of pmi, 5 randomly selected PCR-positive Ty lines were
analyzed by Southern hybridization. The pmi gene was detected in transgenic plants but not
in the non-transgenic control plant (Fig. 8.9b). Hybridizations of DIG-labeled pmi probe to
total genomic DNA digested with HindlIIl were expected to identify DNA fragments unique
to individual integration events greater than 2 kb (Fig. 8.1). All the 5 randomly selected Ty
lines identified through the PCR screening were confirmed for stable genomic integration of
the pmi, and none of the transgenic lines showed loss of the transgene under the mannose
selection regimen. The transformed plants exhibited differential integration events,
confirming that these plants were derived from independent transformation events (Fig.
8.9b, lanes 1, 2, 3, 4 and 5). The pattern of integration appeared to be simple with most of
the events containing only one copy of the pmi gene and a few containing multiple copies
(Fig. 8.9Db).

The expression of the pmi gene in leaves of Ty transgenic plants was determined by
RT-PCR analysis. RT-PCR showed the presence of expected transcripts of transgenes in
different Ty transgenic plants and confirmed their transgenic nature. The results presented
in these sections are of different independent transformation events and do not have any
direct correlation. The amplification of a 1.2 kb fragment of pmi confirmed the accumulation
of transcripts of pmi in Ty transgenic plants (Fig. 8.6c) indicating the absence of gene
silencing events. Furthermore, the amplification of the pmi sequence from plant cDNA
templates in RT-PCR ruled out the possibility of Agrobacterium contamination. Both
transformed and untransformed plants showed expression of reference gene, actin as
indicated from amplification of 200 bp (Fig. 8.6d). There were no significant differences in

the levels of gene expression.
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8.3.5 Chlorophenol red assay

The PMI activity in transgenic plants was evaluated by cholorophenol red assay. 22 plants,
including untransformed control plants were tested independently. The addition of
chlorophenol red resulted in the appearance of a red color in the medium (Fig. 8.7). A few
leaves from each plant were taken for evaluation. Incubation of transgenic leaf tissues in the
medium containing cholorophenol red (pH 6.0) gradually changed the color from an
original purple to yellow or orange. The color change due to progressive acidification of
growth medium is indicative of active metabolic status of tissue expressing transgenic PMI
(Fig. 8.7). Leaves of untransformed plant incubated in chlorophenol red medium did not
show medium acidification, leaving the red color of the medium unchanged. The
cholorophenol red assay has been shown to be valuable for rapid visual screening of PMI
positive transgenic plants (Lucca et al. 2001; Jain et al. 2006; Patil et al. 2009; Dutt et al.
2010).

8.3.6 Segregation analysis

The seeds from T, lines were advanced to T; generation and the T: transgenic lines
generated from 6 independent transformation events were analyzed for the segregation
pattern of pmi by PCR analysis. Presence of the expected 1.2 kb amplified product
corresponding to pmi in Ti transgenic lines confirmed the inheritance of pmi gene. The
segregation pattern of these selected transgenic events showed typical 3:1 Mendelian ratio
as expected for single dominant gene inheritance (Table 8.2).

8.4 Conclusion

In conclusion, we demonstrate here for the first time, that “positive” selection based on
mannose is compatible with cowpea transformation. Early identification of transgenic
events by PCR (indicating presence of the pmi gene) followed by their confirmation by

Southern hybridization (for integration and copy number evaluation), RT-PCR (for studying
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expression of the pmi gene), or the chlorophenol red assay for the PMI enzyme showed the
robustness of the pmi/mannose based positive selection for the efficient recovery of stable
transgenics in cowpea. The procedure would enable introduction of candidate genes for
biotic and abiotic stress tolerance and recovery of transgenic cowpea through

environmentally safe positive selection system.
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Fig. 8.1 Plasmid map of pNOV2819 (kindly provided by Syngenta). The pmi gene is under
the constitutive CMPS promoter (cestrium yellow leaf curling virus promter short version).

LB-left border sequence, RB-right border sequence, pmi-phosphomannose isomerase gene
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Fig. 8.2 Effect of mannose and sucrose on shoot formation from cowpea cotyledonary node
explant. (a) Effect of different mannose concentration (0, 10, 20, 30, 40 and 50 g/I)on shoot
regeneration frequency, (b) Percentage of regenerated shoots remained green on medium
containing different mannose concentration after 4 weeks, (c) Effect of different sucrose
concentration (0, 2.5, 5, 7.5, 10, 20 and 30 g/1) on shoot regeneration frequency, (d)
Percentage of shoot growth on medium containing different sucrose concentration after 4

weeks.
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Fig 8.3 Effect of sucrose and mannose combination on regeneration of shoots from

cotyledonary node explants after 2 weeks
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Fig. 8.5 Developmental stages of transformed cowpea using pNOV2819. (a) Control
explants cultured on selection media supplemented with 20g/L mannose and 5g/L sucrose,
(b) Selection of transformed explants on selection media, (c) In vitro rooting of selected

shoot, (d) Acclimatized plants maintained in greenhouse.
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®)

Fig. 8.6 Molecular analysis of Ty transgenic plants. (a) PCR amplification of the 1.2 kb
fragment of the pmi gene, Lane M ADNA/EcoRI + HindIIl marker, lane P pNOV2819 plasmid
DNA (positive control), lane C DNA from untransformed plant (negative control), lane B
blank, lanes 1-8 DNA from independently transformed plants. (b) Southern blot
hybridization analysis of junction fragments of five randomly selected PCR-positive Ty lines.
The plasmid and genomic DNA were digested with Hindlll, and hybridized with pmi PCR
product as a probe. Lanes 1-5 genomic DNA from four Ty lines, lane C genomic DNA from
untransformed plant, lane P pNOV2819 plasmid. (c) RT-PCR analysis of pmi gene and
reference gene actin, Lane M ADNA/EcoRI + HindIIl marker, lane P pNOV2819 plasmid DNA
(positive control), lane C DNA from untransformed plant (negative control), lanes 1-5 Ty

transgenic plants
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Fig. 8.7 Chlorophenol red assay of leaves from 22 transformed lines and untransformed
control plants. Tissue that is able to utilize Mannose due to PMI activity acidifies the
medium, which is indicated by a color change from red to orange or yellow. B: Blank; C:

control (Leaves from untransformed plants)
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Table 8.1 Effect of mannose based selection on regeneration of cowpea, following

transformation with Agrobacterium tumefacience EHA105pNOV2819 carrying pmi

gene

Exp. no. No. of explants No. of shoots  No.of plants  Stable
inoculatedin  recovered on  positive for transformation
Agrobacterium mannose pmi by PCR efficiency? (%)
suspension selection

medium

1 280 42 10 3.57

2 210 31 8 3.80

3 230 36 8 3.48

4 250 28 9 3.6

Totalb/ 970p 137b 35b 3.6¢

Averagec

aNumber of Ty plants PCR-positive for pmi divided by the total number of explants
co-cultivated

b Total

¢ Average
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Table 8.2 Segregation of pmi gene in T, progeny of transgenic cowpea plants

To Number of T; plants tested x2 value Expected
plants for pmi Ratio
Total pmic+ve pmi-ve
P1 43 30 13 0.63 3:1
P2 54 39 15 0.22 3:1
P3 26 17 9 1.28 3:1
P4 55 40 15 0.15 3:1
P5 60 44 16 0.08 3:1
P6 52 41 11 0.41 3:1
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9.1 Significance and salient features of the study

Cowpea (Vigna unguiculata L.Walp) is an important grain legume widely grown in tropical and
subtropical regions of Indian subcontinent. Their seeds provide a major source of cheap and high
quality dietary protein (Sahoo et al. 2008). The major constraints in its production are its
prominent susceptibility to pod borer insects (Ehlers and Hall, 1997). Among insects, pod borers
(Maruca vitrata and Heliothis armigera) cause massive damage to the pods in field (Eicher et al.
2006).

There are only few reports are published on generation of stable transgenic plants in
cowpea, through Agrobacterium-mediated transformation (Muthukumar et al.1996; Popelka et al.
2006; Chaudhury et al. 2007; Solleti et al. 2008a, b). However, the overall transformation efficiency
in thesis protocols is much low, most likely due to (i) inefficient T-DNA delivery to the regenerating
cells; (ii) inefficient selection of proliferating transgenic shoots; (iii) difficulty with regeneration of
shoots from transformed cells under selection regime followed. A critical step in the development f
robust Agrobacterium tumefaciens-mediated transformation system in recalcitrant grain legumes is
the establishment of optimal conditions for efficient T-DNA delivery into target tissue and recovery

of transgenic plants.

In the present study, the overall efficiency of Agrobacterium-mediated cowpea
transformation was significantly increased by adapting to an improved cotyledonary node based
regeneration system and efficient selection scheme. Transgenic plants overexpressing insecticidal
genes, BtcrylAc and BtcrylAb were generated for the first time in cowpea. Furthermore, a novel
positive section system based on mannose was established for the first time in cowpea. The
transgenic cowpea plants overexpressing BtcrylAc and BtcrylAb offers promise of protection of
cowpea from insect infestation. The developed transformation system would enable transfer of a
wide range of candidate genes for both biotic and abiotic tolerance genes in cowpea which in turn

speed up the process of cowpea improvement program.
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The salient features of the present study are summarized below:

e An efficient and prolific shoot regeneration system using cotyledonary node explants of
cowpea was developed by inducing efficient seed pretreatment with TDZ.

® Bacillus thuringiensis crylAc (BtcrylAc) and BtcrylAb overexpression constructs were
developed and the constructs were mobilised to hypervirulent Agrobacterium strain
EHA105.

e Highly efficient cowpea stable transformation system was developed with a 46.1% increase
in efficiency as compared to the existing transformation methods by employing an
improved kanamycin selection regime. Fertile transgenic plants expressing Btcryl1Ac were
generated.

e Agrobacterium-mediated transformation of cowpea was improved by employing sonication
in combination with vacuum infiltration. This is the first report on cowpea transformation
using SAAT and vacuum infiltration.

e An efficient shoot regeneration system was developed using split cotyledonary node explant
and the system was adapted to Agrobacterium-mediated transformation and transgenic
plants overexpressing BtcrylAb were generated.

e A novel and efficient mannose based positive selection system was established for cowpea
transformation.

9.2 Future prospects

Genetically engineering inherent crop resistance to insect pests offers the potential of a user-
friendly, environment-friendly and consumer-friendly method of crop protection to meet the
demands of sustainable agriculture. Despite its economic and social importance in the developing
world, cowpea remains to a large extent an under exploited crop. Among the major goals of cowpea
breeding and improvement programs is the stacking of desirable agronomic traits, such a disease

and pest resistance and resistance to abiotic stress. Work to date has concentrated on the
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introduction of genes for expression of common bean a-amylase inhibitor and Bacillus thuringiensis
(Bt) toxins in order to control infestations by insect-pest.

However, cowpea is susceptible to several other insect pests and they bring about great
losses in yield. The plant derived genes which can be transferred to cowpea to achieve insect pest
resistance include lectins, chitinases and protease inhibitor genes (Dita et al. 2006). Cowpeas are
also susceptible to diseases caused by bacteria, fungi, cowpea mosaic viruses and hence transfer of
genes such as chitinase gene, stilbene synthase gene or antifungal protein genes for fungal
resistance; coat protein gene, replicase gene or movement protein genes of viruses for viral
resistance and T4 lysozyme gene for bacterial resistance may benefit the plant to combat damage
by these biotic agents. Yields of edible cowpea seed are also severely reduced by infection of the
roots by the parasitic angiosperm Striga gesnerioides and Alectra volgetii (Bashir and Haptom,
1996; Singh and Emechebe, 1997). The effectiveness and durability of disease and pest resistance
are likely to be greater in engineered transgenic plants in which multiple resistance genes are
introduced (“gene pyramiding”).

Various abiotic stresses like drought, salinity, water-logging, mineral toxicities, temperature
etc. also bring about a decline in yield (Singh et al. 2000) and transfer of genes involved in
developing abiotic stress tolerance from other organisms to this tropical grain legume will improve
its ability to withstand stress (Dita et al. 2006).

RNAi technology can be fruitfully employed to improve the nutritional traits in cowpea for
suppression of anti-nutritional chemicals/compounds. However, this technology is yet to be tried
out in pulse crops. Furthermore, application of RNAi technology is emerging as a novel approach to
confer resistance to herbivorous insects in crop plants. Transgenic plants could be protected from
the herbivorous insects by engineering them to express double-stranded RNAs (dsRNAs) directed

against vital insect genes (Gordon and Waterhouse 2007).
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From our results, it is apparent that recalcitrance in cowpea is overcome for genetic
transformation and trait improvement as evident by the stable expression and inheritance of the
transgenes to the progeny. Thus, the application of biotechnological tools to cowpea improvement
offers the promise of increased productivity by speeding the development of varieties that yield
more, are more resistant to the above stresses, and are more economical and efficient to produce. It
is to be hoped that the encouraging progress will be maintained and developed so as to make a
significant contribution towards redressing the balance between world food productions and world

food requirements in the coming century.

TH-1062_06610608



| Chapter 10

‘ ‘ References

TH-1062_06610608



Chapter 10175

Aasim M, Khawar KM, Ozcan S (2009) In vitro micropropagation from plumular apices of Turkish

cowpea (Vigna unguiculata L.) cultivar Akkiz. Sci Hort 122:468-471.

Abe K, Emori Y, Kondo H, Suzuki K, Arai S (1987) Molecular cloning of a cysteine proteinase inhibitor
of rice (oryzacystatin). Homology with animal cystatins and transient expression in the

ripening process of rice seeds. ] Biol Chem 262(35):16793-16797

Adipala E, Nampala P, Karungi ], Isubikalu P (2000) A review on options for management of cowpea

pests: experiences from Uganda. Integ Pest Manag Rev 5:185-196

Akcay UC, Mahmoudian M, Kamci H, Yucel M, Oktem HA (2009) Agrobacterium tumefaciens-mediated
genetic transformation of a recalcitrant grain legume, lentil (Lens culinaris Medik). Plant Cell

Rep 28:407-417

Akella V, Lurquin PE (1993) Expression in cowpea seedlings of chimeric transgenes after

electroporation into seed-derived embryos. Plant Cell Rep 12:110-117

Amutha S, Ganapathi A, Muruganantham M (2006) Thidiazuron-induced high-frequency axillary and
adventitious shoot regeneration in Vigna radiata (L.) Wilczek. In Vitro cell Dev Biol. Plant 42:

26-30

An G, Evert PR, Mitra A, Ha SB (1988) In: Gelvin, S. B. Schilperoot, R. A. (eds) Plant molecular biology
manual. Kluwer, Dordrecht, pp 1-19

Aragao FJL, Brasileiro ACM (2002) Positive, negative and marker free strategies for transgenic plant

selection. Braz ] Plant Physiol 14:1-10

Arora R, Sharma HC, Dhillon MK, Chakraborty D, Das S, Romeis ] (2007) Impact of Allium sativum leaf
lectin on the Helicoverpa armigera larval parasitoid Campoletis chloride. An Open Access

Journal published by ICRISAT 3(1):41-43

Aswath CR, Mo SY, Kim DH, Park SW (2006) Agrobacterium and biolistic transformation of onion

using non-antibiotic selection marker phosphomannose isomerase. Plant Cell Rep 25:92-99

Atkinson AH, Heath RL, Simpson R], Clarke AE, Anderson MA (1993) Proteinase Inhibitors in
Nicotiana alata stigmas are derived from a precursor protein which is processed into five

homologous inhibitors. Plant Cell 5:203-213

TH-1062_06610608



Chapter 10]176

Babendreier D, Kalberer NM, Romeis |, Fluri P, Mulligan E, Bigler, F (2005) Influence of Bt-transgenic
pollen, Bt-toxin and protease inhibitor (SBTI) ingestion on development of the hypopharyngeal
glands in honeybees. Apidologie 36:585-594

Bakshi A (2003) Potential adverse health effects of genetically modified crops. ] Toxicol Environ
Health B Crit Rev 6:211-225

Bakshi S, Sadhukhan A, Mishra S, Sahoo L (2011) Improved Agrobacterium-mediated transformation
of cowpea via sonication and vacuum infiltration. Plant cell Rep. DOI 10.1007/s00299-011-
1133-8

Ballester A, Cervera M, Pena L (2008) Evaluation of selection strategies alternative to nptll in genetic

transformation of citrus. Plant Cell Rep 27:1005-1015

Bashir M, Haptom RO (1996) Serological and biological comparisons of blackeye cowpea mosaic and
cowpea aphid-borne mosaic potyvirus isolates in Vigna unguiculata (L.) Walp. germplasm. ]

Phytopath 144(5):257-263

Bean SJ, Gooding PM, Mullineaux PM, Davies DR (1997) A simple system for pea transformation.
Plant Cell Rep 16:513-519

Bechtold N, Pelletier G (1998) In planta Agrobacterium-mediated transformation of adult Arabidopsis
thaliana plants by vacuum infiltration. Methods Mol Biol 82:259-266

Beranova M, Rakousky S, Vavrova Z, Skalicky T (2008) Sonication assisted Agrobacterium-mediated
transformation enhances the transformation efficiency in flax (Linum usitatissimum L.). Plant

Cell Tiss Organ Cult 94:253-259

Bevan M (1984) Binary Agrobacterium vector for plant transformation. Nucl Acids Res 12: 8711-
8721

Bidney D, Scelonge C, Martich ], Burrus M, Sims L, Huffman G (1992) Micro projectile bombardment
of plant tissues increases transformation frequency by Agrobacterium tumefaciens. Plant Mol

Biol 18:301-313

Binns AN, Thomashow MF (1988) Cell biology of agrobacterium infection and transformation of

plants. Annual Review of Microbio 42:575-606.

Boonserm P, Davis P, Ellar DJ, Li ] (2005) Crystal structure of the mosquito-larvicidal toxin Cry4Ba
and its biological implications. ] Mol Biol 348:363-382

TH-1062_06610608



Chapter 101177

Boscariol RL, Almeida WA, Derbyshire MT, Mourao Filho FA, Mendes BM (2003) The use of the
PMI/mannose selection system to recover transgenic sweet orange plants (Citrus sinensis L.

Osbeck). Plant Cell Rep 22 (2):122-128

Boulter D (1993) Insect pest control by copying nature using genetically engineered crops.

Biochemistry 34:1453-1466

Boynton JE, Gillham NW, Harris EH, Hosler JP, Johnson AM, Jones AR, Randolph-Anderson BL,
Robertson D, Klein TM, Shark KB, Sanford JC (1988) Chloroplast transformation in
Chlamydomonas with high velocity microprojectiles. Sci 240:1534-1538

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram quantities of

protein using the principle of protein-dye binding. Anal Biochem 72:248-254

Brar MS, Al-Khayri JM, Morelock TE, Anderson E] (1999) Genotypic response of cowpea Vigna
unguiculata (L.) to in vitro regeneration from cotyledon explants. In Vitro Cell Dev Biol Plant

35:8-12.

Brar MS, Al-Khayri JM, Shamblin CE, Mc New RW, Morelock TE, Anderson AJ (1997) In vitro shoot tip
multiplication of cowpea Vigna unguiculata (L.) Walp. In Vitro Cell Dev Biol Plant 33:114-118.

Bravo A (1997) Phylogenetic relationships of Bacillus thuringiensis 6-endotoxin family proteins and

their functional domains. ] Bacteriol 179:2793-2801

Bressani R (1985) Nutrient value of Cowpea. In : Cowpea Research, Production and Utilisation.

Chichester John Wiley and Sons, UK, pp. 353-359

Canche-Moo RLR, Ku-Gonzalez A, Burgeff C, Loyola-Vargas VM, Rodriguez-Zapata LC, Castano E
(2006) Genetic transformation of Coffea canephora by vacuum infiltration. Plant Cell Tiss Org

Cult 84(3):373-377

Cao MX, Huang ]JQ, He YL, Liu S], Wang CL, Jiang WZ, Wei ZM (2006) Transformation of recalcitrant
turfgrass cultivars through improvement of tissue culture and selection regime. Plant Cell

Tissue Org Cult 85:307-316

Ceci LR, Spoto N, de Virgilio M, Gallerani R (1995) The gene coding for the mustard trypsin inhibitor-
2 is discontinuous and wound-inducible. FEBS Lett 364:179-181

Chandra A, Pental D (2003) Regeneration and genetic transformation of grain legumes: An overview.

Curr Sci 84:381-387

TH-1062_06610608



Chapter 10178

Charity JA, Holland L, Donaldson SS, Grace L, Walter C (2002) Agrobacterium mediated
transformation of Pinus radiata organogenic tissue using vacuum infiltration. Plant Cell Tissue

Organ Cult 70:51-60

Chaudhury D, Madanpotra S, Jaiwal R, Saini R, Kumar PA, Jaiwal PK (2007) Agrobacterium
tumefaciens-mediated high frequency genetic transformation of an Indian cowpea (Vigna
unguiculata L. Walp.) cultivar and transmission of transgenes into progeny. Plant Sci 172: 692-

700

Chen WS, Huang KL, Yu HC (1997) Cytokinins from terminal buds of Euphoria longana during
different growth stages. Physiol Plant 99:185-189.

Cheng M, Fry JE, Zhou H, Hironaka CM, Duncan DR, Coner TW, Wan Y (1997) Genetic transformation
of wheat mediated by Agrobacterium tumefaciens. Plant Physiol 115:971-980

Chiang YC, Kiang YT (1988) Genetic analysis of mannose-6-phosphate isomerase in soybeans.

Genome 30:808-811

Chilton MD, Currier TC, Farrand SK, Bendich AJ, Gordon MP, Nester EW (1974) Agrobacterium
tumefaciens DNA and PS8 bacteriophage DNA not detected in crown gall tumors. Proc Natl
Acad Sci USA 71:3672-3676

Chowrira GM, Akella V, Lurquin PF (1995) Electroporation-Mediated Gene Transfer into Intact Nodal
Meristems In Planta. Mol Biotechnol 3:17-23

Cleveland TE, Thornburg RW, Ryan CA (1987) Molecular characterization of a wound-inducible
inhibitor I gene from potato and the processing of its mRNA and protein. Plant Mol Biol 8:199-
207

Clough |, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-mediated transformation
of Arabidopsis thaliana. Plant | 16: 735-43

Collen AMC, Jarl CL (1999) Comparison of different methods for plant regeneration and

transformation of the legume Galega orientalis Lam. (goat’s rue). Plant Cell Rep 19:13-19

Curtis IS, Nam HG (2001) Transgenic radish (Raphanus sativus L. longipinnatus Baily) by floral dip
method-plant development and surfactant are important in optimizing transformation

efficiency. Transgenic Res 10: 363-371

Dang W, Wei ZM (2009) High frequency plant regeneration from the cotyledonary node of common
bean. Biol Plant 53(2):312-316

TH-1062_06610608



Chapter 101179

Das S, Bhat PR, Sudhakar C, Ehlers ]D, Wanamaker S, Roberts PA, Cui X, Close T] (2008) Detection and
validation of single feature polymorphisms in cowpea (Vigna unguiculata L. Walp) using a

soybean genome array. BMC Genomics 9:107-119
Davies DR, Hamilton ], Mullineaux PM (1993) Transformation of peas. Plant Cell Rep 12:180-183

Degenhardt ], Poppe A, Montag ], Szankowski I (2006) The use of the phosphomannose-
isomerase/mannose selection system to recover transgenic apple plants. Plant Cell Rep

25:1149-1156

Dela Riva G, Adang M] (1996) Expression of Bacillus thuringiensis delta-endotoxin genes in

transgenic plants. Biotechnologia Aplicada 13( 4): 251-260

Di R, Purcell V, Collins GB, Ghabrial AS (1996) Production of transgenic soybean lines expressing the
bean pod mottle virus coat protein precursor gene. Plant Cell Rep 15:746-750

Diouf D, Hilu KW (2005) Microsatellite and RAPD markers to study genetic relationships among

cowpea breeding lines and local varieties in Senegal. Genet Resour Crop Evol 52:1957-1967

Dita MA, Rispail N, Prats E, Rubiales D, Singh KB (2006) Biotechnology approaches to overcome

biotic and abiotic stress constraints in legumes. Euphytica 147:1-24

Donaldson PA, Simmonds DH (2000) Susceptibility to Agrobacterium tumefaciens and cotyledonary

node transformation in short season soybean. Plant Cell Rep 19:478-484

Down RE, Gatehouse AMR, Hamilton WDO, Gatehouse JA (1996) Snowdrop lectin inhibits
development and decreases fecundity of the glasshouse potato aphid (Aulacorthum solani)
when administered in vitro and via transgenic plants both in laboratory and glasshouse trials. |

Insect Physiol 42:1035-1045

Du N, Pijut PM (2009) Agrobacterium-mediated transformation of Fraxinus pennsylvanica hypocotyls

and plant regeneration. Plant Cell Rep 28:915-923

Dubois LAM, De Vries DP (1997) Genetic variation of rose cultivars for direct shoot organogenesis.

Acta Hortic 447:79-85

Dufourmantel N, Tissot G, Goutorbe F, Gar¢on F, Muhr C, Jansens S, Pelissier B, Peltier G, Dubald M
(2005) Generation and Analysis of Soybean Plastid Transformants Expressing

Bacillus thuringiensis Cry1Ab Protoxin. Plant Mol Biol 58(5): 659-668

TH-1062_06610608



Chapter 10180

Dutt M, Lee DH, Grosser JW (2010) Bifunctional selection-reporter systems for genetic
transformation citrus: mannose- and kanamycin-based systems. In Vitro Cell Dev Biol-Plant

46:467-476.D0110.1007/s11627-010-9300-0
Ehlers JD, Hall AE (1997) Cowpea (Vigna unguiculata L. Walp). Field Crops Res 53:187-204

Ekesi S (1999) Insecticide resistance in field populations of the legume pod-borer, Maruca vitrata

Fabricius in Nigeria. Int ] Pest Manag 45: 57-59

Ekesi S, Maniania NK, Onu I, Lohr B (1998) Pathogenicity of entomopathogenic fungi
(Hyphomycetes) to the legume flower thrips, Megalurothrips sjostedti (Trybom) (Thysan,
Thripidae). ] Entomol-Zeitschrift fur Angewandte Entomologie 122:629-634

Elden TC (2000) Effects of proteinase inhibitors and plant lectins on the adult alfalfa beetle
(Coleoptera: Curculionidae). ] Entomol Sci 35:62-69

Fang ], Chao CT, Roberts PA, Ehlers JD (2007) Genetic diversity of cowpea [Vigna unguiculata (L.)
Walp.] in four West African and USA breeding programs as determined by AFLP analysis.
Genet Resour Crop Evol 54:1197-1209

Finer J], Vain P, Jones MW, McMullen MD (1992) Development of the particle inflow gun for DNA
delivery to plant cells. Plant Cell Rep 11:323-328

Fitches EC, Gatehouse AMR, Gatehouse JA (1997) Effects of snowdrop lectin (GNA) delivered via
artificial diet and transgenic plants on the development of tomato moth (Lacanobia oleracea)

larvae in laboratory and glasshouse trials. ] Insect Physiol 43:727-739

Flores Solis ]I, Mlejnek P, Studena K, Prochazka S (2007) Application of sonication-assisted
Agrobacterium-mediated transformation in Chenopodium rubrum L. Plant Soil Environ 49:255-

260

Foissac X, Loc NT, Christou P, Gatehouse AMR, Gatehouse JA (2000) Resistance to green leafhopper
(Nephotettix virescens) and brown planthopper (Nilaparvata lugens) in transgenic rice

expressing snowdrop lectin (Galanthus nivalis agglutinin; GNA). ] Insect Physiol 46:573-583

Franklin CI, Trieu TN, Gonzales RA. Dixon RA (1991) Plant regeneration from seedling explants of

green bean (Phaseolus vulgaris) via organogenesis. Plant Cell Tissue Organ Cult 24:199-206

Fu D, Tisserat NA, Xiao Y, Settle D, Muthukrishnan S, Liang GH (2005) Overexpression of rice TLPD34

enhances dollar-spot resistance in transgenic bentgrass. Plant Sci 168:671-680

TH-1062_06610608



Chapter 10181

Gamborg OL, Miller RA, Ojima K (1968) Nutrient requirements of suspension cultures of soybean

root cell. Exp Cell Res 50:151-158

Garcia JA, Hille ], Goldbach R (1986) Transformation of cowpea vigna unguiculata cells with an

antibiotic resistance gene using a Ti-plasmid-derived vector. Plant Sci 44:37-46

Gatehouse AMR, Down RE, Powell KS, Sauvion N, Rahbé Y, Newell CA, Merryweather A, Hamilton
WDO, Gatehouse JA (1996) Transgenic potato plants with enhanced resistance to the peach-

potato aphid Myzus persicae. Entomol Exp Appl 79:295-307

Gatehouse AMR, Hilder VA, Boulter D (1992) Plant genetic manipulation for crop protection.
CAB,Wallingford, UK

Girard C, LE Metayer M, Bonade-Bottino M, Pham-Delegue MH, Jouanin L (1998) High level of
resistance to proteinase inhibitors may be conferred by proteolytic cleavage in beetle larvae.

Insect Biochem Mol Bio 28:229-237

Goldsworthy A, Street HE (1965) The carbohydrate nutrition of tomato roots VIII. The mechanism of

the inhibition by D-mannose of the respiration of excised roots. Ann Bot 29:45-58

Gomathinayagam P, Ganeshram S, Rathnaswamy R, Ramaswamy NM (1998) Interspecific
hybridization between Vigna unguiculata (L.) Walp. and V. vexillata (L.) A. Rich. through in
vitro embryo culture. Euphytica 102:203-209

Gordon KH]J, Waterhouse PM (2007) RNAI for insect-proof plants. Nat Biotechnol 25:1231 - 1232

Gordon-Kamm W, Dilkes BP, Lowe K, Hoerster G, Sun X, Ross M, Church L, Bunde C, Farrell ], Hill P,
Maddock S, Snyder ], Sykes L, Li Z, Woo YM, Bidney D, Larkins BA (2002) Stimulation of the cell
cycle and maize transformation by disruption of the plant retinoblastoma pathway. Proc Natl

Acad Sci USA 99(18):11975-11980.

Graham ], Gordon SC, McNicol R] (1997) The effect of the CpTi gene in strawberry against attack by
vine weevil (Otiorhynchus sulcatus F. Coleoptera: Curculionidae). Ann Appl Biol 131: 133-139

Griffitts JS, Haslam SM, Yang T, Garczynski SF, Mulloy B, Morris H, Cremer PS, Dell A, Adang M],
Aroian RV (2005) Glycolipids as receptors for Bacillus thuringiensis crystal toxin. Science

307:922-925

Gulati A, Schryer O, McHughen A (2002) Production of fertile transgenic lentil (Lens culinaris Medik.)
plants using particle bombardment. In Vitro Cell Dev Biol- Plant 38:316-324

TH-1062_06610608



Chapter 10182

Gurel E, Wren M] (1995) In vitro development from leaf explants of sugar beet (Beta vulgaris L.):

rhizogenesis and the effect of sequential exposure to auxin and cytokinin. Ann Bot 75:31-38

Gurel S, Baloglu MC, Gurel E, Oktem HA, Yucel M (2011) A two-stage pretreatment of seedlings
improves adventitious shoot regeneration in sugar beet (Beta vulgaris L.) Plant Cell Tiss Organ

Cult 106(2): 261-268

Gurel S, Gurel E, Kaur R, Wong ], Meng L, Tan HQ, Lemaux PG (2009) Efficient, reproducible
Agrobacterium-mediated transformation of sorghum using heat treatment of immature

embryos. Plant Cell Rep 28:429-444

Guru Prasad M, Sudhakar P, Prasad TNVKV (2011) Optimization of medium conditions for efficient
plant regeneration from embryo of cotton (var.narishima). ] Developmental Biol and Tissue

Eng 3(2):20-22

Hare PD, Chua NH (2002) Excision of selectable marker genes from transgenic plants. Nat Biotechnol

20:575-580

Hawezi T, Perrault A, Alibert G, Kallerhoff | (2003) Dehydrating immature embryo split apices and
rehydrating with Agrobacterium tumefaciens: A new method for genetically transforming

recalcitrant sunflower. Plant Mol Biol Rep 20:335-345

Hazra S, Kulkarni AV, Banerjee AK, Dhage AB, Agrawal DC, Krishnamurthy KV, Nalawade SM (2002) A
rapid and simple method for in vitro plant regeneration from split embryo axes of six

cultivars of cotton. Biol. Plant. 45:317-319

He Z, Duan Z, Liang W, Chen F, Yao W, Liang H, Yue C, Sun Z, Chen F, Dai ] (2006) Mannose selection

system used for cucumber transformation. Plant Cell Rep 25(9):953-958

He Z, Fu Y, Si H, Hu G, Zhang S, Yu Y, Sun Z (2004) Phosphomannose-isomerase (pmi) gene as a

selectable marker for rice transformation via Agrobacterium. Plant Sci 166:17-22

Hiei Y, Ohta S, Komari T, Kumashiro T (1994) Efficient transformation of rice (Oryza sativa L.)
mediated by Agrobacterium and sequence analysis of the boundaries of the T-DNA. Plant ]
6(2):271-282

Hilder VA, Gatehouse AMR, Sheerman SE, Barker RF, Boulter D (1987) A novel mechanism of insect

resistance engineered into tobacco. Nature 300:160-163

Hilder VA, Powell KS, Gatehouse AMR, Gatehouse JA, Gatehouse LN, Shi Y, Hamilton WDO,
Merryweathtrr A, Newell C, Timans JC, Peumans W], Van Damme EJM, BouLter D (1995)

TH-1062_06610608



Chapter 10183

Expression of snowdrop lectin in transgenic tobacco plants results in added protection against

aphids. Transgenic Res 4:18-25

Hinchee MAW, Connor-Ward DV, Newell CA, Mc Donnell RE, Sato SJ, Gasser CS, Fischhoff DA, Re DB,
Farley RT, Horch RB (1988) Production of transgenic soybean plants using Agrobacterium-
mediated DNA transfer. Biotechnol 6:915-922

Hollick JB, Gordon MP (1993) A poplar tree proteinase inhibitor like gene promoter is responsive to

wounding in transgenic tobacco. Plant Mol Biol 22:561-572

Hood EE, Gelvin SB, Melchers LS, Hoekema A (1993) New Agrobacterium helper plasmids for gene

transfer to plants. Transgenic Res 2:208-218

Horsch RB, Rogers SG, Fraley RT (1984) Transgenic Plants. Cold Spring Harb Symp Quant Biol
50:433-437

http://web.ulk.edu/~jurat
http://www. lifesci.sussex.ac.uk/home /Neil_Crickmore/Bt/

Ibrahim R, Debergh PC (2001) Factors controlling high efficiency adventitious bud formation and

plant regeneration from in-vitro leaf explants of roses (Rosa hybrida L.). Sci Hortic 88: 41-57

Ikea ], Ingelbrecht I, Uwaifo A, Thottappilly G (2003) Stable gene transformation in cowpea (Vigna
unguiculata L. walp.) using particle gun method. Afr ] Biotechnol 2 (8):211-218

Indurker S, Misra HS, Eapen S (2010) Agrobcterium-mediated transformation in chickpea (Cicer
arietinum L.) with an insecticidal protein gene: optimization of different factors. Physiol Mol

Biol Plants 16(3):273-284

Ishimoto M, Sato T, Chrispeels M]J, Kitamura K (1996) Bruchid resistance of transgenic azuki bean

expressing seeds a-amylase inhibitor of the common bean. Entmol Exp Appl 79:309-315

Ivo NL, Nascimento CP, Vieira LS, Campos FAP, Aragao FJL (2008) Biolistic-mediated genetic
transformation of cowpea (Vigna unguiculata) and stable Mendelian inheritance of transgenes.

Plant Cell Rep 27:1475-1483

Jackai LEN (1983) Efficacy of insecticide application at different times of day against the legume pod
borer, Maruca testulalis (Fabricius) (Lepidoptera: Pyralidae). Protection Ecol 5: 245-251

Jackai LEN and Adalla CB (1997) Pest management practices in cowpea: A review. In Singh BB,
Mohan Raj DR, Dashiell KE, Jackai LEN (eds) Advances in Cowpea Research, Copublication of

TH-1062_06610608



Chapter 10184

International Institute of Tropical Agriculture (IITA) and Japan International Research Center

for Agricultural Sciences (JIRCAS), pp 240-257
Jackai LEN, Daoust RA (1986) Insect pests of cowpeas. Ann Rev Entomol 31:95-119

Jahan AA, Anis M, Aref IM (2011) Preconditioning of Axillary Buds in Thidiazuron-Supplemented
Liquid Media Improves In Vitro Shoot Multiplication in Nyctanthes arbor-tristis L. Appl
Biochem Biotechnol 163(7):851-859

Jain M, Chengalrayan K, Abouzid A, Gallo M (2007) Prospecting the utility of a PMI/mannose
selection system for the recovery of transgenic sugarcane (Saccharum spp. hybrid) plants.

Plant Cell Rep 26:581-590

Jaiwal PK, Kumari R, Ignacimuthu S, Potrykus I, Sautter C (2001) Agrobacterium tumefaciens-
mediated genetic transformation of mungbean [Vigna radiata (L.) Wilczek]- a recalcitrant
grain legume. Plant Sci 161:239-247

James D], Passey A], Barbara D], Bevan M (1989) Genetic transformation of apple (Malus pumila Mill.)
using a disarmed Ti-binary vector. Plant Cell Rep 7:658-661

Jefferson RA (1987) Assaying chimearic genes in plants: the GUS gene fusion system. Plant Mol Biol
204:387-405

Jim’enez-Ju‘arez A, Mu™noz-Garay C, G'omez I, Saab-Rincon G, Damian-Alamazo JY, Gill SS, Soberén M,
Bravo A (2007) Bacillus thuringiensis CrylAb mutants affecting oligomer formation are non-

toxic to Manduca sexta larvae. | Biol Chem 282:21222-29

Joersbo M, Brunstedt ] (1992) Sonication: A new method for gene transfer to plants. Physiol Plant
85(2): 230-234

Joersbo M, Donaldson I, Kreibeg ], Petersen SG, Brunstedt ], Okkels FT (1998) Analysis of mannose

selection used for transformation of sugar beet. Mol Breed 4:111-117

Joersbo M, Okkels FT (1996) A novel principle for selection of transgenic plant cells: positive
selection. Plant Cell Rep 16 (3/4): 219-221

Joh LD, Wroblewski T, Ewing NN, Vander Gheynst JS (2005) High-level transient expression of

recombinant protein in lettuce. Biotechnol Bioeng 91:861-871

Jones MP, Yi Z, Murch SJ, Saxena PK (2007) Thidiazuron-induced regeneration of Echinacea purpurea

L.: micropropagation in solid and liquid culture systems. Plant Cell Rep 26(1):13-19

TH-1062_06610608



Chapter 10185

Jordan MC, Hobbs SLA (1993) Evaluation of a cotyledonary node regeneration system for
Agrobacterium-mediated transformation of pea (Pisum sativum L). In Vitro Cell Dev Biol-Plant

29:77-82

Kartha KK, Pahl K, Leung NL & Mroginski LA (1981) Plant regeneration from meristems of grain
legumes: soybean, cowpea, peanut, chickpea and bean. Can ] Bot 59: 1672-1674

Karungi ], Adipala E, Ogenga-Latigo MW, Kyamanywa S, Oyobo N, Jackai LEN (2000) Pest
management in cowpea. Integrating planting time, plant density and insecticide application for

the control of cowpea field pests in eastern Uganda. Crop Protect 19:237-245

Kaur S (2004) Ecological, economic and social perspectives on transgenic crop protection: path for
the developing world. In: Transgenic crop protection: Concepts and strategies. Koul O,

Dhaliwal DS (eds) Science Publishers Inc. Enfield, New Hampshire, USA pp. 373-405

Khan MS, Maliga P (1999) Fluorescent antibiotic resistance marker for tracking plastid

transformation in higher plants. Nat Biotechnol 17:910-915

Kim JY, Jung M, Kim HS, Lee YH, Choi SH, Lim YP, Min BW, Yang SG, Harn CH (2002) A new selection

system for pepper regeneration by mannose. ] Plant Biotechnol 4:129-134

Kolawole GO, Tian G, Singh BB (2000). Differential response of cowpea lines to Aluminium and

Phosphorus application. ] Plant Nutr 23:731-740

Koncz C, Martini N, Mayerhofer R, Koncz-Kalman Z, Korber H, Redei GP, Schell J (1989) High
frequency T-DNA -mediated gene tagging in plants. Proc Natl Acad Sci USA 86(21): 8467-8471

Koziel MG, Beland GL, Bowman C, Carozzi NB, Crenshaw R, Crossland L, Dawson ], Desai N, Hill M,
Kadwell S, Launis K, Lewis K, Maddox D, McPherson K, Meghji MR, Merlin E, Rhodes R, Warren
GW, Wright M, Evola SV (1993) Field performance of elite transgenic maize plants expressing

an insecticidal protein derived from Bacillus thuringiensis. Bio Technol 11:194-200

Kucharska D, Orlikowska T (2009) Enhancement of in vitro organogenetic capacity of rose by

preculture of donor shoots on the medium with thidiazuron. Acta Physiol Plant 31:495-500

Kunze I, Ebnert M, Heim U, Geiger M, Sonnewald U, Herbers K (2001) 2-Deoxyglucose resistance: a

novel selection marker for plant transformation. Mol Breed 7:221-227

Lamblin F, Aime A, Hano C, Roussy [, Domon JM, Van Droogenbroeck B, Laine E (2007) The use of the
phosphomannose isomerase gene as alternative selectable marker for Agrobacterium-

mediated transformation of flax (Linum usitatissimum). Plant Cell Rep 26:765-772

TH-1062_06610608



Chapter 10186

Lane WD, Iketani H, Hatashi T (1998) Shoot regeneration from cultured leaves of Japanese pear

(Pyrus pyrifolia). Plant Cell Tiss Organ Cult 54(1): 9-14

Lawrence PK, Jayaveeramuthu N, Ram KK (2001) Nucleotide sequence of a genomic clone encoding a

cowpea (Vigna unguiculata L.) trypsin inhibitor. Elec ] Biotechnol 4(1):46-51

Lawrence PK, Koundal KR (2001) Agrobacterium tumefaciens mediated transformation of pigeonpea
(Cajanus cajan (L.) Millsp) and molecular analysis of regenerated plants. Curr Sci 80(11):1428-
1432

Lee BT, Matheson NK (1984) Phosphomannoisomerase and phosphoglucoisomerase in seeds of
Cassia coluteoides and some other legumes that synthesize galactomannan. Phytochem 23:983-

987

Lee JS, Brown WE, Graham ]S, Pearce G, Fox EA, Dreher TW, Ahern KG, Pearson GD, Ryan CA (1986)
Molecular characterization and phylogenetic studies of a wound-inducible proteinase inhibitor

I gene in Lycopersicon species. Proc Natl Acad Sci USA 83(19):7277-7281

Lee SI, Lee SH, Koo JC, Chun HJ, Lim CO, Mun JH, Song YH, Cho M] (1999) Soybean Kunitz trypsin
inhibitor (SKTI) confers resistance to the brown plant hopper (Nilaparvata lugens Stal) in

transgenic rice. Mol Breed 5:1-9

Leelavathi S, Sunnichan SG, Kumria R, Vijaykanth GP, Bhatnagar RK, Reddy VS (2004) A simple and
rapid Agrobacterium-mediated transformation protocol for cotton (Gossypium hirsutum L.):
Embryogenic calli as a source to generate large numbers of transgenic plants. Plant Cell Rep

22:465-470

Lemaux PG (2009) Genetically Engineered Plants and Foods: A Scientist’s Analysis of the Issues (Part
I1) Ann Rev Plant Biol 60:511-59

Li], Carrol ], Ellar DJ (1991)Crystal structure of insecticidal §-endotoxin from Bacillus thuringiensis at

2.5 A resolution. Nature 353:815-821

Liu Q, Kasuga M, Sakuma Y, Abe H, Miura S, Yamaguchi-Shinozaki K, Shinozaki K (1998) Two
transcription factors, DREB1 and DREB2, with an EREBP/AP2 DNA binding domain separate
two cellular signal transduction pathways in drought and low-temperature-responsive gene

expression, respectively, in Arabidopsis. The Plant Cell 10(8):1391-1406

TH-1062_06610608



Chapter 10187

Liu Z, Park BJ, Kanno A, Kameya T (2005) The novel use of a combination of sonication and vacuum
infiltration in Agrobacterium-mediated transformation of kidney bean (Phaseolus vulgaris L.)

with lea gene. Mol Breed 16:189-197

Lucca P, Ye X, Potrykus I (2001) Effective selection and regeneration of transgenic rice plants with

mannose as selective agent. Mol Breed 7:43-49

Luck RF, van den Bosch R, Garcia R (1977) Chemical insect control-a troubled pest management

strategy. Bio Sci 27:606-611

Maagd RA, Bosch D, Steikema W (1999) Bacillus thuringiensis toxin-mediated insect resistance in

plants. Trends Plant Sci 4:9-13

Machuka ] (2002) Potential role of transgenic approaches in the control of cowpea insect pests. In:
Fatokun CA, Tarawali SA, Singh BB, Kormawa PM, Tamo M (Eds.), Proc. World Cowpea
Conference III, Challenges and opportunities for enhancing sustainable cowpea production,
September 4-7, 2000, International Institute of Tropical Agriculture, Ibadan, Nigeria, pp. 213-
232

Machuka JE, Van Damme |JM, Peumans W], Jackai LEN (1999) Effects of plant lectins on the
development of the legume pod borer, Maruca vitrata. Entomol Exp Applic 93:179-186

Mahmoudian M, Celikkol U, Yucel M, Oktem HA (2002a) Vaccum infiltration based Agrobacterium
mediated gene transfer to lentil (Lens culinaris) tissues. Biotech Biotechnol Eq 16:24-29

Mahmoudian M, Yucel M, Oktem HA (2002b) Transformation of lentil (Lens culinaris M.)
cotyledonary nodes via vacuum infiltration of Agrobacterium tumefaciens. Plant Mol Biol Rep

20:251-257

Malick Ba N, Margam VM, Binso-Dabire CL, Sanon A, McNeil N, Murdock LL, Pittendrigh BR (2009)
Seasonal and regional distribution of the cowpea pod borer Maruca vitrata (Lepidoptera:

Crambidae) in Burkina Faso. Int ] Trop Insect Sci 29:109-113

Mao JQ, Zaidi MA, Aranson JT, Altosaar [ (2006) In vitro regeneration of Vigna unguiculata (L.) Walp.
Cv Black eye cowpea via shoot organogenesis. Plant Cell Tiss Org Cult 87:121-125

Mao YB, Wang W], Hong GJ, Tao XY, Wang L], Huang YP, Chen XY (2007) Silencing a cotton bollworm
P450 monooxygenase gene by plant-mediated RNAi impairs larval tolerance of gossypol. Nat

Biotechnol 25:1307-1313

TH-1062_06610608



Chapter 10188

Margam VM, Coates BS, Ba MN, Sun W, Binso-Dabire CL, Baoua I, Ishiyaku MF, Shukle JT, Hellmich RL,
Covas FG, Ramasamy S, Armstrong ], Pittendrigh BR, Murdock LL (2011) Geographic
distribution of phylogenetically-distinct legume pod borer, Maruca vitrata (Lepidoptera:

Pyraloidea: Crambidae). Mol Biol Rep 38:893-903

Mbene F, N'Diaye M, Lowenberg-DeBoer ] (2000) Identifying cowpea characteristics which command
price premiums in Senegalese markets. Presentation at the World Cowpea Conference, Ibadan,

Nigeria

Meng R, Chen THH, Finn CE, Li Y (2004) Improving in vitro plant regeneration from leaf and petiole
explants of ‘Marion’ blackberry. Hort Sci 39(2):316-320

Meurer CA, Dinkins RD, Collins GB (1998) Factors affecting soybean cotyledonary node
transformation. Plant Cell Rep 18:180-186

Michiels K, Van Damme EJM, Smagghe G (2010) Plant-insect interactions: what can we learn from

plant lectins? Arch Insect Biochem Physiol 73(4):193-212

Mignouna DH, Oikeh SO, Mataruka DF (2010) Can biotechnology drive an African green revolution?
Aspects of Applied Biol 96:165-170

Miles JS, Guest JR (1984) Nucleotide sequence and transcriptional start point of the phosphomannose

isomerase gene (manA) of Escherichia coli. Gene 32:41-48

Min BW, Cho YN, Song M]J, Noh TK, Kim BK, Chae WK, Park YS, Choi YD, Harn CH (2007) Successful
genetic transformation of Chinese cabbage using phosphomannose isomerase as a selection

marker. Plant Cell Rep 26:337-344

Morton RL, Schroeder HE, Bate KS, Chrispeels M], Armstron GE, Higgins TJV (2000) Bean a-amylase
inhibitor 1 in transgenic peas (Pisum sativum) provides complete protection from pea weevil

(Bruchus pisorum) under field conditions. Proc Natl Acad Sci USA 97:3820-3825

Murashige T, Skoog S (1962) A revised medium for rapid growth and bioassay with tobacco tissue
cultures. Physiol Plant 15:473-497

Murdock LL, Bressan RA, Sithole-Niang I, Salifu (2001) Molecular genetic improvement of cowpea for

growers and consumers. NGICA Document WA5-A1

Muthukumar B, Mariamma M, Veluthambi K, Gnanam A (1996) Genetic transformation of cotyledon
explants of cowpea (Vigna unguiculata L. Walp) using Agrobacterium tumefaciens. Plant Cell

Rep 15:980-985

TH-1062_06610608



Chapter 10189

Muthurajan R, Balasubramanian P (2010) Pyramiding transgenes for enhancing tolerance to abiotic
and biotic stresses. In: Mohan Jain S, Brar DS (eds) Molecular Techniques in Crop

Improvement, 2™ edition, Springer, New York, pp 163-184

Negrotto D, Jolley M, Beer S, Wenck AR, Hansen G (2000) The use of phosphomannose-isomerase as a
selectable marker to recover transgenic maize plants (Zea mays L.) via Agrobacterium

transformation. Plant Cell Rep 19:798-803

Ng NQ, Marechal R (1985) Cowpea taxonomy, origin and germplasm. In: Singh SR, Rachie KO (eds)
Cowpea Research, Production and Utilization. John Wiley and Sons, Ltd, Chichester, NY, pp 11-
21

Ng Q, Padulosi S (1988) Cowpea gene pool distribution and crop improvement. In: Ng Q, Perrino P,
Attere F, Zedan H (eds) Crop Genetic Resources of Africa, Volll. IBPGR, Rome, pp.161-174

Obembe 00 (2008) Exciting times for cowpea genetic transformation research. Life Sci ] 5(2):50-52

Odani S, Koide T, Ono T (1983) Structural relationship between barley (Hordeum vulgare) trypsin

inhibitor and castor-bean (Ricinus communis) storage protein. ] Biol Chem 258:7998-8003

Ogenga-Latigo MW (1988) Effect of bean-maize intercropping practices on the bean aphid (Aphis
fabae Scop.) and its predators (Coleoptera: Coccinellidae). Ph.D. Thesis, Makerere University,
pp 197

O'Kennedy MM, Burger JT, Botha FC (2004) Pearl millet transformation system using the positive

selectable marker gene phosphomannose isomerase. Plant Cell Rep 22:684-690

Oliveira MLP, Febres V], Costa MGC, Moore GA, Otoni WC (2009) High-efficiency Agrobacterium-
mediated transformation of citrus via sonication and vacuum infiltration. Plant Cell Rep

28:387-395

Omo-Ilkerodah EE, Fatokun CA, Fawole I (2009) Genetic analysis of resistance to flower bud thrips

(Megalurothrips sjostedti) in cowpea (Vigna unguiculata [L.] Walp.). Euphytica 165(1):145-154

Orlikowska T, Dyer WE (1993) In vitro regeneration and multiplication of safflower (Carthamus

tinctorius L.). Plant Sci 93:151-157

Orlikowska T, Nowak E, Marasek A, Kucharska D (1999) Effect of growth regulators and incubation
period on in vitro regeneration of adventitious shoots from gerbera petioles. Plant Cell Tiss

Org Cult 59:95-102

TH-1062_06610608



Chapter 10190

Padilla IMG, Webb K, Scorza R (2003) Early antibiotic selection and efficient rooting and
acclimatization improve the production of transgenic plum plants ( Prunus domestica L.). Plant

Cell Rep 22:38-45

Park BJ, Liu Z, Kanno A, Kameya T (2005) Transformation of radish (Raphanus sativus L.) via
sonication and vacuum infiltration of germinated seeds with Agrobacterium harboring a group

3LEA gene from B. napus. Plant Cell Rep 24:494-500

Pathak MR, Hamzah RY (2008) An effective method of sonication-assisted Agrobacterium-mediated
transformation of chickpeas. Plant Cell Tiss Organ Cult 93:65-71

Patil G, Deokar A, Jain PK, Thengane R], Srinivasan R (2009) Development of a phosphomannose
isomerase-based Agrobacterium-mediated transformation system for chickpea (Cicer

arietinum L.). Plant Cell Rep 28:1669-1676

Paz MM, Martinez ]C, Kalvig AB, Fonger TM, Wang K (2006) Improved cotyledonary node method
using an alternative explant derived from mature seed for efficient Agrobacterium-mediated

soybean transformation. Plant Cell Rep 25(3): 206-213

Pellegrineschi A (1997) In vitro plant regeneration via organogenesis of cowpea (Vigna unguiculata

(L.) Walp.). Plant Cell Rep 17:89-95

Perlak F], Fuchs RL, Dean DA, McPherson SL, Fischhoff DA (1991) Modification of the coding
sequence enhances plant expression of insect control protein genes. Proc Natl Acad Sci USA

88:3324-3328
Peumans W], Van Damme EJM (1995) Lectins as plant defense proteins. Plant Physiol 109:347-352

Phillips RD, Mc Watters KH, Chinannan MS, Hung Y, Beuchat LR, Dedeh SS, Dawson ES, Ngoddy P,
Nnanyelugo D, Enwere ], Komey NS, Liu K, Wilmot YM, Nnanna IA, Okeke C, Prinyawiwatkul W,
Saalia FK (2003) Utilization of cowpeas for human food. Field Crops Res 82:193-213

Pigott CR, Ellar D] (2007) Role of Receptors in Bacillus thuringiensis Crystal Toxin Activity. Microbiol
Mol Biol Rev 71(2):255-281

Popelka ]JC, Gollasch S, Moore A, Molvig L, Higgins TJV (2006) Genetic transformation of cowpea
(Vigna unguiculata L.) and stable transmission of the transgenes to progeny. Plant Cell Rep

25:304-312

Potrykus I (1991) Gene transfer to plants: Assessment of Published Approaches and Results. Annu
Rev Plant Physiol Plant Mol Biol 42: 205-225

TH-1062_06610608



Chapter 101191

Powell KS, Gatehouse AMR, Hilder VA, Gatehouse JA (1995) Antifeedant effects of plant lectins and an
enzyme on adult stage of the rice brown plant hopper, Nilaparvata lugens. Entomol Exp Appl

75:51-59

Powell KS, Spence ], Bharathi M, Gatehouse JA, Gatehouse AMR (1998) Immunohistochemical and
developmental studies to elucidate the mechanism of action of the snowdrop lectin on the rice

brown plant hopper, Nilaparvata lugens (Stal). ] Insect Physiol 44:529-539

Prem Anand RA, Ganapathi A, Ramesh G, Vengadesan, Selvaraj N (2000) High frequency plant
regeneration via somatic embryogenesis in cell suspension cultures of cowpea (Vigna

unguiculata (L.) Walp). In Vitro Cell Dev Biol Plant 36:475-480

Privalle LS (2002) Phosphomannose isomerase, a novel plant selection system: potential

allergenicity assessment. Ann NY Acad Sci 964:129-138

Puonti-Kaerlas ], Eriksson T, Engstrom P (1990) Production of transgenic pea (Pisum sativum L.)

plants by Agrobacterium tumefaciens-mediated gene transfer. Theor Appl Genet 80:246-252

Purcell LC, Serraj R, de Silva M, Sinclair TR, Bona S (1998) Ureide concentration of field-grown
soybean in response to drought and the relantionship to nitrogen fixation. ] Plant Nutr

21:949-966

Qaim M, Zilberman D (2003) Yield effects of genetically modified crops in developing countries. Sci
299:900-902

Qiao GR, Zhou ], Jiang ], Sun YH, Pan LY, Song HG, Jiang JM, Zhuo RY, Wang X], Sun ZX (2010)
Transformation of Liquidambar formosana L. via Agrobacterium tumefaciens using a mannose

selection system and recovery of salt tolerant lines. Plant Cell Tiss Organ Cult 102:163-170.

Rahbe Y, Sauvion N, Febvay G, Peumans W], Gatehouse AMR (1995) Toxicity of lectins and processing
of ingested proteins in the pea aphid Acyrthosiphon pisum. Entomol Exp Appl 76:143-155

Ramakrishnan K, Gnanam R, Sivakumar P, Manickam A (2005) Developmental pattern formation of
somatic embryos induced in cell suspension cultures of cowpea [Vigna unguiculata (L.) Walp].

Plant Cell Rep 24:501-506

Ramesh SA, Kaiser BN, Franks T, Collins G, Sedgley M (2006) Improved methods in Agrobacterium-
mediated transformation of almond using positive (mannose/pmi) or negative (kanamycin
resistance) selection-based protocols. Plant Cell Rep 25:821-828. DOI: 10.1007/s00299-006-
0139-0

TH-1062_06610608



Chapter 101192

Ramessar K, Peremarti A, Gomez-Galera S, Naqvi S, Moralejo M, Munoz P, Capell T, Christou P (2007)
Biosafety and risk assessment framework for selectable marker genes in transgenic crop

plants: a case of the science not supporting the politics. Transgenic Res 16:261-280

Rao KV, Rathore KS, Hodges TK, Fu X, Stoger E, Sudhakar D, Williams S, Christou P, Bharathi M, Bown
DP, Powell KS, Spence ], Gatehouse AMR, Gatehouse JA (1998) Expression of snowdrop lectin
(GNA) in transgenic rice plants confers resistance to rice brown plant hopper. Plant ] 15: 469-

477

Raveendar S, Premkumar A, Sasikumar S, Ignacimuthu S and Agastian P (2009) Development of a
rapid, highly efficient system of organogenesis in cowpea Vigna unguiculata (L.) Walp. South

African ] Bot 75(1):17-21

Reed ], Privalle LS, Powell ML, Meghji M, Dawson |, Dunder E, Suttie ], Wenck A, Launis K, Kramer C,
Chang YF, Hansen G, Wright M (2001) Phosphomannose isomerase: an efficient selectable

marker for plant transformation. In Vitro Cell Dev Biol Plant 37:127-132

Richardson M (1990) Seeds storage proteins: the enzyme inhibitors. Methods in Plant Biochem
5:261-307

Rodriguez EV, Labra AB, Benicio GG, Boradenenko A, Estrella AH, Simpson ] (1999) Cloning and
characterization of a trypsin inhibitor cDNA from amaranth (Amaranthus hypochondriacus)

seeds. Plant Mol Biol 41:15-23

Rohini VK, Manjunath NH, Rao KS (2005) Studies to develop systems to mobilize foreign genes into
parasitic flowering plants. Physiol Mol Biol Plants 11(1):111-120

Rohrmeier T, Lehle L (1993) WIP1, a wound-inducible gene from maize with homology to Bowman-

Birk proteinase inhibitors. Plant Mol Biol 22:783-792

Roome W] (1992) Agrobacterium-mediated transformation of two forest tree species Prunus serotina
and Fraxinus pennsylvanica. MS Thesis, State University of New York, College of Environmental

Science and Forestry

Rosu A, Skirvin RM, Bein A, Norton AM, Kushad M, Otterbacher AG (1995) The development of
putative adventitious shoots from a chimeral thornless rose (Rosa multiflora Thunb. ex. ].

Murr.) in vitro. ] Hortic Sci 70:901-907

Sahoo L, Jaiwal PK (2009) Asiatic Beans. In: Compendium of Transgenic Crop Plants. (C. Kole and T C.
Hall eds.), Willey, New York, pp 115-132

TH-1062_06610608



Chapter 101193

Saini R, Jaiwal PK (2007) Agrobacterium tumefaciens - mediated transformation of blackgram: an

assessment of factors influencing the efficiency of uidA gene transfer. Biol Plant 51(1):69-74

Sambrook K], Fritsch EF, Maniatis T (1989) Molecular cloning: a laboratory manual, 2m edn. Cold
Spring Harbor Laboratory Press, New York.

San Jose CM, Ballester A, Vieitez M (2001) Effect of thidiazuron on multiple shoot induction and plant

regeneration from cotyledonary node of chestnut. ] Hortic Sci Biotech, 76(5):588-595

Sanchez-Serrano JJ, Schmidt R, Schell ], Willmitzer L (1986) Nucleotide sequence of a proteinase
inhibitor II encoding cDNA of potato (Solanum tuberosum) and its mode of expression. Mol Gen

Genet 203:15-20

Sanginga N, Lyasse O, Singh BB (2000) Phosphorus-use effi ciency and nitrogen balance of cowpea
breeding lines in a low P soil of the derived savanna zone in West Africa. Plant and Soil

220:119-128

Santarem ER, Trick HN, Essing JS, Finer J] (1998) Sonication assisted Agrobacterium-mediated
transformation of soybean immature cotyledons: optimization of transient expression. Plant

Cell Rep 17:752-759

Sanyal I, Singh AK, Kaushik M, Amla DV (2005) Agrobacterium-mediated transformation of chickpea
(Cicer arietinum L.) with Bacillus thuringiensis crylAc gene for resistance against pod borer

insect Helicoverpa armigera. Plant Sci 168:1135-1146

Sarmah BK, Moore A, Tate W, Molvig L, Morton RL, Rees DP, Chiaiese P, Chrispeels M], Tabe LM,
Higgins TJV (2004) Transgenic chickpea seeds expressing high levels of a bean a-amylase
inhibitor. Mol Breed 14:73-82

Schroeder HE, Gollasch S, Moore A, Tabe IM, Craig S, Hardie’ DC, Chrispeels M], Spencer D, Higgins
TJ V (1995) Bean a-Amylase Inhibitor Confers Resistance to the Pea Weevil (Bruchus pisorum)
in Transgenic Peas (Pisum sativum L.). Plant Physiol 107:1233-1239

Schroeder HE, Schotz AH, Wardley-Richardson T, Spencer D, Higgins TJV (1993) Transformation and

regeneration of two cultivars of pea (Pisum sativum L.). Plant Physiol 101:751-757

Schuler TH, Poppy GM, Kerry BR, Denholm I (1998) Insect-resistant transgenic plants. Trends
Biotech 16:168-175

TH-1062_06610608



Chapter 10194

Shade RE, Schroeder HE, Pueyo ]], Tabe LM, Murdock LL, Higgins TJV, Chrispeels M] (1994)
Transgenic peas expressing the a-amylase inhibitor of the common bean are resistant to the

bruchid beetles Callosobruchus maculatus and C. chinensis. Biotechnol 12:793-796

Sharma K, Lavanya M, Anjaiah V (2006) Agrobacterium-mediated production of transgenic pigeon
pea (Cajanus cajan L. Millsp.) expressing the synthetic Btcry1Ab gene. In Vitro Cell Dev Biol
Plant 42:165-173

Sharma KK, Anjaiah V (2000) An efficient method for the production of transgenic plants of peanut
(Arachis hypogaea L.) through Agrobacterium tumefaciens-mediated genetic transformation.

Plant Sci 159:7-19

Sharmah KK, Bhatnagar-Mathur P, Thorpe TA (2005) Genetic transformation technology:status and
problems. In Vitro Cell Dev Biol Plant 41:102-112

Shimelis H, Shiringani R (2010) Variance components and heritabilities of yield and agronomic traits

among cowpea genotypes. Euphytica 176:383-389

Shimoda N, Toyoda-Yamamoto A, Nagamine ], Usami S,Katayama M, Sakagami Y, Machida Y (1990)
Control of expression of Agrobacterium vir genes by synergistic action of phenolic signal

molecules and monosaccharides. Proc Natl Acad Sci USA 87:6684-6688

Sidorov VA, Kasten D, Pang SZ, Hajdukiewicz PT, Staub JM, Nehra NS (1999) Technical advance:
stable chloroplast transformation in potato: use of green fluorescent protein as a plastid

marker. Plant ] 19:209-216

Sigareva M, Spivey R, Willits MG, Kraimer CM, Chang YF (2004) An efficient mannose selection
protocol for tomato that has no adverse effect on the ploidy level of transgenic plants. Plant

Cell Rep 23:236-245

Sikdar SR, Serino G, Chaudhuri S, Maliga P (1998) Plastid transformation in Arabidopsis thaliana.
Plant Cell Rep 18:20-34

Silva TER, Cidade LC, Alvim FC, Cascardo JCM, Costa MGC (2009) Studies on genetic transformation of
Theobroma cacao L.: evaluation of different polyamines and antibiotics on somatic
embryogenesis and the efficiency of uidA gene transfer by Agrobacterium tumefaciens. Plant

Cell Tiss Organ Cult 99:287-298

TH-1062_06610608



Chapter 10]195

Singh BB (2002) Recent genetic studies in cowpea. In: FatokunCA, Tarawali SA, Singh BB, Kormawa
PM, Tamo M (eds) Challenges and opportunities for enhancing sustainable cowpea production.

International Institute of Tropical Agriculture, Ibadan, pp 3-13

Singh BB (2007) Recent progress in cowpea genetics and breeding. In: ISHS Acta Horticulturae 752:
Proceedings of the 1st International Conference on Indigenous Vegetables and Legumes.
Prospectus for Fighting Poverty, Hunger and Ma Inutrition, Eds, Chadha MI, Kuo G, Gowda
CLL. (http://www.actahort.org/books/752/752_7.htm)

Singh BB, Ehlers |D, Sharma B, Freire Filho FR (2000) Recent progress in cowpea breeding. In:
Proceedings of World Cowpea Conference IIL. IITA, Ibadan, Nigeria, 4-7 Septermber, pp 22-
40

Singh BB, Emechebe AM (1997) Advances in research on cowpea Striga and Alectra. In: Sing BB,
Mohan Raj Dr, Dashiell KE, Jackai Len (eds) Advances in cowpea research. International
Institute of Tropical agriculture (IITA) and Japan International Research Centre for

Agricultural Science (JIRCAS), IITA, Ibadan, Nigeria, pp 215-223

Singh BR (1995) Soil management strategies for the semi-arid ecosystem in Nigeria. The case of

Sokoto and Kebbi states. Afr Soils 25:317-320

Singh NP, Singh YI (2010) Strategy for improving the nutritional quality of grain legumes through

genetic engineering. Trends in Biosci 3:1-5

Singh SR, Jackai LEN (1988) Screening techniques for host plant resistance to cowpea insect pests.
Tropical Grain Legume Bull 35:2-18

Sober’on M, Pardo-L opez L, L'opez I, G'omez I, Tabashnik BE, Bravo A (2007) Engineering modified

Bt toxins to counter insect resistance. Sci 318:1640-1642

Solleti SK, Bakshi S, Purkayastha ], Panda SK, Sahoo L (2008b) Transgenic cowpea (Vigna
unguiculata) seeds expressing a bean a-amylase inhibitor 1 confer resistance to storage pests,

bruchid beetles. Plant Cell Rep 27:1841-1850

Solleti SK, Bakshi S, Sahoo L (2008a) Additional virulence genes in conjunction with efficient
selection scheme,and compatible culture regime enhance recovery of stable transgenic plants

in cowpea via Agrobacterium tumefaciens-mediated transformation. ] Biotech 135:97-104

Song SI, Kim CH, Baek SJ, Choi YD (1991) Molecular cloning and nucleotide sequencing of cDNA
encoding the precursor for soybean trypsin inhibitor (Kunitz type). Mol Cells 1:317-324

TH-1062_06610608



Chapter 10196

Sonia, Saini R, Singh RP, Jaiwal PK (2007) Agrobacterium tumefaciens mediated transfer of Phaseolus
vulgaris a-amylase inhibitor-1 gene into mungbean Vigna radiata (L.) Wilczek using bar as

selectable marker. Plant Cell Rep 26:187-198

Sovari S, Ulvinen S, Hietarante T, Hiirsalmi H (1993) Preculture medium promotes direct shoot

regeneration from micro-propagated strawberry leaf discs. Hort Sci 28:55-57

Srinivasan R (2008) Susceptibility of legume pod borer (LPB), Maruca vitrata to 6-endotoxins of
Bacillus thuringiensis (Bt) in Taiwan. ] Invert Pathol 97:79-81

Sriskandarajah S, Goodwin P (1998) Conditioning promotes regeneration and transformation in

apple leaf. Plant Cell Tiss Org Cult 53:1

Stachel SE, Messens E, Van Montagu M, Zambryski P (1985) Identification of the signal molecules
produced by wounded plant cells which activate the T-DNA transfer process in Agrobacterium

tumefaciens. Nature 318:624-629

Staub JM, Maliga P (1992) Long regions of homologous DNA are incorporated into the tobacco plastid
genome by transformation. Plant Cell 4:39-45

Stavolone L, Kononova M, Pauli S, Ragozzino A, De Haan P, Milligan S, Lawton K, Hohn T (2003)
Cestrum yellow leaf curling virus promoter: A new strong constitutive promoter for

heterologous gene expression in a wide variety of crops. Plant Mol Biol 53:703-713

Stoger E, Williams S, Christou P, Down RE, Gatehouse JA (1999) Expression of the insecticidal lectin
from snowdrop (Galanthus nivalis agglutinin; GNA) in transgenic wheat plants: effects on

predation by the grain aphid Sitobion avenae. Mol Breed 5:65-73

Stoykova P, Stoeva-Popova P (2011) PMI (manA) as a nonantibiotic selectable marker gene in plant

biotechnology. Plant Cell Tiss Organ Cult 105:141-148

Subramanyam K, Subramanyam K, Sailaja KV, Srinivasulu M, Lakshmidevi K (2011) Highly efficient
Agrobacterium-mediated transformation of banana cv. Rasthali (AAB) via sonication and

vacuum infiltration. Plant Cell Rep 30(3):425-36

Sun X, Wu A, Tang K (2002) Transgenic rice lines with enhanced resistance to the small brown plant

hopper. Crop Protection 21:511-514

Supartana P, Shimizu T, Nogawa M, Shioiri H, Nakajima T, Haramoto N, Nozue M, Kojima M (2006)
Development of simple and efficient in planta transformation method for wheat (Triticum

aestivum L.) using Agrobacterium tumefaciens. | Biosci Bioeng 102(3):162-170

TH-1062_06610608



Chapter 101197

Svab Z, Hajdukiewicz P, Maliga P (1990) Stable transformation of plastids in higher plants. Proc Natl
Acad Sci USA 87:8526-8530

Swartz HJ, Bors R, Mohamed F, Naess SK (1990) The effect of in vitro pretreatments on subsequent
shoot organogenesis from excised Rubus and Malus leaves. Plant Cell Tiss Org Cult 21:179-184

Tague BW, Mantis ] (2006) In Planta Agrobacterium-Mediated Transformation by Vacuum
Infiltration. Methods Mol Biol 323:215-223

Tang W (2003) Additional virulence genes and sonication enhance Agrobacterium tumefaciens-

mediated loblolly pine transformation. Plant Cell Rep 21:555-562

Tang W, Sederoff R, Whetten R (2001) Regeneration of transgenic loblolly pine (Pinus taeda L.) from

zygotic embryos transformed with Agrobacterium tumefaciens. Planta 213:981-989

Tee CS, Marziah M, Tan CS, Abdullah NP (2003) Evaluation of different promoters driving the GFP
reporter gene and selected target tissues for particle bombardment of Dendrobium Sonia 17.

Plant Cell Rep 21:452-458

Thirukkumaran G, Ntui VO, Khan RS, Mii M (2009) Thidiazuron: an efficient plant growth regulator
for enhancing Agrobacterium-mediated transformation in Petunia hybrid. Plant Cell Tiss Organ

Cult 99:109-115

Timko MP, Ehlers D, Roberts PA (2007) Cowpea. In: Kole C (ed) Pulses, sugar and tuber crops.
Theoretical and applied genetics, genome mapping and molecular breeding in plants, vol 3.

Springer, Berlin, pp 49-67

Timko MP, Singh BB (2008) Cowpea, a Multifunctional Legume. Moore PH, Ming R (eds) Genomics of
Tropical Crop Plants. Springer, pp 227-258

Todd R, Tague BW (2001) Phosphomannose isomerase: A Versatile Selectable Marker for Arabidopsis
thaliana Germ-Line Transformation. Plant Mol Biol Rep 19:307-319

Trick H, Finer J] (1997) SAAT:sonication-assisted Agrobacterium-mediated transformation.

Transgenic Res 6:329-336

Trick HN, J]J Finer (1999) Induction of somatic embryogenesis and genetic transformation of Ohio

buckeye (Aesculus glabra Willd.). In Vitro Cell Dev Biol-Plant 35:57-60

Trick HN,Finer J] (1998) Sonication-assisted Agrobacterium-mediated transformation of soybean

[Glycine max (L.) Merrill] embryogenic suspension culture tissue. Plant Cell Rep 17: 482-488

TH-1062_06610608



Chapter 10198

Tzfira T, Jensen CS, Wang W, Zuker A, Vinocur B, Altman A, Vainstein A (1997) Transgenic Populus
tremula: a step-by-step protocol for its Agrobacterium-mediated transformation. Plant Mol

Biol Rep 15:219-235

Vaeck M, Reynaerts A, Hoftey H, Jansens S, De Beuckleer M, Dean C, Zabeau M, Van Montagu M,

Leemans ] (1987) Transgenic plants protected from insect attack. Nature 327:33-37

Valderrama A, Velasquez N, Rodriguez E, Zapata A, Zaidi MA, Altosaar I, Arango R (2007) Resistance
to Tecia solanivora (Lepidoptera: Gelechiidae) in three transgenic andean varieties of potato

expressing Bacillus thuringiensis Cry1Ac protein. ] Econ Entomol 100:172-179

Venkatachalam P, Geetha N, Jayabalan N, Saravanababu K, Sita L (1998) Agrobacterium- mediated
genetic transformation of groundnut (Arachis hypogaea L.): an assaesment of factors affecting

regeneration of transgenic plants. ] Plant Res 111:565-572

Villemont E, Dubois F, Sangwan RS, Vasseur G, Bourgeois Y, Sangwan-Norreel BS (1997) Role of the
host cell cycle in the Agrobacterium-mediated genetic transformation of Petunia: evidence of

an S-phase control mechanism for T-DNA transfer. Planta 20:160-172

Waddington SR, Li X, Dixon ], Hyman G, de Vicente MC (2010) Getting the focus right: production

constraints for six major food crops in Asian and African farming systems. Nature 2:27-48

Wallbraun M, Sonntag K, Eisenhauer C, Krzcal C, Wang YP (2009) Phosphomannose-isomerase (pmi)
gene as a selectable marker for Agrobacterium-mediated transformation of rapeseed. Plant Cell

Tiss Organ Cult 99(3):345-351.

Wang WC, Menon G, Hansen G (2003) Development of a novel Agrobacterium-mediated

transformation method to recover transgenic Brassica napus plants. Plant Cell Rep 22:274-281

Wang X, Zhou Z, Li Q, Gu XH, Ma DF (2006) Optimization of genetic transformation using SAAT in
sweetpotato. Jiangsu ] Agric Sci 22(1):14-18

Wright M, Dawson ], Dunder E, Suttie ], Reed ], Kramer C, Chang Y, Novitzky R, Wang H, Artim-Moore
L (2001) Efficient biolistic transformation of maize (Zea mays L.) and wheat (Triticum aestivum
L.) using the phosphomannose isomerase gene, pmi, as the selectable marker. Plant Cell Rep

20:429-436

Xu DP, Xue QZ, Mcelroy D, Mawal Y, Hilder VA, Wu R (1996) Constitutive expression of a cowpea
trypsin inhibitor gene, CpTi, in transgenic rice plants confers resistance to two major rice

insect pests. Mol Breed 2:167-173

TH-1062_06610608



Chapter 10]199

Xu P, Wu X, Wang B, Liu Y, Qin D, Ehlers JD, Close T], Hu T, Lu Z, Li G (2010) Development and
polymorphism of Vigna unguiculata ssp. unguiculata microsatellite markers used for

phylogenetic analysis in asparagus bean (Vigna unguiculata ssp. sesquipedialis (L.) Verdc.). Mol

Breed 25: 675-684

Yeh KW, Lin MI, Tuan SJ, Chen YM, Lin CY, Kao SS (1997) Sweet potato (I[pomoea batatas) trypsin
inhibitors expressed in transgenic tobacco plants confer resistance against Spodoptera litura.

Plant Cell Rep 16:696-699

Yeung EC, Aitken ], Biondi S, Thorpe TA (1981) Shoot histogenesis in cotyledon explants of radiata
pine. Botan Gaz 142: 494-501

Yookongkaew N, Srivatanakul M, Narangajavana | (2007) Development of genotype-independent
regeneration system for transformation of rice (Oryza sativa ssp. indica). ] Plant Res

120(2):237-245

Yu C, Huang S, Chen C, Deng Z, Ling P, Gmitter FG (2002) Factors affecting Agrobacterium-mediated
transformation and regeneration of sweet orange and citrange. Plant Cell Tissue Organ Cult

71:147-155

Yuan ZQ, Zhao CY, Zhou Y, Tian YC (2001) Aphid-resistant transgenic tobacco plants expressing
modified GNA gene. Acta Botanica Sinica 43:592-597

Zaidi MA, Mohammadi M, Postel S, Masson L, Altosaar I (2005) The Bt gene cry2AaZ2 driven by a
tissue specific ST-LS1 promoter from potato effectively controls Heliothis virescens. Transgenic
Res 14:289-298

Zaragoza C, Munoz-Bertomeu ], Arrillaga I (2004) Regeneration of herbicide-tolerant black locust

transgenic plants by SAAT. Plant Cell Rep 22: 832-838

Zhang CL, Chen DF, McCormac AC, Scott NW, Elliott MC, Slater A (2001) Use of the GFP reporter gene
as a vital marker for Agrobacterium-mediated transformation of sugar beet (Beta vulgaris L.).

Mol. Biotechnol 17:109-117

Zhang P, Potrykus I, Puonti-Kaerlas ] (2000) Efficient production of transgenic cassava using negative

and positive selection. Transgenic Res 9:405-415

Zhang P, Puonti-Kaerlas ] (2000) PIG-mediated cassava transformation using positive and negative

selection. Plant Cell Rep 19:1041-1048

TH-1062_06610608



Chapter 10]200

Zhihui S, Tzitzikas M, Raemakers K, Zhengqiang M, Visser R (2009) Effect of TDZ on plant
regeneration from mature seeds in pea (Pisum sativum). In Vitro Cell Dev Biol-Plant 45:776-

782

Zhu Y], Agbayani R, McCafferty H, Albert HH, Moore PH (2005) Effective selection of transgenic
papaya plants with the PMI/Man selection system. Plant Cell Rep 24:426-432

TH-1062_06610608



List of Publications

Journals:

Published/Accepted

1.

Bakshi S, Sadhukhan A, Mishra S and Sahoo S (2011) Improved Agrobacterium-
mediated transformation of cowpea via sonication and vacuum infiltration. Plant
Cell Reports. d0i:10.1007/s00299-011-1133-8

Solleti S, Bakshi S, Purkayastha ], Panda SK and Sahoo L (2008) Transgenic cowpea
(Vigna unguiculata) seeds expressing a bean ai-amylase inhibitor 1 confer resistance
to storage pests, bruchid beetles. Plant Cell Reports 27:1841-1850

Solleti SK, Bakshi S, and Sahoo L (2008). Additional virulence genes in conjunction
with efficient selection scheme, and compatible culture regime enhance recovery of
stable transgenic plants of cowpea via Agrobacterium tumefaciens-mediated
transformation. Journal of Biotechnology 135: 97-104

Submitted/Under review

1. Bakshi S and Sahoo L (2011) Efficient recovery of transgenic cowpea expressing
BtCry1Ac through improved selection system. Planta (Under review)

2. Bakshi S, Roy NK and Sahoo L (2011) Preconditioning of seedlings in thidiazuron
improves adventitious shoot regeneration in recalcitrant grain legume-cowpea
(Vigna unguiculata L. Walp). Plant Cell Tissue Organ Culture (Communicated)

3. Bakshi S, Saha B and Sahoo L (2011) Establishment of a mannose based positive
selection system for the recovery of transgenic cowpea. Plant Cell Report
(Communicated)

Conferences:

1. Bakshi S and Sahoo L (2011) Expression of BtcrylAc in transgenic cowpea and
genetic stability. National Symposium on PTC and Biotech & XXXII PTCA (I) meet on
4th -6 th Feb, Rajasthan, India

2. Bakshi S, Sadhukhan A, Roy NK, Kailasam S, Sahoo DP and Sahoo L (2011) Genetic

TH-1062_06610608

engineering of cowpea with Btcry1Ab for resistance to Maruca pod borer. National
Symposium on PTC and Biotech & XXXII PTCA (I) meet on 4t -6t Feb, Rajasthan,

India



TH-1062_06610608

Borah P, Kalita N, Bakshi S, Mishra S and Sahoo L (2011) Genetic transformation of
mungbean with crylAc gene for insect resistance. National Symposium on PTC and
Biotech & XXXII PTCA (I) meet on 4t -6t Feb, Rajasthan, India

Bakshi S and Sahoo L (2010) Expression of cryl1Ac gene in Indian cowpea cultivar
Pusa Komal for resistance to pod borer. International Conference on Biotechnology:

A Global Scenario held on 2nd-4th November, Warangal, India

Solleti SK, Bakshi S, Purkayastha ], Panda SK and Sahoo L (2008). Transgenic
cowpea seeds expressing bean «-amylase inhibitor 1 conferred complete
protection against storage pests, bruchid beetles. International Conference on Plant
Biotechnology and Molecular Biology, Department of Biotechnology, Kakatiya
University, Andhra Pradesh, August 15-17.

Solleti SK, Bakshi S, and Sahoo L (2008). Pronounced effect of synergistic and
temporal application of two cytokinins, 6-benzyl aminopurine and kinetin on cyclic
morphogenesis from shoot apex explants in cowpea: a morphological insight.
International Conference on Plant Biotechnology and Molecular Biology,

Department of Biotechnology, Kakatiya University, Andhra Pradesh, August 15-17.

Purakayastha ], Sugla T, Bakshi S, Solleti S and Sahoo L (2006). Rapid in-vitro plant
regeneration from nodal explant of Andrographis paniculata Nees: a valuable
medicinal plant. Abstract of “National Seminar on Biodiversity & Indigenous

Knowledge System”, Rajiv Gandhi University, Arunachal Pradesh, India.



Plant Cell Rep
DOI 10.1007/s00299-011-1133-8

ORIGINAL PAPER

Improved Agrobacterium-mediated transformation of cowpea
via sonication and vacuum infiltration

Souvika Bakshi + Ayan Sadhukhan -
Sagarika Mishra - Lingaraj Sahoo

Received: 5 July 2011/Revised: 21 July 2011/ Accepted: 2 August 2011

© Springer-Verlag 2011

Abstract An improved method of Agrobacterium-medi-
ated transformation of cowpea was developed employing
both sonication and vacuum infiltration treatments. 4 day-
old cotyledonary nodes were used as explants for co-culti-
vation with Agrobacterium tumefaciens strain EHA105
harbouring the binary vector pSouv-crylAc. Among the
different injury treatments, vacuum infiltration and their
combination treatments tested, sonication for 20 s followed
by vacuum infiltration for 5 min with A. tumefaciens resulted
in highest transient GUS expression efficiency (93%
explants expressing GUS at regenerating sites). After 3 days
of co-cultivation, the explants were cultured in 150 mg/l
kanamycin-containing selection medium and putative
transformed plants were recovered. The presence, integra-
tion and expression of nptll and crylAc genes in T trans-
genic plants were confirmed by polymerase chain reaction
(PCR), genomic Southern and qualitative reverse transcrip-
tion (RT)-PCR analysis. Western blot hybridization and
enzyme-linked immunosorbent assay (ELISA) detected and
demonstrated the accumulation of CrylAc protein in trans-
genic plants. The crylAc gene transmitted in a Mendelian
fashion. The stable transformation efficiency increased by
88.4% using both sonication-assisted Agrobacterium-medi-
ated transformation (SAAT) and vacuum infiltration than
simple Agrobacterium-mediated transformation in cowpea.
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Abbreviations

BAP 6-Benzylaminopurine

TDZ Thidiazuron

GUS p-Glucuronidase

nptll  Neomycin phosphotransferase II

SAAT Sonication-assisted Agrobacterium-mediated
transformation

Introduction

Cowpea (Vigna unguiculata L. Walp) is widely cultivated
in Africa, India, Middle East and, South America mostly
for dry grain and fodder (Ehlers and Hall 1997; Timko
et al. 2007), and is a major source of high-quality dietary
protein for millions of local poor people (Singh 2002;
Diouf and Hilu 2005; Xu et al. 2010). Cowpea production
is seriously affected by a number of biotic and abiotic
constraints, of which notably insect pests and viral diseases
cause substantial yield loss worldwide (Solleti et al.
2008a). Despite its economic importance, progress in
genetic improvement of cowpea for insect pest and disease
resistance through conventional breeding is slow primarily
due to narrow genetic base and barriers in crossing with
distant wild species (Gomathinayagam et al. 1998; Fang
et al. 2007). Consequently, the transfer of insect pest and
virus resistance genes by genetic transformation could
potentially aid plant breeders in overcoming these con-
straints and accelerate the development of resistant culti-
vars for breeding programs. Furthermore, efficient genetic
transformation system would provide a valuable tool for
functional genomics studies of cowpea. Agrobacterium-
mediated transformation has been extensively applied to
many crop plants including grain legumes, because this
method offers several advantages such as the defined
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integration of transgenes, potentially low copy number, and
preferential integration into transcriptional active regions
of the chromosome (Koncz et al. 1989; Hiei et al. 1994).
Agrobacterium-mediated transformation of cotyledonary
explants has led to the generation of stable transgenic
plants in cowpea (Muthukumar et al. 1996; Popelka et al.
2006; Chaudhury et al. 2007; Solleti et al. 2008a, b).
Cotyledonary explants are preferred for Agrobacterium-
mediated transformation of cowpea as T-DNA delivery to
axillary meristem followed by regeneration via adventi-
tious bud formation minimizes the risks of chimeras and
somaclonal variation (Tzfira et al. 1997). However, cowpea
transformation still remains inefficient and consequently,
production of transgenic cowpea is far from being a routine
procedure due to poor transformation efficiency and low
numbers of regenerated transgenic plants. Sonication-
assisted Agrobacterium-mediated transformation (SAAT)
(Joersbo and Brunstedt 1992; Trick and Finer 1998; Sant-
are’'m et al. 1998) and vacuum infiltration (Charity et al.
2002; Park et al. 2005; Paz et al. 2006) methods have been
reported to enhance the efficiency of Agrobacterium-
mediated transformation of recalcitrant plant species.
Exposure of the explants to short periods of sonication in
the presence of Agrobacterium carrying desired T-DNA
vector is thought to produce large numbers of micro
wounds across the tissue which permits the Agrobacterium
to penetrate deeper and more completely throughout the
tissue as compared to the natural infection obtained during
co-cultivation (Trick and Finer 1997; Santare’m et al. 1998;
Tang et al. 2001; Liu et al. 2005), thus enhancing the
bacterial colonization and infection of the tissue. Per-
formed scanning electron and light microscopy observa-
tions revealed that ultrasound treatment produces small and
uniform fissures and channels throughout the plant tissue,
which allows Agrobacterium access to internal plant tissue
(Trick and Finer 1997). SAAT method has been success-
fully employed in improving transformation of a number of
recalcitrant plants (Oliveira et al. 2009).

Agroinfiltration is an effective method in enabling the
regenerating cells, often located a few cell layers beneath
the surface of explants, rapid access to Agrobacterium and
consequently increasing transient transgene expression in
many recalcitrant plant species (Bechtold and Pelletier
1998; Tague and Mantis 2006). This method has been
adapted for the successful transformation of number of
recalcitrant plants (Subramanyam et al. 2011).

Although the benefits of sonication and vacuum infil-
tration during A. tumefaciens-mediated transformation
methods are evident, no effort has been made to apply
these methods to cowpea. In order to improve the Agro-
bacterium-mediated transformation in cowpea for routine
generation of transgenic plants with candidate genes, we
investigated the effect of sonication and vacuum infiltration
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on Agrobacterium-mediated transformation of cowpea
cotyledonary node explants. Stable transgenic cowpea
plants expressing crylAc were recovered using both SAAT
and vacuum infiltration, which showed presence, integra-
tion, expression and inheritance of transgenes.

Materials and methods
Plant material and explant preparation

The mature seeds of cowpea cultivar Pusa Komal (IARI,
New Delhi) were surface sterilized with 70% ethanol (v/v)
for 30 s followed by 0.2% of mercuric chloride (w/v) for
5 min. The sterilized seeds were rinsed 5 times with sterile
water and cultured on MSBS5 medium [MS salts (Murashige
and Skoog 1962) 4+ Bs vitamins (Gamborg et al. 1968)]
supplemented with 3% sucrose (w/v), 0.8% agar agar (w/v)
and 10 pM TDZ. The cultures were incubated at 26 £ 2°C
under 16 h-photoperiod regime provided by cool white
fluorescent lamps (36 pmol m~2 s~'). Cotyledonary node
explants (5-6 mm) were excised from 4-day-old seedlings
by removing both the cotyledons, and decapitating epicotyls
as close as possible and hypocotyls 3 mm below the nodal
region, and used for transformation experiments.

Binary plasmid, bacterial strain and culture conditions

The binary plasmid pSouv:crylAc (BterylAc expression
cassette cloned in binary vector pPCAMBIA2301) (Fig. 1)
was mobilized into the disarmed hypervirulent Agrobacte-
rium tumefaciens strain EHA105 and used for transforma-
tion experiments. The T-DNA of pCAMBIA2301 includes
neomycin phosphotransferase gene (nptll) and f-glucu-
ronidase gene (gus) interrupted by catalase intron, both
driven by the cauliflower mosaic virus (CaMV) 35S pro-
moter. The A. tumefaciens strain harboring pSouv:crylAc
was maintained on solid YEP medium (An et al. 1988)
supplemented with 10 mg/l of rifampicin, and 50 mg/l of
kanamycin. Single bacterial colony was inoculated into
25 ml of liquid AB minimal medium (Chilton et al. 1974)
with appropriate antibiotics and grown overnight at 28°C on
a rotary shaker at 180 rpm, until optical density at 600 nm
reached to 0.8. The cells were collected by centrifuging at
5,000 rpm for 5 min, and then the pellet was resuspended in
liquid co-cultivation medium, LCM (MSB5 medium con-
taining 1 M BAP, pH adjusted to 5.5) supplemented with
100 puM acetosyringone and used for inoculation.

Inoculation of explants with A. tumefaciens

For each experiment, 3040 explants were subjected to
wounding treatment either by mechanical injury with
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Fig. 1 Schematic construction of pSouv:crylAc (14.5 kb). The
2.9 kb (EcoRI-HindIll) fragment containing Btcryl/Ac under the
control of CaMV 2X35S promoter and NOS terminator was cloned at

needle or by sonication, and inoculated in bacterial sus-
pension by occasional shaking for 30 min or by vacuum
infiltration. The explants inoculated in bacterial suspension
without prior wounding treatment were considered as
control. After inoculation in all cases, explants were blotted
on a sterile filter paper to remove excess liquid and co-
cultivated for 3 days under dark condition at 22°C, in petri
dishes lined with filter paper moistened with LCM sup-
plemented with 100 uM acetosyringone. Following co-
cultivation, the explants were rinsed three to four times
with LCM and blotted dry on sterile filter paper and placed
onto initial multiple shoot induction and selection medium,
SISM (MSB5 medium containing 5.0 pM BAP and 0.5 uM
kinetin supplemented with 150 mg/l kanamycin and
500 mg/l cefotaxime) for 20 days with three rounds of
subculture at an interval of 5, 7 and 8 days, respectively.

Wounding and SAAT treatments

The cotyledonary node explants were wounded at axils by
puncturing approximately 1.5 mm in depth with a sterile
hypodermic needle (0.56 mm in diameter.) prior to inoc-
ulation with Agrobacterium cell suspension.

For SAAT, the explants were immersed in 15 ml flat
bottom glass culture tubes (Borosil, India) containing 6 ml
of Agrobacterium cell suspension. The tubes were capped,
placed in a float at the center of a bath-type sonicator
(Telsonic ultrasonic TPC-40, Switzerland) and then sub-
jected to ultrasound at a frequency of 30 kHz. The treat-
ments differed as to sonication duration (5, 10, 15, 20, 25,
and 30 s). Following sonication, explants were removed
from the tubes, placed on sterile filter paper surface to blot
off excess bacteria and then transferred to co-cultivation
medium.

For vacuum infiltration experiment, the explants with or
without wounding and 20 s sonication treatments were
placed in vacuum system consisted of a vacuum pump at
600 mm Hg (Rocker 400, Tarson, India) to which a des-
iccator was attached. Glass petri dishes containing explants
immersed in Agrobacterium cell suspension were placed in
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the desiccator and vacuum was applied for different dura-
tions (2.5, 5, 10, 15 and 20 min).

The best treatments achieved in SAAT and vacuum
infiltration experiments were combined to evaluate the
effect of sonication followed by vacuum infiltration in
contrast to the use of these methods alone.

In all experiments, the frequency of transient GUS
expression was analyzed after 3 days of co-cultivation. The
optimal wounding, sonication and vacuum infiltration
treatments were determined as the levels that led to a
perceived increase in GUS positive foci in explants at the
site of regeneration without any perceived decrease in
explant viability. Control treatments consisted of explants
either uninoculated or inoculated with Agrobacterium
without wounding, sonication and vacuum infiltration
treatments.

Histochemical GUS assays

GUS activity was visualized using the histochemical assay
(Jefferson 1987). Transient expression was examined after
3 days of co-cultivation (Solleti et al. 2008a). The explants
were bleached with 100% ethanol for 24 h prior to exam-
ination under a stereomicroscope. Transient expression of
GUS was scored on a per explant basis by estimating the
number of blue foci visible on the axillary region of each
cotyledonary node explant. The blue foci were the discrete
areas of cells with GUS activity.

Shoot recovery

Following three rounds of kanamycin selection on SISM,
the survived explants were transferred to SIEM [shoot
induction and elongation medium (MSB medium contain-
ing 5.0 uM BAP, 0.5 pM kinetin and 500 mg/l cefotax-
ime)] and cultured for 10 days for optimal elongation and
selective regeneration of transformants. Elongated putative
transformed shoots (>1.5 cm) were transferred to rooting
medium (MS + 2.5 uM IBA) devoid of any antibiotics for
root induction. Rooted putative transformed plants were

@ Springer



Plant Cell Rep

transferred to pots containing sterile soil:compost (1:1) and
were acclimatized in greenhouse containment for 3 weeks.

Evaluation of transgenic plants

Molecular characterization of the transformants was car-
ried out by PCR, Southern hybridization, GUS histo-
chemical analysis of different plant tissues, RT-PCR,
ELISA and Western blot hybridization analysis for con-
firmation of the presence, integration, expression and
inheritance of the introduced genes.

Stable GUS assay

Stable gus expression was detected in various plant parts
including flower, anthers, pollens and pistils following the
histochemical procedure as described previously.

Screening of putative transformed plants using polymerase
chain reaction (PCR)

Genomic DNA was isolated from the young leaves of T
putative transformants and T, transgenic plants using the
modified CTAB method (Solleti et al. 2008a). PCR
amplification was carried out with gene specific primers for
nptll and BtcrylAc using genomic DNA from putative
transformed plants, non-transformed control plants (nega-
tive control) and pSouv:crylAc (positive control) as tem-
plates. The 540 bp region of npfll and 1 kb coding region
of BtcrylAc were amplified using respective 20 mers (nptll
Fw: CCACCATGATATTCGGCAAC; Rv: GTGGAGAG
GCTATTCGGCTA) and 24 mers (BtcrylAc Fw: CCCAG
AAGTTGAAGTACTTGGTGG; Rv: CCGATATTGAAG
GGTCTTCTGTAC) oligonucleotide primers. The ampli-
fication reaction was carried out under the following con-
ditions: 94°C for 5 min (1 cycle), 94°C for 1 min
(denaturation), 58°C for 1 min (annealing), 72°C for 1 min
(extension) for 35 cycles followed by the final extension at
72°C for 7 min (1 cycle). PCR was performed using
~100 ng of purified genomic DNA and Taq DNA poly-
merase (Genei, Bangalore, India) according to manufac-
turer’s instruction. The amplified products were resolved
by electrophoresis on 1% agarose gel and visualized by
ethidium bromide staining (Sambrook et al. 1989).

Southern hybridization

Randomly selected PCR-positive T, transgenic cowpea
plants were further analyzed by Southern hybridization for
the integration of the crylAc. 10 pg samples of genomic
DNA from non-transformed control and transgenic plants
were digested with HindIIl. The digested samples were
fractioned on a 0.8% agarose gel and transferred to Zeta-
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Probe membrane (Bio-Rad, USA). The blot was hybridized
with DIG-labeled 1 kb PCR product, corresponding to the
coding region of crylAc gene. The probe labeling and
Southern hybridization were performed using the non-
radioactive DIG Labeling and Detection system (Roche,
Germany) following supplier’s instructions. Pre-hybrid-
ization and hybridization were carried out using high
hybridization buffer containing 5XSSC, 1% blocking
solution, 0.1% (w/v) N-lauroyl sarcosine and 0.02% (w/v)
sodium dodecyl sulfate. Washing and detection were per-
formed according to the instruction of the DIG labeling and
detection system (Roche Diagnostics, Mannheim,
Germany).

Qualitative reverse transcription (RT)-PCR analysis

Total RNA was isolated from the PCR-positive transgenic
Ty plants using Trizol Reagent (Invitrogen, USA) from
100 ng of leaf tissue according to the manufacturer’s
instructions. The integrity of RNA was verified by visual-
izing the RNA bands on 1.5% denaturing agarose gel
(Sambrook et al. 1989). RT-PCR was carried out using
First Strand cDNA Synthesis Kit (Fermentas, USA)
according to the manufacturer’s instructions. PCR of the
coding sequences of BtcrylAc gene in the cDNA was
carried out using respective primers as described earlier.

Western blot hybridization

Proteins were extracted from 1 g of young leaves of T
transgenic plants using an extraction buffer containing
100 mM potassium phosphate buffer (pH 7.8), 1 mM
ethylenediaminetetraacetic acid (EDTA), 1% Triton
X-100, 10% glycerol, 1 mM dithiothreitol (DTT). The
protein concentration was determined by the method of
Bradford (1976). 30 pg of protein was fractionated on 12%
acrylamide gels with sodium dodecyl sulfate (SDS-PAGE)
and blotted on to a PVDF membrane by electro transfer
blotting unit. Blots were blocked for 2 h at room temper-
ature in 5% blocking buffer (non-fat powdered milk in
Tris-buffered saline with 0.1% Tween-20). Goat polyclonal
antibodies (Amar Diagnostics, India) were used at 1/500
dilution in blocking buffer and incubated for overnight at
4°C. The samples were washed three times in TBST (tris-
buffered saline tween-20) for 5 min each. A secondary
rabbit anti-goat antibody alkaline phosphatase conjugate
(Amar Diagnostics, India) was then used for final detection,
at a dilution of 1/1,000. Blots were incubated for 40 min at
4°C, washed 5 times for 5 min each with TBST followed
by development in nitro blue tetrazolium/bromo chloro
indolyl phosphate (NBT/BCIP) substrate solution (Sigma,
USA) for 15-20 min. The reaction was stopped by washing
the membrane with distilled water.
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Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed to quantify the accumulated levels
of CrylAc protein in T, transgenic plants using Desigen
Quan T-ELISA-96 well plate kit (Desigen, Maharashtra,
India) following manufacturer’s protocol. Total protein
was extracted from 5 mg of dry leaf powder using 500 pl
of sample extraction buffer. The sample was chilled and
spun at 8,000 rpm for 15 min and 100 pl of supernatant
was used for loading to anti-CrylAc pre-coated plate. For
the estimation of CrylAc, the 96-well titre plate was coated
with 150 pl per well (1:1,000) of goat anti-CrylAc anti-
bodies. The plate was then loaded with 100 pl samples and
buffer was used in control wells. The plate was incubated
at 37°C for 1.5 h, followed by washing with wash buffer
twice. After washing, the plate was incubated with alkaline
phosphatase conjugated secondary antibodies at a dilution
of 1:1,000 with 250 pl per well for 45 min at 37°C. The
plate was then washed with wash buffer twice and 250 pl
of freshly prepared substrate (p-nitro phenyl phosphate,
1 mg/ml) was added per well. The plate was incubated at
room temperature in the dark for 30 min and reaction was
stopped and readings recorded at 405 nm in a micro plate
reader (Tecan, Switzerland).

Segregation analysis

The leaves of T, transgenic plants generated from eight
independent transformation events were analyzed for the
presence of mptll and BtcrylAc genes using PCR, as
described earlier. Segregation patterns were analyzed with
the Chi-square test (x°) as described by Solleti et al.
(2008b).

Data analysis

Data were subjected to analysis of variance (ANOVA) and
mean separation by Duncan’s multiple-range test (DMRT)
using single-factor completely randomized block design in
order to study the effect of different treatments on fre-
quencies of transient expression. All experiments were
performed at least three times with a minimum of 3040
explants per treatment.

Results and discussion

Effect of wounding

Efficient Agrobacterium-mediated transformation requires
optimal delivery of the T-DNA to regenerable cells of the

explants. Wounding of explants allows Agrobacterium to
better access plant cells as it stimulates the production of
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Fig. 2 Effect of mechanical injury by hypodermic needle on transient
transformation of cowpea cotyledonary nodes as evaluated with GUS
assay. Control-injury is omitted in explants. The bars indi-
cate & standard errors. Means followed by the same letter are not
statistically significant at P < 0.05

potent vir gene inducers, like phenolic substances and
enhances the plant cell competence for transformation
(Stachel et al. 1985; Shimoda et al. 1990; Bidney et al.
1992). Only plants with an appropriate wound response
develop larger populations of wound adjacent competent
cells for regeneration and transformation (Potrykus 1991).
Although excessive wounding is probably detrimental to
stable transformation, the frequency of gene transfer via
Agrobacterium-mediated transformation in recalcitrant
species can be significantly enhanced by inducing wounds
in the target tissue (Bidney et al. 1992). In cowpea,
infection of cotyledonary node explants with most effective
supervirulent A. fumefaciens strain EHA10S5, in absence of
injury treatment resulted in 85% transient GUS expression
frequency (Solleti et al. 2008a). However, the accounted
GUS foci were located mostly at the cotyledons detach-
ment site of cotyledonary node explants, and not at the
regenerating site. The low stable transformation efficiency,
1.64% in cowpea (Solleti et al. 2008a) could be attributed
to poor conversion of transient transformation to stable
transformation. Wounding of regenerating sites of the
cotyledonary node explants of cowpea by a hypodermic
needle and co-cultivation with A. tumefaciens resulted in
more efficient transient expression especially on needle-
wounded explants, mainly in terms of the percentage of
explants showing GUS foci at the regenerating sites as
compared to unwounded explants infected with A. rum-
efaciens (Fig. 2). This clearly indicated that higher tran-
sient transformation of regenerating cells of meristematic
tissue-based explants such as cotyledonary nodes, required
an efficient wounding treatment. Wounding at the regen-
erating sites before co-cultivation allowed better bacterial
penetration into the regenerating cells of cotyledonary node
explants, facilitating the accessibility of plant cells for
Agrobacterium infection. Such mechanical wounding
treatments greatly enhanced transformation efficiency in a
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number of plant species including recalcitrant grain
legumes (Roome 1992; Rohini et al. 2005; Supartana et al.
2006; Saini and Jaiwal 2007).

Effect of sonication and vacuum infiltration

To identify more efficient methods to improve access of
Agrobacterium and also to create an area of wounding to
induce cotyledonary node cells and to produce phenolic
compounds for vir gene induction in cowpea, we evaluated
the effect of sonication and vacuum infiltration on A. fum-
efaciens-mediated transformation of cotyledonary node
explants. These treatments have the potential to increase
transformation efficiency by improving penetration of
Agrobacterium cells into the cell layers beneath the epi-
dermis of cotyledonary node region. This is an important
criterion as regenerating cells of cotyledonary node explants
are positioned a few cells layers beneath the surface at the
axils in Vigna species including cowpea, mungbean and
blackgram (Sahoo and Jaiwal 2009). A control experiment
with explants without inoculation with Agrobacterium was
designed to determine whether these treatments could be
used without a negative effect on shoot regeneration from
cotyledonary node explant. Sonication was very effective in
increasing transient GUS expression frequency (Figs. 3,
4a). With the increase in sonication treatment time, the
number of transiently transformed explants increased sig-
nificantly with a maximum of 79% of the explants showing
GUS foci at the regenerating sites when sonication treatment
was prolonged to 20 s (Figs. 3, 4a). The number of GUS foci
appeared to be quite variable among cotyledonary node
explants (data not shown). At lower sonication treatment
time (10-20 s), the GUS foci were well defined, corre-
sponding to probably one or a collection of small individual
spots (Fig. 3a—f). With the increase in sonication treatment
time beyond 20 s, a diffuse GUS expression was presented
all over the surface of the cotyledonary node explants,
making the quantification of the number of foci difficult
(Fig. 3g-h). Moreover, with increase in sonication treat-
ment time to 30 s, the untransformed explants showed a
decrease in their bud-forming capacity indicating that longer
sonication treatment compromised viability of regenerating
cells (data not shown). SAAT has been used to enhance
stable transformation of many recalcitrant plant species
including soybean (Trick and Finer 1998), loblolly pine
(Tang 2003), black locust (Zaragoza’ et al. 2004), sweet-
potato (Wang et al. 2006), rice (Yookongkaew et al. 2007),
Chenopodium rubrum (Flores Soll’s et al. 2007), chickpea
(Pathak and Hamzah 2008), flax (Beranova’ et al. 2008) and
Theobroma cacao (Silva et al. 2009).

We attempted various time intervals of vacuum infil-
tration of explants at 600 mmHg in an Agrobacterium
suspension, and of the different time intervals tested, a
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Fig. 3 Transient expression of GUS at the regenerating sites of
sonication-treated cotyledonary node explants after 3 days of co-
culture. a Control (untransformed). b Agrobacterium-treated explants
(without sonication treatment). c¢-h sonication-treated cotyledonary
nodes (¢ 5s,d 10s,e 15s, f20s, g 25 s and h 30 s). Bar (in all
figures) 1 mm

5 min vacuum infiltration resulted in a maximum of 93%
transient transformation efficiency as accounted on the
basis of number of explants showing GUS foci at the
regenerating sites (Fig. 4b). Vacuum infiltration of coty-
ledon explants of Pinus radiata in an Agrobacterium sus-
pension has allowed Agrobacterium to penetrate several
layers deep through the sub-epidermal layer to mesophyll
cells and vascular tissues (Charity et al. 2002), although the
cells buried several layers deep, were not necessarily those
that would induce shoots (Yeung et al. 1981). The vacuum
infiltration of Agrobacterium has been successfully used to
produce transgenic plants of model plant Arabidopsis
(Clough and Bent 1998), and recalcitrant crop species
including wheat (Cheng et al. 1997), mungbean (Jaiwal
et al. 2001), pinus (Charity et al. 2002), cotton (Leelavathi
et al. 2004), kidney bean (Liu et al. 2005), coffee (Canche-
Moo et al. 2006), chickpea (Indurker et al. 2010) and
banana (Subramanyam et al. 2011).
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Fig. 4 a Effect of SAAT treatment duration and b vacuum infiltra-
tion treatment duration on transient transformation of cowpea
cotyledonary nodes as evaluated with GUS assay. ¢ Effect of
different wounding methods on transient transformation of cowpea
cotyledonary nodes as evaluated with GUS assay. C Without
wounding. / Injury treatment by hypodermic needle. S 20 s sonication
treatment. V Vacuum infiltration treatment for 5 min. SV 20 s
sonication followed by vacuum infiltration treatment for 5 min. The
bars indicate £ standard errors. Means followed by the same letter
are not statistically significant at P < 0.05

Combined treatment of sonication and vacuum
infiltration

In order to evaluate the combined action of sonication and
vacuum infiltration on transient transformation, the effect
of 20 s sonication and 5 min vacuum infiltration was tested
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as compared to the two treatments separately. The com-
bination of 20 s sonication followed by 5 min vacuum
infiltration resulted in maximum frequency of cotyledonary
node explants expressing GUS at the regenerating sites
(Fig. 4c). Sonication coupled with vacuum infiltration has
increased transient and stable transformation of radish
(Park et al. 2005), kidney bean (Liu et al. 2005), citrus
(Oliveira et al. 2009), Fraxinus pennsylvanica (Du and
Pijut 2009), chickpea (Indurker et al. 2010) and banana
(Subramanyam et al. 2011).

Production of transgenic cowpea plants carrying
crylAc gene

Putative transformed plants were regenerated from coty-
ledonary node explants, which were subjected to a com-
bination of 20 s sonication followed by 5 min vacuum
infiltration prior to Agrobacterium co-cultivation, on
kanamycin selection medium and established in green-
house containment (Fig. Sa—g). A strong, uniform and
stable gus expression was detected in flower, anthers,
pollens and pistils of PCR-positive T, plants and no
endogenous gus expression was detected in the tissues of
control plants (Fig. Sh—o).

Analysis of transgenic cowpea plants

The detection of the expected 540 bp and 1 kb amplified
products corresponding to nptll and crylAc in PCR anal-
ysis confirmed the presence of the transgenes in T trans-
formed plants (Fig. 6a, b). No amplification was detected
in the control untransformed plants.

Four randomly selected PCR-positive T, transgenic
cowpea plants were further screened by Southern analysis
to confirm the integration of cry/Ac gene. Southern blot
analyses of four T transgenic plants are shown in Fig. 6c.
Hybridizations of DIG-labeled crylAc probe to total
genomic DNA digested with HindIll were expected to
identify DNA fragments unique to individual integration
events greater than 5.0 kb (Fig. 1). All the four randomly
selected T, transgenic plants were found positive for
crylAc gene and furthermore, they showed differential
integration events, confirming that these plants were
derived from independent transformation events (Fig. 6c,
lanes 1, 2, 3 and 4). The T, transgenic plants exhibited
simple hybridization patterns that ranged from single
integration event to three loci and, in general, most frag-
ments were greater than 5.0 kb (Fig. 6¢). A signal of size
less than 5.0 kb was detected in lane 3 (Fig. 6c¢), suggest-
ing the possibility of rearrangement of the T-DNA near the
left border upon integration into the plant genome. No
hybridization signal was detected in the untransformed
plant (Fig. 6c, lane C).
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Fig. 5 Transient and stable gus expression and regeneration of
transgenic plants. a cotyledonary node explants. Bar 2 mm. (b and
¢) Transient GUS expression, non-transformed (control) explants not
showing GUS activity (b), cotyledonary node explants showing
transient GUS activity after 3 days of co-cultivation (¢). Bar 4 mm.
d Shoot induction from axils of explant after 5-day culture on SISM.
Bar 2 mm. e Proliferation of multiple shoots within 4 weeks of

The expression of the crylAc genes in leaves of Ty,
transgenic plants was determined by RT-PCR analysis.
RT-PCR showed the presence of expected transcripts of
transgenes in different T, transgenic plants. The amplifi-
cation of a 1 kb fragment of crylAc confirmed the accu-
mulation of transcripts of crylAc in T, transgenic plants
(Fig. 6d, e) indicating the absence of gene silencing events.
Furthermore, the amplification of the cry/Ac sequence
from plant cDNA templates in RT-PCR ruled out the
possibility of Agrobacterium contamination.

The stable transformation efficiency was determined
based on the number of T, plants PCR-positive for
BtcrylAc and nptll divided by the total number of explants
co-cultivated. An average stable transformation efficiency
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B

culture. Bar 10 mm. f In vitro rooting of elongated transformed shoot.
Bar 12 mm. g Acclimatized plant maintained in transgenic green
house. Bar 10 cm. h Non-transformed control flower. Bar 7 mm.
i Transformed flower. Bar 7 mm. j Control anthers. Bar 8 mm.
k Transformed anthers. Bar 8 mm. 1 Control pistil. Bar 8 mm.
m Transformed pistil. Bar 8§ mm. n Control pollens. Bar 3 mm.
o Transformed pollens. Bar 3 mm

of 3.09 was recorded (Table 1), which was significantly
higher than the previously published report on Agrobac-
terium-mediated transformation of cowpea using extra
copies of vir genes (Solleti et al. 2008a).

CrylAc expression analysis

The randomly chosen PCR-positive T, transgenic lines
were subjected to CrylAc protein expression analysis by
Western hybridization and ELISA. The expression of the
CrylAc protein was analyzed in T, transgenic lines gen-
erated from four independent transformation events by
Western blot hybridization. A single band of 68 kDa cor-
responding to CrylAc toxin protein was detected
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Fig. 6 Molecular analysis of T transgenic plants. a PCR amplifica-
tion of the 1 kb fragment of the cry/Ac gene, b PCR amplification of
the 540 bp fragment of the nptll gene. Lane M . DNA/EcoRI +
HindIIl marker, lane P pSouv:crylAc plasmid DNA (positive
control), lane C DNA from untransformed plant (negative control),
lane B blank, lanes 1-7 DNA from independently transformed plants.
¢ Southern blot hybridization analysis of junction fragments of four

111

randomly selected PCR-positive T, lines. The plasmid and genomic
DNA were digested with HindlIIl, and hybridized with crylAc probe.
Lanes 1-4 genomic DNA from four Ty lines, lane C genomic DNA
from untransformed plant, lane P crylAc PCR amplicon. d RT-PCR
analysis of crylAc gene, e RT-PCR analysis of nptll gene. Lane M A
DNA/EcoRI + Hindlll marker; lane C untransformed plant (negative
control); lane B blank; lanes 1-8 T, transgenic plants

Table 1 Summary of the Agrobacterium—mediated transformation of cowpea cotyledonary node explants subjected to 20 s sonication followed
by vacuum infiltration for 5 min with Agrobacterium tumefaciens EHA105pSouv:crylAc

Exp. no. No. of explants inoculated in Transient No. of shoots No. of plants Transformation

Agrobacterium suspension transformation recovered on positive for crylAc and efficiency® (%)
efficiency® (%) selection medium nptll genes by PCR

1 247 91.10 15 8 3.20

2 239 95.00 12 7 2.93

3 204 92.12 11 6 2.94

4 243 95.10 12 8 3.30

Total/average® ~ 933¢ 93.33¢ 50¢ 29¢ 3.09¢

* Number of explants showing GUS foci at the regenerating sites per number of explants co-cultivated with Agrobacterium tumefaciens

EHA105pSouv:crylAc

® Number of plants PCR-positive for cry/Ac and npfIl per number of explants co-cultivated

¢ Total

4" Average response

immunologically in T, transgenic plants confirming sta-
bility of crylAc expression. Protein extracts of control non-
transformed plants did not show the 68 kDa protein band
(Fig. 7a).

The level of expression of CrylAc protein in transgenic
lines ranged from 0.001 to 0.089% of the total leaf soluble
protein (Fig. 7b). The results described above demon-
strated that expression of the cryl/Ac regulated by the
double 35S-promoter led to the accumulation of CrylAc
protein in transgenic plants.

Segregation analysis

The seeds from T, generation were advanced to T; gen-
eration and the T, transgenic lines generated from eight
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independent transformation events were analyzed for the
segregation pattern of cryl/Ac by PCR analysis. Presence of
the expected 1 kb amplified product corresponding to
crylAc in T, transgenic lines confirmed the inheritance of
crylAc gene (Fig. 8). The segregation pattern of these
selected transgenic events showed typical 3:1 Mendelian
ratio as expected for single dominant gene inheritance
(Table 2).

In conclusion, an improved Agrobacterium-mediated
transformation system was developed for cowpea by
employing sonication and vacuum infiltration was
enhanced by 88.4% using SAAT in combination with
vacuum infiltration as compared to simple Agrobacterium-
mediated transformation. This is the first report on cowpea
transformation using SAAT and vacuum infiltration.

@ Springer



Plant Cell Rep

C 1 2 3 4 M MW

0.10

(4

0.00 T ,_T_‘

ACTIA  ACTIB  ACTIC
Transgenic cowpea lines

Percentage of Bteryl Ac protein of
total soluble protein

Control ACTID

Fig. 7 a Detection of CrylAc protein by Western blotting analysis in
transgenic cowpea leaves. M Protein molecular weight marker, lanes
1—4 crylAc transgenic lines (CT1A, CT1B, CTIC and CTID),
respectively, lane 5 non-transformed plant. b Expression level of
BtCrylAc protein in transgenic cowpea lines (CT1A, CT1B, CTIC
and CT1D) from enzyme-linked immunesorbent assay (ELISA).
Error bars represent + standard error of the means. Means followed
by the same letter are not statistically significant at P < 0.05

*+1kb

Fig. 8 PCR amplification of the 1 kb fragment of the cry/Ac gene of
T, plants. Lane M 1 DNA/EcoRI + HindIll marker, lane P
pSouv:crylAc plasmid DNA (positive control), lane C DNA from
untransformed plant (negative control), lane B blank, lanes 1-5 DNA
from T, transgenic plants

Furthermore, cowpea transgenics expressing crylAc is
reported for the first time.
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Table 2 Segregation of cryl/Ac gene in T, progeny of transgenic
cowpea plants

Ty plants Number of T, plants tested for % value Expected
crylAc? ratio
Total crylAc +ve crylAc —ve
Cl 52 39 14 0.10 3:1
Cc2 35 24 11 0.77 3:1
C3 39 27 12 0.69 3:1
Cc4 55 40 15 0.15 3:1
C5 28 21 7 0.18 3:1
Cé6 43 30 13 0.56 3:1
Cc7 31 22 9 0.27 3:1
C8 44 40 4 0.61 15:1

* Presence of crylAc was analyzed by PCR
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Abstract Cowpea is one of the important grain legumes.
Storage pests, Callosobruchus maculatus and C. chinensis
cause severe damage to the cowpea seeds during storage.
We employ a highly efficient Agrobacterium-mediated
cowpea transformation method for introduction of the bean
(Phaseolus vulgaris) o-amylase inhibitor-1 (¢Al-1) gene
into a commercially important Indian cowpea cultivar,
Pusa Komal and generated fertile transgenic plants. The
use of constitutive expression of additional vir genes in
resident pSB1 vector in Agrobacterium strain LBA4404,
thiol compounds during cocultivation and a geneticin based
selection system resulted in twofold increase in stable
transformation frequency. Expression of «Al-I gene under
bean phytohemagglutinin promoter results in accumulation
of aAl-1 in transgenic seeds. The transgenic protein was
active as an inhibitor of porcine o-amylase in vitro.
Transgenic cowpeas expressing aAl-1 strongly inhibited
the development of C. maculatus and C. chinensis in insect
bioassays.
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Introduction

Cowpea (Vigna unguiculata L. Walp) is a grain legume
widely cultivated in tropical countries of the world (Sahoo
et al. 2003), which provides a major source of cheap and
high-quality dietary proteins supply (Langyintuo et al.
2003). Bruchids are a major threat to stored cowpea grains
(Singh et al. 2000), and infestations by the most prominent
species, Callosobruchus maculatus and C. chinensis are
responsible for grain losses estimated at 20-60% (Abrol
1999; Tarver et al. 2007). None of the tested cultivated
cowpea lines and their cross-compatible wild relatives has
the desired level of resistance to bruchids. Some accessions
of Vigna species, belonging to V. vexillata have shown
high levels of resistance to bruchids, and other insect pests.
However, interspecific crosses between V. vexillata and V.
unguiculata resulted in nonviable seeds, making conven-
tional breeding approach untenable in transferring
resistance to cultivated cowpea (Fatokun et al. 2002). The
alternative recourse is to transfer candidate genes to cul-
tivated cowpea through genetic transformation for
developing inherent resistance to bruchid beetles. Artificial
diet bioassays carried out on cowpea weevils indicate that
these insects can be controlled by a-amylase inhibitors of
common bean (Phaseolus vulgaris) (Ishimoto et al. 1999;
Matchuka 2002). Introduction of a gene encoding an o-
amylase inhibitor 1 («Al-1) of common bean has conferred
resistance to several bruchid beetles when expressed in
seeds of transgenic peas (Shade et al. 1994; Schroeder et al.
1995; Morton et al. 2000; Sousa-majer et al. 2007), azuki
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beans (Ishimoto et al. 1996) and chickpeas (Sarmah et al.
2004; Ignacimuthu and Prakash 2006). Therefore, bean
oAl-1 gene has been considered to be a strong candidate
for conferring resistance to Callosobruchus spp. in cowpea.
However, absence of a robust plant regeneration system
amenable to routine genetic transformation methods, and
lack of efficient selection scheme for recovery of viable
and fertile transgenic plants from transformed explants, at a
reasonable high frequency have proved to be major stum-
bling blocks in adapting the two previously published
protocols (Popelka et al. 2006; Chaudhury et al. 2007) for
transferring candidate genes to cowpea.

We report introduction of the common bean zAl-1 gene
to cowpea through an improved Agrobacterium tumefac-
iens-mediated transformation method using additional
virulence genes for efficient T-DNA delivery to regener-
ating cells, thiol compounds during cocultivation, exerting
synergistic action of two different cytokinins for promotion
of regeneration of proliferating transformed cells, and
adapting a geneticin-based selection system for rapid
selection of transgenic shoots. We demonstrate transmis-
sion of the transgenes to subsequent generations and high
level expression of the common bean «Al-1 in seeds of
transgenic plants. The oAl-1 protein in transgenic seeds
was active as an inhibitor against porcine o-amylase in
vitro. The transgenic cowpea seeds were protected from C.
maculatus and C. chinensis in insect bioassays.

Materials and methods
Plant material and explant preparation

Seeds of a commercially grown cultivar of cowpea in India
cv. Pusa Komal were used in the present study. Seeds were
surface sterilized (Sahoo et al. 2000) and cultured on MSB
medium [MS salts (Murashige and Skoog 1962) + BS
vitamins (Gamborg et al. 1968)] supplemented with 10 pM
BAP. The cotyledonary node explants (5-6 mm) were

excised from 3-day-old in vitro raised seedlings by
removing both the cotyledons, and epicotyls and hypoco-
tyls approximately 1 and 3 mm, respectively, from above
and below the nodal region.

Vector construction and Agrobacterium strain

The standard binary vector pCAMBIA2301 (CAMBIA,
Australia) was used to subclone an a-amylase inhibitor 1
cDNA (accession J01261) flanked by seed-specific 5’ and
3’ control regions of the bean phytohemagglutinin gene by
ligating a HindlIlI fragment from pTA3. The pTA3 contains
an o-amylase inhibitor 1 cDNA derived from the bean
cultivar Tendergreen (Altabella and Chrispeels 1990). The
T-DNA of pCAMBIA2301 includes neomycin phospho-
transferase gene (npfll) and f-glucuronidase gene (gus)
both driven by the cauliflower mosaic virus (CaMV) 35S
promoter. The construct pSiva (Fig. 1) was mobilized to A.
tumefaciens strain LBA4404 (Hoekema et al. 1983), car-
rying pSB1 by triparental mating (Bevan 1984). The
pCAMBIA vectors lack super-virulent genes and do not
give high transformation frequencies in recalcitrant grain
legumes. Plasmid SB1 lacks T-DNA but has all the viru-
lence genes present in pTOK 233 (Hiei et al. 1994) and
contains a tetracycline resistance gene as selection marker.
The A. tumefaciens strain harboring pSiva was maintained
on solid YEP medium (An et al. 1988) supplemented with
10 mg/l of rifampicin, and 50 mg/l of kanamycin, and
additionally 5 mg/l tetracycline was used to select pSBI1.

Plant transformation

Single colony of the bacterial strain was inoculated in
25 ml of liquid AB minimal medium (Chilton et al. 1974)
with appropriate antibiotics, and grown overnight at 28°C
until ODggg reached to 0.8. The cells were collected by
centrifuging at 5,000 rpm for 5 min and the pellet was re-
suspended in liquid cocultivation medium, LCM (MSB
medium containing 1 tM BAP, 1 mM dithiothreitol and

HindlIII HindIII
camviss FeoR
polyA PHA-3’ UTR Catalase Nos polyA
intron
T o\ B T S
E—
LB pSiva RB

48kb

|4— 2.1khb -;Iq

Fig. 1 T-DNA region (10.1 kb) of pSiva. RB right border, LB left
border, 355 CaMV 35S promoter, CaMV35polyA CaMV35S termi-
nator, NOS nopaline synthase terminator, intron-gus intron
interrupted f-glucuronidase, nptll neomycin phosphotransferase.

THA §8386610608
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PHA phytohemagglutinin promoter, ®Al-I «-amylase inhibitor-1,
PHA-3' UTR phytohemagglutinin terminator. Also highlighted are the
positions of unique EcoRI restriction site, and the distance between
EcoRI site and LB (2.1 kb)
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8.3 mM L-Cysteine, pH adjusted to 5.5) supplemented with
100 pM  acetosyringone for inoculation. The 3-day-old
cotyledonary node explants were inoculated in bacterial
suspension for 30 min with occasional shaking. The
explants were then blotted on sterile filter paper and co-
cultivated in petri dishes lined with filter paper moistened
with LCM supplemented with 100 uM acetosyringone for
3 days under 16 h photoperiod at 22°C.

Following co-cultivation, the explants were washed
three to four times with LCM and blotted dry on sterile
filter paper. The explants were cultured on SISM, shoot
induction and selection medium (MSB medium containing
5.0 uM BAP, 45 mg/l geneticin and 500 mg/l cefotaxime)
for induction and selective regeneration of transformants.
The cultures were transferred after 1 week to SIESM, shoot
induction, elongation and selection medium (MSB medium
containing 5.0 uM BAP, 0.5 uM kinetin, 45 mg/l geneticin
and 500 mg/l cefotaxime) and cultured for 3 weeks for
optimal induction, elongation and selective regeneration of
transformants. Same levels of antibiotics were maintained
during subsequent subcultures. The elongated shoots were
rooted in MS medium supplemented with 2.5 pM IBA and
500 mg/l cefotaxime. The putative transformed plants were
established in soil:compost (1:1) and grown to maturity in
transgenic greenhouse containment. The T, seeds were
collected and sown in soil to raise the T, plants. Seeds were
collected from T, plants.

GUS assay

Histochemical GUS assays (Jefferson 1987) were used to
assess transient and stable expression of the gus gene.
Transient gus expression in cotyledonary node explants
was scored after 3-day-cocultivation. Stable gus expression
in geneticin-resistant T, transgenic plants was detected by
immersing the leaves, flowers, stamen, anthers, pollen
grains and carpel in GUS substrate solution for 24 h at
37°C. Following incubation, tissues were bleached with
100% ethanol, and examined under microscope. The T,
seedlings and embryos were also assayed for GUS activity
after overnight imbibitions of seeds in distilled water.

Polymerase chain reaction analysis and Southern
hybridization

Genomic DNA was isolated from both non-transformed
and putative transformed plants by CTAB method (Roger
and Bendich 1988). The 0.54 kb of nptIl and 0.57 kb of
oAl-1 coding regions in putative T transformants and their
progenies were amplified by using the following primer
combinations: nptIl gene: forward 5'-CC ACC ATG ATA
TTC GGCAAC-3' and reverse 5'-GTGGAGAGGCTATT
CGGCTA-3, and «AI-1 gene: forward 5-TCATGGCTT
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CCTCCAAGTTAC-3" and reverse 5'-GGACGATGTTG-
GAACGTTCA G-3'. The amplification reaction was
carried out with initial denaturation at 94°C for 1 min and
followed by 38 cycles of denaturation at 94°C for 1 min,
annealing at 58°C for 1 min and extension at 72°C for
1 min, and final extension for 7 min at 72°C for detection
of both nptIl and «Al-1 gene amplification. Amplified DNA
fragments were analyzed by electrophoresis on 1% agarose
gel and visualized by ethidium bromide staining (Sam-
brook et al. 1989). DNA from non-transformed (control)
plants was used as a negative control while the pSiva
vector was used as positive control.

Ten microgram samples of genomic DNA from non-
transformed control and progeny of four independent
transgenic cowpea lines were digested with EcoRI, which
cuts once within the T-DNA. The digested samples were
fractioned on a 0.8% agarose gel and transferred to Zeta-
Probe membrane (Bio-Rad, Hercules, CA). The probe
consisted of the coding region of the «AI-I gene isolated as
a PCR fragment using primers used for genomic PCR. The
probe was labeled and Southern hybridization was per-
formed using the non-radioactive DIG Labeling and
Detection system (Roche, Germany) following supplier’s
instructions.

Prehybridization and hybridization were carried out
using high-SDS hybridization buffer containing 50%
deionized formamide, 5X SSC, 50 mM sodium phosphate
(pH 7.0), 2% blocking solution, 0.1% N-lauroylsarcosine
and 7% SDS. Washing and detection were performed
according to the instruction of the DIG labeling
and Detection System (Roche Diagnostics, Mannheim,
Germany).

Segregation analysis

The leaves of T; transgenic plants were analyzed for the
presence of «Al-1 gene using polymerase chain reaction, as
described earlier. Segregation patterns were analyzed with
the chi-square test (x2) against the expected Mendelian
ratio of 3:1 for single locus insertion.

RT-PCR

Total RNA was isolated from the PCR-positive transgenic
Ty embryo lines using Rneasy Plant Mini Kit (Qiagen,
USA) following manufacturers instructions. RT-PCR was
conducted using the First Strand cDNA Synthesis Kit
(Fermentas, USA) to synthesize the first strand cDNA with
5 pg of total RNA, oligo(dT) primer, and the M-MuLV
Reverse Transcriptase, according manufacturers’ instruc-
tions. These templates were used for the amplification of
the ®Al-1 gene transcripts using the same primer sets as
those used in genomic PCR.
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o-Amylase inhibitory activity

Total seed protein from non transgenic and transgenic lines
was extracted into 2 ml of extraction buffer (10 mM Tris—
HCl pH 7.5, 10 mM f-mercaptoethanol, 0.1 M NaCl,
0.2 mM PMSF). Hundred milligram of seeds from each
line was ground to fine powder in a cold mortar pestle.
Extract was centrifuged at 15,000 rpm for 10 min, and the
supernatant was used. Protein concentration was estimated
by the method of Bradford (1976).

One microgram of porcine pancreas x-amylase (Sigma
A-6255) in 100 pl of succinate buffer (pH 5.6), (15 mM
succinate, 20 mM CaCl,, 0.5 M NaCl and 2 mg/ml BSA)
was pre-incubated with a serial dilution (containing 2-
10 pg) of total soluble protein from mature seeds of non
transgenic or transgenic cowpea for 60 min at 37°C. Hun-
dred microliters of starch substrate solution [1% starch in
phosphate buffer (pH 6.9), 40 mM potassium phosphate,
50 mM NaCl] was added and incubated at 37°C for further
20 min. The enzyme activity was monitored by adding
100 pl of dinitrosalicylic acid reagent (Bernfeld 1955) to
the reaction mix, and at the end of the reaction period the
tubes were incubated in boiling water bath to develop the
color. After 10 min of incubation, 600 pl of water was
added to the samples to stop the reaction and the absorbance
was measured at 530 nm. Reactions were carried out in
triplicate; mean and SD were determined. A standard curve
was constructed from a range of maltose concentrations.
The o-amylase activity was measured by calculating the
amount of maltose released (in pg) per minute. The initial
rate of reaction was measured in samples containing protein
from transformed and untransformed plants (R, and Ry,
respectively). The percent inhibition was calculated [%
inhibition = 100(R,; — R)/Ry] at each pH point.

Insect bioassays

A stock culture of C. chinensis was reared on green gram
(Vigna radiata cv. K851) seeds at 28 + 1°C in glass jars
covered with muslin cloth, and maintained on cowpea (cv.
Pusa Komal) prior to bioassay. The stock culture of C.
maculatus was reared and maintained on cowpea (cv. Pusa
Komal). For bioassays, seeds were conditioned at
28 & 1°C and 70% relative humidity for a period of
1 week before use. Ten seeds each from T, non-transgenic
control cowpea plants and transgenic lines S-3 and S-4
were kept in glass vials covered with muslin cloth, and ten
pairs each of newly emerged adults of C. maculatus and C.
chinensis from the stock cultures were introduced into
glass vials. Vials were maintained at 28 £ 1°C and 70%
relative humidity. Adults were removed 1 week after they
laid eggs and the percentage of mortality was calculated.
The seeds were maintained for a further 5 weeks and
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emerging F; adults were counted at regular intervals. The
mean number of emerging adults per seed was determined
for the non-transgenic control and the transgenic lines. The
weights of the newly emerged adults were measured and
the longevity of the adults was also recorded. All experi-
ments were replicated three times.

Results

Production of transgenic cowpea plants carrying o«Al-1
gene

All the cotyledonary node explants showed GUS activity
after cocultivation with A. tumefaciens LBA4404/pSB1
harboring pSiva, predominantly in the regenerable sites
(Fig. 2a) Following cocultivation with Agrobacterium, the
regenerating explants were placed for selection on 45 mg
geneticin, in SISM for 1 week followed by 3 weeks in
SIESM. A total of 358 explants, in three different experi-
ments, produced 35 shoots on geneticin selection medium
(Table 1). After 4 weeks, the elongated shoots were trans-
ferred to rooting medium devoid of geneticin. All the rooted
plantlets transferred to soil survived, grew to maturity and
produced seeds in transgenic greenhouse containment
(Fig. 2b; Table 1). The seeds were collected and sown in
soil to raise the T; plants. The total time from inoculation of
the explants to a plant in the greenhouse was approximately
2 months. While endogenous gus expression was not
detected in the tissues of control plants, a strong, uniform
and stable gus expression was observed in leaf, flower,
stamens, anther, pollen grains, carpel, ovary, and ovules of
all the geneticin resistant T plants established in green
house (Fig. 2c—h). The gus expression in germinated T,
seedlings clearly demonstrated inheritance and expression
of the transgene in the progeny (Fig. 2i, j). We determined
the stable transformation efficiency based on the percentage
of Ty plants that showed stable gus expression in T; seed-
lings. A total of six independently derived transgenic plants
were obtained from a total of 358 explants, giving an
average transformation frequency of 1.67%.

Molecular analysis of transgenics

PCR analysis detected the presence of the expected 540
and 570 bp fragments (Fig. 3a, b) in geneticin-resistant T
transgenic plants, that showed stable gus expression in
flowers demonstrating the efficiency of geneticin based
selection scheme in elimination of escapes. No amplifica-
tion was detected in the control untransformed plants.
Progenies of independent T, transgenic lines were
screened by Southern analysis to confirm the integration of
aAl-1 gene. Southern blot analyses of progeny plants of
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Fig. 2 Transient and stable GUS activity. a Cotyledonary node
explants showing transient GUS activity after 3 days of cocultivation
with A. tumefaciens LBA4404/pSB1pSiva. b Geneticin resistant T
transgenic plants established in green house, c—j Stable GUS activity
in geneticin-resistant T, transgenic plants, ¢ leaf, d transformed
flower (leff) and non-transformed control flower (right), e stamens, f

anther, g pollen grains, h carpel, perianth, ovary and ovules, i
germinated T transgenic seedlings (leff) and non-transformed control
T, seedlings (right), j germinating cotyledon with attached embryo
from non-transformed control T; seedling (leff) and transgenic T,
seedling (right)

Table 1 Summary of the transformation of 3-day-old cotyledonary node explants of Vigna unguiculata cv. Pusa Komal cocultivated with
Agrobacterium tumefaciens strain LBA4404/pSB1 harboring a binary vector pSiva

Exp. no. No. of explants inoculated No. of plants No. of plants positive for «All Transformation
in Agrobacterium suspension® rooted” by Southern hybridization efficiency® (%)

1 119 12 2 1.68

2 121 15 2 1.65

3 118 08 2 1.69

Total 358 35 6 1.67¢

% Explants cultured on selection medium for shoot regeneration: MSB + BAP (5.0 uM) + geneticin (45 mg/l) + cefotaxime (500 mg/1) for
1 week followed by 3 weeks of culture on MSB + BAP (5.0 uM) + kinetin (0.5 pM) + geneticin (45 mg/l) + cefotaxime (500 mg/l)

® Shoots rooted on MS + IBA (2.5 uM) + cefotaxime (500 mg/l)

¢ Transformation efficiency: percentage of initial explants that developed to plants, positive for «AIl by Southern hybridization

d Average

four independent T, transgenic lines are shown in Fig. 3c.
Hybridizations of DIG-labeled aAl-1 probe to total geno-
mic DNA digested with EcoRI were expected to identify
DNA fragments unique to individual integration events

TH-1062_06610608

greater than 8.0 kb (Fig. 1). All the four randomly selected
T, transgenic lines were positive for aAl-/ gene which
showed differential integration events, confirming that
these plants were derived from independent transformation
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Fig. 3 Molecular analysis of transgenic plants. a—c¢ Analysis of T,
transgenic plants, a PCR amplification of the 540-bp fragment of the
nptll gene, b PCR amplification of the 570-bp fragment of the oAl-]
gene. Lane M molecular weight marker; lane P pSiva plasmid DNA
(positive control); lane C DNA from untransformed plant (negative
control); lanes 1-7 DNA from independently transformed plants. ¢
Southern blot hybridization analysis of junction fragments of four
randomly selected PCR-positive Ty lines. The plasmid and genomic
DNA were digested with EcoRI, and hybridised with a «Al-/ probe.

events (Fig. 3c, lanes 1, 2, 3 and 4). The T, transgenic lines
exhibited simple hybridization patterns that ranged from
single integration events (e.g. lines, 2, 3 and 4) to two loci
(e.g. line 1) and, in general, most fragments were greater
than 8.0 kb (Fig. 3c). A signal of size less than 8.0 kb was
detected in line 2 (Fig. 3c), suggesting the possibility of
rearrangement of the T-DNA near the right border upon
integration into the plant genome. No hybridization signal
was detected in the untransformed plant (Fig. 3c, lane C).
The result was consistent with the PCR analysis of T
plants and stable gus expression analysis in their seedlings.

Inheritance of «Al-1 gene in transgenic plants
All T plants produced viable T; seed. The segregation of

oAl-1 gene was analyzed in T; plants from four indepen-
dent T, transgenic lines. PCR analysis confirmed the

M PC12 3456 7

<«— 57 bp

PC1l 2 34 56 78

— —— i —— = [ 570 hp

—— — —— et [ 5’?I]hp

e

Lane 1, 2, 3, 4—genomic DNA from four Ty lines, lane C—genomic
DNA from untransformed plant, lane P—plasmid DNA (pSiva). d
PCR amplification of the 570-bp fragment of the xAl-1 gene of T,
plants. Lane M molecular weight marker; lane P pSiva plasmid DNA
(positive control); lane C DNA from untransformed plant (negative
control); lanes 1-8: DNA from T, transgenic plants. e RT-PCR
analysis of the zAl-1 gene mRNA transcript level in the T, transgenic
plants. M molecular weight marker; lane C untransformed plant
(negative control); lanes 1-4 T, transgenic plants

presence of 570 bp of coding region of «Al-1 gene in tested
progeny lines, a representative gel of which is shown in
Fig. 3d. The segregation ratios were derived from the oAl-
1 positive:aAl-1 negative progeny plants, which showed
the transgene inheritance in a Mendelian fashion (Table 2).
A segregation ratio of 3:1 for «Al-I gene was observed in
three lines suggesting a single functional locus, whereas
one line showed a segregation pattern of 15:1 suggesting
segregation of two independent loci (Table 2). Detection of
strong GUS activity in germinated T, seedlings indicated
the inheritance and stable expression of the gus gene in the

progeny.
Expression of oAl-1 gene in transgenic plants

RT-PCR analysis showed that the seeds of transgenic lines
contained the transcripts of aAl-1 gene (Fig. 3e),

Table 2 Segregation of 0All

. . . . 2
transgene in T, plants of Vigna Ty line No. of plants tested Positive (¢AIl) Negative («All) Ratio ¥~ value
unguiculata cv. Pusa Komal S 38 27 11 3:1 0.34

S3 41 29 12 3:1 0.39

S4 34 24 10 3:1 0.26

S6 43 39 4 15:1 0.36
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confirming the expression of the aAl-Igene in seeds. The
result verified the functional expression of the «Al-/ gene
in the transgenic seeds.

o-Amylase inhibitory activity in transgenic seeds

We assayed the inhibitory activity of aAl-1 in Ty trans-
genic seeds against porcine pancreas o-amylase enzyme in
vitro. The inhibitory activity of seed extracts from the four
transgenic cowpea lines against porcine pancreas o-amy-
lase enzyme was compared. The percentage of inhibition
was 37 in line-1, 36.6 in line-2, 31.9 in line-3 and 32.9 in
line-4 (Fig. 4). No «-amylase inhibitory activity was
detected in extracts from seeds of untransformed control
cowpea.

Insect bioassays

The bioassay was performed using C. maculatus and C.
chinensis on T; seeds of transgenic lines S-3 and S-4 of
cowpea. C. maculatus and C. chinensis reared on control
seeds (untransformed) developed into adults (96 and 92%,
respectively), and a mortality of only 4 and 8% was
recorded, respectively. There were clear reductions in the
emergence of adult insects from the seeds of the both the
transgenic lines compared with the untransformed control
in all insect bioassays. The insects reared on transgenic
seeds showed a high mortality rate which was found to be
significantly higher than in the control (Table 3). The mean
number of F; individuals that emerged and the weight of
the newly emerged adults were also significantly reduced

10 -

35 4

30

20 4
15 4

10 4

% Inhibition of a-amylase activity

0 T T T T 1
0 2 4 6 8 10
Seed protein concentration (png)

Fig. 4 Inhibitory activity of seed extracts from transgenic cowpea
against porcine pancreatic ¢-amylase in vitro. Seed protein extracts
from transgenic cowpea lines 1, 2, 3 and 4 were incubated with
porcine a-amylase as described in “Materials and methods”. The
amount of reducing sugars released from the starch substrate (in
maltose equivalents) was measured at Aszo. The values shown are the
means of three assays and the error bars reflect standard deviation.
Inhibition (%) against porcine o-amylase. Error bar represents the
SD =+ values of mean of triplicate data
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when the insects were reared on seeds of both transgenic
lines (Table 3). In the case of C. maculatus, the mean
number of adults emerged per seed was reduced from more
than eight on the untransformed to 1.3 and 0.9 on the
transgenic lines 3 and 4, respectively (Table 3). In the C.
chinensis bioassays, the mean number of emerged adults
from untransformed seeds was 4.6, whilst adult emergence
was negligible from the transgenic seeds. The adult lon-
gevity of the insects (both male and female) was also found
to be significantly reduced in comparison to insects reared
on untransformed seeds (Table 3).

Discussion

We report successful recovery of transgenic cowpea plants
expressing bean az-amylase inhibitor 1 in seeds. The pro-
duction of transgenic cowpea plants by Agrobacterium-
mediated transformation of cotyledonary node explants
was significantly increased by using additional copies of
vir genes, by co-cultivating explants in the presence of
mixtures of thiol compounds followed by selection on
geneticin. The transgenic seeds strongly inhibited the
development of two major storage pests of cowpea, C.
maculatus and C. chinensis. To our knowledge, this is the
first report of the successful recovery of transgenic plants
expressing any candidate gene in cowpea.

The role of extra copies of vir genes for optimal trans-
formation of this highly recalcitrant Vigna species was
evident from the fact that the constitutive expression of vir
genes in resident pSB1 vector dramatically increased the
transient transformation frequency to 100% as opposed to
only 80% in absence of extra copies of vir genes (Chau-
dhury et al. 2007). Optimal T-DNA delivery due to the
presence of additional copies of virG, virC, virB genes in
resident pSB1 in LBA4404pSiva clearly indicates the
beneficial role of extra copies of vir genes in enhancing the
transformation efficiency of regenerating cells of cotyle-
donary node explants. Extra copies of virG (Hansen et al.
1994; Hiei et al. 1994) or constitutive mutant virG gene on
a compatible plasmid (van der Fits et al. 2000) have been
reported to increase the efficiency of Agrobacterium-
mediated transformation of many crops, particularly
monocot species (Park et al. 2000; Wu et al. 2007).

Cocultivation of explants in the presence of mixtures of
thiol compounds, DTT and L-cysteine increased the fre-
quency of Agrobacterium-mediated transformation of
regenerating cells of cotyledonary node explants, most
likely by acting as inhibitors of plant defense response
mechanisms, making this approach useful in recovering
transgenic plants at a high frequency. Cocultivation in
presence of thiol compounds have been described benefi-
cial in recovering transgenic plants in soybean (Olhoft
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Table 3 Callosobruchus maculatus and C. chinensis development in T, seeds of control and two transgenic cowpea plants

Callosobrochus species Control and transgenic

Mortality (%)

Mean no. of adult Mean F; adult insect Adult longevity

cowpea lines emergence weight (mg) (days)
C. maculatus Control 6.0+ 1.1° 8.0 £ 1.1¢ 3.6 £0.4° 128 + 8.9¢
S-3 712 4 2.8 13+03° 2.1 +02° 324 52°
S-4 64.6 + 3.1° 0.9 &+ 0.2% 1.8 + 0.1 28 + 3.7°
C. chinensis Control 8.0 + 1.4° 46+ 1.6° 32 +04° 109 + 7.5
S-3 82.3 4+ 2.3° 0.2 £+ 0.0° 1.9 + 0.3° 26 + 3.9°
S-4 79.5 + 2.9° 0.3 £ 0.0 1.7 £0.1° 19 +3.1°

Numbers with same alphabet do not differ significantly

et al. 2001). Moreover, co-cultivation of explants in the
presence of mixtures of the thiol compounds combined
with geneticin selection resulted in enhanced recovery of
transgenic plants to an average of 1.67%. Transformation
efficiencies obtained for thiol compounds treated cotyle-
donary node explants using PPT selection in cowpea were
0.001-0.003% (Popelka et al. 2006).

Selection strategy plays an important role in transfor-
mation efficiency and subsequent plant regeneration. The
use of geneticin in conjuction with npfIl gene based
selection system allowed rapid and efficient identification
of transgenic shoots, and eliminated the bulk of escapes
without interfering with the regeneration capacity of the
explants. Incomplete selection of transformed cells by
kanamycin (Chaudhury et al. 2007), and generation of high
percentage of ‘escapes’ and chimeric plants upon phosph-
inothricin selection (Popelka et al. 2006) have resulted in
lower stable transformation efficiency in cowpea. Previous
report on cowpea transformation (Popelka et al. 2006)
observed that 150 mg/l geneticin inhibited the develop-
ment of control untransformed shoots of cultivar Sasaque.
In our study, the low concentration (45 mg/l) of geneticin
had a much quicker and pronounced effect on bleaching of
shoots compared to other antibiotics and further, necrosis
of explants was completely absent in geneticin-containing
medium (data not shown). The selection pressure imparted
by the geneticin throughout the shoot regeneration period
was very effective in early identification of putative
transgenic shoots. Combining these two novel improve-
ments resulted in a synergistic increase in the regeneration
of transformed plants, without nontransformed ‘escapes’,
in a relatively short period of time in culture.

Employing extra copies of vir genes and geneticin-based
selection scheme, we recovered fertile transgenic plants at a
frequency of 1.67%, a twofold higher than kanamycin
selection based recovery of transgenics in cowpea (Chau-
dhury et al. 2007). Recovery of fertile transgenic plants in
our case took an approximately 2 months which was sig-
nificantly less than previous reports in cowpea, i.e., 5—
8 months (Popelka et al. 2006) and 5-6 months (Chaudhury
et al. 2007). The presence, integration and expression of
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oAl-1 gene were demonstrated in T, transgenic plants. The
oAl-1 gene was transmitted in a Mendelian fashion. RT-
PCR analysis verified the functional expression of the «AI-1
gene in the transgenic seeds and accumulation of « amylase
inhibitor protein in a seed specific manner by bean phyto-
hemagglutinin promoter. Detection of strong GUS activity
in vegetative parts, flowers and germinated seedlings of
transgenic plants clearly suggested the constitutive
expression by CaMV35S promoter in cowpea.

The oAI-1 protein was active in inhibiting porcine
pancreatic a-amylase in vitro, and inhibited the emergence
of bruchid beetles from the transgenic cowpeas in insect
bioassays and the results were in accordance with RT-PCR
analysis demonstrating the functionality of the «Al-1
transcripts. In all the lines tested, the maximum percentage
of inhibition was observed with 8 pg of the total seed
proteins. The percentage of inhibition was reduced with
further increase in the seed protein concentration as
opposed to the fact that a-amylase enzyme inhibition was
directly proportional to the total seed protein. This indi-
cated a saturation of enzyme inhibition was attended
beyond 8 g of the total seed proteins. All four transgenic
lines tested showed similar level of z-amylase inhibition
activity suggesting different transgene integration events
had no adverse effect on transgene expression. All the four
lines studied showed percentage of inhibition in a range
32.0-37.0 and as predicted the transgenic cowpea
expressing aAl-1 gene in their seeds reduced fecundity of
C. maculatus, the major storage pest of cowpea by over
97%, and the seeds were also resistant to C. chinensis as
predicted. The number, weight and longevity of the newly
emerged adults were significantly reduced when the insects
were reared on seeds of both transgenic lines tested.

The transgenic cowpea resistant to its storage pests
would eliminate the need of post-harvest chemical pesti-
cide applications. Pyramiding two insecticidal genes in
cowpea that either target different sites in the insect or have
different mode of inhibitory action would slow the rate of
resistance development. Such a strategy would be effective
by preventing rapid emergence of bruchid strains that are
not affected by single inhibitor.
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A critical step in the development of robust Agrobacterium tumefaciens-mediated transformation system in
recalcitrant grain legume, cowpea is the establishment of optimal conditions for efficient T-DNA delivery
into target tissue and recovery of transgenic plants. A dramatic increase in efficiency of T-DNA delivery was
achieved by constitutive expression of additional vir genes in resident pSB1 vector in Agrobacterium strain
LBA4404. A geneticin based selection system permitted rapid and efficient identification of transgenic
shoots without interfering with their regeneration, and eliminated the bulk of escapes. Supplementation
of 0.5 wM kinetin to medium containing 5.0 M benzyl aminopurine after 1 week of culture followed by 3
weeks of culture were found critical for optimal multiplication and elongation of transformed shoots from
cotyledonary node explants. Combining these three developments, we recovered fertile transgenic plants
at a frequency of 1.64%, significantly higher than previous reports. The presence, integration, expression
and inheritance of transgenes were confirmed by molecular analysis. The protocol developed for cultivar

Pusa Komal will facilitate the transfer of desirable traits into cowpea.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Cowpea (Vigna unguiculata L. Walp) is an important grain
legume crop widely cultivated by the resource poor farmers of
extended Sub-Saharan Africa and Asia for its protein rich seeds,
fresh peas and fresh green pods (Sahoo et al., 2003). However, its
production is limited by a number of biotic and abiotic stresses
(Singh et al.,2000). Among biotic stresses, the post-flowering insect
pests such as pod borers (Maruca vitrata), pod-sucking bugs (Clav-
igralla spp.) and cowpea weevil Callosobruchus maculates cause
severe grain yield loss. Attempts for genetic improvement of cow-
pea by conventional breeding have not been successful (Singh et al.,
2000), making these approaches unlikely to provide an immediate
feasible solution.

Genetic transformation provides novel opportunities for trans-
ferring candidate genes to elite cultivars of cowpea to address the
constraints in yield (Sahoo and Jaiwal, 2008). However, genetic
manipulation of cowpea is limited due to the absence of a trans-
formation amenable plant regeneration system, efficient method
for selection, and recovery of viable and fertile transgenic plants
from transformed sectors at a reasonable high frequency (Sahoo et

* Corresponding author. Fax: +91 361 2582249.
E-mail address: 1s@iitg.ernet.in (L. Sahoo).

0168-1656/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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al.,, 2003). Several cultivars and breeding lines of cowpea have been
evaluated for their regeneration potential (Mao et al., 2006). To date,
only three reports are available on generation of stable transgenic
plants in cowpea and all reports are based on Agrobacterium-
mediated transformation. Muthukumar et al. (1996) recovered
four hygromycin-resistant transformed plants, from mature de-
embryonated cotyledons, of which one showed stable integration
of hpt gene. However, the established plant failed to produce viable
seeds. Popelka et al. (2006) recovered transgenic plants from lon-
gitudinally bisected embryonic axes, attached with cotyledons but
devoid of shoot and root apices, on phosphinothricin selection
at a frequency of 0.001-0.003% in 5-8 months. Chaudhury et
al. (2007) recovered transgenic cowpea from cotyledonary nodes
under kanamycin selection at a frequency of 0.76% in 5-6 months.
However, the overall transformation efficiency in these protocols
was much low, most likely due to (i) inefficient T-DNA deliv-
ery from Agrobacterium tumefaciens to the regenerating cells of
embryo-derived explants; (ii) inefficient selection of proliferat-
ing transgenic cells and regenerated shoots by phosphinothricin
and kanamycin; (iii) difficulty with regeneration of shoots from
transformed cells under the growth regulator and tissue culture
regime followed. Hence, enhancement of transformation efficiency
is expected from the optimization of early gene transfer steps, use
of efficient selection scheme, and tissue culture regime for maximal
growth of transformants.
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We developed a highly efficient A. tumefaciens-mediated trans-
formation protocol for production of fertile transgenic cowpea from
cotyledonary nodes within 2 months at a much higher frequency
of 1.64% by using additional virulence genes for efficient T-DNA
delivery to regenerating cells, employing synergistic action of two
different cytokinins for promotion of regeneration of proliferating
transformed cells, and adapting a geneticin-based selection sys-
tem for rapid selection of transgenic shoots with a very low escape
frequency.

2. Materials and methods
2.1. Plant materials

Seeds of eight cultivars, i.e., Pusa Komal, Pusa Safed, Pusa Sam-
pada, Rambha, V-16, V-240, V-130 and V-585 of cowpea, obtained
from Indian Agricultural Research Institute, New Delhi, India, were
tested for shoot regeneration response while the commercially
important cultivar, Pusa Komal was used for detailed studies.

2.2. Explants preparation and plant regeneration

Healthy and uniform seeds were rinsed with 70% alcohol for
1 min, surface-sterilized with 0.2% aqueous solution of HgCl, (w/v)
for 5min. The seeds were subsequently rinsed five times with
sterile distilled water and cultured on MSB medium [MS salts
(Murashige and Skoog, 1962) +B5 vitamins (Gamborg et al., 1968)]
supplemented with 10 WM BAP. The cotyledonary node explants
(5-6 mm) were excised from 3 days old in vitro raised seedlings
by removing both the cotyledons, and excising both epicotyls and
hypocotyls approximately 1 and 3 mm respectively from above and
below the nodal region (Fig. 2a). Explants were cultured on MSB
medium supplemented with various cytokinins [benzylaminop-
urine (BAP), kinetin and thidiazuron (TDZ)] individually at different
concentrations (1.0, 2.5, 5.0 and 7.5 wM) for multiple shoot induc-
tion. After 2 weeks, the regenerated explants were subcultured on
fresh medium of the same composition for 2 weeks. The shoot
clusters developed on BAP supplemented media showed stunted
shoot growth. Therefore, after 4 weeks, the cultures induced on
MSB medium containing 5 wM BAP were transferred to basal media
supplemented with kinetin and gibberellic acid (GA3) individually
at different concentrations (0.1, 0.5 and 1.0 uM) for 2 weeks for
shoot elongation. The synergistic effect of kinetin on proliferation
and elongation of shoots from the regenerating explants was exam-
ined by supplementing kinetin (0.1, 0.5 and 1.0 wM) to SIM, shoot
induction media (MSB medium containing 5.0 .M BAP) after vary-
ing interval of culture (0, 1 and 2 weeks). The mother explants were
repeatedly subcultured on SIM, after harvesting elongated shoots,
for further induction of shoots. Elongated shoots were excised after
4 weeks of culture and transferred to MS medium supplemented
with 2.5 wM IBA for rooting.

The culture media were supplemented with 3% (w/v) sucrose
and 0.7% (w/v) agar agar. The pH of the media was adjusted to
5.8 prior to autoclaving at 121 °C for 20 min. Cultures were main-
tained at 25+ 2°C under a 16-h photoperiod provided by cool
white fluorescent lights (35 wmol m—2s~1). Well-rooted plantlets
were washed thoroughly in running tap water before being trans-
planted in plastic pots containing sterilized soil and vermiculite
(1:1). Plants were covered with transparent polyethylene bags to
maintain adequate moisture and transferred to the greenhouse for
acclimatization. Plantlets were then transferred to pots containing
soil:compost (1:1), grown to maturity and the seeds were collected.

2.3. Establishment of selection system

The explants were cultured on SIM containing differ-
ent concentrations of three aminoglycoside antibiotics, i.e.,
kanamycin (50-150 mg/1), geneticin (15-75 mg/l) or paromomycin
(25-125 mg/l) for determination of their threshold concentration
for the selection of transformed shoots. Explants cultured on SIM in
absence of any antibiotics served as control. The selection scheme,
i.e., choice of antibiotic and its optimal concentration, for the selec-
tion of transformed shoots were based on those that allowed initial
proliferation of shoot buds, but bleached them afterwards. The
observations were scored after 3-4 weeks on selection media.

2.4. Agrobacterium strains and transformation vector

Four A. tumefaciens strains, characterized by different chromo-
somal backgrounds and their respective tumour-inducing plasmids
[LBA4404 (Hoekema et al., 1983), GV2260 (Deblaere et al., 1985),
AGL1 (Lazo et al,, 1991) and EHA105 (Hood et al., 1993)], all har-
boring a binary vector pCAMBIA2301 were compared for their
efficiency through early detection of transient transformation
events in explants. The T-DNA of pCAMBIA2301 includes neomycin
phosphotransferase gene (nptll) and 3-glucuronidase gene (gus)
both driven by the cauliflower mosaic virus (CaMV) 35S promoter
(Fig. 1). The binary vector was mobilized to each of four A. tume-
faciens strains by triparental mating (Bevan, 1984). The pCAMBIA
vectors lack super-virulent genes and do not give high transfor-
mation frequencies in recalcitrant grain legumes. Therefore, the
possible enhancing effect of additional vir genes on transforma-
tion was examined by separately mobilizing pCAMBIA2301 into A.
tumefaciens strain LBA4404 carrying pSB1 by triparental mating,
and the transformation efficiency of LBA4404pSB1 and hypervir-
ulent strain EHA105 was compared. Plasmid SB1 lacks T-DNA but
has all the virulence genes present in pTOK 233 (Hiei et al., 1994)
and contains a tetracycline resistance gene as selection marker. All
A. tumefaciens strains containing binary vector were maintained
on solid YEP medium (An et al., 1988) supplemented with 10 mg/1
of rifampicin, and 50 mg/l of kanamycin, and additionally 5 mg/l
tetracycline was used to select pSB1.

BamHI
CaMV358 Lac Z Catalase N A
polyA alpha intron 9% POW:
}—I-< npttl | ( camvss I -|c:a1vlvzss ] gus >H
LB RB
i: 21kb =I= 32kh :I

Fig. 1. T-DNA region (5.3 kb) of binary vector pPCAMBIA2301. Abbreviations: RB, right border; LB, left border; 35S, CaMV 35S promoter or terminator; NOS, nopaline synthase
terminator; intron-gus, intron interrupted 3-glucuronidase; nptll, neomycin phosphotransferase. Also highlighted are the positions of unique BamHI restriction site, and the

distance between BamHI site and LB (2.1 kb).
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2.5. Bacterial inoculation and co-cultivation

Single colonies of the bacterial strains were transferred to 2 ml
of liquid AB minimal medium (Chilton et al., 1974) with appro-
priate antibiotics, and grown overnight at 28°C. Then, 500 pl of
Agrobacterium suspension were recultured in 25 ml of liquid AB
minimal medium with respective antibiotics until ODggg reached
to 0.8. The cells were collected by centrifuging at 5000 rpm for
5min and the pellet were re-suspended in liquid co-cultivation
medium, LCM (MSB medium containing 1 wM BAP, pH adjusted
to 5.5) supplemented with 100 M acetosyringone for inoculation.
The 3-day-old cotyledonary node explants were inoculated in bac-
terial suspension for 30 min with occasional shaking. The explants
were then blotted on sterile filter paper and co-cultivated in petri
dishes lined with filter paper moistened with LCM supplemented
with 100 wM acetosyringone for 3 days under 16 h photoperiod at
22°C.

2.6. Selection and regeneration of transformants

Following co-cultivation, the explants were washed three to four
times with LCM and blotted dry on sterile filter paper. The explants
were cultured on SIM containing 45 mg/l geneticin and 500 mg/1
cefotaxime for selective regeneration of transformants. Same levels
of antibiotics were maintained during subsequent subcultures. The
elongated shoots were rooted in MS medium supplemented with
2.5puM IBA and 500 mg/l cefotaxime. The putative transformed
plants were established in soil:compost (1:1) and grown to matu-
rity in greenhouse. The Ty seeds were collected and sown in soil to
raise the T; plants. Seeds were collected from Ty plants.

2.7. Histochemical analysis of transient and stable gus expression

Histochemical GUS assays (Jefferson, 1987) were used to assess
transient and stable expression of the gus gene. Transient gus
expression in explants was scored after 3 days co-cultivation with
different A. tumefaciens strains. Stable gus expression in geneticin-
resistant Ty transgenic plants was checked by immersing the leaves,
flowers, perianth, ovules, stigma, stamen and pollen grains in GUS
substrate solution for 24 h at 37 °C. Following incubation, tissues
were bleached with 100% ethanol, and examined under microscope.
T; seedlings were also assayed for GUS activity after overnight imbi-
bitions of seeds in distilled water.

2.8. Genomic DNA isolation and PCR analysis

Genomic DNA was extracted from young leaves of both non-
transformed and putative transformed plants by the CTAB (cetyl
trimethyl ammonium bromide) method (Rogers and Bendich,
1988). Polymerase chain reaction (PCR) was performed to detect
the presence of the nptll and gus genes in putative Ty transfor-
mants and their progenies. The 0.54 kb of nptIl and 0.25 kb of gus
coding regions were amplified by using following primer combina-
tions, nptll gene: forward 5’-CC ACC ATG ATA TTC GGCAAC-3’ and
reverse 5'-GTGGAGAGGCTATTCGGCTA-3’, and gus gene: forward 5'-
TAACCTTCAC CCGGTTGCCAGAGG-3’ and reverse 5'-CCTTAACTAAGC
CGGAATCCATCG-3'. The amplification reaction was carried out with
initial denaturation at 94°C for 1 min and followed by 38 cycles
of denaturation at 94°C for 1min, annealing at 58 °C for 1 min
and extension at 72°C for 1min, and final extension for 7 min
at 72°C for detection of both nptll and gus gene amplification.
Amplified DNA fragments were analyzed by electrophoresis on 1%
agarose gel, visualized by ethidium bromide staining (Sambrook
et al,, 1989) and photographed under ultraviolet light in gel doc-
umentation system. The PCR was carried out using approximately

TH-1062_06610608

100 ng of purified genomic DNA and Taq polymerase. DNA from
non-transformed (control) plants was included in the experiments
to discriminate from possible contamination.

2.9. Southern hybridization analysis

Southern hybridization analysis was carried out on four ran-
domly chosen PCR positive Tp plants to confirm the stable
integration of nptll gene and to detect junction fragments of plant
DNA and the T-DNA. Ten p.g samples of genomic DNA from non-
transformed control and transformed plants were digested with
BamHI. The distance of the left border from the BamHI site in the T-
DNA was indicated in Fig. 1. The digested samples were fractioned
ona 0.8% agarose gel and transferred to Zeta-Probe membrane (Bio-
Rad, Hercules, CA). Southern hybridization was performed using
the non-radioactive DIG Labeling and Detection System (Roche,
Germany) by probing with DIG-labelled coding regions of nptll
(540bp) following supplier’s instructions. Genomic DNA isolated
from independent transformation events is expected to generate
unique patterns after digestion with BamHI, and the number of
signals generated upon hybridization with coding regions of nptll
(540bp), should reveal copy number of the integrated gene (nptll).

2.10. RNA isolation and RT-PCR

The presence of the nptll and gus transcripts was determined
by Reverse Transcription-polymerase chain reaction. Total RNA
was isolated from fully expanded leaves of TO transgenic plants,
and non-transformed control plant using Rneasy Plant Mini Kit
(Qiagen, USA) following manufacturers instructions. RT-PCR was
conducted using the First Strand cDNA Synthesis Kit (Fermentas,
USA) to synthesize the first strand cDNA with 5 g of total RNA,
oligo(dT) primer, and the M-MuLV Reverse Transcriptase, accord-
ing manufacturers’ instructions. These templates were used for the
amplification of the nptll and gus gene transcripts using the same
primer sets as those used in genomic PCR.

2.11. Analysis of transgene inheritance

The leaves of T; transgenic plants were analyzed for the presence
of nptll and gus gene using polymerase chain reaction, as described
earlier. Segregation patterns were analyzed with the chi-square test
(x?) against the expected Mendelian ratio of 3:1 for single locus
insertion.

3. Results and discussion
3.1. Establishment of an efficient plant regeneration system

Cotyledonary node explants cultured on MSB medium produced
an average of 1.9 shoots in 98% of the cultures. The frequency of
shoot multiplication and shoot number were significantly higher
on BAP-supplemented media followed by kinetin and TDZ (Table 1).
BAP at 5.0 M induced maximum number of shoots (6.9) in 94%
of the explants within 2 weeks of culture whereas the response
was minimal at 7.5 M TDZ with regeneration being restricted
to stunted bud formation (Table 1). BAP alone or in combination
with other plant growth regulators has been reported to favorably
induce multiple shoot induction from diverse explants of cow-
pea (Pellegrineschi, 1997; Mao et al., 2006). However, the mean
shoot length declined with increase in BAP concentrations (Table 1)
and furthermore, elongation was very slow even after 4 weeks
of culture. Lowering the concentration of BAP during subsequent
subculture was not favorable for shoot elongation. The BAP have



100 S.K. Solleti et al. / Journal of Biotechnology 135 (2008) 97-104

Table 1

Effect of different cytokinins on shoot proliferation from cotyledonary node explants of Vigna unguiculata following culture on MSB medium for 4 weeks

Cytokinin (M) % Regeneration

Mean number of shoots per explant

Mean shoot length (cm)

BAP
1.0 982
2.5 972
5.0 942
7.5 872
Kinetin
1.0 932
2.5 87
5.0 85b
7.5 84b
TDZ
1.0 74¢
2.5 614
5.0 45¢
7.5 36"

2.4¢ 1.6°
3.7b 1.4¢
6.9 1.14
4.1b 0.84
1.84 3.12
2.3¢ 2.4b
2.9¢ 1.8¢
1.74 1.3cd
0.9¢ 0.8¢
0.8¢ OI5EE
0.6¢ 0.3¢
0.4¢ 0.3¢

Mean followed by different alphabets in the same column differ significantly (P<0.05) by Newman-Keul’s multiple range test.

Table 2

Effect of gibberellic acid and kinetin on elongation of shoots from cotyledonary node cultures of Vigna unguiculata on MSB medium

Cytokinin (wM) Shoot elongation response (%) Mean shoot length (cm) Fold increase in shoot length
0 15f 1.3¢ 0.18¢
GAs3 (M)
0.1 28¢ 1.6 0.454
0.5 364e 2,1l 0.90°¢
1.0 494 2.7° 1.45P
Kinetin
0.1 64°¢ 2.4b 1.18b¢
0.5 86?2 3.82 2.45%
1.0 71° 2.2° 1.00¢

Mean followed by different alphabets in the same column differ significantly (P<0.05) by Newman-Keul's multiple range test.

often been reported to stimulate shoot proliferation while inhibit-
ing shoot elongation (Figueiredo et al., 2001). Incorporation of
0.5 wM of kinetin to MSB media enhanced the shoot elongation
by three-fold in 86% of cultures within 2 weeks while higher con-
centrations proved ineffective as GA3 containing medium induced
non-uniform elongation and moreover, the elongated shoots were
found thin and lanky, unsuitable for rooting (Table 2). However,
the interval at which kinetin (0.5 wM) was supplemented to SIM
was critical for obtaining optimal response. The maximum number
of shoots with optimal shoot length was obtained when explants
were cultured initially for 1 week on SIM, followed by 3 weeks on
SIM supplemented 0.5 wM kinetin (SMM) (Table 3; Fig. 2b) sug-
gesting that the time of exposure to the combination of these
two cytokinins was critical for accelerated regeneration response
from cotyledonary node explants of cowpea. The explants continu-
ously produced shoots during successive subculture without losing
their shoot forming potential. An average of 36-38 shoots was pro-
duced from each explant in four consecutive harvests. Among the

Table 3

eight commercially important cultivars compared for their shoot
regeneration potential (data not shown), Pusa Komal produced
maximum shoots (9.1 shoots/explant) in 94% of the cultures. For-
mation of roots was observed in 100% of shoots transferred to
MS medium containing 2.5 wM IBA (Fig. 2c). Popelka et al. (2006)
grafted rootless shoots onto cowpea seedlings in order to overcome
the difficulties in rooting. Plantlets with developed roots were suc-
cessfully established in soil (95%), and were eventually grown to
maturity with normal seed set in greenhouse (Fig. 2d). The plants
were apparently normal and showed no variation with respect to
their morphology and growth characteristics.

3.2. Selection

The three aminoglycoside antibiotics exerted varied effects on
the regeneration of the explants. Kanamycin up to 100 mg/1 per-
mitted regeneration of healthy and green shoots while visually
impaired growth at 150 mg/l (Table 4). Higher concentrations of

Effect of kinetin® on shoot proliferation and elongation from cotyledonary node explants of Vigna unguiculata cultured on MSB medium containing 5.0 uM BAP

Kinetin (M) Interval of kinetin supplementation
0 week 1 week 2 weeks
Mean number of Mean shoot Mean number of Mean shoot Mean number of Mean shoot
shoots/explant length (cm) shoots/explant length (cm) shoots/explant length (cm)
0.1 AlLS 1.9° 252 2.1° 7.0¢ .7
0.5 7.8b 2.2b 9.12 3.5 7.4> 1.9°
1.0 7.3b 1.7b¢ 7.8> 1.9> 7.1b¢ 1.4¢

Mean followed by different alphabets in the same column differ significantly (P<0.05) by Newman-Keul’s multiple range test.
2 Kinetin was supplemented to MSB medium containing 5.0 wM BAP after varying interval of culture.
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Fig. 2. (a-d) In vitro multiple shoot proliferation and plant regeneration of Vigna unguiculata cv. Pusa-Komal. (a) Cotyledonary node excised from 3-day-old seedlings raised
on MSB medium containing 10 wM BAP. Bar represents 5 cm. (b) Direct multiple shoot regeneration from cotyledonary node explant on MSB medium containing 5 .M BAP for
1 week, followed by 3 weeks of culture on MSB +5 uM BAP + 0.5 M kinetin. (c) Induction of roots from in vitro regenerated shoot cultured on MS basal medium supplemented

with 2.5 wM IBA. (d) Acclimatized plant in greenhouse.

kanamycin were too toxic to allow host cells to survive long enough
for Agrobacterium infection to occur, and to undergo division there-
after. The cotyledonary node explants showed high degree of
resistance to kanamycin (Popelka et al., 2006), which prolonged
the duration for selection of transformants in cowpea (Chaudhury
et al.,, 2007). Paromomycin up to 100 mg/1 allowed shoot regener-
ation while drastically reducing the regeneration frequency. Both
kanamycin and paromomycin induced necrosis of the explants to a
varying degree interfering with the regeneration process (Table 4).
In contrast, a much lower concentration (45 mg/1) of geneticin was
effective in selection as it permitted the initiation and proliferation
of shoot buds, and thereafter completely bleached the regenerated
shoots buds within a week (Table 4) without any symptoms of
necrosis in cultured explants. Efficient demarcation between trans-
formants and non-transformants at low concentration of geneticin
(45 mg/1) with negligible interference on regeneration of genuine
transformed sectors, presented a quick and effective scheme for
selection of transformants in our study, making the genetic modi-
fication of cowpea a commercially viable endeavor.

3.3. Effect of additional virulent genes

Among the five A. tumefaciens strains tested, EHA105 was most
effective with higher transient transformation efficiency (76%) fol-
lowed by LBA4404 (64%), AGL1 (61%) and GV2260 (23%). However,

Table 4
Effect of different aminoglycoside antibiotics on regeneration of 3-day-old cotyle-
donary node explants

Antibiotic Dosage (mg/l) Regeneration (%) Bleaching (%) Necrosis (%)
Kanamycin 50 1002 0° 0°
75 1002 0¢ 0¢
100 81P 0° 164
125 64¢ 18 29¢
150 474 26¢ 682
Geneticin 15 100? 114 0¢
30 922 64 0¢
45 86 962 0¢
60 34¢ 982 0¢
75 12f 982 0¢
Paromomycin 25 1002 0¢ 0¢
50 100° 0° 134
75 892b 134 31¢
100 62¢ 22¢ 48>
125 494 29¢ 61°

Explants cultured on MSB medium supplemented with 5.0 wM BAP for 1 week fol-
lowed by 3 weeks of culture on MSB medium supplemented with 5.0 wM BAP and
0.5 wM kinetin.
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the presence of additional copies of virG, virC, virB genes in resident
pSB1 in LBA4404pCAMBIA2301 significantly increased the T-DNA
delivery efficiency to 100% (Fig. 3). The constitutive expression of
extra copies of vir genes in moderately virulent strain LBA4404
lead to 56% increase in transformation efficiency as compared to
their absence, and 31% increase as compared to hypervirulent strain
EHA105, which clearly demonstrate the role of extra copies of vir
genes in enhancing the transformation efficiency in cowpea. Extra
copies of virG (Hansen et al., 1994; Hiei et al., 1994) or constitutive
mutant virG gene on a compatible plasmid (Van der Fits et al., 2000)
have been reported to increase the efficiency of Agrobacterium-
mediated transformation for many crops, particularly monocot
species (Park et al., 2000; Wu et al., 2008).

3.4. Regeneration of transgenic plants

All the explants showed GUS activity after co-cultivation with
LBA4404/pSB1 harboring pCAMBIA2301, predominantly in the
regenerating sites (Fig. 4a). In contrast, only 80% of the explants
showed GUS activity following 2 days of co-cultivation with
EHA105 (Chaudhury et al., 2007). The selection pressure imparted
by the geneticin was very effective in early identification of putative
transgenic shoots as it permitted a significant amount of escapes
to be discarded at the initial stage. A total of 486 explants, in three

100 ~ T

80 - S
60 - 1 —I—

40 1

20 A

Frequency of gus expressing explants (%)

AGLI  GV2260 LBA4404
/pSBI

EHA105 LBA4404

Agrobacterium strain

Fig. 3. Effects of Agrobacterium strains and additional vir genes (EHA105, LBA4404,
AGL1, GV2260 and LBA4404/pSB1) on the transformation efficiency of cotyledonary
node explants cowpea 3 days after co-cultivation. Three replicates for each treatment
with atleast 30 explants per replicate were used. Vertical bars represent the standard
error.
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Fig. 4. (a-i) Transient and stable GUS activity. (a) Cotyledonary node explant showing transient GUS activity after 3 days of co-cultivation with A. tumefaciens
LBA4404/pSB1pCAMBIA2301. (b-h) Stable GUS activity in geneticin-resistant TO transgenic plants, (b) flower buds, (c) anthers, (d) anther, (e) pollens, (f) perianth, (g)
ovules, and (h) stigma; (i) germinating cotyledon with attached embryo from non-transformed (bottom) and transformed (top) T1 plant.

different experiments, produced 46 shoots on geneticin selection
medium (Table 5), out of which 29 shoots formed roots (63%). All the
rooted plantlets produced seeds in greenhouse (Table 5). A strong,
uniform and stable gus expression was observed in leaves, develop-
ing stamen, anthers, pollen grains, perianth, ovules and stigma of
all the geneticin resistant Ty plants while endogenous gus expres-
sion was absent in the tissues of control plants (Fig. 4b-h). The
gus expression in T; seedlings clearly demonstrated inheritance
and expression of the transgene in the progeny (Fig. 4i). The stable
transformation efficiency was determined based on the percentage
of Ty plants that showed stable integration of transgene. The use
of extra copies vir genes, compatible culture regime and geneticin
based selection scheme dramatically enhanced stable transforma-
tion efficiency in cowpea to an average of 1.64%.

3.5. Molecular analysis of transgenics

PCR analysis detected the presence of the expected 540 and
240bp fragments corresponding to nptll and gus genes respec-

Table 5

tively (Fig. 5a and b), in 25 out of the 29 geneticin-resistant
transgenic plants demonstrating the efficiency of geneticin based
selection scheme in elimination of escapes (Table 5). No ampli-
fication was detected in the control untransformed plants. The
four plants tested negative in PCR analysis showed strong GUS
expression in flowers indicating that they were possibly germline
transformants. Southern hybridization analysis revealed signals
corresponding to junction fragments, having a defined portion
of the T-DNA (BamHI site to close to the left border, i.e., 2.1 kb),
and portions of plant DNA (Fig. 5¢). The four independent trans-
formed plants showed simple integration patterns with one to
three copies of the transgene per genome (Fig. 5c¢). No hybridiza-
tion signal was detected in the untransformed plant (Fig. 5¢c, lane
C). The transgene copy number and the segregation ratios reported
here were similar to those previous reports on cowpea (Popelka et
al,, 2006; Chaudhury et al., 2007). RT-PCR analysis of the South-
ern positive plants showed that lines contained the transcripts
of both nptll and gus genes (Fig. 5d) confirming the expression
of the transgenes in the transgenic plants. The result verified the

Summary of the transformation of 3-day-old cotyledonary node explants of Vigna unguiculata cv. Pusa-Komal co-cultivated with Agrobacterium tumefaciens strain

LBA4404/pSB1 harboring a binary vector pPCAMBIA2301

Explant no. No. of explants inoculated No. of shoots No. of plants No. of plants Selection No. of plants Transformation
in Agrobacterium recovered on rooted® positive for gus and efficiency® positive for nptll by efficiency? (%)
suspension selection medium? nptll genes by PCR (%) Southern

hybridization

1 124 1 08 5 45 2 1.61

2 178 16 10 7 43 3 1.68

3 184 19 11 6 31 3 1.63

Total 486 46 29 18 39.6¢ 8 1.64¢

2 Explants cultured on selection medium for shoot regeneration: MSB + BAP (5.0 wM) + geneticin (45 mg/1) + cefotaxime (500 mg/1) for 1 week followed by 3 weeks of culture

on MSB +BAP (5.0 uM) + kinetin (0.5 uM) + geneticin (45 mg/1) + cefotaxime (500 mg/1).

b Shoots rooted on MS +IBA (2.5 M) + cefotaxime (500 mg/1).

¢ Selection efficiency: percentage of geneticin-resistant plants positive for gus and nptll genes by PCR.
d Transformation efficiency: percentage of initial explants that developed to plants positive for nptll by Southern hybridization.

¢ Average.

TH-1062_06610608
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Fig. 5. (a-f) Molecular analysis of transgenic plants. (a-d) Analysis of geneticin-resistant Ty transgenic plants, (a) PCR amplification of the 540-bp fragment of the nptll
gene, (b) PCR amplification of the 240-bp fragment of the gus gene. Lane M: molecular weight marker; Lane P: pCAMBIA2301 plasmid DNA (positive control); Lane C: DNA
from untransformed plant (negative control); Lanes 1-7: DNA from independently transformed plants. (c) Southern blot hybridization analysis of junction fragments of four
randomly selected PCR-positive T lines. The plasmid and genomic DNA were digested with BamH]I, and hybridised with a nptll probe. Lane 1, 2, 4, 5: genomic DNA from four
To lines, lane C: genomic DNA from untransformed plant, lane P: plasmid DNA (pCAMBIA2301).

Table 6

Segregation of nptll and gus genes in T; transgenic plants of Vigna unguiculata cv. Pusa-Komal

T, Transgenic line No. of plants tested Positive (nptll) Negative (nptll) Ratio X2 Positive (gus) Negative (gus) Ratio x>
n 39 28 1 3:1 0.39 28 11 3:1 0.39
13 43 30 13 3:1 0.43 30 13 3:1 0.43
J6 36 26 10 3:1 0.26 26 10 3:1 0.26
17 41 37 4 15:1 0.35 37 4 15:1 0.35

functional expression of the nptll and gus genes in the transgenic
plants.

3.6. Transgene expression and segregation in the T; generation

Transgene expression and segregation were analyzed in the
seeds of 4 randomly selected Ty transgenic lines. Strong GUS activity
in germinated T; seedlings indicated the inheritance and expres-
sion of the gus gene in the progeny. PCR analysis of the progeny
of the each selected transgenic lines showed inheritance of nptll
and gus genes in a Mendelian fashion (Fig. 5e and f). A segregation
ratio of 3:1 for both nptll and gus genes was observed in three lines
whereas one line showed a segregation pattern of 15:1 for both
genes (Table 6).

4. Conclusion

We demonstrated a dramatic increase in T-DNA delivery leading
to 100% transient transformation frequency by constitutive expres-
sion of additional vir genes in resident pSB1 vector, for the first
time in any grain legume. Incorporation of kinetin to medium con-
taining BAP after 1 week of culture, and 3 weeks of exposure to
the combination of these two cytokinins were found critical for
optimal multiplication and elongation of transformed shoots from

TH-1062_06610608

cotyledonary node explants. The geneticin-based selection sys-
tem allowed rapid and efficient identification of transgenic shoots.
Incomplete selection by kanamycin (Chaudhury et al., 2007), and
phosphinothricin (Popelka et al., 2006) has resulted in lower recov-
ery of transgenics in cowpea. Combining the three components,
extra copies of vir genes, geneticin-based selection scheme and
compatible culture regime; we recovered transgenic plants of cow-
pea in cultivar Pusa Komal at a frequency of 1.64%, a two-fold
higher than previous report (Chaudhury et al., 2007). Further, the
recovery of transgenic plants by our protocol took approximately
2 months as compared to 5-8 months (Popelka et al., 2006) and
5-6 months (Chaudhury et al., 2007) reported earlier. The presence,
integration and expression of transgenes were demonstrated in Ty
transgenic plants, which transmitted the transgenes in a Mendel-
lian fashion. Ty progeny showed stable expression of transgenes.
This method for efficient recovery of stable transgenics would
envisage genetic improvement of cowpea for insect pest resis-
tance.
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