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Abstract

Anther and tapetum-specific genes are important for understanding male gametophyte development, as well as for their use
in the development of barnase/barstar-gene based male sterility and restorer system for hybrid seed production. An essential
component of the system is the availability of tapetum-specific promoters. In the present study, anther-specific genes were
identified in cotton using microarray-based differential expression analysis, some of which show expression specific to the
anthers at a stage where tapetum tissue was fully developed. Validation of the identified genes using RT-PCR and in situ
hybridization identified one novel gene (AEG—Anther Expressing Gene) encoding a putative lipid binding protein as hav-
ing a tapetum-specific expression. Further, three paralogs of the gene were identified in the cotton genome out of which the
gene AEGI (Anther Expressing Genel) was found to express in the tapetum layer. Analysis of transgenic plants developed
in cotton using 1.5 Kb promoter region of the of AEGI gene fused upstream to the reporter gene f-glucuronidase revealed
a broad window of expression of the AEG! promoter in the tapetum tissue from the tetrad stage of anthers till the degenera-
tion of the tapetum cells. Low levels of expression were also observed in the root tissues. Expression was not observed in
the stem and leaves. The broad window of expression of AEG promoter in the tapetum tissue makes it a suitable candidate
for the expression of the barstar gene for effective fertility restoration in the barnase/barstar system.

Keywords Anther-specific promoter - Tapetum - Differential gene expression - Reporter gene expression

Introduction 1971); currently, 95% of the area under cotton cultivation is

occupied by hybrid varieties. Most of the hybrid seed pro-

Cotton (Gossypium hirsutum) is a major fiber crop of the
world. Cottonseed also provide edible oil and meal. Amongst
the countries growing cotton, India has the largest area under
cotton cultivation, around 12.25 million hectares in the year
2014 under this crop (Chaudhary and Gaur 2015). India was
the first country to commercially grow cotton hybrids (Patel
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duction in cotton is carried out by hand emasculation and
pollination as the available cytoplasmic male sterility (CMS)
systems impose yield penalties on the hybrids (Santhy et al.
2008). However, the manual method is time-consuming and
labor intensive and negatively impacts the scope of dense
planting of the crop as this requires much larger quantities
of seed.

An alternative is to use a transgenic system of pollination
control based on the use of the barnase/barstar genes, hith-
erto called barnase/barstar system (Mariani et al. 1990). In
this system, the barnase gene encoding ribonuclease protein,
Barnase is expressed in the tapetum tissue of developing
anthers for generating male sterile lines in one of the com-
biners. The barstar gene coding for the Barstar protein that
tightly binds to the Barnase protein and negates the effect
of the latter is expressed in the tapetum tissue of the other
parent for fertility restoration in the hybrids. Tapetum is a
specialized tissue which secretes a large number of products
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into the anther locules for proper development of the micro-
spores. The success of this strategy lies in the proper expres-
sion of the two genes. The expression of the barnase gene
needs to be restricted only to the tapetum tissue (Jagannath
et al. 2001) and the level of expression of the Barstar protein
in the tapetum tissue should be able to completely negate the
Barnase activity in the F, plants (Bisht et al. 2004).

The barnase and barstar gene-based system is an effec-
tive transgenic technology that has been successfully used
for hybrid seed production in several crop plants like B.
napus (Mariani et al. 1990), B. juncea (Jagannath et al. 2001;
Ray et al. 2007), maize (Mariani et al. 1992), and wheat (De
Block et al. 1997). One of the major requirements for an
effective barnase/barstar system is the availability of appro-
priate tapetum-specific promoters to drive the expression of
the two genes.

Tapetum-specific promoters have been identified in dif-
ferent plants species like tobacco (Koltunow et al. 1990;
Rogers et al. 1992), Arabidopsis (Scott et al. 1991a; Paul
et al. 1992; Turgut et al. 1994; Lee et al. 2003), rice (Yokoi
et al. 1997; Luo et al. 2006) and tomato (Twell et al. 1990;
Chen et al. 1994; Van den Heuvel et al. 2002; Filichkin et al.
2004). Tapetum-specific promoter TA29 from tobacco has
been used for the expression of barnase and barstar genes
in Brassica napus (Mariani et al. 1990) and B. juncea (Jag-
annath et al. 2001; Ray et al. 2007) to develop an effective
hybrid seed production system. Further, use of two tape-
tum-specific promoters TA29 from tobacco and A9 from A.
thaliana to drive two independent barstar genes in the same
construct independently has shown better fertility restora-
tion of different barnase gene containing lines in B. juncea
(Bisht et al. 2004). Most of the tapetum-specific promoters
have been identified by cloning the differentially expressed
cDNA and subtractive hybridization between cDNA from
flower buds/stamens and tissues from the different vegeta-
tive organs (Tsuchiya et al. 1994; Ding et al. 2002; Li et al.
2006, Hsu et al. 2014). In cases were genomes were already
sequenced like in Arabidopsis (Arondel et al. 2000; Ariizumi
et al. 2002; Amagai et al. 2003) and rice (Endo et al. 2004;
Swabe et al. 2008), microarray-based expression profiling of
genes were carried out to identify anther/tapetum-specific
genes.

In cotton, only three genes have been identified with
expression in the anthers. Gene G9 and C10 have been found
to express predominantly in the pollen cells (Chen et al.
2009; John and Petersen 1994), whereas Gh-ACS gene has
been shown to express predominantly in the whole anthers
including sporogenous cells, pollen mother cells and micro-
spores as well as tapetal cells (Wang and Li 2009). Apart
from these, there are probably no other studies on anther/
tapetum specific genes in cotton.

The present study was undertaken to identify genes in
cotton that express in the tapetal tissues. GeneChip Cotton
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Genome Array (Affymetrix), developed from cotton EST
sequences, has been used for expression profiling of 21,854
genes in anthers at different developmental stages. A number
of genes were identified as anther expressing genes. Based
on the initial screening and further validations, a novel gene
promoter with high level of expression in the tapetum tis-
sues was identified and its expression pattern analyzed by
developing transgenics in cotton.

Materials and methods
Plant material

Gossypium hirsutum L. Coker 310 FR (Kumar et al. 1998)
was used for all the experiments. Cotton plants were grown
in greenhouse at D/N temperature of 32/22 °C, 16/8 h (light/
dark) photoperiod and approximate 70% relative humidity.

Staging of buds

Freshly harvested cotton buds of different lengths were fixed
in FAA solution (4% para-formaldehyde, 50% ethanol and
5% acetic acid). Wax blocks of the fixed buds were prepared
as described previously (Kim et al. 2002). 10 um thick sec-
tions were cut using a rotary microtome (RM2245, Leica),
de-waxed, rehydrated and stained with safranine before ana-
lyzing under BX51 microscope (Olympus).

RNA isolation, microarray experiments
and semi-quantitative RT-PCR

Total RNA from leaf and boll tissue samples was isolated
using the Spectrum Plant Total RNA Kit (Sigma), following
the manufacturer’s instructions. Contaminating DNA was
removed from the RNA using the DNaseA kit (Ambion).
Quantity and quality of the isolated RNA were checked by
Nanodrop ND1000 (Thermo) and Agilent RNA 6000 Nano
kit on a Bioanalyzer machine (Agilent), respectively.

For microarray experiments, RNA samples with >7 RIN
(RNA Integrity Number) value were selected. 3 ug of total
RNA was used for the labeling experiments using one-cycle
target labeling kit (Affymetrix). In brief, cDNA was gener-
ated from the total RNA using T7-oligo(dT) primer, which
was subsequently converted to double-stranded cDNA. The
cleaned up double-stranded cDNA was used as a template
for in vitro transcription reaction at 37 °C for 16 h using the
T7 polymerase to generate biotin-labeled complementary
RNA (cRNA). The developed cRNA was cleaned and QC
was performed. Only QC passed cRNA samples were frag-
mented and used for the hybridization reaction. Hybridiza-
tion, washing and scanning reactions were carried out fol-
lowing the manufacturer’s instructions. The labeled probes
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were hybridized to GeneChip Cotton Genome Array (Affy-
metrix). Hybridization and scanning of the chip were carried
out at the Centre for Genomic Applications (TCGA), New
Delhi, India. Three biological replicates were used sepa-
rately for each tissue type. Final data for each chip was gen-
erated using GeneChip® Operating Software 1.2.1 (GCOS).

For semi-quantitative RT-PCR analysis, first-strand
cDNA was synthesized from 1 pug of total RNA using the
cDNA Archive kit (Perkin Elmer), using poly dT primers
following the manufacturer’s instructions. The cDNA was
used for the amplification of different candidate genes using
primers designed from the available EST sequences (S4
Table) for 30 and 40 cycles of amplification. Ubiquitin gene
was used as an internal control. The amplified fragments
were cloned in pGEM-T Easy vector and sequenced.

Identification of transcriptional initiation and stop
sites by RLM-RACE

Transcriptional initiation sites (TIS) were determined by
carrying out 5" RACE using the FirstChoice RNA ligase-
mediated amplification of cDNA ends (RLM-RACE) kit
(Ambion). Two nested reverse primers specific to the coding
region of the AEG genes (S4 Table) and 5’ adapter-specific
forward primers were used for the 5" RACE amplification.
For the amplification of 3’ ends of the AEG genes, two gene-
specific forward primers and two 3" adapter-specific reverse
primers (S4 Table) were used. The amplified fragments
were cloned in pGEM-T Easy vector and sequenced from
both ends. The transcription start sites of the AEG genes
were identified by aligning the obtained sequences with full-
length AEG gene sequences.

Isolation of DNA, PCR amplification and genome
walking

DNA was isolated using a modified CTAB method (Rawat
et al. 2011) and for most cases further purified using
DNeasy Plant Maxi Kit (Qiagen). In case of genome walk-
ing experiments, DNA was purified by CsCl density gradient
centrifugation.

PCR reactions were carried out with purified genomic
DNA using standard protocols. The PCR amplifications
were performed with 50 ng of genomic DNA in a reaction
volume of 25 ul. The reaction mix comprised of 200 pM
dNTPs, 12.5 pmol of specific primers, 2.5 U of Taq poly-
merase, and 1x Taq buffer. For long-range PCR reactions,
Takara HS Taq polymerase was used.

For genome walking, seven libraries of genomic DNA
from G. hirsutum were constructed using the Genome
Walker Kit (Clontech) as described earlier (Paritosh et al.
2013). Seven different libraries were developed using restric-
tion enzymes—Dral, EcoRV, Hincll, Sspl, Scal, Mscl, and

Xmnl and fragments were ligated to a universal adaptor. The
5" upstream region of the AEGI gene was amplified using
nested gene-specific reverse primers and adapter specific for-
ward primers (S4 Table). Amplifications were carried out
using Takara HS polymerase (Takara). The amplified frag-
ments were resolved on an agarose gel, eluted and cloned in
pGEM-T Easy vector, and sequenced. Final sequences were
derived from three independent PCR reactions.

In situ hybridization

For in situ hybridization experiments, AEG! gene cDNA
was cloned in pGEM-T easy vector. T7 promoter was used
for in vivo transcription of sense strand, whereas tran-
scription from SP6 promoter was carried out for antisense
strand. Reaction was carried out at 37 °C and RNA was DIG
labeled using digoxigenin (DIG) RNA labeling kit (Roche).
The transcribed RNA was purified by ethanol precipita-
tion and quantified by dot blot analysis with known RNA
concentrations.

Cotton buds were harvested in FAA solution and wax
molds were prepared as described in the previous sec-
tion. 8 pm thick wax sections were cut and placed on poly-
L-lysine coated slides. After rehydration, bud tissues were
treated with Proteinase K (1 pg/ml) for 30 min. The tissues
were treated with pre-hybridization solution at 56 °C for
2 h and then with the hybridization solution containing the
DIG labeled probes at 56 °C for 48 h. Washing was done
with warm 0.1x SSC solutions; subsequently treated with
anti-DIG antibody for 2 h. Staining of the tissues was done
by treatment of the hybridized samples with Western blue
solution overnight. Slides were rinsed in water and observed
under a microscope.

Genetic transformation of cotton

Cotyledonary explants of 7-day-old seedlings of Coker
310FR line were used for genetic transformation. Genetic
transformation was carried out with Agrobacterium tume-
faciens strain GV3101 following the protocol and media
described earlier (Chaudhary et al. 2003). Transgenic plants
were maintained under controlled environmental conditions
in the growth chamber [32+2 °C, 16/8 h (light/dark) pho-
toperiod, 80% relative humidity]. Transformation was car-
ried out using the construct pnos-nptll-ocspA::AEG1P-gus-
35SpA in binary vector pPZP200.

Histochemical analysis of GUS expression
Histochemical assays for GUS activity in transgenic cotton
were carried out according to an earlier described proto-

col (Jefferson et al. 1987) with some modifications. Buds
of cotton of different sizes were collected in 90% acetone
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and stained overnight with 5-bromo-4-chloro-3-indolylglu-
curonide (X-gluc) solution containing 0.1% (w/v) X-gluc
in phosphate buffer (pH 7.0) with 0.5 mM potassium fer-
rocyanide, 0.5 mM potassium ferricyanide and 10% tween
20. Wax blocks were prepared from the stained tissues and
10 um thick sections were cut for analysis. Other tissues
were excised and incubated with X-gluc overnight at 37 °C
and the development of blue color was observed under a
microscope (BX51 microscope, Olympus).

Results and discussion
Experimental design

To identify genes expressing specifically in the anthers,
transcriptome profiles of anthers were compared with those
in tissues of buds from which anthers were removed (hith-
erto called Rest of Bud; ROB), leaves and seedlings. As a
first step, the correlation between different stages of anther
development (with respect to the status of tapetum) and the
size of bud was carried out. To identify genes that were
up-regulated in anther tissue, microarray experiments were
carried out using mRNA isolated from anthers at different
stages of development, their corresponding ROB, leaf and
seedling tissues. This was followed by comparative analysis
of expression profiles. Further, genes that were specifically
expressed in anthers, were identified by RT-PCR, based on
the presence or absence of respective amplicons in the RNA
isolated from the anther and other tissues. Expression of
the identified candidate genes were then analyzed in anthers
at different stages of tapetum development. Based on the
above analysis, one candidate gene was identified and further
characterized. The expression of the gene was also studied
by in situ hybridization in sections of anthers of cotton. The
upstream promoter region of the candidate gene was isolated
and its expression was studied in transgenic cotton plants
using f-glucuronidase (gus) as a reporter gene.

Correlation of cotton bud size with the development
of tapetum layer

Transverse sections of buds of different sizes (5-8 mm)
were observed to identify the stages of tapetum development
(Fig. 1). A minimum of 30 buds for each size were analyzed.
No discernible tapetum layer was observed in anthers of
buds up to 5 mm in size (Fig. 1b, ¢). In buds of 6 mm and
7 mm, well-differentiated tapetum cell layer was observed
(Fig. 1d, e). The tapetum cell layer was found to be degen-
erated in buds of 8 mm size and above (Fig. 1f). Therefore,
microarray experiments were carried out on buds of three
different stages—5 mm (Tapetum Not Developed, TND);
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Fig.1 Correlation of size of cotton buds with the development
of tapetum layer. a Different sizes of cotton buds, from 4 to 8 mm.
b, ¢ The transverse section of 4 mm and 5 mm cotton buds, where
tapetum layer (Tap) was not differentiated (Tapetum not developed,
TND). d, e Fully developed tapetum layer (TFD) in 6 mm and 7 mm
buds and f the cotton buds (8 mm) where tapetum is degenerated.
Pollen mother cells, tetrad and pollen are depicted as ‘PMC’, ‘Tet’
and ‘P’ respectively

4 mm
5 mm
7 mm

7 mm (Tapetum Fully Developed, TFD) and 8 mm (Tapetum
Degenerated, TD).

Differentially expressed genes of different stages
of anther development

For microarray experiments, mRNA from eight different tis-
sues were isolated viz. anthers at different stages of devel-
opment (TND, TFD and TD), ROB of the respective stages
(ROB-TND, ROB-TFD and ROB-TD), leaf and seedlings.
Hybridization of the labeled cRNA was carried out on Gene-
Chip cotton genome array to determine the expression val-
ues of 21,854 genes represented on the chip in the different
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tissues mentioned above. For each tissue, three biological
replicates were analyzed.

The hybridization signal intensities for all the experi-
ments from CEL files were scaled and normalized using
GC-RMA algorithm (Wu et al. 2004). Microarray data have
been deposited with the Gene Expression Omnibus (GEO)
database (Accession number—GSES51779). Principal Com-
ponent Analysis (PCA) of the samples was carried out and
samples having <92% correlation with the other biological
replicates were removed from the analysis (S1 figure). Based
on the above, one sample each from TND-ROB and TFD-
ROB were not included in further analysis.

Of the 21,854 genes represented on the GeneChip cot-
ton genome array, ~61% (~13,000) genes were found to
express differentially in the tissues that were analyzed.
Genes up-regulated in anthers of different stages were iden-
tified as those that had > twofold expression in anthers as
compared to other analyzed tissues. The result was validated
by unpaired ¢ test (p =0.05) and ‘Benjamini and Hochberg’
false discovery rate analysis. A total of 1476 genes were
observed to be up-regulated in anther tissues, of which 547
genes were up-regulated in anthers with tapetum fully devel-
oped (TFD, Fig. 2a). Information on the genes up-regulated
at anthers in different stages of development has been pro-
vided in S2 Table.

Genes that specifically express at different stages
of cotton anthers

Intensity values of each of the differentially up-regulated
genes were analyzed with MASS5.0 algorithm. Anther-
specific genes were defined as genes with positive inten-
sity values in the anther tissues and with none or negative
intensity values in all of the other analyzed tissue types.
Genes showing no expression were identified based on the
normalized expression values of the negative control probes
(S2 Table). Highly variable (or less reliable) expression data
were removed manually from the dataset of identified genes.
In most of the cases, a gene was selected for further analy-
sis only if expression levels in all the replicates showed a

Fig.2 Venn diagram represent- A
ing the expression pattern in
different tissues of cotton. Dif-
ferentially up-regulated genes
in anthers (a) and specifically
expressing genes in anthers (b)
as compared to rest of buds
(ROB), leaf and seedling tis-
sues. The data were obtained
after analyzing the microarray-
based expression profiling of
21,854 genes

TFD

fin)
2SN

TND

similar trend. Averaging ratios across experiments was con-
sidered a less stringent strategy because it could lead to the
detection of false positive genes also. Therefore, available
data were further sorted for those genes which had positive
expression values in all the replicates of anther tissues and
negative/marginal expression values in all the other tissue
samples.

A total of 428 genes were observed to be anther-specific,
which could be further grouped as genes expressed specifi-
cally in the anthers of TND (78 genes), TFD (88 genes), TD
(19 genes), TFD +TD (48 genes), TND +TFD (26 genes),
TND +TD (14 genes) and TND + TFD +TD (155) buds,
respectively (Fig. 2b, S3 Table).

Validation of some of the anther-specific genes
identified by microarray data analysis by RT-PCR

A total of 65 genes with specific anther expression were
selected for experimental validation by RT-PCR analysis.
Gene-specific primers were used to amplify the transcripts
from TFD-anthers and TFD-ROB leaf and seedlings. Prim-
ers specific to various EST (gene) sequences were designed
based on information available about the ESTs from which
sequences have been taken for the Affymetrix chip used in
this study. The sequences of the primers used are presented
in S4 Table.

For each sample, three independent PCR reactions were
carried out. Presence and absence of amplicons was checked
after 30 and 40 cycles of reaction. The data is presented as
a heat map in Fig. 3. Initially, amplifications were carried
out only on cDNA from TFD-anthers and TFD-ROB tissues
and genes observed to be expressing in the TFD-anther tis-
sues and not expressing in TFD-ROB tissues were checked
for their expression in the leaf and seedling tissues. A group
of genes (Group A, Fig. 3) was found to be expressing in
TFD-anthers and TFD-ROB both after 30 and 40 cycles
of amplification. Further, it was observed that in several
cases, while no amplification was observed in ROB after 30
cycles, amplification was observed after 40 cycles (Group
B, Fig. 3). Thus, 40 cycles of PCR were found to be more

u TD
88

B

TD TFD

TND
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Group D

Fig.3 Heatmap representing the expression pattern of the selected
candidate gene in TFD-anthers, TFD-ROB, leaf and seedling tis-
sues. At first, PCR was carried out for 30 cycles and 40 cycles in
TFD-anther and TFD-ROB, subsequently genes identified as anther-
specific in the first step were checked for their expression in leaf and
seedling tissues. Based on the expression pattern, four groups were
identified. a Genes expressed in anthers and ROB both in 30 and 40
cycles of amplification. b Genes which were expressing in anthers
but had no expression in ROB tissues in 30 cycles but expression was
observed in the ROB tissues after 40 cycles of amplification. ¢ Genes
identified as anther-specific after 40 cycles of amplification. d Genes
which had no expression in any of the analyzed tissue
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stringent to identify genes that expressed in anther tissues
only. Expression of genes, which did not show expression in
ROB and expression in the anther tissues were then checked
in leaf and seedling tissues, following 40 cycles of PCR.
Out of the eight shortlisted genes, two genes were found
to be expressing in the leaf and seedling tissues and were
rejected. This analysis led to the identification of six genes
(Group C, Fig. 3) that expressed only in TFD-anthers and
not in the other analyzed tissues. The six genes are denoted
herein by their Affymetrix probe id number (Table 1). A
group of shortlisted up-regulated genes (group D, Fig. 3)
was found to have no expression in the anther and ROB
tissues. These genes may have been false positives in the
microarray experiments due to variable expression patterns
in different biological samples. The genes under Group C
were carried forward for further analysis.

Expressions of the short-listed six genes (Table 1) was
analyzed by RT-PCR in anthers and ROB from buds at
different stage of tapetum development (Fig. 4). It was
observed that four genes—Ghi.1464, Ghi.9693, Gra.2743
and Ghi.7345 expressed in the anther tissue at all the three
stages (TND, TFD and TD) and did not express in any of the
other analyzed tissues. Gene with probe id Ghi.4591 showed
a low level of expression in TFD-anther and initial stages
of TD-anther tissues. Gene with probe id GhiAffx.42243
was found to express in the TFD-anthers only. Based on this
analysis, expression of the gene represented by probe id Ghi-
Affx.42243 was found to be of interest as its expression was
not only restricted to anthers tissues, but was also present at
the time when the tapetum layer is well developed. This gene
was named as Anther Expressing Gene (AEG).

Paralogs of AEG and their expression

Based on the available sequence information of the genes
present on cotton microarray chip, primers were designed
to amplify ~400 bp of coding region of the gene. Partial
coding region of the gene AEG (~400 bp) was amplified
from cotton genome and cloned in pGEM-T easy vector.
After sequencing of more than 40 recombinant clones from
two independent PCR reactions, three different types of
sequences were obtained. The first sequence was found to be
less than 96% identical as compared to the other two which
showed > 98% sequence identity. Based on the identity of the
sequences, they were named as Anther Expressing Genel
(AEG1), Anther Expression Gene 2a (AEG2a) and Anther
Expressing Gene 2b (AEG2b). PCR based analysis for the
presence of these genes in the parental genomes of G. hirsu-
tum (G. herbaceum var africanum and G. raimondii) showed
that there is one ortholog of the gene in G. herbaceum and
two orthologs of the gene are present in the G. raimondii
genome. While the three paralogs of AEG genes, AEGI,
AEG2a and AEG2b were identified in the present study by
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Table 1 Probe id and information of the genes identified as anther-specific after 40 cycles of RT-PCR analysis

Genes Probe_id GO annotation

Putative protein/function

Ghi.4591.1.A1_at
2 Ghi.1464.1.S1_s_at

G0:0045735; GO:0012505

G0:0050242; GO:0016301; GO:0016310; GO:0008610; GO:0005524;

Cupin region

Orthophosphate dikinase

G0:0000287; GO:0019252; GO:0009507; GO:0005829; GO:0015979;
G0:0009416; GO:0006090; GO:0015976

3 Gra.2743.1.S1_at
G0:0020037

Ghi.7345.1.S1_at
GhiAffx.42243.1.S1_s_at —
Ghi.9693.1.A1_at -

G0:0019825; GO:0006631; GO:0004497; GO:0005506; GO:0006118;

GO0:0005792; GO:0005488; GO:0009505; GO:0005783

Cytochrome p450-like protein

Calnexin homolog

genome walking, this was also confirmed once the genome
sequence of G. hirsutum was published (Zhang et al. 2015;
Li et al. 2015). Further, no other similar gene was found to
be present in the published genomic sequence.

The primer pair, which was used to amplify the 400 bp of
the AEG genes, was used to amplify cDNA prepared from
TFD-anthers. Amplification, cloning and sequencing of the
amplicons obtained from two independent PCR reactions
revealed that the transcript of gene AEG2b was absent,
whereas genes AEG1 and AEG2a were found to be express-
ing in the anther tissues. No intron was found in the ampli-
fied region. To locate the transcription initiation and stop
sites of the two genes, RACE was performed on the library
of the TFD-anthers. A total of 44 clones were sequenced and
analyzed. One transcription initiation site (TIS) was identi-
fied for both AEG] and AEG2a. The transcripts had 5' UTR
of 67 and 64 bp for AEG1 and AEG2a, respectively. On the
other hand, two transcription stop sites (TSS) were identified
for the gene AEGI and three TSS for gene AEG2a (Fig. 5).
Considering the longest ORF as coding unit, the 3' UTR for
AEGI and AEG2a transcripts was observed to be 239 bp
and 232 bp, respectively. The longest transcript for the gene
AEG] was observed to be 647 bp long and for gene AEG2a
it was 651 bp in size.

Although multiple ORFs were predicted for the tran-
scripts of AEGI and AEG2a, the longest ORFs in both the
genes encoded for 115 amino acid long peptide, which were
94% similar. Only six amino acid differences were observed
between the two genes. BLASTX search of each of the pro-
teins against the non-redundant protein database identi-
fied a putative lipid-binding protein from castor (Ricinus
Communis, NCBI accession no.—XP_00252644.1) as the
best match. It was interesting to note that in several earlier
reports, genes expressed in tapetum were shown to encode
for lipid-binding proteins, e.g., A9 (Scott et al. 1991a),
At5g62080 (Huang et al. 2013), Satap35 (Staiger et al. 1994)
and TomA 108 (Chen et al. 2006).

As a greater number of cDNA clones were observed for
the AEG1 gene as compared to AEG2a transcripts, it was
probable that the expression of the gene AEGI was more

than AEG2a. Thus, further analysis was carried out only for
AEG] gene. The spatial expression of the gene was checked
in cotton anthers by in situ hybridization experiments. Posi-
tive hybridization signals were observed in the tapetum layer
with antisense probe (Fig. 6¢) and no signal was observed in
any other region of the anther, indicating that the expression
of the gene is restricted to the tapetum in anthers (Fig. 6).

Isolation of the upstream promoter region
of the gene AEG1

Based on sequences specific for AEG! gene, primers were
designed to isolate upstream regions of the gene using
seven different Genome Walking Libraries. Amplicon
from multiple walk reactions were cloned and sequenced
to identify upstream and downstream regions of the genes.
The obtained amplicon from multiple walk reactions were
cloned and sequenced. Gene sequences were assembled
using results from at least three independent PCRs to dis-
cern any Taq polymerase-based mutation. Different para-
logs of AEG genes were identified based on gene-specific
SNPs. Based on the amplicon from multiple walk reactions;
more than 2.0 kb of upstream regions of the gene AEG] was
isolated. This was also validated once the cotton genome
sequence was published (Zhang et al. 2015; Li et al. 2015).
BLAST search of AEGI sequence against the available cot-
ton genome sequence showed its presence on chromosome
A13 (Zhang et al. 2015). On the other hand, AEG2b was
found to be present on chromosome D13 in both the reported
genome sequences.

An in silico analysis was carried out on the 1.5 Kb pro-
moter region of gene AEG! (Fig. 7). TATA box with the
sequence TATATAA was found to be located between — 101
and — 103 bp to transcription initiation site. The promoter
also had motifs like—GTGANTG10 (Rogers et al. 2001) and
POLLENI1LELATS2 (Filichkin et al. 2004). These motifs
were also reported in many of the pollen and anther-spe-
cific promoters like g/0, Lat56 and A9, TA29 (Chen et al.
2009; Scott et al. 1991b). Apart from these boxes, it was also
observed that the promoter region contained multiple copies
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Fig.4 Analysis of transcripts of the six identified gene in the anthers
and ROB tissues of cotton buds of different sizes and leaf and seed-
ling tissues. Lane 1 and 20 show the 100 bp DNA marker, lane 2
shows amplification from the genomic DNA, Lane 3 represents PCR
setup with isolated total RNA (negative control), Lane 4, 6, 8, 10, 12,
14 and 16 represent amplification profile from the rest of bud tissues
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of different sizes of buds, Lane 5, 7, 9, 11, 13, 15 and 17 represent
amplification profile from the anther tissues of different sizes of buds.
Lane 18 and 19 represent the amplification profile from the leaf and
seedling, respectively GhiAffx.42243 in the figure represents the
expression profile of the AEGI gene. Arrows indicate the transcript-
specific amplicons
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Fig.5 Diagram representing the differences between the transcripts
of AEGI and AEG2a. Positions of the differences are shown on the
top of each SNP. The transcription initiation and stop sites are shown

with downward and upward arrows, respectively. * and # denotes the
translational start and stop sites. Regions of 5" and 3" UTRs are indi-
cated with black bars

Fig. 6 In situ hybridization based expression analysis of AEG] gene
in cotton anthers. a The transverse section of anther lobe before
hybridization experiment. b The hybridization of the cotton buds with
labelled sense probes. No hybridization was observed in the anthers.

b The hybridization of cotton anthers with anti-sense labeled probes.
Strong signal was detected in the tapetum layer, representing expres-
sion of the AEG] gene in the tapetum tissues. Tapetum and pollen are
depicted as ‘“Tap’ and ‘P’, respectively
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Fig.7 Predicted cis-elements in the 1.5 kb of the promoter region of
AEGI and AEG2a gene of G. hirsutum. Description of the boxes is
given below the figure. Boxes like GTGANTG10 and POLLEEN-
1LELATS52 are reported to be abundant in the anther/pollen specific

of ROOTMOTIFTAPOXI1 (Elmayan and Tepfer 1995) in the
promoter region.

Determination of spatial expression of the promoter
of the gene AEG1

The activity of the AEG1 promoter was analyzed using a
promoter-reporter construct in transgenic cotton plants. A
1.5 Kb region of the AEG1 promoter was cloned upstream
to the reporter gene f-glucuronidase in the vector pZP200N
(Bhullar et al. 2003) creating the vector AEG1P:gus.

promoters. ROOTMOTIFTAPOX1 was clustered between —556 and
—391 of the promoter region of AEGI, whereas it was discretely
arranged in AEG2a promoter. GATA box and GT1 consensus motifs
were also identified in the promoter regions

A total of 17 independent cotton transgenic lines were
developed with AEGP::gus construct. Promoter activity
was monitored by histochemical staining for gus activity
in different tissues of cotton plants, i.e., anthers, stem,
root, leaves and buds (Fig. 8). It was observed that the
activity of AEG1 promoter started in the tapetum layer
from the time of the visible differentiation and persisted
till the tapetum layer degenerated (Fig. 8f, h, j, 1). This was
observed in all the 17 plants that were developed. Apart
from expression in the tapetum tissue of anthers, low level
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Fig. 8 Histochemical localization of GUS activity in transgenic AEG- »

Promoter:gus cotton (a—n). Left panel represents the observed GUS
activity in untransformed control plants, whereas panel on the right
represents the same in AEGP::gus transgenic plants. Transverse sec-
tion of the anthers at stage TND (¢, d), TFD (e-h) and TD (i-1) and
whole tissues of leaf (a, b) and root (m, n) were analyzed for GUS
activity by histochemical staining. Activity of AEG1 promoter was
observed to be restricted in the tapetum layer in case of anthers. Low
level of expression was also observed in the root tissues. Tapetum and
pollen are depicted as “Tap’ and ‘P’, respectively

of expression was also observed in the roots of 9 out of the
17 transgenic lines developed (Fig. 8n).

The expression in roots may be driven by ‘position
effect’, which is dependent upon the site of integration of
the transgene cassette. As this is observed in about 50% of
the transgenic lines, it is possible that the promoter of the
AEG] carries putative cis-elements regulating expression
in roots, which is activated when the promoter is located at
certain ectopic genomic sites. This activity could probably
be influenced by the state of chromatin. Similar phenom-
enon has been observed in the study involving the tapetum-
specific promoter TA29 from Nicotiana tabacum (Sharma
et al. 2018). As mentioned earlier, in silico analysis of the
promoter had revealed the presence of a cis-element (ROOT-
MOTIFTAPOX1, Elmayan and Tepfer 1995) observed to
be present in promoters of the genes expressing in the root
predominantly (Zhang et al. 2008; Chen et al. 2014). Several
copies of this element were observed in the AEG], mainly
located between — 500 and — 230 of the promoter region
(Fig. 7). This root-specific motif is probably responsible
for the expression in roots. The leaky expression in roots
could possibly be abolished if these root-specific motifs were
deleted or mutated.

The present study was initiated to identify a promoter,
which can be used to express barnase gene in transgenic
cotton. However, due to the leaky expression of the promoter
in the roots of some of the transgenic plants, it cannot be
used effectively for developing the barnase transgenic lines.
Any leaky expression (other than that in the tapetum) of
barnase gene, which encodes a RNase protein, would lead
to the death of that tissue. To identify useful barnase lines,
a large number of independent lines would have to be devel-
oped to identify those with no leaky expression in the roots.
Attempts are currently underway to modify the promoter
to abolish the leaky expression in the roots while maintain
its expression in the tapetum tissues. Promoters, where the
putative root-specific motifs are deleted or mutated have
been developed and its activity being tested in transgenic
lines. The availability of a modified tapetum-specific AEG]
promoter will allow the development of male sterile lines
using the barnase gene.

Currently, the promoter can be used to drive the
expression of barstar gene, the second component of the
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barnase—barstar system. Expression of the barstar protein
in the roots is not likely to cause any negative effects. The
long window expression of the promoter of AEG! gene in
the tapetum tissue will also be very useful for the expression
of the barstar gene for effective fertility restoration.

NCBI database accession The isolated sequences of the para-
logs of AEG genes from G. hirsutum, G. herbaceum and G.
raimondii were submitted in NCBI database with accession
numbers—KF742407—KF742412.
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