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Agrobacterium-mediated genetic
transformation and regeneration

of transgenic plants from cotyledon
explants of groundnut (Arachis hypogaea
L..) via somatic embryogenesis
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An efficient transformation protocol was developed
for groundnut (Arachis hypogaea L.) plants. Precul-
tured cotyledons were co-cultured with Agrobacterium
tumefaciens strain LBA 4404 harbouring the binary
vector pBI121 containing the widA (GUS) and nptll
genes for 2 days and cultured on an embryo induc-
tion medium containing 0.5 mg/l NAA, 5.0 mg/1 BAP,
75 ug/ml kanamycin and 300 pg/ml cefotaxime. The
putatively transformed embryos were transferred to
the medium with reduced kanamycin (50 pg/ml) for
further development. Prolific shoots developed from
these embryos on a MS medium containing 0.5 mg/l
BAP and 50 pg/ml kanamycin with a transformation
efficiency of 47%. The elongated kanamycin-resistant
shoots were subsequently rooted on the MS medium
supplemented with 1.0 mg/l IBA. The transgenic plants
were later established in plastic cups. A strong GUS
activity was detected in the putatively transformed
plants by histochemical assay. Transformation was

- confirmed by PCR analyses. Integration of T-DNA

into nuclear genome of transgenic plants was further
confirmed by Southern hybridization with nptil gene
probe. A large number of transgenic plants were ob-
tained in this study. This protocol allows effective
transformation and quick regeneration via embryo-
genesis.

GROUNDNUT or peanut (Arachis hypogaea L.) is one of
the principal economic oilseed legumes and 1s largely
cultivated in many tropical and subtropical regions of the
world. The seeds are mostly used to supply vegetable oil,
carbohydrates and proteins for human as well as animal
consumption. Crop improvement by conventional breed-
ing in this important oilseed crop is not as rapid as en-
visaged to meet the demands of increasing population,
especially in seed quality improvement and developing
virus- and insect-resistant varieties. There 1s an urgent need
to improve several commercially grown varieties in India
and elsewhere. Tools of genetic engineering can be ex-
ploited as an additional method for introduction of agro-
nomically useful traits into established cultivars. Major
seed proteins of groundnut as well as of other leguminous
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crop species, are deficient in the essential sulphur con-
taining amino acid methionine. Efforts are already made
in this direction'. There are a few reports on transformation
in some varieties of groundnut with marker genes®™ as
well as one or two desirable genes like 2S albumin gene'
and Bt gene’. However, to accomplish this and other
genetic engineering objectives, an efficient gene delivery
to isolated tissues and the subsequent regeneration of
transformed plants must still be solved for commercially
important, generally recalcitrant, groundnut cultivars'.

Although the transtfer of foreign genes into the genome
of groundnut calli was previously achieved with hypo-
cotyl explants and other seedling explants, only a few of
these reported the production of whole transgenic plants.
This was mainly due to difficulties in transforming
groundnut cells at sufficiently high frequencies. Although
there are several approaches of developing transgenic
plants, somatic embryogenesis has great potential in terms
of high proliferation rates. Genetic transformation through
somatic embryogenesis has not yet been reported in this
oilseed crop. For successful introduction of desirable
traits into the extensively cultivated varieties, efficient
regeneration protocols as well as a gene delivery system
need to be developed either by Agrobacterium-mediated
gene transfer or the bombardment method. In this paper,
we report successful transformation of groundnut by so-
matic embryogenesis with uidA and nptil genes.

Seeds of A. hypogaea L. cv. TMV-2 were obtained
from the Agricultural College and Research Station, Tamil
Nadu Agricultural University, Tiruchirapalli, Ind:a.

Seeds were surface disinfected with 5% Bavistin for
15 min, thoroughly washed with running tap water. Then
they were sterilized with 0.1% (W/V) aqueous mercuric
chloride solution for 7 min and washed with sterilized
distilled water. Twenty seeds per plate were germinated
aseptically in 90 x 15 mm petri dishes containing 40 ml of
seed germination medium composed of the MS basal
medium® consisting of 3% (W/V) sucrose and 0.8%
(W/V) agar. Seeds and all in vitro plant materials were
incubated at 25 + 2°C under a 16 h photoperiod. Light
was provided by cool white fluorescent lamps with an
intensity of 60 p.E m™ s™'. Cotyledon explants from 7-day-
old seedlings were separated and used as explants for
transformation experiments. Cotyledon explants were
cultured on the embryo induction medium which consisted
of the MS medium supplemented with 0.5 mg/l NAA and
1-10.0 mg/l BAP (MS1).

LBA 4404 strain of A. tumefaciens harbouring a binary
plasmid pBI121 was used as the vector system for trans-

- formation. The vector map is given in Figure 1. Bacteria

were maintained on LB (ref. 7) agar plates (1% W/V
tryptone, 0.5% W/V yeast extract and 1% W/V sodium
chloride, pH 7.0) containing 50 pg/ml kanamycin and
25 pug/ml rifampicin. For inoculation, one single colony
was grown overnight on liquid LB at 28°C with appropri-
ate antibiotics.

The explants were precultured for 2 days on the embryo
induction medium prior to co-cultivation with bacterial
culture collected at late log phase (Agpo 0.6). The coty-
ledons (300 explants) were gently shaken in the bacterial
suspension for about 10 min and blotted dry on a sterile
filter paper. Afterwards, they were transferred to the
medium and co-cultivated under the same condition of the
preculture period (16 h photoperiod of 60 uE m™s™") for
2 days at 25 = 2°C. After co-culture, the explants were
washed in the MS liquid medium, blotted dry on a sterile
filter paper and transterred to the embryo induction
medium (MS1) with antibiotics (75 ug/ml kanamycin and
300 pg/ml cefotaxime). Three subcultures are usually needed
for the elimination of escapes. Later, the concentration
of kanamycin was reduced to 50 pg/ml and completely
devoid of cefotaxime.

After 4 weeks, the growing embryos were excised from
the primary explant and subcultured into a fresh embryo
proliferation medium containing 0.5 mg/l BAP and
50 ug/ml kanamycin (MS2). The green healthy shoots
from the embryos were subjected to 2—3 more passages of
selection by repeated excision of buds and their exposure
to selective elongation medium (MS2). Healthy and elon-
gated shoots were rooted in the MS medium containing
1.0 mg/l IBA but without kanamycin to facilitate rooting
(MS3). Untransformed embryos do not withstand more
than 25 ywg/ml kanamycin. All experiments were carried
out in ten replicates and the experiments were repeated at
least three times, keeping all the parameters unchanged.

The B-glucuronidase (GUS) histochemical assay was
used as a rapid way to detect the presence of the uidA
gene (GUS) in the putative transformants as described by
Jefferson et al.® using leaf segments in regenerated shoots
from explants.

Presence of GUS and nptll was confirmed by PCR
amplification of the uidA and nptll genes using two spe-
cific primer sequences. Plant DNA for PCR analysis was
isolated as described by Edwards et al.”. Specific primers
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for gus (uidA) primer sequences (5-3") were TTC GCG
TCG GCA TCC GCT CAG TGG CA and GCG GAC
GGG TAT CCG GTT CGT TGG CA. The npt!l primer
sequences (5'~3") were GAG GCT ATT CGG CTA TGA
CTG and ATC GGG AGG GGC GAT ACC GTA. Each
PCR reaction was performed 1n 25 ul (total volume) of
reaction mixture consisting of 10X reaction butfer, 150 ng
DNA, 200 mM dNTPs, 25 mM MeCl,, 100 ng of each
primer DNA and 1 unit of Tag DNA polymerase. PCR
was carried out in a thermal cycler under the following
conditions: 94°C for 4 min as preheating, then 35 cycles
of 94°C denaturing for 1 min, 58°C annealing for 1 min
and 72°C extension for 1 min and another 10 min at 72°C
final extension for uidA gene detection, 94°C denaturing
for 4 min as preheating, then 35 cycles of 94°C denaturing
for 1 min, 55°C annealing for 1 min and 72°C synthesis
for 1 min and 10 min at 72°C final extension for nptll
cene detection. Amphfied DNA fragments were electro-
phoresed on 1.2% agarose gel and detected by ethidium
bromide staining, photographed under ultraviolet light.
Total genomic DNA was isolated from fresh leaves of
transformed and untransformed (control) plants using the

CTAB (cetyltimethylammonium bromide) method. Southern

blot hybridization analysis was carried out using standard
procedures”'’. Ten pg of total genomic DNA from trans-
genic plants and untransformed control plant was digested
with HindlIIl. 2 ug of plasmid DNA was digested with
Smal and Sacl to release the gus fragment which was used
to prepare the probe.

We have standardized plant regeneration in groundnut
earlier by somatic embryogenesis''. After 3 weeks of cul-
ture, green multiple somatic embryos formed along the cut
surface of the distal end of the cotyledons on the MS
medium containing 0.5 mg/l NAA and 1-10.0 mg/l BAP.
Among the various concentrations of BAP used, BAP
5.0 mg/l and NAA 0.5 mg/l (MS1) were found to be the
best for maximum frequency of embryo formation (data
not shown). This combination was routinely used for
the transformation experiments. Each explant produced
2030 somatic embryos (Figure 2 a), in some instances up
to 60 embryos could be seen. Early separation shows the
bipolar nature of the embryos (Figure 2 b) and these ger-
minate with proper tap root if removed early (Figure 2 c).
Histological observations also confirmed the nature of the
bipolar embryos. If somatic embryos are not separated
from the original cotyledon explants at an early stage,
they tend to develop into profuse shoots (Figure 2 d)
without root development. Embryos have to be separated
for proper tap root development, However, separation of
the embryos from clusters originating from the cotyledon
explants was impossible without damaging the embryos as
they fused with each other and to parent cotyledon ex-
plants, and have no discernible radicles. It was easier to
allow the embryos to develop shoots for subsequent root-
ing by transferring to a medium with reduced BAP (MS2).
This has been reported for groundnut'? as well as eastern
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redbud'® wherein multiple shoots developed from the
somatic embryos. Single shoots can be excised from shoot
clumps for rooting (MS3) to develop individual plants.
Similar observations have been made with other legumes
like Albizzia lebbeck't and rosewood'®. In general, soma-
tic embryo morphology atfects germination and plant
conversion percentage in groundnut'>'®. Multiple shoot
formation from somatic embryos could be an alternative
method of regeneration, especially tf the somatic embryos
are abnormal or there 1s a low percentage of germination.

Kanamycin sensitivity of cotyledon explants was asse-
ssed prior to Agrobacterium transtormation, to determine
the concentration of kanamycin needed for effective
growth of transgenic plants. At 50 pug/ml, kanamycin
caused chlorosis and eventual necrosis in all explants by
the end of the fourth week. Concentrations of 75 pg/ml
and 100 pg/ml kanamycin completely inhibited embryo
formation. Kanamycin concentration of 125 pg/ml and
higher caused all explants to become necrotic by the third
week of culture. Higher concentrations of 125 pg/ml
kanamycin even Killed almost all the cotyledon explants.
In all previous reports of Agrobacterium-mediated trans-
formation of groundnut, kanamycin concentration of
S0-100 ug/ml was used 1n both the selection and regenera-
tion medium”>'’. In the present study, slightly higher
kanamycin concentration (75 pg/ml) was used for the ini-
tial selection of transformants to prevent possible escapes.
Subsequently, lower kanamycin concentration of 50 pg/ml
was used to enhance the embryo proliferation. According
to Pena er al.'®, application of higher concentrations of
the selection agent 1s the best way to eliminate the un-
transformed cells or organized tissues.

One of the critical factors in achieving high frequencies
of transformation in groundnut 1s related to preculture of
explants on the embryo induction medium prior to co-
cultivation. Cotyledon explants were precultured for O, 1,
2, 3, 4 and 5 days and transformation frequency was cal-
culated by their embryo-forming ability in the selection
medium (data not shown). When cotyledon explants were
precultured on the regeneration medium for 2 days, the
hypersensitivity response was reduced compared to co-
cultivation with Agrobacterium without preculture. Pre-
culture of the explants in the regeneration medium for 2
days prior to co-cultivation was found to be optimum for
efficient transformation.

After selection through a two-day preculture, healthy
cotyledons were infected and co-cultivated with A. fume-
faciens LBA4404 harbouring pBI121 vector. During the
initial two days on the non-selective embryo induction
medium, all co-cultivated and control explant materials

- retained a healthy green colour. After transter to the em-

bryo induction medium with 75 pg/ml kanamycin and
300 pg/ml cefotaxime (selection medium) control ex-
plants and some of the co-cultivated explants became
completely necrotic within 3—4 weeks. In contrast, control
cotyledon explants maintained on non-selective embryo
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induction medium (without kanamycin) exhibited embryo-
genesis {(86.6%) by the end of the fourth week i1n culture.
Embryos formed directly around the distal end of the
cotyledons without intervening callus and the maximum
transformation frequency was 47% (Table 1). The embryos
were maintained by regular subculturing on the MSI
medium at 3-week intervals. After 3 passages on the MSI
medium, explants with somatic embryos were subcultured
onto the MS2 medium for proliferation of shoots. On the
other hand, controls did not require more than 4-6 weeks
for transfer into the MS2 medium for proliferation. After
prolonged culture period on the same medium, multiple
shoots were regenerated from embryos on the MS2

medium (Figure 2 d). Similar results were also reported in
egeplant'®. Shoots developed from an individual embryo
were sliced and subcultured on the MS medium with a
low level of BAP (0.2 mg/l) containing 50 pg/ml kana-
mycin for proliferation. The kanamycin concentration was
lowered to 50 pg/ml at the third subculture to reduce anti-
biotic stress on the developing shoot buds. They were
multiplied in vitro in the presence of kanamycin. Most of
the transgenic clones appeared morphologically normal in
comparison with the untransformed plants. The putative
transformed shoots which attained 2-3 cm in length were
excised and then transferred for rooting to the MS3

medium (Figure 2 e). Fifty plants were selected and these

Figure 2. Different developmental stages of groundnut iransgenic plants. a, Induction of embryos: b, Single bipolar embryo; ¢, Platbet Jurived
from embryo with typical wp root; d, Regeneration and shoot formation from the transforined embryos on selection mcedivm; €. Rooted transfornied
plantlet; £, Well-developed transformed plantlet established in soil; und g, Leaves from transgenic plants showing GUS activity (hlue colour).
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were transferred to the soil. Figure 2 f shows the well-
established transgenic plant. The survival rate was
50-95%.

The transformation effictency obtained in this study 1s
as hich as that reported earhier using groundnut leaf tis-
sue>. Eapen and George” observed an average of 6.7% of
shoot regeneration on the selection medium containing
50 pg/ml kanamycin. Cheng et al.’ reported that the fre-
quency of transformed fertile plants was 0.2 to 0.3% of
the Ieaf explants inoculated. In the previous reports, trans-
formation efficiency was low, as the explants were co-
cultivated without preculturing. In the present study, an
important factor which enhanced the transformation effi-
ciency of rroundnut was the 2-day preculture of the ex-
plants, which probably served to reduce wound stress and
increased the number of competent cells at the wound site.
A similar result was also reported 1n other species by
Akama et al.*® and Muthukumar et al.*'. The results indi-
cated that the efficiency of shoot regeneration was depen-
dent on the explant type. Recent success 1n the production
of transgenic plants using Agrobacterium in cowpea”' and
chickpea™ was based on explants like hypocotyls, epi-
cotyls and cotyledons. These results suggest that under the
expertmental conditions used in the present study cells of
cotyledons may have competence for ‘shoot induction
signals’ and that the competence may vary in different
groundnut explants.

The regenerated embryos or leaves were subjected to in
sity GUS assay. The expression of uidA gene was verified
by histochemical staining of the leaf of the transgenic
plants. The nptll positive regenerants showed the typical
indigo blue colouration of X-Gluc treatment, while the
negative ones did not. Also, more than 45% of the regen-
erants were GUS positives. Young leaves were more
densely stained than other tissue of the plant (Figure 2 g).
This seems to be a typical expression pattern of the
CaMV 35S promoter regulated uidA gene in young ftis-
sues®’. Leaf tissues from untransformed plants did not
show GUS activity. These results and the extensive GUS
expression in tissues, clearly demonstrate the stability of

Table 1. Transformation frequency of putatively transformed embryos
from groundnut cotyledon explants on MS medium containing
NAA (0.5 mg/1), BAP (5.0 mg/l), kanamycin (75 pg/ml) and
cefotaxime (300 pg/mi)

9.4

6.5
4.3

2.0

0.53

No. of No. of Average no.

explants explants Frequency  of embryos/
Experiment  co-cultured responded of embryos cotyledon
Control* 75 65 86.6+4.3 65.0£3.7
Control** 86 0 00.0:0.0 00.0+0.0
Expt. | 45 17 37.7x26 520+3 4
Expt. 2 36 15 41.6+3.R 48.0+3.1
Expt. 3 51 24 47.0+4.2 56.0+47
Expt. 4 39 17 43.5+3.6 32.0+2.8
Expt. 5 40 15 37.5+33 41.0+39

*No co-cultivation. non-selective medium (without kanamycin).

**No co-cultivarion, selection medium (with 75 pg/ml of kanamycin),
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the inserted genes in the transformed plants. GUS expres-
sion was also reported previously by Eapen and George?
and Cheng et al.” in groundnut.

Presence of the uidA and nptll genes in the plant
genome was confirmed by PCR analysis with specific
primers using DNA from leaves. PCR analysis revealed
that 0.53 kb uidA and 0.8 kb nptlf DNA fragments ampli-
fied from genomic DNA of all putative transgenic plants.
However, no uidA and nptll PCR products were seen for
untransformed control plants. Figure 3 a shows that all the
samples of transgenic plants (lanes 4-9) gave the pre-
dicted size of DNA fragment of 0.53 kb of uidA gene. No
band was detected in the DNA sample from an untrans-
formed control plant (lane 3). The 0.53 kb DNA fragment
was also amplified from the pBI121 plasmid as positive
control (lane 2). DNA products with the expected size of
0.8 kb were amplified from total genomic DNAs of the
putative transgenic plants (Figure 3 b, lanes 5-11). These

o 1234 95 ¢ 789"
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Figure 3. PCR analysis of transgenic shoots by amplication of the
wuidA (GUS) and nptI] genes from total plant DNA extracts. a, Detec-
tion of the widA (GUS) gene. Lane 1, DNA size marker; lane 2, Plasmid
PBILI21 (positive control), lane 3, Untransformed plant (negative con-
trol); lanes 4-9, Transformed plants; and &, Detection of the nprlf gene.
Lane 1, DNA size marker; lanes 2, 4, Untransformed plants (negative
control); lane 3, Plasmid pBI121 (positive control); lanes 5-11, Trans-
formed plants.
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Figure 4. Southern blot analysis of transgenic groundnut plants pre-
viously identified by PCR analysis. Total genomic DNA (10 pug)
digested with HindIl was hybridized with random primed ¥ labelled
GUS probes. Lane M, Labelled DNA size marker; lanes 1-10, Genomic
DNA from independent lines of transformed plants.

DNA fragments were not detected in the untransformed
control plant (Figure 3 b, lanes 2, 4). As a positive con-
trol, the nprIl gene products were also amplified from the
pBI121 plasmid (Figure 3 b Lane 3). Based on the resis-
tance to kanamycin and PCR detection, presence of both
uidA and nptll genes was confirmed in the transgenic
groundnut plants. In the previous reports on transgenic
groundnut plants obtained by microprojectile bombard-
ment"* and Agrobacterium-mediated transformation®**%
foreign gene producis were not analysed by the PCR
method.

The integration of the gus reporter gene into the trans-
formed plant genomic DNA was further confirmed by
Southern blot hybridization analysis. The genomic DNA
from randomly selected GUS positive transgenics and one
untransformed control plant was digested with HindIII
which cuts at only one site located between the uidA
(GUS) and nptll genes in the T-DNA insert of pBI121
plasmid. The gus gene was used as a probe. The gus DNA
probe hybridized to DNA from transgenic plants (Figure
4) showed integration at different positions ranging from
2.5 kb to 23 kb. Few lines have shown single integration
(lanes 14) and others have shown multiple integration
(lanes 5-10). The DNA from the untransformed control
plant did not show any stgnal (data not shown); the result
indicated that the gus gene was integrated into the
groundnut genome, A similar type of multiple copies of
gene 1ntegration with the groundnut genome was reported
by Ozias-Akins et al.?® and Cheng et al.’.

With the exception of the report by McKently et al'l,
transformation frequencies for groundnut appear to be
substantially lower in other reports of transformation. In
this study protocol modification in the form of kanamycin
concentration and preculture treatment substantially en-
hanced the transformation efficiency in groundnut and
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may be a major reason for the higher frequency obtained
in this study compared to the other reports on Agrobac-
terium-mediated transformation of this species. The
results presented also demonstrate a simple and highly
efficient system for producing peanut somatic embryos
from cotyledon explants. The system does not require
maintenance of embryogenic callus or apical meristem
excision as In most previous procedures on genetic trans-
formation of peanut, which are labour-intensive tech-
niques. Moreover, in many cases the use of these explant
materials results in the production of sterile plants and/or
somaclonal variants. In the present study fertile plants
were obtained. In addition, transformation was done via
Agrobacterium and not by particle bombardment as was
done 1n most of the previous reports which is an expen-
sive method compared to Agrobacterium-mediated trans-
formation. The protocol can be used efficiently for the
introduction of more desirable genes and is currently
being used for producing transgenic plants with desirable
genes.
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