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Abstract

The activity of a green tissue-specific promoter of the Rubisco small subunit gene from Arabidopsis (AraSSU) was studied
using transgenic chickpea lines. We generated transgenic chickpea lines expressing an AraSSU promoter-driven cry2Aa gene
through the Agrobacterium-mediated transformation method. Lines with AraSSU expressed the gene in all green tissues at
high levels (> 90 ng/mg of fresh weight tissue) compared to lines generated using CaM'V35S (<10 ng/mg FW). We used
vertical cross sections of various tissues of homozygous progeny using microtome for immunolocalization. The immu-
nolocalization showed the expression of the cry2Aa gene in the green mesophyll cells of the leaves of both AraSSU and
CaMV35 chickpea lines. Moreover, the accumulation of AraSSU-regulated Cry2Aa protein was also observed in vascular
tissues, including enucleate sieve elements and their companion cells. However, no expression was observed in the roots
of AraSSU lines. In the case of CaMV35 lines, the transgene expression was observed in all the tissues. Since our data
indicated that the AraSSU promoter is active in non-green tissues such as vascular bundles. Therefore, we validated this by
RT-PCR. We found Cry2Aa RNA transcripts in leaves, stems without epidermis (for vascular tissues), and roots with and

without epidermis. Thus, the AraSSU promoter is active in all above-ground tissues of the chickpea plant.
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Introduction

The promoter is the main switch of gene regulation as it
harbors specific sequences and elements that function as
binding sites for RNA polymerase and transcription factors.
A plant gene promoter consists of a TATA box, initiator
element as well a well-defined transcription initiation site
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about 20-30 bp downstream of the TATA element (Ali and
Kim 2019). Promoters are classified into three broad classes
based on their activity: constitutive, inducible, and tissue-
specific. Several plant promoters have been identified to date
and used for regulating transgenes for crop improvement.
When the expression of a transgene is required throughout
the developmental stages, a constitutive promoter is used. In
inducible expression, it is stimulated by different biotic and
abiotic environmental factors, for example, the hsp70 gene
promoter is induced by heat shock. Tissue-specific promot-
ers direct the expression of a gene in one or more tissues
or at a particular developmental stage of the plant (Ali and
Kim 2019). In genetic engineering, constitutive promoters
are widely used, for example, the cauliflower mosaic virus
35S (CaMV35S) promoter, the rice Actinl (OsActl), and the
maize polyubiquitin (ZmUbil), etc. (Lv and Zhang 2016).
However, constitutive promoters often cause large consump-
tion of plants' energy and nutrients leading to metabolic
load (Bhullar et al. 2003). Tissue-specific promoters are
preferred over constitutive promoters to reduce this burden.
One of the classic examples of the tissue-specific promoter
is the Arabidopsis Rubisco small subunit gene promoter,
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which is exclusively expressed in green tissues. Reportedly,
the Arabidopsis small subunit (AraSSU) promoter appeared
to generate 10- to 20-fold more transgene (cry/Ac) mRNA
transcript and protein than the CaMV35S promoter with a
duplicated enhancer (Wong et al. 1992) and tobacco small
subunit (7obSSU) promoter in tobacco (Tabe et al. 1995).

Genes belonging to the ribulose-1,5-bisphosphate carbox-
ylase/oxygenase small subunit (rbcS) family in Arabidopsis
thaliana are differentially regulated by different types of
light (Terzaghi and Cashmore 1995). Rubisco is a multim-
eric protein that catalyzes the initial step of carbon fixation
through the assimilation of CO, by carboxylation of ribu-
lose-1, 5-bisphosphate, and is also involved in photorespira-
tion (Schwarte and Tiedemann 2011). In higher plants, it is
composed of eight small subunits (rbcS) and eight large sub-
units (rbcL) of 14 and 55 kD, respectively (Dedonder et al.
1993). The small subunits are encoded by the rbcS multi-
gene family in the nuclear genome, whereas large subunits
are encoded by a single rbcL gene of the chloroplast genome
(Izumi et al. 2012). In Arabidopsis thaliana, the small subu-
nits of Rubisco are encoded by four genes and divided into
two subfamilies based on linkage and sequence similari-
ties. The three genes (rbcS-1b, rbcS-2b, and rbcS-3b) are
tightly linked at a single locus, and the fourth gene (rbcS-1a)
is at least 10 kb removed from, or completely unlinked to
the B subfamily (Dedonder et al. 1993). It has been found
that rbcS promoters can confer light-inducible and tissue-
specific expression in transgenic plants (Gilmartin and Chua
1990). Furthermore, the expression pattern of rbcS in leaf
tissue was studied by fusion of the rbcS promoter with the
p-glucuronidase (gus) reporter gene in transgenic cotton
(Song et al. 2000). The rbcS promoter was used for driv-
ing transgene expression in the photosynthetic tissues.
For example, the rice rbcS promoter was used to express a
delta-endotoxin gene (novel cry2AX1) of Bacillus thuring-
iensis in rice leaves to provide resistance against the rice leaf
folder (Manikandan et al. 2016). In chickpea, the rbcS pro-
moter was used to drive the expression of other Bt genes
(cry2Aa and crylAc) against Helicoverpa (Acharjee et al.
2010; Chakraborty et al. 2016; Hazarika et al. 2019).

The generation of transgenic plants depends on several tis-
sue culture factors. However, for appropriate transgene expres-
sion, the selection of promoter is important (Wang and Oard
2003). To obtain the desired level of transgene expression, it
is important to choose an appropriate promoter. The activ-
ity of the promoter may vary from tissue to tissue as well as
from plant to plant. Therefore, understanding the activity of the
promoter to achieve optimum levels of transgene expression
is crucial prior to initiating transformation experiments. One
of the approaches to studying the activity of promoters is by
developing transgenic plants. The location of a foreign protein
in a transgenic plant could facilitate further insights into the
precise function of the promoter. Fusing the promoter with

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

a reporter gene such as fS-glucuronidase (gus), GFP or lucif-
erase was a commonly used method to study the promoter
activity (Ali and Kim 2019). Also, immunolocalization of
transgenic protein in stably transformed lines is useful to know
the activity of a promoter (Sudhakar et al. 1998; Kiani et al.
2013; Chakraborty et al. 2016).

Chickpea is an important grain legume that serves as an
affordable source of protein for humans and livestock (Jukanti
et al. 2012; Rachwa-Rosiak et al. 2015). The crop suffers
significant yield losses, annually, due to Helicoverpa armig-
era (Sarmah et al. 2012). We generated several transgenic lines
expressing either a cry2Aa gene regulated by AraSSU pro-
moter (Acharjee et al. 2010). Moreover, chickpea is a self-
pollinated crop with an extremely narrow genetic base and
variability that restricts the scope of heterosis breeding. There-
fore, the introduction of a lepidopteran-specific toxin, such as
that encoded by the cry genes of Bacillus thuringiensis (Bt),
into chickpea by genetic engineering is a promising option for
developing insect resistance. This method has been success-
fully implemented in other important crop plants through the
expression of different Bt genes for insecticidal crystal proteins
(Manikandan et al. 2016; Ghosh et al. 2017). Since Helicov-
erpa prefers to feed on green foliage and reproductive parts
(fruits), it was considered that a green tissue-specific promoter
would efficiently target the Bt protein to the pod borer. To
this end, the AraSSU promoter was used to generate trans-
genic chickpea lines expressing a cry2Aa gene which has
been shown to decrease the growth and survival of pod borer
(Acharjee et al. 2010). However, the lines with high levels of
Cry2Aa protein exhibited slow growth and vigor, as well as
significantly lower seed set per plant. As discussed earlier, the
expression of a transgene appears to be highly regulated by a
promoter driving the gene.

This work was based on the study done by Acharjee et al.
(2010) where transgenic chickpea lines harboring the cry2Aa
gene driven by the AraSSU promoter. The use of endogenous
promoters was avoided as homologous promoters may lead to
transgene and/or the resident gene/transgene silencing attrib-
uted to methylation of promoters (Vaucheret 1993; Park et al.
1996). However, Sunilkumar et al. (2002) demonstrated that
the introduction of a homologous seed-specific promoter does
not cause silencing of either the transgenic or resident pro-
moter in transgenic cotton, Arabidopsis, and tobacco. Here
we investigated the activity of AraSSU promoter by perform-
ing immunolocalization of transgenic Cry2Aa protein-specific
antibodies.
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Materials and methods
Vector constructs

For chickpea transformation, two binary vectors,
namely pBK201 and pBin35S2Aa, were used (Fig. 1). The
twin binary vector pBK201 (Fig. 1a) was described previ-
ously by Acharjee et al. (2010). It harbored a modified syn-
thetic cry2Aa gene controlled by AraSSU promoter and Tob-
SSU terminator. The second construct pBin352Aa (Fig. 1b)
was obtained from the ICAR-National Research Cen-
tre for Plant Biotechnology, New Delhi, also known as
ICAR-NIPB. The pBin352Aa harbored a single T-DNA
containing both the cry2Aa and neomycin phosphotrans-
ferase (npt-II) expression cassettes. The coding sequence of
the cry2Aa gene was driven by a CaMV35S promoter and
terminated by a nopaline synthase (nos) gene terminator.
Both binary vectors contained the kanamycin resistance
gene (npt-11) for the selection of transgenic plants.

Plant material

We used two transgenic chickpea lines for the current study,
BS6H (AraSSU-cry2Aa) and 39 J (35S-cry2Aa). The BS6H
line contained a single copy of the cry2Aa gene (described
in detail in Acharjee et al. 2010) which was also confirmed
by its segregation pattern in the T1 generation. For immu-
nolocalization studies, we selected homozygous T8 prog-
eny of transgenic chickpea lines harboring the cry2Aa gene
driven by AraSSU promoter (previously generated by Acha-
rjee et al. 2010) and T1 progeny of chickpea lines harboring
the cry2Aa gene driven by CaM V35S promoter. Seeds from
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transgenic and non-transgenic control plants were germi-
nated and grown in the greenhouse. After 26 days, leaves
and stems were harvested for immunolocalization studies.

Quantitative estimation of Cry2Aa protein in leaf
tissue of transgenic chickpea plants

Quantitative estimation of Cry2Aa expression was deter-
mined through enzyme-linked immunosorbent analysis
(ELISA) as described by Acharjee et al. (2010). Total
leaf protein was extracted after homogenizing 60—100 mg
of young open leaves using PBST (Phosphate-Buffered
Saline with Tween 20) buffer (Agdia, USA) and subjected
to centrifugation (12,000 rpm, 10 min, 4 °C) to collect
the supernatant. Protein concentration was determined by
Bradford assay (Bradford 1976). The protein samples were
added to wells of a primary antibody-coated ELISA plate
(Agdia, USA), followed by incubation with a second anti-
body (AP-conjugated goat anti-rabbit IgG antibody, Pro-
mega, Inc., USA) at 1:5000 dilutions at 4 °C overnight in a
sealed container and finally washed seven times with PBST
buffer. After the addition of the substrate, TMB (3, 3', 5,
5'-tetramethylbenzidine) color was developed and absorb-
ance was measured at 650 nm by a microplate reader (Bio-
Rad, USA) and the amount of expressed Bt protein was cal-
culated using a Cry2Aa toxin standard curve.

Tissue fixation, embedding, and sectioning

Leaves and stem from 26-day-old transgenic chickpea and
control plants were fixed in fixation solution (10% formalin,
50% ethanol, and 5% acetic acid +35% water) for 24 h fol-
lowed by a rinse in running tap water at room temperature
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Fig.1 Schematic representation of plasmid constructs used for
genetic transformation of chickpea: a T-DNA of pBK201 harboring
cry2Aa gene driven by AraSSU promoter and TobSSU terminator in
a twin T-DNA binary vector, b T-DNA of pBin3552Aa containing
cry2Aa gene driven by CaM V35S promoter and nptll gene driven by
NOS promoter, LB, RB left and right borders of T-DNA, CaMV35S

caulifiower mosaic virus promoter, NOS nopaline synthase promoter
and terminator, OCS octopine synthase terminator, AraSSU Arabi-
dopsis thaliana small subunit promoter, TobSSU tobacco small subu-
nit terminator, nptll neomycin phosphotransferase II gene, SCSVI
subclover stunt virus segment 1 promoter, SCSV3 subclover stunt
virus segment 3 terminator
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(RT). Tissues were partially dehydrated in a graded ethanol
series (70, 90, and 100% (v/v) for 30 min each respectively)
followed by ethanol: xylene series (3:1, 1:1, and 1:3 (v/v))
for 1 h each at RT. They were then gradually infiltrated in
molten paraffin wax (HiMedia, India). All the infiltration
steps were done at room temperature. Finally, the samples
were placed in paper boats for about 20 h for the prepara-
tion of blocks. The embedded tissues were sliced into 12 um
sections using a microtome (Leica Instruments GmbH,
Germany).

Immuno-localization

Transverse sections of leaves and stems from both trans-
genic and untransformed chickpea plants were used for
immunofluorescence studies. Sections were affixed to
slides pre-coated with egg albumin. The samples were then
deparaffinized with xylene and rehydrated through a series
of graded ethanol (100, 90, and 70% (v/v), respectively
each for 30 min) at RT. The sections were incubated for
5 min in 10 mM citrate buffer, pH 6.0 at 100 °C to inactivate
endogenous alkaline phosphatase activity followed by wash-
ing twice in Tris-buffered saline (TBS: 0.1 M Tris, 0.1 M
NaCl, pH 7.4), each of 10 min duration. Free binding sites
of antibodies were blocked over 1 h with 5% (w/v) bovine
serum albumin (BSA, Sigma-Aldrich, USA) in TBS. Anti-
Cry2Aa antibody (1:2000 dilutions in TBS with 3% (w/v)
BSA) was applied to the sections for 1 h at room temperature
(RT). Excess antibody was removed with successive wash-
ing in 0.5% (v/v) Tween 20 in TBS. After a second block-
ing, the secondary antibody (goat anti-rabbit IgG conjugated
with alkaline phosphatase at 1:5000 dilutions in TBS) was
applied and the preparation was extensively washed as
above. Sections were incubated in TBS containing the sub-
strate 5-bromo-4-chloro-3-indolyl-phosphate and 4-nitroblue
tetrazolium chloride (BCIP/NBT) tablet to visualize the anti-
gen—antibody complex. Another fluorescently labeled sec-
ondary antibody (Alexa Fluor 488 goat anti-rabbit) diluted at
1:200 in TBS was used for immunofluorescence. This prepa-
ration was washed as mentioned above. Observations were
performed under an Olympus BX60 microscope equipped
with fluorescence. Images were collected and assembled by
Adobe Photoshop 7.0.

The activity of AraSSU promoter in various tissues
by RT-PCR

Total RNA was isolated using 1 ml of TRIZOL reagent
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. The homogenate was incubated for
5 min at room temperature. 200 ul of chloroform was added
and incubated at RT for another 2-3 min. The mixture was
then centrifuged at 12,000 rpm for 15 min at 4 °C. The
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aqueous phase was transferred into a fresh tube and 500 ul
of isopropanol was added and incubated at room tempera-
ture for 10 min followed by centrifugation at 12,000 rpm
for 10 min at 4 °C. The supernatant was removed and the
RNA pellet was washed with 70% ethanol and air-dried.
Finally, the RNA pellet was air-dried, dissolved in 20 pl of
DEPC-treated water, and stored at — 80 °C. The RNA sam-
ples were resolved on 1.2% agarose gel in 1X TAE buffer
(40 mM Tris, 20 mM Glacial acetic acid, 1 mM EDTA).
The quality and the quantity of total RNA were determined
by formaldehyde-denatured agarose gel electrophoresis and
an absorption ratio of OD 260/280 in a nanodrop spectro-
photometer. RT-PCR analysis of transgenic chickpea lines
for semi-quantitative RNA expression of the transgene tran-
scripts was performed using the QIAGEN OneStep RT-PCR
Kit according to the protocol provided by the manufacturer
and was subsequently amplified by PCR with 5 (TAGCTT
CGTACCGACGCAGTC) 3 and 5 (AGCTAGATGTCG
CTCCTCACTGC) 3 primers, which were designed based
on cry2Aa gene sequence. Amplification of rRNA was done
using primers 5 (GTCAGCAACTGGGATGATATGG) 3 and
5 (TCTTCCTTGCTCATCCTGTCAG) 3 which served as an
internal control. RT-PCR conditions were reverse transcrip-
tion at 50 °C for 30 min, 15 min at 95 °C, 28 cycles (1 min
at 94 °C, 1 min at 58 °C and 1 min at 72 °C) and 10 min at
72 °C.

Results

Level of expression of Cry2Aa protein in transgenic
chickpea lines

A quantitative assessment of Cry2Aa protein accumu-
lated in leaves of transgenic chickpea lines generated
with pBK201 and pBin352Aa constructs was performed by
ELISA. Among the two promoters (AraSSU and CaMV35S),
the concentration of the Cry2Aa protein in the leaves
of the AraSSU line was higher (97 ng/mg FW), whereas
the CaMV35S lines accumulated less (< 10 ng/mg FW)
(Table 1). While no Cry2Aa protein accumulation was found
in untransformed chickpea plants, we also looked at the mor-
phology of both the lines and found that CaM V35S lines are
similar in growth and architecture compared to the control
(data not shown). However, the AraSSU line showed phe-
notypic aberrations, such as stunting and low seed yield, as
reported, previously by Acharjee et al. 2010.

Activity of both AraSSU and CaMV35S promoter

To determine the location of the Cry2Aa protein driven by
two different promoters in the leaf sections of transgenic
chickpea, immunocytochemical assays were performed
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Table 1 Expression level of

. A Transgenic line Level of Cry2Aa protein (ng/  Mortality (%) Phenotype
Cry2Aa in transgenic chickpea mg FW)
plants based on quantitative
ELISA AraSSU-Cry2Aa 97 100 Reduced yield,
stunted
growth
CaMV-Cry2Aa 5 Hok Normal

**Mortality assay of transgenic plant was not performed due to low levels of expressed Cry2Aa protein

using the anti-Cry2Aa antibodies (non-fluorescent and fluo-
rescent) as mentioned in the material and methods section.
Since the aim of this study was to establish a putative rela-
tionship between the detection of protein and promoter driv-
ing the transgene expression in a tissue-specific and constitu-
tive manner, leaf sections were used for immunolocalization
studies in the transgenic chickpea lines along with a control.
Also, since the AraSSU is a tissue-specific promoter, vertical
sections of green tissues (leaves and stem) were used for the
study in the high expressing line. Similarly, leaf sections
from transgenic chickpea generated using a constitutive pro-
moter, CaMV35S, were used for the study using fluorescent
antibodies.

At first, we performed the assay on a transgenic chick-
pea line generated using the AraSSU promoter. For this
experiment, non-fluorescent antibodies produced against the
Cry2Aa and alkaline phosphatase-conjugated (anti-rabbit)
secondary antibodies were utilized to obtain a histochemi-
cal stain for antibody binding. This method was found to
be optimal for the detection of Cry2Aa with the reduced
background as observed in the control tissues. When leaf
sections of transgenic chickpea were immunolabelled, the
presence of Cry2Aa protein was visualized as a purple stain
(Supplementary Fig. 1). The protein appears located in the
cell wall of mesophyll cells, the epidermal layer, and the
enucleate sieve elements (xylem and phloem) and their com-
panion cells of the leaf section of the transgenic chickpea.
No accumulation of Cry2Aa protein was detected in the
leaf sections of the untransformed plant. In stem sections
of transgenic chickpea immunolabelled with anti-Cry2Aa,
the protein was observed in the enucleate sieve elements
(xylem and phloem) and their companion cells. No accu-
mulation of Cry2Aa was detected in the leaf sections of the
untransformed plant.

However, this non-fluorescent antibody technique was
less conclusive, which was evaluated by using a fluores-
cently labeled secondary antibody to visualize the accumu-
lation of Cry2Aa protein in the leaf sections of transgenic
chickpea lines. Cry2Aa protein was localized in ultrathin
leaf sections of 26-day-old transgenic chickpea lines gener-
ated using either the AraSSU or CaMV35S promoter. When
the fluorescently labeled secondary antibody was used,
Cry2Aa protein was detected in the palisade parenchyma
cells, mesophyll cells, vascular bundles, and companion cells

of the leaf sections of high-expressing AraSSU-2Aa chick-
pea line (Fig. 2a). This indicates that the AraSSU promoter-
driven cry2Aa gene is either expressed by the companion
cells of vascular tissues or might be transported into the
vascular tissue from the mesophyll cells. The protein was
also detected in the trichome (Fig. 2a). Another transgenic
chickpea line generated using the CaMV35S promoter-
driven cry2Aa gene showed accumulation of Cry2Aa protein
over the non-vascular tissues, mesophyll cells, parenchyma
cells and trichome (Fig. 2¢). However, immunofluorescence
of the tracheary elements compared to the vascular tissues
of AraSSU line was less intense. Detection of immunofluo-
rescence in the control sections incubated similarly with
antibody as in the transgenic sections was found to be neg-
ligible (Fig. 2e).

Internodes from the 26-day-old transgenic chickpea
plants were dissected, fixed, and embedded for immunolo-
calization assay to determine the pattern of Cry2Aa expres-
sion along the stem. Initially, AraSSU-2Aa plants were used
for the assay using anti-Cry2Aa antibodies. In the stem sec-
tions of the transgenic chickpea line, where the central pith
is surrounded by vascular bundles, immunolabelling was
observed in vascular tissues, both xylem, and phloem cells,
and the signal was also detected in the sclerenchyma cells
(Supplementary Fig. 1). No accumulation of Cry2Aa was
detected in the stem sections of the untransformed plant
(Supplementary Fig. 1). In stem sections treated with fluo-
rescently labeled secondary antibody, a strong immunolabel-
ling was shown on the epidermis, maturing xylem, phloem,
and their companion cells (Fig. 3a). This indicates that
the AraSSU-driven cry2Aa gene is either expressed by the
companion cells of vascular tissues or might be transported
into the vascular tissue from the mesophyll cells. However,
no immunolabelling was observed in the pith parenchyma
cells (Fig. 3a). A limited degree of immunolabeling also
occurred on the cortical parenchyma cells. However, it was
attributed to autofluorescence by observing control sections
treated with antibody (Fig. 3e).

In the stem sections of transgenic chickpea line generated
using CaM'V35S promoter-driven cry2Aa gene, accumula-
tion of Cry2Aa protein was shown in a nonspecific manner
with uniform distribution of stain. Cry2Aa was detected over
phloem sieve elements (Fig. 3c). Immunofluorescence of the
tracheary elements, however, was less intense compared to
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Fig.2 Immuno-localization of
transgenic and untransformed
chickpea leaves. Transverse
leaf sections were incubated
with anti-Cry2Aa anti-serum

as primary antibody and goat
anti-rabbit IgG-Alexa Fluor
488-conjugated secondary
antibody. The accumulation

of Cry2Aa is indicated by the
green fluorescence. Leaf sec-
tions of transgenic chickpea
line AraSSU-Cry2Aa displayed
bright green fluorescence (a, b)
and CaMV-Cry2Aa demon-
strated faint green fluorescence
in all cell types (c and d) and
untransformed chickpea leaf
sections did not show green
fluorescence comparatively (e
and f). AraSSU-Cry2Aa line
showed a deep fluorescence sig-
nal compared to the CaMV35S-
Cry2Aa line, indicating a higher
amount of Bt protein accumula- c
tion. Magnification: 10x

the vascular tissues of the AraSSU line. Although immu-
nofluorescence was observed in the epidermis and cortical
cells, this reactivity was attributed to autofluorescence, since
control sections incubated with Cry2Aa antibodies demon-
strated epidermal fluorescence. However, no immunofluo-
rescence was detected in the pith parenchyma cells of control
sections incubated similarly with antibody as the transgenic
sections were found to be negligible (Fig. 3e).

Expression analysis of AraSSU-driven transgene

To analyze the expression of the cry2Aa gene at the tran-
scriptional level, cDNA was synthesized from isolated
RNA described in the materials and methods section. The
absence of genomic DNA contamination in the isolated
total RNA was confirmed by PCR amplification using only
RNA samples. The presence of Cry2Aa protein in the non-
green tissues such as vascular bundle and root was investi-
gated by semi-quantitative reverse transcriptase PCR anal-
ysis (RT-PCR) to know whether the promoter is active in
those tissues. We performed RT-PCR of the cry2Aa gene
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driven by AraSSU promoter in the high-expressing trans-
genic chickpea line and a control chickpea plant. Total
RNA was isolated from leaves, stems without epidermis
(for vascular tissues), roots and roots without epidermis
(for vascular tissues). The RT-PCR assay revealed that the
cry2Aa gene was expressed in the leaves of the transgenic
chickpea plant. The removal of the epidermis of stem
samples also resulted in the expression of the cry2Aa
gene transcript. It may be due to the high expression of
Cry2Aa protein in the transgenic chickpea. As previously
reported (Amarasinghe et al. 2006), a thin band of staining
was also observed in the vasculature of roots of the high-
est expressing cotton line. No expression was observed
in roots (with and without epidermis) in the transgenic
line. Untransformed chickpea plants were used as control
and total RNA was extracted only from leaves and stems
without epidermis. Control sections did not show any
expression (Fig. 4). The results are in agreement with the
immunolocalization studies which showed the expression
of Cry2Aa transcript in the non-green vascular tissues of
high-expressing transgenic chickpea plant.
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Fig.3 Immuno-localization of
Cry2Aa protein in the stem sec-
tions of transgenic chickpea line
AraSSU-Cry2Aa (a and b) and
CaMV-Cry2Aa (¢ and d) and
untransformed chickpea (e and
f) using fluorescent antibody
(Alexa Fluor 488) Magnifica-
tion: 10x

B .

8t =

-

|~ 600bp cry2Aa
o o E 460bp rRNA

Fig.4 RT-PCR analysis of transgenic line AraSSU-Cry2Aa and con-
trol (untransformed plant) with cry2Aa and rRNA gene-specific prim-
ers from different tissues Lane 1: Marker; Lane2: Untransformed
leaf; Lane 3: Untransformed stem; Lane 4: AraSSU-Cry2Aa leaves;
Lane 5: AraSSU-Cry2Aa stem without epidermis; Lane 6: AraSSU-
Cry2Aa root with epidermis; Lane 7: AraSSU-Cry2Aa root without
epidermis

Discussion

For the first time, we have described immunolocali-
zation of Cry2Aa protein in transgenic chickpea line
harboring cry2Aa gene driven by AraSSU promoter
and CaMV35S promoter. Two modes of visualization
were used for immunodetection of Cry2Aa protein in the
transgenic lines, one using an AP-conjugated secondary
antibody and another fluorescently labeled secondary anti-
body. Chickpea is an important source of dietary protein
and its production is severely constrained by H. armig-
era (Sharma et al. 2006) which feeds during vegetative and
reproductive stages (Fitt 1989). It is one of the most sig-
nificant lepidopteran pests attacking more than 180 species
of plants (Lone et al. 2017). Among the Bt genes, crylAb,
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crylAc, cry2Ab, and cry9C have been used to generate
transgenic plants for resistance to lepidopteran pests (Chen
et al. 2005; Acharjee et al. 2010; Schiinemann et al. 2014;
Ghosh et al. 2017; Singh et al. 2018). In case of chick-
pea, the Bt gene has been previously demonstrated to con-
fer protection against H. armigera (Kumar et al. 2018).
The expression of Bf gene in transgenic plants is either
tissue-specific or constitutive based on the promoter used.
The expression of a transgenic protein depends on vari-
ous factors, such as codon use, promoter, site of integra-
tion, and the number of copy integration into the genome.
Generally, the level of expression in a transgenic plant
with a single copy appears to be highly regulated by the
promoter driving the gene. Transgenic chickpea lines har-
boring the cry2Aa gene have been generated using the
AraSSU promoter. This promoter was shown to confer a
tissue-specific expression of crylAc in transgenic tobacco
plants (Wong et al. 1992). Recently, the CaMV35S pro-
moter was used for constitutive expression of the
cry2Aa gene in plant tissues and to evaluate differences in
the level of expression between the two promoters. Trans-
genic chickpea lines harboring the cry2Aa gene driven by
both AraSSU and CaMV35S promoters were generated
with different levels of Cry2Aa expression. The Cry2Aa
line driven by AraSSU promoter was found to be a high
expresser as observed in western and northern analysis
(Acharjee et al. 2010). On the contrary, the level of expres-
sion of the cry2Aa gene driven by the CaMV35S pro-
moter was comparatively lower. The AraSSU promoter
was shown to generate 10- to 20-fold more crylAc tran-
script and protein than CaM V35S promoter with dupli-
cated enhancer in tobacco (Wong et al. 1992) and fivefold
more SFAS (sunflower albumin 8) transcript compared
to Tobacco SSU and CaMV35S promoter in alfalfa (Tabe
et al. 1995). Insect feeding bioassays on transformed
chickpea plants showed a different level of toxicity and
protection against pod borer (Acharjee et al. 2010). Larval
mortality was found to be 100% in the high-expressing
transgenic chickpea line compared to a medium-expressing
line with 37% larval mortality. The relatively lower expres-
sion level of Cry2Aa protein as observed in the trans-
genic chickpea plants transformed with CaMV35S pro-
moter compared to the AraSSU promoter does not always
reflect the lower activity of the promoter. A higher level
of CrylAc protein was observed in transgenic chickpea
plants driven by the CaM V35S promoter (Sanyal et al.
2005; Mehrotra et al. 2011). The lower level of Cry2Aa in
the transgenic chickpea line driven by the CaMV35S pro-
moter can be explained based on the genotype of the
plant used for transformation. The specificity of a geno-
type is found to be highly related to physiological con-
ditions of a cell, such as concentration of cell internal
hormone, the structure of cell wall, and physiological
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reaction after wounding. Similar observations on differ-
ent transformation efficiency of chickpea cultivars were
made by previous workers (Indurker et al. 2010). It might
be the reason that chickpea cv. semsen showed a bet-
ter response compared to the cv PBA Hatrick used for
genetic transformation with CaM V35S promoter. Higher
expression of transgene often exhibits unusual phenotypes.
Tissue-specific expression of the cry2Aa gene was used
for generating transgenic chickpea to confer protection
against pod borer (Acharjee et al. 2010). However, the
growth and the vigor of the lines expressing very high
levels of Cry2Aa protein were found to be slow and the
seed yield per plant reduced significantly (Acharjee et al.
2010). Similarly, transgenic rice expressing higher levels
of Bt gene were stunted with poor seed set and matured
before non-transgenic control plants (Gahakwa et al.
2000). In plant leaves, RuBisCO represents up to 50% of
the total soluble proteins. To achieve higher expression
levels of transgenes in green tissues, Rubisco small subu-
nit (rbcS) promoters are most preferred over constitutive
promoters (Cai et al. 2007). As stated earlier, expression
of crylAc driven by Arabidopsis thaliana Rubisco small
subunit (ats1A) promoter along with its transit peptide
showed 10- to 20-fold mRNA and protein expression
than CaMV35S promoter along with a duplication of the
enhancer region (CaMV-En35S) (Wong et al. 1992). Simi-
larly, Rubisco promoters from plant families Asteraceae
and Fabaceae were also used to drive higher expression
of the transgene. In tobacco, higher expression of the
gus gene was achieved using a Rubisco small subunit pro-
moter from chrysanthemum with an expression level of up
to 10% of total soluble protein (Outchkourov et al. 2003).
The expression pattern of rbcS was previously studied by
the expression of the gus in transgenic rice, tobacco, and
chickpea in green tissues as well as in non-green tissues
in high-expressing lines. Histochemical analyses of the
gusA gene driven by rbcS promoters from rice and tomato
were found in the mesophyll cells of leaves of transgenic
rice plants (Kyozuka et al. 1993). Similarly, the heterolo-
gous expression of the gus gene driven by a rbcS gene
promoters RbsS3CP, from tomato (Lycopersicon escu-
lentum Mill.) and SRS1P from soybean (Glycine max L.)
was studied in transgenic apple (Malus pumila Mill.). The
gus activity was localized to the mesophyll and palisade
cells of the leaf as demonstrated by histochemical analy-
sis (Gittins et al. 2000). Tobacco plants transformed with
the gus gene driven by rbcS promoter from coffee (Cof-
fea arabica) showed the gus activity in leaf tissues (Mar-
raccini et al. 2003). Similarly, Chakraborty et al. (2016)
reported the expression of a crylAc gene driven by chick-
pea rbcS in the mesophyll cells in transgenic chickpea
plants. Further studies on the localization of the gus gene
driven by rbcS promoters from cotton (Gossypium
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hirsutum L. cv. Coker 315) in transgenic Arabidopsis and
cotton plants have shown that the protein was confined
to green photosynthetic tissues. However, a thin band of
staining was observed around the vasculature of high-
expressing lines (Amarasinghe et al. 2006) and thus the
expression of the cry2Aa gene in non-green tissues of the
high-expressing chickpea line as reported in the previous
studies (Fig. 2a). In transgenic chickpea plants transformed
with the 35S-cry2Aa gene, faint green fluorescence was
observed in all cell types including the vascular bundles,
and similar results were reported by Chakraborty et al.
(2016). It indicates that this promoter is dependent on the
genotype of chickpea used for genetic transformation as
we described previously.

Conclusion and prospects

In the present study, we have reported the immunochemi-
cal analysis of transgenic chickpea plants expressing the
Cry2Aa insecticidal protein driven by tissue-specific and
constitutive promoters. Simultaneously, we have also dem-
onstrated the stable integration and the expression of the
cry2Aa gene in a tissue-specific and constitutive manner
using fluorescent and non-fluorescent antibodies. We have
recovered transgenic plants expressing high levels of the
Bt protein and immunolocalization studies have shown
that the AraSSU promoter functions in a predictable man-
ner in terms of driving heterologous gene expression in
dicots. As transgenic chickpea plants expressed high levels
of Cry2Aa protein, it caused developmental and morpho-
logical defects, such as stunting and poor seed set, it would
be helpful in future studies to generate transgenic chickpea
line harboring cry2Aa gene with the native promoter of
Rubisco small subunit gene from chickpea. Thus, a com-
parative analysis can be made to identify the expression
pattern of the cry2Aa gene driven by the rbcS promoter
from chickpea and Arabidopsis in transgenic chickpea
lines.
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