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Abstract
Sesamum indicum is widely cultivated in India for its superior agronomic characters like adaptation to the warm climate of India
and resistance to drought and pathogen attack. However, the yield of sesame per unit area of land is quite low. In this context, the
genes involved with reproductive tissue development is very important since they are directly involved with crop productivity.
Therefore, identification and isolation of anther-specific genes through PCR-Select cDNA subtraction between cDNAs of anthers
and leaves was carried out. Sequencing of ~ 700 clones from the cDNA subtraction library followed by BLASTX analysis using
sesame database resulted in the identification of 163 annotated unique transcripts, of which 18 transcripts showed homology with
the genes of exclusive anther-/pollen-specific functions. Furthermore, anther-specific expression of some of the sesame tran-
scripts as well as already identified anther-specific genes of Arabidopsis and rice have been monitored during development of
sesame anthers. Subsequently, full-length cDNA sequence and the upstream sequence of an anther-specific β-1 3-glucanase gene
was isolated. Transgenic tobacco plants were developed with GUS gene under the control of a 437-bp upstream sequence along
with the first exon and first intron of the gene. Monitoring of GUS gene expression pattern indicated exclusive expression of the
promoter in the tapetal cell layer before tetrad formation in the anther. Interestingly, upon treatment with ABA as well as drought
stress, GUS was found to express in the vegetative parts of the plant such as leaves and roots as well.
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Abbreviations
ABA Abscisic acid
bp Base pair
PMC Pollen mother cells
CDS` Coding DNA sequence
cDNA Complementary deoxyribonucleic acid, kb Kilobase

MS Murashige and Skoog
PDB Protein data bank
PCR Polymerase chain reaction
RNase A Ribonuclease A
RT-PCR Reverse transcription polymerase chain reaction
T1 First-generation transgenic line

Introduction

Sesame (Sesamum indicum L., Pedaliaceae) is a potential oil-
seed crop of India (Biabani and Pakniyat 2008). It is one of the
oldest cultivated plants in the world (Ali et al. 2007). The
superior oil quality and important agronomic characters have
made the plant an obvious choice for human consumption.
The potential of this crop from the nutritional as well as
medicinal point of view has not yet been exploited to the
fullest extent (Abou-Gharbia et al. 1997). The seeds of the
plant are a robust source of polyunsaturated fatty acids
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as compared to that of other oil crops like mustard, canola,
olive, etc. (Samman et al. 2008). The seeds comprise about
50% of oil which is a voluminous reservoir of ω-6 (C18:2)
andω-3 (C18:3) fatty acids.Moreover, sesame is a rich source
of value-added antioxidant substances like sesamin and
sesamolin which act as naturally occurring preservatives and
are maneuvered extensively in the nutraceutical and pharma-
ceutical industries (Morris 2002).

Besides this, sesame has elite agronomic features like
drought tolerance (Kadkhodaie et al. 2014); it suits very well
the Indian context as a summer plant (Garai and Datta 1999)
as well as ensures maximum land utility as multiple cropping
is possible (Huang et al. 2008). That apart, it shows resistance
against a large number of pathogens that ascertains a great
benefit to the environment for lesser use of pesticides.
However, the yield of sesame per unit area of land is quite
low (Roy et al. 2009). In this context, the study of the genes
expressed in the reproductive organs is very important since
tissue-specific expression of these genes have direct involve-
ment with crop productivity. Unfortunately, very little infor-
mation about the sesame reproductive organ-specific genes
and expression pattern is available for this important crop. It
is a known fact that proper development of pollen is vital for
fertilization of the ovule to turn it into a viable embryo. Pollen
grains and their healthy nature dictate not only the degree of
their survival after pollination but also their quality to produce
fertile seeds. The number and quality of the pollen depend on
various developmental stages beginning from the formation
and division of the pollen mother cells.

It is known that meiosis starts in the microspore mother
cells in the pre-tetrad stage, and the tapetum plays a major role
in supplying nutrients to the developing tetrads. At the end of
meiosis, free tetrads start developing within each locule. In the
post-tetrad stage, dissolution of tetrads occurs due to degener-
ation of the callose wall surrounding the tetrads, which results
in the release of individual microspores. After maturation of
pollen, tapetum gets degenerated. Therefore, the single-cell
layered tapetum within the anther is extremely important and
plays a critical role in sporogenesis. The tapetal layer com-
prises a layer of cells surrounding the pollen sac, which arise
from the same progenitor cells as the developing male game-
tophyte (Goldberg 1993; Scott et al. 1991). The integrity of
the tapetal cell layer is directly proportional with the formation
of fertile pollen, and any impairment in gene expression in this
tissue has been shown to result in complete male sterility
(Bino 1985; Chaudhury 1993; Grant et al. 1986; Horner and
Rogers 1974; Izhar and Frankel 1971; Mariani et al. 1990; Shi
et al. 2009). Recently, Cui et al. (2012) had already published
a Plant Male Reproduction Database (PMRD) for easy access
to various anther-related genes of Arabidopsis and rice.
Information on some of the genes expressed in tapetum
were found to be associated with the production and secretion
of various kinds of proteins that enhance the processes of the

pollen tube growth and germination on the stigma (Dickinson
and Lewis 1973; Heslop-Harrison 1968; Kandasamy et al.
1994).

Thus, a cDNA subtraction has been carried out using the
cDNAs of anther as a tester and that of the leaf as a driver for
the identification of anther-specific genes from sesame. Some
genes that express in the anthers along with one β-1,3-
glucanase have been identified in this process. It is known
that the tapetum secretes the β-1,3-glucanase enzymes also
known as callase, which enables the breakdown of the callose
wall around tetrads formed after the reductional division of the
pollen mother cells (Frankel et al. 1969; Izhar and Frankel
1971; Mepham and Lane 1970; Stieglitz 1977). It is reported
that silencing of the β-1,3-glucanase in rice resulted in male
sterility due to disruption of callose degradation in the anther
locules at the early microspore development (Wang et al.
2009). Some of the β-1,3-glucanase genes belonging to the
groups H and K are known to have flower-/reproductive-spe-
cific expression. Two homologues of this from Arabidopsis
thaliana belonging to group K are reported to have anther-
specific expression At4g14080 and At3g23770. These anther-
specific genes play a role in the dissolution of the callose
deposition in the tetrads after each round of reductional divi-
sion and also in nourishing the male gametophytes by the
breakdown of complex sugars (Bucciaglia et al. 2003).

This family of β-1,3-glucanase gene is reported to have sev-
eral other multifaceted functions in the plant developmental and
defense-related processes. For example, homologues of this class
of the β-1,3-glucanase gene are known to function as a cryopro-
tectant in the skin of Vitis vinifera cv. Cardinal (Romero et al.
2008); on the other hand, they also help in acclimatization to
freezing conditions in winter rye (Secale cereale L.) (Yaish
et al. 2006). Moreover, these endoglucanases also play a signif-
icant role in secondary cell wall formation by contributing cellu-
lose crystallization process (Glass et al. 2015).

It is speculated that the gene has significant roles in seed
development, germination, and ripening (Doxey et al.
2007). The role of the β-1,3-glucanase gene in response to
stress is also known to be extremely significant and impor-
tant. In fungal cell walls, the degradation of β-1,3-glucan is
thought to contribute toward fungal cell wall destabiliza-
tion. It also causes the release of cell wall-associated im-
mune elicitors that further stimulate defense responses
(Leubner-Metzger and Meins 2000). Thus, this class of
genes is not only involved in the plants’ physiological and
developmental processes but also with both biotic and abi-
otic stresses.

In this paper, we have emphasized the validation of anther-
specific expression of the β-1,3-glucanase gene and further
isolated the full-length gene and the upstream sequence from
sesame. The upstream sequence fused to the GUS reporter
gene and cloned into a plant expression vector. In vivo func-
tional assay of the upstream element was monitored by a
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transgenic approach using themodel plantNicotiana tabecum.
Interestingly, we also found that the promoter was activated in
other parts of the plant upon treatment with hormones like
ABA and also during drought stress. Therefore, in this paper,
we are reporting the identification and isolation of some
anther-specific genes of sesame, as well as a novel β-1,3-
glucanase gene, and its promoter sequence that shows
anther-specific expression as well as a unique expression pat-
tern in other parts of the plant during drought stress. This is a
unique observation of resource utilization by a single gene
during tissue development and stress management.

Results

Identification of Sesame Anthers with Intact Tapetum
Tissue for cDNA Subtraction

Anthers were collected from buds of different sizes rang-
ing from 1- to 8-day-old buds of Sesamum indicum.
Transverse sections were made from the anthers to deter-
mine the integrity of the sporogenous tissue. The cross
sections of anthers from the 3–4-day-old buds appeared
to have an intact sporogenous tissue with an integral
tapetal cell layer (Fig. 1). Extraction of total RNAs from
the selected anthers as well as from leaves of sesame
followed by purification of polyA mRNA was carried
out for identification of anther-specific genes by cDNA
subtraction. The mRNAs isolated from the anthers with
intact tapetum (3–4 days) and leaves were used as tester
and driver, respectively, using the PCR-Select cDNA
Subtraction Kit from Clontech. Two successive hybridiza-
tions were performed to equalize and enrich differentially
expressed sequences (Supplementary Fig. S1a). A second-
ary PCR amplification was then performed using nested

primers (APP and 5PP) designed from the adapter se-
quence to reduce non-specific PCR products and enrich
the differentially expressed sequences (Supplementary
Fig. S1b). Enrichment of the library with anther-specific
cDNA sequences was checked by the amount of amplifi-
cation of a sesame-specific GAPDH gene (obtained from
NCBI database) before and after cDNA subtraction. The
abundance of this housekeeping gene decreased signifi-
cantly in the subtracted library, whereas it remained al-
most unchanged in the non-subtracted library. This result
indicated that effective and efficient subtraction had taken
place (Supplementary Fig. S1c).

The subtracted and enriched transcripts were cloned in-
to the pGEM-T plasmid vector for subsequent sequencing
of ~ 700 clones from the cDNA subtraction library follow-
ed by homology-based annotation using NCBI, BLASTX,
resulting in the identification of 163 unique transcripts
without repetition. Out of these, 153 (Supplementary
Table S1) sequences showed > 60% homology with the
sesame expressed sequence tags (ESTs) deposited in the
NCBI database. Out of which, 18 transcripts showed ho-
mology with anther-/pollen-specific genes (Table 1), 117
transcripts showed homology with known genes, 18 tran-
scripts showed homology with uncharacterized ESTs, and
9 transcripts did not show any homology when sesame
was used as reference organism. These EST sequences of
sesame were submitted to the NCBI database under the
accession numbers HO710134 to HO710204 and
JK755160–JK755244 (Supplementary Table S1). The
cDNA subtraction library was validated by RT-PCR using
a few randomly selected clones and normalized using
sesame-specific GAPDH (Fig. 2). One of these sequences
was that of β-1,3-glucanase (BISI27f) which distinctly
showed expression only in the anther tissue and no expres-
sion in the leaf tissue.

Fig. 1 Different stages of anther during flower development of sesame: a
1–16-day-old buds; b anthers in different stages arranged according to
days of maturation (from left to right). The flower buds of Sesamum
indicum were arranged in a row and classified as SI (very early stage of

sporogenous tissue development), SII (well-defined sporogenous tissue
with intact tapetum), and SIII (anther with matured pollen grain). c The 4-
day-old anther was found to have intact sporogenous tissue and thus the
tapetal layer and used for cDNA subtraction
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Validation of Anther-Specific Transcripts from Sesame

Among these EST sequences of S. indicum, one EST se-
quence (SiBG, NCBI accession no. HO710138) shows
high homology with anther-specific β-1,3-glucanase gene
(accession no. emb CAA82271.1) of Nicotiana tabacum
apart from several other β-1,3-glucanase genes from dif-
ferent plants. To validate the anther-specific expression of
the gene, RT-PCR was done using SiBG-specific
(BISI27F) forward and reverse primers (Supplementary
Table S2) in different tissues like, leaf, stem, root, petals,
anthers, gynoecium, and the fruits of sesame by using the
cDNAs from different tissues. It was found that this par-
ticular homologue of the β-1,3-glucanase gene expressed
specifically in the anthers and almost undetectable in other
tissues in S. indicum (Fig. 3). Apart from that, expression
of the 17 ESTs, which showed homology with anther/
pollen-specific genes were further validated in all the dif-
ferent tissues like the leaf, stem, root, petals, anthers, gy-
noecium, and the fruits of sesame, through RT-PCR
(Supplementary Fig. S2). Out of the 17 transcripts, 12 tran-
scripts could be detected in RT-PCR. No amplification was
observed in 5 transcripts, namely, accession numbers
HO710166, HO710158, HO710149, JK755225, and
JK755241.

Isolation of Upstream Sequence
of β-1,3-glucanase

5′RACEwas carried out to identify the 5′ nucleotide sequence
of the β-1,3-glucanase gene (SiBG), using a gene-specific
reverse primer (BG5RCR1) designed from 466–661 bp of
SiBG sequence and the forward primer (RAP1) with 3′ poly
G and adapter sequence (supplied with the kit; Supplementary
Table S2). Sequence analysis of the 5′ RACE-amplified 475-
bp 5′ sequence of SiBG gene (Fig. 4) showed the highest
homology with the 5′-coding region of (Nicotiana tabacum
β-1,3-glucanase) NiBG gene and a probable ATG along with
a − 10-bp sequence from 5′UTR were identified on BLASTX
analysis. Thereafter, the rest of the 5′ UTR region and up-
stream sequence of the SiBG gene was PCR amplified with
the adapter-specific forward and gene-specific reverse primer
at + 171 bp (GS Primer 3) in the coding region, using the
EcoRV restricted and adapter ligated genomic DNA of
S. indicum following the protocol of BGenome Walker^ kit
of Clontech. Sequence analysis of the PCR-amplified 710-
bp sequence obtained by genome walking through BLASTN
and BLASTX showed a 437-bp sequence before ATG and an
85-bp sequence, which is exactly matching with the 5′ RACE
sequence. The next 104 bp of the genome-walking sequence
did not show any match with the 5′ RACE-amplified se-
quence, but after that, an 84-bp sequence showed complete
match between the sequences (Supplementary Fig. S3). The
sequence of 104 bp, which did not show any homology, was
found to start with GT and end with AG, indicating the pos-
sible existence of the first intron. The 437-bp nucleotide of the
genome-walking clone considered as upstream sequences
since it did not show any significant homology with any
plant-specific β-1,3-glucanase gene. The 86-bp sequence
downstream of ATG, as well as an 85-bp sequence on both
sides of the probable intron of 104 bp, showed almost 99%
homology (except the intron) with a software-generated full-
length cDNA sequence of glucan endo-1,3-beta-glucosidase,
of S. indicum, (XM_011088785.1) deposited by a separate

Fig. 2 Validation of the cDNA subtraction library enriched with anther-
specific transcripts through RT-PCR: Primers were designed from the
sequences of randomly selected transcripts of the clones of cDNA sub-
traction library using the NCBI Primer-BLAST software. The RT-PCR
was performed from both anther and leaf cDNA with those primers at
various concentrations of template cDNA ranging from 1:10, 1:30, to

1:50. Among the six ESTs, BISI27f (β-1,3-glucanase), BISI325f,
BISI328f, and BISI480f were showed anther specificity compared the
BISI21f and BISI371f which showed expression in both anther and leaf
tissues. Expression of GAPDH in both leaves and anthers indicate nor-
malization of cDNA for RT-PCR

Fig. 3 Expression of the β-1,3-glucanase gene in different tissues of the
sesame plant: cDNAs from seven different tissues of sesame were used
for monitoring the expression of the β-1,3-glucanase gene through RT-
PCR. The plant parts include root, leaf, stem, petals, pistils, fruit, and
anthers. The upper panel of the figure showed that the β-1,3-glucanase
gene was exclusively expressed in anther but not in other tissues. The
sesame-specific GAPDH was taken as endogenous internal control of all
the tissues
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laboratory. This deposited sequence has not only helped us to
establish the co-linearity between the unknown upstream se-
quence with the coding sequence of the gene but also to iden-
tify the translational start codon ATG (Supplementary Fig.
S4). Motif scan analysis using PLACE software of this 710-
b p s e qu en c e i nd i c a t e d t h e p r e s e n c e o f t h r e e
POLLENILEAT52 motifs each in upstream and the first in-
tron whereas six GTGANTG10 motifs in upstream and two in
the first intron (Fig. 4). Both these motifs are known for its
anther-/pollen-specific expression in plants and repetitions of
these anther-specific cis-acting elements within 437-bp up-
stream and 104-bp first intron sequences ensure a probable
anther-specific expression of the gene. Also, some ABA-re-
spons ive /ABA-re la ted mot i fs l ike WRKY71OS,
DPBFCOREDCDC3 , DRE2COREZMRAB1 7 ,
EBOXBNNAPA , LTRECOREATCOR1 5 , a n d
MYCCONSENSUSAT were also present in the sequence of
this upstream element. The overall results indicate that the
upstream sequence is very promising for directing gene ex-
pression in an anther-specific manner.

Cloning into Binary Vector and Expression
in Plant

The 632-bp sequence of SiBGproplus (containing 437-bp up-
stream sequence before ATG, 85-bp sequence of the first exon,
104 bp of first intron and an additional 5 bp from the second
exon) was amplified by genomic PCR, using sequence-specific
forward and reverse primers containing HindIII and BamHI
restriction sites, respectively. The amplified fragment was
cloned in the same HindIII and BamHI sites of the pBI221
vector by replacing the CaMV 35S promoter with the
SiBG(proplus) sequence and fused it with the GUS reporter gene.
The entire cassette containing the GUS reporter gene under the

control of SiBG(proplus) sequence alongwith theNOS terminator
was excised from the clone of pBI221 by digestion with
HindIII and EcoRI, and the fragment was then cloned into the
binary vector, pPZPY112 (Supplementary Fig. S5). The trans-
genic Nicotiana tabacum plants were raised by transforming
the leaf discs of N. tabacum (SR1) using the LBA4404
Agrobacterium strain containing chimeric pPZPY112 with the
GUS reporter gene under the control of the SiBG upstream
sequence to monitor the anther-/tapetum-specific expression
pattern of the upstream sequence.

The positive tobacco transformants were screened by PCR
using SiBGproplus-specific primers. The PCR-positive plants
were grown in soil, and on the appearance of floral buds (4–
5 days old), the anther was stained in X-Gluc solution for
histochemical GUS assay. The cross section of the anthers
showed GUS expression in the tapetal layer, just below the
inner anther wall (Fig. 5f). However, no expression was ob-
served in other floral parts like sepals or petals and neither in
any vegetative parts of the plant like a leaf, stem, or root
(Fig. 5a–e).

Expression Pattern of Various Anther Developmental
Genes of Arabidopsis and Rice in Sesame

Some anther developmental genes like MS1, MS2, MYB26,
TIP2, MADS3, CYP704B2, and GAMYB were taken to com-
pare the expression pattern of such genes in different stages of
sesame anther in respect to leaf tissue of sesame. MS1, MS2,
and MYB26 were downregulated in all the stages in anther
tissue compared to the leaf tissue in sesame (Fig. 6). On the
other hand, the TIP2 gene was upregulated in stage I but
downregulated in stages II and III whereas the genes like
MADS3, CYP704B2, and GAMYB were downregulated at
stage I and upregulated at later stages (II and III) of sesame
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anther compared to the leaf tissue indicating these genes are
developmentally regulated.

Anther-Specific Expression of the Sesame
β-1,3-glucanase Gene Is Stage Specific

One of the fascinating observations regarding the induction pat-
tern of SiBGpro is a stage-specific expression during anther de-
velopment. We divided the anther developmental stages of the
transgenic tobacco lines into three different stages based on days
of maturity and the expression pattern of GUS gene. For syn-
chronization of the GUS gene expression with pollen

development, iron-acetocarmine staining of the pollen mother
cells of the three stages of anthers was carried out simultaneously.
We have considered the anthers from days 1 to 3 as stage I, from
days 4 to 6 as stage II, and days 7 to 8 as stage III (Fig. 7a). It was
quite interesting to note that no visible GUS expression on his-
tochemical of staining was observed in the stage I (1–3 days old)
anthers where the pollen mother cells were at the meiotic stages
ranging from prophase I through telophase II (Fig. 7b). However,
tapetal cells of stage II (4 to 6 days old) anthers having pollen
mother cells in the tetrad stage of meiosis (young microspore
stage) showed very high GUS expression (Fig. 7c). In stage III,
where most of the pollen mother cells were in mature bipartite
and tripartite pollen (matured pollen stage) along with very few
in the tetrad stage, the GUS expression in tapetal cells at this
stage showed a significant reduction in histochemical staining
(Fig. 7c). Thus, it was clear that the highest promoter activity
of SiBG(proplus) is correlatedwith the stage of tetrad dissolution,
which is required for thematuration of the pollen grains. Both the
specificity of expression on the tissue and the stage of develop-
ment were a captivating observation.

Drought Stress and ABA Treatment Can Induce
Anther-Specific SiBG Promoter in Other Parts
of the Plants

As already stated, we have found certain ABA-responsive motifs
within the sequence of the identified SiBGPro sequence. Thus, to
study the changes in the expression pattern of the β-1,3-
glucanase gene upon external hormone treatment, the full-
grown T1 plants of the transgenic tobacco lines were treated with
varying concentrations of ABA. We observed expression of the
SiBGPro in leaves and roots of the plants upon treatment with 20
and 30μMof ABA, as evident from the GUS expression pattern
(Fig. 8). This indicates the function of the gene during stress as
well. Therefore, to study the function of the promoter on drought/
dehydration stress, we kept our transgenic tobacco lines under
drought stress for 7 days. It was observed that dehydration
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response resulted in induction of GUS expression in the leaves
and roots of the transgenic tobacco plants (Fig. 9). In sesame also,
we have tested the expression of β-1,3-glucanase (SiBG) on ex-
ternal application of ABA at a concentration of 20 μM as well as
exposing sesame plants under drought. It turned out that, in the
sesame, the transcript levels of β-1,3-glucanase (SiBG) were dis-
tinctly detected in leaves on drought and ABA treatment whereas
no transcript was detected by RT-PCR in the control leaves
(Supplementary Fig. S6). In both cases, RT-PCR analysis of the
ABA and drought-treated sesame cDNAusing the primersNBG-
f (+ 1 bp to + 21 bp) and NBG-r (+ 132 bp to + 150 bp) designed
from 5′ end of the gene showed induction of the gene.
Furthermore, sequence analysis (data not shown) of the 150-bp
amplified sequence showed exact splicing of the first intron of the
gene (Supplementary Fig. S7).

Discussion

Yield potential of sesame per unit area of land is less compared to
that of most other oil-producing crops in India. However, a
higher content of PUFAs (Samman et al. 2008), oleic and linoleic
acid (about 43% each), palmitic acid (9%), and stearic acid (4%)
(Rao and Rao 1981) in sesame oil compared to that of most of
the other commercially potential oilseeds demands increase in
yield potential of this crop. Moreover, a number of beneficiary

attributes and eco-friendly traits of this crop are needed to be
exploited for minimization and increase in edible oil production.
In this connection, one of the most important areas is to have a
wholesome idea about the kind of genes expressed in the repro-
ductive organs concerning the male gamete of this plant since
they determine the proper development of the pollen grains,
which eventually determine the rate of fertilization. Therefore,
identification of the spatiotemporal expression pattern of the
anther-specific genes and the mechanism of controlling tissue
specificity of the genes are an obligatory requirement.

Subtraction Library Revealed Several Genes that
Express in the Anthers

We constructed a subtraction library using early stages (3–4 days
old) of sesame anther cDNA as the tester and leaf as the driver.
BLASTX analysis of the nucleotide sequences of the individual
clones of the library showed homology of 18 transcripts with
various genes which are already reported to have a substantial
role in the process of microsporogenesis, anther differentiation,
and eventually pollen development (Table 1). Out of these 18
genes, 13 were detected in the sesame anther through RT-PCR,
and all of them showed anther specificity. The rest of the 5 genes
were found to be associated with the function of pollen in mature
stages of development. Homology of the 18 gene sequences with
already functionally characterized genes in the development of

Fig. 7 Histochemical monitoring of the GUS gene expression under the
SiBGproplus in different stages of anther in Nicotiana tabacum: a Sizes
of floral buds representing the stages 1, 2, and 3, which were marked for
studying the expression pattern of SiBGproplus of sesame in tobacco. b
Anthers of the respective stages depicting their size. c Histochemical
GUS staining of anthers followed by transverse sections to show the

stage-specific GUS expression in tapetum tissue. GUS expression in stage
2 is found to be most prominent and stage 3 exhibits very less GUS
expression. d Meiotic stages of pollen mother cells (PMC) of the three
stages of anthers. Stage 1 shows late meiosis and Stage 2 shows the tetrad
stage of the PMC. Stage 3 shows matured pollen grains. All images have
been taken under ×40 magnification of the compound light microscope
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the male gametophyte is an indicator of the fact that the subtrac-
tion has delivered the desired anther-specific genes as compared
to the leaves of sesame.

Tapetum-Specific Induction of SiBG Upstream
Sequence in N. tabacum

The SiBG of sesame was found to have a high degree of homol-
ogy with the anther-specific endo-type β-1,3-glucanase gene of
Sesamum indicum and the Arabidopsis thaliana homologues
At4g14080 andAt3g23770which exhibit anther-specific expres-
sion. These classes of genes are also known as callase and carry
out a very important pollen development function of dissolution
of tetradwall which is surrounded by thick deposition of a callose
(β-1,3-glucan) wall (Leubner-Metzger and Meins 2000). These
callase enzymes are part of an enzyme complex that is secreted
from the tapetal cell layer at the late stage of meiosis. The callase
complex of lily consists of a 32-kDa endo-type β-glucanase and
a 62-kDa exo-type β-1,3-glucanase. The endo-type enzyme
seems to be most important for the degradation of the callose
walls, while the exotype β-1,3-glucanase is involved in further
hydrolysis of released oligosaccharides. Temporal alterations of
β-glucanase expression, or failure to expressβ-glucanase, lead to
abnormality in dissolution of the tetrad callose walls, which has
been shown to be a primary cause of male sterility in cytoplasmic
male-sterile lines of petunia (Frankel et al. 1969), sorghum
(Warmke and Overman 1972), and soybean (Jin et al. 1997).
To pinpoint the expression pattern of the sesame endo-type β-
1,3-glucanase with the development of anther, the 437-bp up-
stream, 85-bp first exon, and 104-bp first intron along with 5 bp
of second exon sequences (SiBGpro) were cloned (accession no.
KT246471) and fused with GUS gene for monitoring in vivo
expression patterns. Motif scan analysis showed the presence of
a number of anther-/tapetum-specific motifs like GTGANTG10
and POLLENILEAT52 in the upstream as well as in the first
intron of this gene. In plants, several reports have established that
intron plays a vital role on enhancing expression and function of a
number of genes like Arabidopsis phosphoribosyl anthranilate
transferase 1 (PAT1) (Rose 2002), the first intron of maize
shrunken-1 (Sh1) (Clancy and Hannah 2002), and petunia
actin-depolymerizing factor 1 (PhADF1) (Mun et al. 2002).
Apart from that, introns are found to be involved with the spatial
or temporal expression patterns of flowering genes such as
agamous (AG) (Deyholos and Sieburth 2000) and flowering
locus C (FLC) (Sheldon et al. 2002). Transgenic tobacco plants
with the chimeric GUS gene under the control of SiBGpro
showed blue staining exclusively in the tapetal layer of the an-
thers and no other part of the transgenic tobacco plants, which
indicated not only anther specificity but also proper splicing of
the intron. Furthermore, the GUS expression was only found in
the later stage of meiosis where microspores were in the tetrad
stage indicting possible involvement of the gene in the dissolu-
tion of the callose deposition. Cytology with the anthers of the
transgenic plants at different stages showed induction of the pro-
moter confined in the tapetum of the anther between the telo-
phase II to tetrad stage of gametogenesis. This phenomenon of
breaking down the complex sugars for nourishing the male

Fig. 8 Induction of the promoter of the sesame β-1,3-glucanase
(SiBGproplus) on ABA treatment: Leaves and roots of the transgenic
lines of Nicotiana showed GUS expression upon treatment with
varying concentrations of ABA. Comparably less GUS staining was
found in the leaves a upon 10 μM ABA treatment; however, a
significant increase in GUS expression is seen upon treatment with 20
and 30 μMABA in leaves (b, c), respectively. Similar treatment was also
done in the case of the roots. The roots also showedGUS expression upon
d 10, e 20, and f 30 μM ABA treatment

Fig. 9 Histochemical GUS staining of SiBGPro::GUS transgenic line of
Nicotiana tabacum: The transgenic SiBGPro::GUS lines of Nicotiana
were treated in a drought condition for 7 days. When the wilting was
just initiated, the histochemical GUS staining was performed from the
wilted leaves and the root of the plant as well. The a leaves and b root
both exhibited strong GUS activity

Plant Mol Biol Rep (2018) 36:149–161 157



gametophytes after each round of reductional division has been
already reported (Bucciaglia et al. 2003). The other promoters,
TA29 and A9, which are known for its exclusive anther-specific
expression also showed lots of similarity with the SiBGpro re-
garding repeated presence of the GTGANTG10 and
POLLENILEAT52 motifs. TA29 in Nicotiana tabacum is
known to express from the time of tetrad formation up to the
stage of free microspore formation (Koltunow et al. 1990;
Schrauwen et al. 1996). Similarly, the A9 promoter from
Brassica napus expresses in the tapetum layer only after meiosis
until tetrad release (Schrauwen et al. 1996). This information also
supports the expression pattern SiBG in the tobacco anther.

Tapetum-Specific Expression of SiBG Upstream
Sequence Altered During Stress

Interestingly, the SiBGPro sequence was found to be also
adorned with a number of various ABA-responsive motifs
apart from anther-specific motifs, indicating the possibility
of ABA-induced expression. Induction of SIBG gene in ses-
ame upon treatment with PEG and on external application of
ABA indicated the stress-induced expression of the gene.
Furthermore, induction of this promoter on external ABA
treatment as well as during PEG mediated induction of
drought stress in the vegetative parts of the plants like leaves,
root, and stem apart from anther in transgenic Nicotiana
tabecum pointed toward a very intriguing possibility of the
multifarious function of a developmental gene under various
stress conditions. Expression of the GUS gene only at a
higher concentration (> 20 μM) of ABA in the leaves
(Supplementary Fig. S7) signified that a relatively strong
ABA-dependent stress response can direct the expression of the
gene in other parts of the plant as well. Besides that, it also
signifies that hormone concentration also controls the tissue
specificity of the genes during the diverse developmental pro-
cesses and plant resistance to biotic and abiotic stresses
(Creelman and Mullet 1997; Kessler and Baldwin 2001).
Enhanced expression of the SiBGpro on dehydration stress
upon PEG treatment for 3 days in the transgenic tobacco lines
as well as sesame also explain the biological significance of
the gene since upregulated expression of the β-1,3-glucanase
gene is also known upon dehydration stress (Bray 2004). It
has also been reported that the Arabidopsis β-1,3-glucanase
(AtBG1) protein is responsible for the release of ABA from
ABA-GE and that ABA deconjugation plays a significant role
in providing an ABA pool for plants that allows them to
adjust to changing physiological and environmental condi-
tions (Lee et al. 2006). Hence, the direct relationship between
this gene and ABA is important in the activation of this under
various kinds of signals. This suggests that the plant can
divert a tissue-specific gene to other parts of the plant under
stresses in a concentration-dependent ABA response above a
certain threshold level to make an economical use

of its resources. Therefore, the tissue specificity and stress-
inducible nature of this promoter could grant wide applicabil-
ity in plant biotechnology.

Methods

Plant Growth Conditions, Selection of Appropriate
Anther Stage, and RNA Isolation

Sesamum indicum variety Rama obtained from ICAR, New
Delhi, were grown under field condition. The plants took
2 months to reach flowering conditions. On appearance of
floral buds, they were collected at 1-day intervals and at dif-
ferent sizes and stages ranging from 2-day-old bud to 8-day-
old buds. Cross sections were made from the anthers of these
bud and observed under light microscope to get an indication
of the integrity of the sporogenous tissue and the tapetum.
Other floral parts like the sepals, petals, and gynoecium were
also taken from 4-day-old buds. Leaves, roots, and stems were
collected from 14-day-old plants.

Total RNAwas isolated from the selected anthers and leaf
tissues by using the NucleoSpin RNA Plant kit (Macherey–
Nagel, Germany) according to the manufacturer’s protocol.
Then, the total RNA was treated with RNase-free DNaseI
provided in the kit for 37 °C for 45 min to remove any con-
taminating genomic DNA. After phenol:chloroform extrac-
tion, the total RNAwas alcohol precipitated and dissolved in
RNase-free water. After checking, the integrity of the total
RNA in 1% agarose followed by spectrophotometric quanti-
tation (1 O.D. is equal to 40 μg/ml of RNA) was dissolved in
RNase-free water. For preparing cDNA subtraction library,
mRNAwas purified from the total RNA by passing it through
oligo (dT) cellulose column according to Sambrook et al.

Preparation of cDNA Subtraction Library
and Identification of Anther-Specific Genes

The first-strand cDNA synthesis was carried out using 2 μg of
mRNA using Superscript III Reverse Transcriptase
(Invitrogen) in a reaction volume of 20 μl with the oligo
d(T) primer according to the manufacturer’s protocol. A
cDNA subtraction library was constructed using the cDNA
prepared from mRNA of 3–4-day-old anthers with intact ta-
petum as tester and the cDNA synthesized from leaf tissue as
driver, using PCR-Select cDNA Subtraction Kit from
Clontech (according to the manufacturer’s instructions). The
obtained cDNA was digested with RsaI in a 12 μl reaction.
This was followed by the ligation of two adapters to the
digested fragments. These fragments were then hybridized in
a 200 μl reaction volume followed by the PCR reactions as
elucidated in the manufacturer’s protocol. Adapter-/anther-
specific sequences were then enriched by a secondary PCR.
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Efficiency of subtraction procedure was monitored by using
the sesame-specific GADPH gene as the internal control.

The anther-specific sequences obtained after PCR-Select
subtraction were cloned in pGEM-T vector (Promega) and
transformed in Escherichia coli (DH5α) for subsequent anal-
ysis. The clones were randomly picked up and sequenced
individually. The sequencing was done using an automated
DNA sequencer (Big Dye Terminator Automated Sequencer,
Applied Biosystems) and primers (M13F and M13R).

Primers were designed using Primer BLAST program from
NCBI. Primers were checked through the RT-PCR-mediated
amplification of a single band of appropriate size.

Isolation of Full-Length SiBG Gene and Their
Upstream Elements

The full-length cDNA sequences of the SiBG gene were iso-
lated by 5′ RACE according to the protocol of Thermo Fisher
Scientific Kit. The forward primer was supplied with the kit
and the reverse primer was designed from the 661-bp se-
quence of the cDNA sequence generated from the cDNA sub-
traction library. The PCR-amplified fragment was gel eluted
using gel extraction kit (QIAGEN) and ligated with pGEMT
vector followed by TA cloning and transformed into DH5α
strain of E. coli. The ampicillin-resistant white colonies
appearing in X-gal/IPTG plates were checked through colony
PCR and then sequenced. The obtained sequence was then
used to design primers to carry out isolation of the upstream
element of SiBG gene by using 5′ walking procedure using
sesame genomic DNA following the protocol of Chatterjee
et al. (2013).

Construction of Chimeric SiBGproplus-GUS Construct for Plant
Transformation

The PCR-amplified SiBG upstream element along with the
first exon, first intron, and 5 bp of the second exon fused with
BamHI and HindIII sites was cloned in plasmid vector
pBI221 at the BamHI and HindIII sites and fused with GUS
gene by replacing the CAMV35S promoter. The newly mod-
ified vector was named pBI221 (− 35S, + SiBGproplus). The
cassette containing the SiBGproplus fused with GUS was cut
out from the pBI221 (− 35S/+ SiBGproplus) by digestion with
HindIII and EcoRI and ligated at the same site of the MCS of
pPZPY112 binary vector. The chimeric pPZPY112 vector
with the GUS reporter gene under SiBGproplus was then fi-
nally introduced within Agrobacterium strain LBA4404 for
raising transgenic lines.

Development of Transgenic Nicotiana tabacum Lines

The protocol for the stable transformation of N. tabacum was
performed as described by Horsch (1985) with slight

modifications. TheNicotiana plants were maintained in sterile
tissue culture conditions by micropropagation in Murashige-
Skoog (MS) media with 0.8% agarose. The leaf discs cut out
from 12-day-old plants were used as explants for the purpose
of transformation. Explants were transferred to MS medium
supplemented with 3 mg/l of BAP (RM) and incubated for
48 h prior to infection. The Agrobacterium strain LBA4404
harboring the chimeric pPZPY112 with SiBGproplus-GUS
was grown for 48 h in LB medium containing 50 mg/l rifam-
picin and 25 mg/l of chloramphenicol at 28 °C. This was
followed by fresh inoculation with previous culture in LB
medium and grown until the O.D. reaches 0.8. The cells were
centrifuged and resuspended in 25 ml of liquid MS medium.
Then, the 48 h pre-incubated leaf discs (explants) ofNicotiana
tabacum were infected by dipping them in Agrobacterium
suspension for 30 min. The explants were then replaced back
into the same plate for 48 h for co-cultivation. This was done
in a culture room under scattered light. After the period of co-
cultivation, explants were rinsed twice for 5 min each with
25 ml of sterile water and were plated on MSmedium supple-
mented with 3 mg/l of BAP, 50 mg/l of kanamycin, and
300 mg/l of cefotaxim with 0.8% agar for 10 days.
Following this, the explants were transferred to fresh medium
with the same constituents but the concentration of selection
antibiotic kanamycin was increased to 100 mg/l. Dark green
plantlets that regenerated/differentiated on this medium from
the cut edge of leaf discs were transferred to the MS basal
medium suplemented with 100 mg/l kanamycin selection
and subsequent subculture was followed to make a full-
grown plant.

Selection of Positive Transformants and Their
Hardening

The positive integration of the gene cassette within the regen-
erated plantlets was checked by direct PCR method with the
kanamycin and promoter-specific primer (KanF/KanR and
SiBGproF/SiBGproR, respectively) using the KAPA3G
Direct PCR kit (Kapa Biosystems), using the manufacturer’s
protocol. The lines which showed positive and correct ampli-
fication with all combinations of primers including SiBGpro
and Kan primers were hardened and grown till floral buds
appeared. GUS histochemical assay of different parts of the
plant was performed as stated below. Thus, the positive trans-
genics were confirmed through this assay.

Aceto-Carmine Staining of Anthers One percent of the aceto-
carmine staining solution was prepared by adding carmine
powder to boiling 45% glacial acetic acid, cooled rapidly,
and then filtered into a dark glass. Five milliliters per gram
of 10% ferric chloride (FeCl2.6H2O) was added to the solution
to intensify the stain. The anthers of proper stage from the
transgenic lines were taken and stained after making very fine
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sections to release the pollen mother cells from the anther
lobes. These were then observed under the compound micro-
scope under both ×10, ×40, and ×100 magnifications.

Treatment with ABAThe transgenic and vector control plants
were treated with three different working concentrations of
ABA. Half MSO solution of ABA was prepared from 1 M
methanolic stock solution whichwas in turn prepared from the
standard hormone provided by HiMedia. Of ABA, 10, 20, and
30 μM were sprayed onto the transgenic whole plants and
kept at 24 °C for 6 h as described in plant growth conditions.
After the treatment duration, the leaves from the respective
plants were transferred to GUS solution for further histochem-
ical assay.

Dehydration Stress Treatment Full-grown transgenic lines of
Nicotiana tabacum were subjected to dehydration stress by
withholding water for 10 days after transfer to soil conditions.
Leaves of these plants were detached from the whole plants on
completion of the dehydration stress and then subjected to
GUS histochemical assay.
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