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ABSTRACT

Somatic embryogenesis (SE) is a prominent mode of regeneration in plants. The acquisition of SE is predomi-
nantly invoked by the oxidative stress which plays an important role in signal transduction and cellular redox.
Since balanced generation of oxidants is important to cellular differentiation, modulation in cell redox could be
responsive to genotypic refinement for SE. To study the dynamics of cellular redox during SE, we conducted
comparative expression analyses of cotton (Gossypium hirsutum), using two independently purified near-isogenic
lines for the trait of SE. We interrogated expression changes in cell-signaling factor Somatic Embryogenesis Re-
ceptor Kinase (SERK) and activity of antioxidant Glutathione in different developmental stages including coty-
ledonary leaf, calli from different stages of regeneration of fully-regenerating (FR) and non-regenerating (NR)
lines of Coker310 cultivar. At evolutionary scale, the cotton SERKs showed high sequence similarity in receptor
kinase domain with diverse systems. Exclusively, SERK1 responsible for potential signaling processes during SE
revealed significant expression up-regulation in the embryogenic calli of FR line. Similarly, activity of antioxi-
dant glutathione was substantially up-regulated in embryogenic calli of FR line in comparison to its counterpart
form. In contrast, calli from early-stages of regeneration of both FR and NR lines had no significant influences
on the regulation of SERK and glutathione levels prior to the acquisition of embryogenesis. These results high-
light that in vitro purification of FR line in cotton for enhanced regeneration potential (through SE) resulted in
signaling and metabolic transformations of the manner in which cellular redox levels have become modulated.
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1. Introduction ration, germplasm conservation and also for genetic
transformation experiments [1,2]. During SE, individual
somatic cell develops into an embryo and subsequently
converted into a complete plantlet providing a model for
morphological transformation in developmental studies
[3,4]. The process of SE involves an induction phase in
which somatic cells acquire “embryogenic competence”
that may also be considered as intermediate between so-
matic cell and a pro-embryo [5]. In accordance with zy-
gotic embryogenesis, somatic embryo formation also

In vitro regeneration is a prominent characteristic of flo-
wering plants observed with wide responses in culture
from different vegetative tissues. In an ideal scenario, all
somatic cells have a potential to regenerate and give rise
to a new plantlet. However, very few cells could be in-
duced with such potential in vitro and the precise me-
chanisms are largely unknown. Among various plant
regeneration systems, somatic embryogenesis (SE) has

been reported to be an effective method for plant regene-
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involved typical globular, heart-shaped, torpedo- and
cotyledonary stages of development. The precise me-
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chanism of SE is extremely complex and has been shown
to get manipulated mostly with the alterations in micro-
nutrient supplementation in the culture medium. Recently,
the importance of micronutrient Boron has been tho-
roughly reviewed for its possible role in triggering the
mechanism of SE [6]. In a recalcitrant plant system,
though a prerequisite to the establishment of an efficient
and reproducible regeneration system is to understand the
molecular mechanism of the SE.

Generally, the intricate process of SE has been induced
by abiotic stress conditions in the culture-microenvi-
ronment such as wounding of explants through mechani-
cal shearing, minimal to optimal nutrient supplementa-
tion, heavy metal ions, osmotic stress and treatment with
phytohormones [7,8]. The latter has been shown to be the
foremost constrain up-regulation of cell-signaling pro-
cesses in the competent somatic cells [9]. Auxin has been
reported to be an important factor involved with the up-
regulation of cell-signaling and antioxidant molecules
during SE [10]. The PIN proteins are known to mediate
polar transportation and further establishment of auxin
gradient during SE [11]. The spatial expression pattern of
the auxin has also been visualised through synthetic aux-
in-responsive promoter DR5 with a reporter gene con-
firming the important role of auxin during SE [12,13].
For example, comparatively higher endogenous auxin
levels have been observed as a distinctive feature of em-
bryogenic calli of carrot [10,14], Pennisetum [15], su-
garcane [16] and maize [17]. This observation was fur-
ther bolstered in cotton by the application of boron-me-
diated stress conditions that enhanced endogenous auxin
level in the somatic cells, resulting into chromatin-re-
modeling and up-regulation of somatic embryogenesis
receptor kinases (SERKSs) [6]. The over-expression of
SERKSs at the cell surface involves in the production of
several other molecular signals which act as ligand to the
cell surface receptors. These ligands when bind to extra-
cellular domain of SERK mediated by LRR region in-
duce signaling cascade inside the cell. This signal
through different sub-steps ultimately targets the nucleus
and helps in alteration of the existing gene expression
pattern and the cellular or molecular alterations possibly
via chromatin remodeling enhance the expression of oth-
er somatic embryogenic inducing genes e.g. LEA, LEC,
BBM and combined effect of these all compel a somatic
cell to embryo transition [18-28]. With this data, it is
very clear that SERK-mediated response of varied gene
expression pattern may be the key for the somatic cell-
to-embryo transition of a plant cell.

The Daccus carota SERK (DcSERK) genes were first
identified for their over-expression in the embryogenic
carrot cell cultures [27]. The elevated expression of SERK
in the somatic cells and pro-embryonic mass, and non-
detectable expression levels in other vegetative tissues
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underscore their important role in SE. Based on amino
acid sequences, the SERKs have been grouped as the
members of a large gene family of receptor-like kinases
(RLKSs), which contain almost all characteristic features of
an ideal receptor [29]. After the first identification of
DcSERK, homologous genes have also been reported from
Gossypium hirsutum GhSERK1 [30], GhSERK2 [31] and
GhSERK3 [32]; A. thaliana (AtSERK1) [33]; Cocos nu-
cifera (CnSERK) [34]; Citrus unshiu (CuSERK1) [35];
Dactylis glomerata (DgSERK) [36]; Daucus carota
(DcSERK) [27]; Helianthus annus (HaSERK) [37]; Me-
dicago trancatula (MtSERK) [38]; Oryza sativa (OSSERK)
[39]; Solanum tuberosum (StSERK1) [40]; Theobroma
cacao (TcSERK) [41]; Triticum aestivum (TaSERK) [42]
and Vitis vinifera (VWSERK) [24] with their role in the
induction of SE. Sasaki et al. (2007) reported its presence
in a green alga Closterium ehrenbergii which suggested
the early occurrence of SERK during plant evolution.
However, the evolutionary pattern of SERKS is observed
to be diverse due to multiple gene duplication events
during plant evolution.

In response to oxidative stress conditions, besides the
activation of receptor kinase-mediated cell signaling, the
up-regulation of certain antioxidant molecules such as
glutathione [43,44], superoxide dismutase and catalase
[45] suggested for their important role in SE. Exogenous
supplementation of culture media with antioxidants such
as glutathione in low concentration also promotes SE in
Dianthus caryophyllus [46]. However, higher concentra-
tion of glutathione further delayed the acquisition of SE
[47]. Also, very high activity of glutathione-S-transferase,
glutathione peroxidase, catalase, and guaiacol peroxidise
during SE has been examined in Eleutherococcus senti-
cosus [48]. Thus the occurrence of SE is directly influ-
enced with varied activity of antioxidant molecules in
embryonic callus tissues ranging from gymnosperm to
angiosperm [49]. Such current understanding highlighted
the role of antioxidant molecules and their genetic regu-
lation during SE [21,23,50]. Since, glutathione is widely
used as a marker of oxidative stress in plants; therefore,
monitoring the activity level of such antioxidants at dif-
ferent stages of in vitro culture may provide us the clues
about the potential of somatic cell-to-embryo transition.
Moreover, it may be used as a biomarker for the early
detection of cell fate in vitro.

The cotton genus (Gossypium) is a very facile system
to study the extent of SE where large numbers of expe-
riments have been carried out to test the regeneration
potential of different cultivars. However, regeneration of
cotton seems to be highly genotype dependent and Coker
lines have been reported to be the most amenable to in
vitro regeneration [51-57]. The in vitro regeneration in
most of the modern cotton cultivars is relatively difficult
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(recalcitrant to regeneration) as cotton varieties are some-
what heterozygous and heterogenous [58]. In our labora-
tory, two near-isogenic lines for the trait of regeneration
have been developed and being maintained over genera-
tions [59,60]. These lines have been proved useful par-
ticularly in the study of genetics of regeneration trait in
cotton and unraveling the intricacies of molecular me-
chanisms involved during the inception and progression
of SE [52,60]. Although these studies have provided sig-
nificant insights into the induced stress conditions in vi-
tro, genetic regulation and signaling in SE [61], there is
still much to be learned about acquisition and stabiliza-
tion of embryogenic potential in cotton. In the present
study, the expression and activity analyses of the fore-
most cell-signaling and antioxidant molecules, respec-
tively were performed to study their relative levels in
fully-regenerating and non-regenerating pure lines of
cotton. Significant up-regulation of cell-signaling and
antioxidant molecules during the acquisition of embryo-
genic competence warrants them to be potential early
biomarkers for somatic cell-to-embryo transition in cot-
ton. Because the pure lines selected for this study repre-
sent two near-isogenic lines having contrasting regenera-
tion phenotypes in vitro, we were able to determine the
extent of expression changes of signaling and activity of
antioxidant molecules during the progression of SE. Thus
for the first time, collaborative and balanced contribution
of SERK and antioxidant glutathione in the acquisition of
SE was identified and could be considered as robust and
reproducible beforehand biomarker of embryogenic-po-
tential in cotton.

2. Materials and Methods

2.1. Maintenance of Cotton Germplasm and in
Vitro Tissue Culture

Two near-isogenic lines (FR and NR lines) of cotton
(Gossypium hirsutum L. cv. Coker 310) were grown in
the cotton green house at Gautam Buddha University, UP
at 32°C temperature and 16:8 hrs day/night length. The
FR and NR lines were maintained over generations by
self-pollination and have also been regularly tested for
the purity of fully- and non-regeneration trait in vitro,
respectively. The seeds of both FR and NR lines were
delinted with sulphuric acid treatment and washed tho-
roughly with tap water at least for 30 minutes. Delinted
seeds were surface sterilized following [62] and germi-
nated on half-strength MS medium [63] (Table 1). The
cotyledonary explants with approximate area of 1/2 cm?.
from 7-day-old seedlings were used for in vitro SE. All
inoculations were carried out in a laminar air flow cabi-
net and the cultures were grown in 9-cm-diameter dis-
posable petri dishes (Tarsons, India). The explants were
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incubated in controlled environmental conditions at 28°C
* 1°C, 12:12 hrs light/dark combination. Composition of
different culture media used in the present study is shown
in Table 1. Initially these explants were incubated on
MST1 medium supplemented with auxin and cytokinin
hormonal combination for callus induction. After 30 days
of incubation, the first phase white-friable calli were
transferred on MSOT2 medium and allowed to grow
upto 30 - 40 days. At this stage, the brownish calli were
again transferred to MSOT2 medium for a second round
of sub-culturing. After two subsequent cycles on MSOT?2
medium, only white-granular and yellowish-granular
calli were transferred to high nitrate MSOT3 medium
and allowed to grow for at least 15 days for the emer-
gence of embryogenic calli. In the present study, all calli
from different developmental stages were harvested at-
least in three biological replicates.

2.2. Structural Analyses of SERK Proteins

The protein sequences of GhSERK1 (Accession no.
ADR00582), GhSERK2 (Accession no. AEA76434.1)
and GhSERK3 (Accession no. AEG25668) obtained from
National Center for Biotechnology Information (NCBI)
protein database and converted into graphics format to
observe different domains in the entire protein sequence
(Figure 1). The sequence analysis of GhNSERK1 was per-
formed at the NCBI (http://www.ncbi.nlm.nih.gov/) along
with other in silico tools, for example, Simple Modular
Architecture Research Tool (SMART;
http://smart.embl-heidelberg.de/) and Pfam
(http://pfam.sanger.ac.uk/), which showed its resem-
blance with the domains reported earlier in the SERK
protein in other species including signal peptide, leucine
zipper, leucine rich repeats, Ser-Pro rich region, trans-
membrane domain, kinase domain and C-terminal region.
Further analysis of GhSERK1 with its variants in cotton
was performed using EPipe server
(http://www.cbs.dtu.dk/services/EPipe/) to elaborate the
functional differences of all variants. The protein se-
quences of GhSERK1, GhSERK2 and GhSERK3 were
directly submitted to the EPipe server platform as query to
perform this analysis. Further, 3D structure for GhRSERK1
were predicted using Swiss-Model Workspace
(http://swissmodel.expasy.org) and PyMOL Molecular
graphic system. The predicted model was further vali-
dated using Ramachandaran plot analysis.

2.3. Phylogenetic Analyses of GhSERKSs

Sequences of different SERK protein variants of Triticum
aestivum (AEP14551.1), Oryza sativa (AAU88198.1),
Daucus carota (AAB61708.1), Cocos nucifera (AAV
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Table 1. Composition of the various media used [64].

Name and composition of different culture media

Y2 MS MST1

MSOT2 MSOT3

MS salts in half-strength + B5
vitamins (0.5x) + 2% Sucrose
+0.7% Agar, pH-5.80

MS salts + B5 vitamins (1x) + 3%
Dextrose + 2,4,D (100ug/l) + Kinetin
(500 pg/l) + 0.2% Phytagel, pH-5.80

MS salts + B5 vitamins (1x) + 3%
Dextrose + 0.2% Phytagel, pH-5.80

MS salts + B5 vitamins (1x) + 3%
Dextrose + extra KNO; (1.9 gm/I)
+ 0.2% Phytagel, pH-5.80
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Figure 1. Graphic characterization of different domains in the complete protein sequences of GhSERK1 (627 aa), GhSERK?2

(620 aa) and GhSERK3 (620 aa).

58833.2), Solanum tuberosum (ABO14172.1), Arabidop-
sis thaliana (NP_177328.1), Citrus unshiu (BAD 32780.1),
Medicago truncatula (AAN64294.1), Helianthus annuus
(AAL93161.1), Theobroma cacao (AAU 03482.1) which
have already been reported to be important in SE along
with Gossypium hirsutum (ADR00582.1) were obtained
from NCBI protein database and used for phylogenetic
analysis on Phylogeny.fr online platform (Dereeper A. et
al. 2008; http://www.phylogeny.fr/). The sequence align-
ment was performed using MUSCLE 3.7, followed by
the alignment curation through Gblocks 0.91b and PhyML
3.0 aLRT for phylogenetic analysis using Phylogeny.fr
online platform.

2.4. RNA Isolation from Vegetative and Callus
Tissues and RT-PCR

Different vegetative and callus tissues from both FR and
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NR lines were used for gene expression analysis. The
vegetative and callus tissues included cotyledonary leaf,
calli from different stages of regeneration (Figure 2,
Table 1). All the harvested samples were frozen in liquid
nitrogen, and stored at —80°C before the analysis. RNA
was extracted from the stored tissues using RNeasy Plant
Mini Kit (Qiagen) in three biological replicates. Isolated
RNA samples were analysed for its integrity and purity
using Nanodrop (NanoDrop 2000) machine. All samples
were treated with DNasel prior to expression analyses to
avoid the contamination of genomic DNA. Isolated RNA
after making its dilution of 100 ng/ul was directly used as
template for RT-PCR assay for quantitative expression
analysis of different genes. The primers of four reference
genes GhUBQ14, GhPP2Al, GhGAPDH, GaGAPDH
and signaling gene GhSERK1 were designed in Primer
Quest, Integrated DNA Tools, Inc.
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MST1 medium

L)

Non-Embryogenic callus on

Solrlahc embryos on
M30T3 medium

Embryogenic callus on
M30T2 medium

g Mo Embryos

M30T2 medium

Figure 2. In vitro regeneration of cotton (Gossypium hirsutum L. cv. Coker 310) through somatic embryogenesis. (A) 7 days
old seedlings grown on %> MS medium were used for the explant preparation. The cotyledonary leaves were excised into small
size explants and inoculated on MST1 medium; (B) The cotyledonary explants with yellowish-friable callus on the edges on
MST1 medium after 30 days of incubation; (C) Yellowish-white granular embryogenic callus on MSOT2 medium after
second sub-culture on this medium; (D) Embryogenic callus on MSOT3 medium after 15 days of incubation. Embryo devel-
opment at this stage is normal in FR line in comparison to no embryo formation in NR line; (E) Non-embryogenic white-

stony callus formation on MSOT2 medium in NR line.

(http://eu.idtdna.com/scitools/scitools.aspx). To amplify
GhSERK1 variant from the pool, primers were designed
from hypervariable region of GhSERK1 in order to avoid
the probable transcriptional biases during RT-PCR. All
designed primers are listed in Table 2.

Quantitative gene expression assay was performed us-
ing Stratagene Mx3005P RT-PCR machine (Agilent
Technologies) using QuantiFast SYBR Green RT-PCR
kit (Qiagen) as per the manufacturer’s recommendation.
Absolute copy number of cDNA for each gene was cal-
culated by Expression Detection Software (Stratagene)
using standard curves. For normalization, the fold dif-
ference between the calculated cDNA copy numbers of
the analysed genes to that of GhUBQ14 for each biolog-
ical replicate was calculated and used.

2.5. Glutathione Assay in Callus Tissues

Three biological replicates of 7 days old cotyledonary
leaf, calli tissue from different stages of regeneration
grown on different media (Table 1) were harvested from
both FR and NR lines, respectively. A total of 0.5gm of
all the samples was taken in 1.5 ml microcentrifuge tube
and Glutathione Detection Kit (Clontech Inc.) was used
for this assay as per the manufacturer’s instructions with
necessary optimization. 100 pl ice-cold cell lysis buffer
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was added in all replicates of various samples. The sam-
ples were incubated for 10 min on ice, and centrifuged at
14,000 rpm for 10 minutes. The supernatant from each
sample was collected and transferred to fresh microcen-
trifuge tube and 2 pl of 100 mM Monocholorobimane
(MCB) was added. Also, a negative control sample was
prepared by adding 2 pl of MCB to 100 pl of 1x cell
lysis buffer. All samples were again incubated at 37°C
for the time-intervals varying from 15 minutes to 30 mi-
nutes. The fluorescence (emission/excitation) was meas-
ured in a plate reader Synergy H1 Hybrid Reader (Bio-
tech Inc.) at 395/480 nm.

3. Results and Discussion
3.1. Somatic Embryogenesis in Cotton

While the SE has been tested for in vitro regeneration
from monocot to dicot plants, very few respond to the
varied cultural regimes, particularly cotton, the major
fiber crop worldwide. Various in vitro plant regeneration
systems have been reported in cotton which includes
direct organogenesis from explants such as apical meris-
tem and regeneration from unorganized callus tissues
through SE [55,65-68]. Regeneration through SE from
unorganized callus tissues has been widely used in cul-
ture system for genetic transformation of cotton [69]. As
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Table 2. List of forward and reverse primers used for gene expression analysis through RT-PCR.

Name of gene Primer sequence Amplicon size
eruBQis R 5 TGATCGTCTITCCCGTAAGE 3 75
st R: 5 COGAAACAGTTCOACGAGAT & 100
enearer R 5 AGATTCCGCCTTOATAGCAGCCTT 3" 101
CasAPDr R 5 TOAGAAATTGCTOAAGOCOARA & 162
GhSERK1 F:5 GGAGTGGGATCAAAGGGAAGGATT 3’ s

R: 5" CCCAACAGCACAACATTACAGCA 3’

stated previously, regeneration of cotton is highly geno-
type dependent and greatly varies among elite cultivars.
Such large variation in the regeneration potential mainly
in the occurrence and magnitude of embryogenesis
among different cultivars of G. hirsutum suggests SE in
cotton to be a multi-genic trait. Selected cultivars viz.
Coker 201, 310, 312 and 315 were observed to be em-
bryogenic, giving rise to healthy and normal somatic
embryos. In a large number of studies, some cultural
variations have been tested in vitro and callus tissues
have been induced to undergo somatic embryogenesis
[51,53,55-57]. All these studies have predominantly used
Coker lines for regeneration. However, in most of the
cases a long period of callus phase is required before
embryogenic callus is produced.

In our laboratory, we have purified the cotton cultivar
Coker 310 for the trait of regeneration through SE for
atleast three subsequent generations. Individual plants of
Coker 310 cultivar were tested for their embryogenic
potential and the plants showing high frequency em-
bryogenesis were selected and advanced to the next gen-
eration. After three subsequent generations of selection, a
pure line Coker 310FR (FR stands for fully-regenerating
line) was developed for the purity of the trait of regene-
ration [60] (Figure 2). In parallel, plants showing no
embryogenesis trait were also selected and advanced to
next three subsequent generations. Thus a pure line Cok-
er 310NR (NR stands for non-regenerating) has also been
developed for the purity of non-regeneration trait [59].
The SE experiments were performed in Coker 310FR,
primary and secondary calli were raised using cotyledo-
nary explants. Around 45% of the transferred calli gave
rise to different kinds of calli, such as, white-friable,
greenish-tough, yellowish-granular and white-granular
embryogenic calli (Figure 2). Such embryogenic calli
were transferred to MSOT3 medium and ~39% of the
embryogenic calli (around 13% of the initial explants)
gave rise to somatic embryos (Figure 2). However, after
following similar culture conditions at initial stages of
culture, the NR lines showed whitish-tough and stony
callus on MSOT3 medium as in comparison to yello-
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wish-granular callus in the FR line. Subsequently no in-
duction of embryogenic potential could be observed in
the NR calli (Figure 2). Thus both the FR and NR lines
are being checked over generations for the trait of
full-regeneration and non-regeneration traits and are be-
ing maintained as pure lines in the laboratory. The FR
and NR lines are the NILs having identical genetic back-
grounds diverging only for the trait of SE in vitro.
Therefore, such variability in the occurrence and magni-
tude of SE between FR and NR lines assisted in the for-
mulation of a genetic model to study the molecular me-
chanism of SE in cotton.

3.2. Stress-Mediated Cell-Signaling during
Embryogenesis

One of the major concerns in regeneration biology is the
identification and characterization of essential molecular
components those get manipulated in response to the
stress conditions in vitro prior to embryogenesis. Pre-
viously, we have reported that the micronutrient bo-
ron-mediated stress increased endogenous auxin level in
the SE-competent cells [6]. It is thus evident that auxin
level is critical in the induction of SE in cotton, which
subsequently may influence genetic and cellular trans-
factors essential for cell-restructuring during SE. Under
stress condition, higher auxin level in the cell may fur-
ther change the transcript profiling of certain signaling
genes, known to be responsible for the initiation of cas-
cade of embryogenesis events. It is evident that in re-
sponse to the enhanced endogenous level of auxin in the
cell, the expression of somatic embryo-related factor
(SERF) genes, Ca®* ion channel-mediated regulatory
gene expression and the somatic embryo receptor kinase
(SERK) genes are up-regulated, and are reported earlier
to be essential for SE [70]. Since auxin is supplemented
in the MST1 medium (Table 1) for the induction of first
phase callus in cotton (Figure 2), the latter have attracted
more attention as reported for their direct role in the ac-
quisition of SE and studied here to comprehend its im-
plied contribution in the induction of SE.
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3.2.1. Structural Domains of GhSERK Variants

All three variants of cotton SERKSs i.e. GhERK1 (Acces-
sion number ADR00582), GhSERK?2 (AEA76434.1) and
GhSERKS3 (Accession number AEG25668) encode puta-
tive SERK-like proteins consisting of 627, 620 and 620 aa,
respectively, with a similar amino acid sequence. The
GhSERKT1 variant showed significant structural variations
in the N-terminal region than GhSERK?2 and GhSERK3
variants (Figure 1). However, in the ClustalW alignment,
the similarity between three cotton SERK proteins and
other species SERKSs is striking and it is spread all over the
sequence, with the notable exception in the N-terminal
domain (Figure S1). This may be due in part with dif-
ferences in the ligand-binding and target domains evolved
along with the species lineage.

The sequence analysis of GhSERK variant proteins
using bioinformatic tools exhibited all typical features of
SERK proteins of other species, such as a signal peptide
(SP) domain, a leucine zipper (ZIP) domain, five LRR
domains, an SPP motif (which is the hallmark of SERK
proteins), a transmembrane domain (TM) and a kinase
domain (Figure 3(a)). The amino acid sequence of
GhSERKT1 protein evidenced a total of 627 amino acids
consisting of a SP domain (1-28 aa position) mainly re-
sponsible for its precise translocation in the cell, a leu-
cine rich repeat N-terminal (LRRNT) (28 - 68 aa posi-
tion), a leucine-rich repeats ribonuclease inhibitor (LRR_
RI1) (77 - 180 aa positions) and a LRR8 region (120 - 179
aa position). The LRRs are essentially 20-29 residue se-
quence motifs with canonical signature present in differ-
ent proteins that participate in protein-protein interaction
and cellular localization. A typical 307 to 578 region of
amino acid targets Tyrosin kinase catalytic domain
(TyrKc) made up of active site, substrate binding site,
ATP binding site and also including an activation loop
region (a SERK-specific A-loop catalytic domain, span-
ning residues 450 - 478) was detected in parallel to the
310 to 500 amino acid positions for PKc domain (cata-
lytic domain for protein kinase) (Figure 1). In the A-loop
Ser, Thr or Tyr residue reversibly regulate the conforma-
tional changes occurred during phosphorylation which
activates the kinase domain by allowing ATP and sub-
strate mobility to the active site [71]. In the complete
protein sequence, amino acid positions of 314, 385, 387,
431, 433, 435, 452, 469 - 472 were identified as substrate
binding sites. Different number and combination of LRR
motifs in the extracellular domain of SERK protein might
explain the specificity to the ligand binding for cell-sig-
naling in SE [72]. The kinase domain actively partici-
pates in the signal transduction pathways transmitting the
signals to the target cell-surface through the induction of
SE [73]. On contrary to GhSERKZ1, high structural simi-
larities between GhSERK2 and GhSERK3 amino acid
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Figure 3. Structural features analysed in the cotton SERK
variant (GhSERK1). (a) Schematic representation of
GhSERK1 containing a signal peptide (SP) domain, a leu-
cine zipper (ZIP) domain, five LRR domains, an SPP motif
(which is the hallmark of SERK proteins), a transmem-
brane domain (TM) and a kinase domain; (b) Representa-
tion of modeled GhSERK1 protein. The a-helices and g-
sheets are shown as helices and ribbons, with other regions
as loop; (c) Ramachandran plot analysis was used to vali-
date the predicted model. The plot statistics are: 245
(81.13%) residues in most favoured regions; 47 (15.56%0)
residues in additional allowed regions; 4 (1.32%) generally
allowed region and 6 (1.99%o) residue in disallowed regions.
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sequences at domain level have been noticed (Figure 1).
The SP and the LRR domains extended to 1 - 11 and 11 -
185 aa positions, respectively. The 29 - 68 aa position
region represents LRRNT, and 292 - 565 has TyrKc. The
295 - 566 aa position represents the catalytic domain of a
protein kinases. The protein kinase domain was relatively
smaller in GhSERK1 than other two variants. The 297 -
461 amino acid sequence harbors the functional compo-
nents as active sites, ATP binding sites, substrate binding
sites and A-loop region (Figure 1). It was also evident
that the SP domain and N-terminal domain has maximum
diversity; and kinase and LRR regions have maximum
similarity on the basis of amino acid sequences. There-
fore, it could be hypothesized that at evolutionary basis
LRR and kinase domains are more conserved than other
regions. Since the role of SERK proteins has been estab-
lished in the acquisition of SE in different species, it be-
comes essential to investigate if the differences between
GhSERK1 and GhSERK2/GhSERKS3 on structural and
evolutionary basis have significant role in SE. To further
understand the domain organization of GhSERKS, evolu-
tionarily diverged plant species were analyzed for do-
mains’ structure. The GhSERK1 amino acid sequence in
the predicted 3D structure (Swiss-Model Workspace,
http://swissmodel.expasy.org/) showed highly significant
similarity in the PDB database for whichQMEAN Z-
Score is —0.432 (Figure 3(b)), and was validated using
Ramachandran plot (Figure 3(c)). The EPipe server
(http://www.cbs.dtu.dk/services/EPipe/) was used to ana-
lyse the functional differences in the protein sequences of
GhSERK variants in order to relate any specific variant
to SE. The results showed significant differences in
GhSERK1 from two highly similar GhSERK2 and
GhSERKS variants (Figure S2).

3.2.2. Conservation of SERKSs in Cotton and Other
Species

We compared cotton SERK variants with other SERK
genes identified earlier in eudicots Cyclamen persicum
(Cp), Solanum tuberosum (St), Glycine max (Gm), Ara-
bidopsis thaliana (At), Citrus unshiui, (Cu), Citrus sinen-
sis (Cs), Helianthus annus (Ha), Daccus carota (Dc),
Medicago trancatula (Mt), Ananas comosus (Ac); and the
monocots Zea mays (Zm), Triticum aestivum (Ta), Lac-
tuca sativa (Ls), Coffea conephora (Cc), and Oryza sati-
va (Os). On the basis of the sequence alignment result,
the amino acid sequence of dicot and monocot species
showed high homologous regions mainly in the receptor
kinase region, as also shown previously [27]. However,
maximum differences were observed in their peptide sig-
nal domains (Figure S1).

Besides the key role of SERKSs in SE, spatial expres-
sion was detected in many of all vegetative tissues with
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high transcript abundant in the reproductive organs hig-
hlighting the multi-function of SERK-mediated signaling
[74]. Therefore, to understand the precise function of
SERK variant particularly in SE at evolutionary scale,
SERK variants from different species reported earlier for
their exclusive role in SE were multi-aligned, including
all three cotton SERK variants. In result, the GhSERK1
showed high similarity with SE-related SERKSs of other
species (Figure 4), whereas GhSERK2 and GhSERK3
were clustered distantly (data not shown). Therefore, on
the evolutionary basis, GhSERK1 is different from
GhSERK?2 and GhSERK3 and may be presumed of its
direct role in SE. This observation further supports the
fact that not all SERK variants are involved in the
process of SE. The SERK protein from Arabidopsis and
Citrus species appeared the most evolutionary related to
GhSERK1, which are also close to SERK proteins from
Medicago and Helianthus in a distinct branch, to other
diocots (Figure 4). However, monocot entries TaSERK1
and OsSERK1 were well-separated in a distinct cluster,
which is more distantly related to all dicots including
GhSERK1. This data suggest that many SE-related
SERKSs are evolutionarily conserved among plant species
atleast for their functional component. Alignment results
also suggested that among peptide signal sequences of
CnSERKS3, MtSERK3 and OsSERK have significant vari-
ation available which may be due to their differential
translocation in the cell. However, high sequence simi-
larities were examined in the receptor kinase domains
among diverse species. So, are the precise evolutionary
changes in SE-related SERK variants species-specific or
global? It may be speculated that the SERK-mediated
acquisition of SE is mostly based on the structural chan-
ges acquired by the selected SERK variants within and
across species.

Triticum _SERKI
Oryza_sativa_SERK1
Daucus_carota_SERK
Cocos_nucifera_SERK
Solanum_tuberosum_SERKI
I_ Gossypium_hirsutum_SERK1
Arabidopsis_th _SERK1
— Citrus_unshiu_SERK!
ﬂ[— Medicago_truncatula_SERK1
Helianth _SERK!
' Theobroma_cacao_SERK

0.02

Figure 4. Phylogenetic analysis of GhSERK1 and other
homologs reported earlier to have their direct role in SE.
Protein alignment was performed using Phylogeny.fr online
tool and the maximum likelihood tree was generated.
Numbers indicate percent of unit bootstrap analyses. The
eudicot SERKSs are clustered together (highlighted by blue
box); and monocot SERKSs in a distinct cluster (highlighted
by brown box).
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3.2.3. Validation of Reference Gene in FR and NR
Callus Tissues

So far most of the studies on gene expression in various
vegetative tissues and developmental stages across plant
species have been carried out using a single reference
gene based on their moderate expression level and sta-
bility. In the current study, the expression stability of
four well-utilized candidate genes was assessed by qRT-
PCR using a set of cDNAs of different callus tissues
from three developmental culture regimes. These genes
included GhUBQ14, GhPP2A1, GhGAPDH and Ga-
GAPDH. The selected genes were chosen very carefully
involved in distinct biological processes and metabolic
pathways in order to avoid possible errors due to the in-
teraction of co-regulated genes. As mentioned above, the
studied developmental stages included 7 days old coty-
ledonary leaf, early stage callus tissues of both FR and
NR lines grown on MST1 and MSOT2 media, and em-
bryogenic callus of FR line (Figure 2). The GAPDH
gene was analysed from both diploid (G. arboreum
GAPDH: GaGAPDH) and polyploid (G. hirsutum GAPDH:
GhGAPDH) cotton species. The selected reference genes
were examined for their expression analyses at different
developmental stages using specific primers for each
gene on the basis of their tentative consensus sequences
(Table 2). Primer design and optimization were done by
Primer Quest (Integrated DNA Technologies, Inc.) soft-
ware having PCR amplicon length varying between 70 to
200 bp.

Box plot analysis was performed to study the expres-
sion level of all four genes studied in both FR and NR
lines (Figure 5). The expression of all four genes varied
significantly with the highest expression by the GhGAPDH
gene across developmental stages of FR line, whereas
GaGAPDH gene expressed the highest in NR lines with
mean log values of thresholds (Lt) between 3 and 3.1,
respectively. The most variable expression (Lt range: ~3
to 3.2) was recorded in the GhPP2A1 genes (Figure 5),
affirming it as the least preferable candidate reference
gene in callus tissues’ gene expression analysis especial-
ly in SE. However, GhUBQ14 was the only candidate
gene considered moderately expressed in both FR and
NR lines (Figure 5). The GhUBQ14 expression was
examined having near median values principally resulted
from minimal Lt deviations across vegetative and callus
tissues of both FR and NR lines. Hence, the GhUBQ14
and GhGAPDH were selected the most two suitable ref-
erence genes for the normalization of gene expression in
the callus tissues. Further, GeNorm application [75] was
used for evaluation of the best reference gene, and in
result, the GhUBQ14 was found to be the most stable
gene followed by the GaGAPDH gene in both vegetative
and callus tissue samples of FR and NR lines. Though all
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Figure 5. Box-plot analysis of four candidate reference
genes in both FR and NR lines showing expression level of
different developmental stages of callus tissues. The expres-
sion levels (log of threshold values) of each candidate refer-
ence gene are shown, median (horizontal lines), 25" to 75™
percentile (boxes) and expression ranges (whiskers).

studied genes had previously been shown to be good ref-
erence for gene expression analyses across vegetative
tissues based on their expression stability [76], but have
limited available knowledge on their use as potential
candidate reference gene for expression profiling in cal-
lus tissues of cotton. This report will be very useful in
future studies for selection of a good reference gene for
gene expression analysis at least in the cotton callus tis-
sues.

3.2.4. GhSERK1 is Transcriptionally Up-Regulated in
Embryogenic Callus Tissues
The SERK genes are plant kinases known for their spa-
tial expression mainly in the acquisition of SE and also in
stress responses, for example, ABA treatment [77,78],
ethylene production [79,80] and micro-nutrient supple-
mentation [6]. Isolation and characterization of three
cotton homoeologous gene encoding GhSERKSs with their
full-length transcript sequence have been reported pre-
viously, exhibiting homology with other species SERKS,
for example, five SERK genes from Arabidopsis [33],
four genes from Helianthus annus [37], and three genes
from Zea mays [81]. Results from the phylogenetic anal-
ysis of GhSERK proteins demonstrated very high amino
acid similarity of GhSERK1 with SERK proteins from
other species characterized earlier to be directly involved
in SE, than GhSERK2 and GhSERK3 (Figure 4). We
further investigated the role of GhSERK1 in cotton SE by
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analysing its expression levels in different vegetative and
callus tissues. The transcript quantity of the target gene
GhSERK1 was determined by the gRT-PCR in the same
RNA samples used earlier for the selection of reference
genes. The relative expression level of the gene of inter-
est was calculated in three sample replicates of different
tissues as described before. The GhSERK1 gene expres-
sion was normalized by using the best two reference
genes that is GhUBQ14 and GaGAPDH (characterized
above) because of their stable gene expression levels
across callus tissues. Relative to both the reference genes,
the mRNA of GhSERK1 was constitutively expressed
though at varied levels and greatly dependent on the type of
tissue and stages of callus, with very high transcription in
the embryogenic callus tissues of FR line (Figure 6(a)).
The embryogenic callus tissues are yellowish-granular
and get converted into pro-embryos at very high rate
when cultured on MSOT3 medium (Figure 2, Table 1).
On contrary, low transcript abundance was detected in
other vegetative and callus tissues of both FR and NR
lines (Figure 6(a)). Normalization of GhSERK1 expres-
sion in different tissues using GaGAPDH, mainly in the
T3 callus tissues of FR line resulted in a significant in-
crement of its transcription level than those obtained us-
ing the most stable reference gene GhUBQ14 (Figure 5).
With this data, it is evident that the choice of the refer-
ence gene may affect the normalization of GhSERK1
gene expression at least in callus tissues. Thus it becomes
essential to choose a suitable reference gene for the nor-
malization of expression data set to lessen the misleading
effects, as highlighted previously [82]. To further con-
firm that the observed phenotypic differences within FR
and NR lines are not due to subtle differences in expres-
sion pattern of the SERK variants, the GhSERK1 abun-
dance in the embryogenic callus of FR line was also con-
firmed by the over-expression of GhSERK1-gus transla-
tional fusion product under the control of GhSERK1 na-
tive promoter, as developed previously [69] (Figure 6(b)).
These results explained the significant upregulation of
GhSERK1 during the formation of embryogenic calli in
FR line, highlighting the enhanced kinase-mediated cell-
signaling in the competent somatic cell required for the
induction of SE. The up-regulation of GhSERKL1 tran-
script exclusively in the embryogenic calli of FR line
suggested for the strong correlation of GhSERK1 with
the induction of SE in cotton.

As noted elsewhere, the SERK gene expression is
greatly affected by stress conditions and an optimum
level of stress acquire an induced shift in the cellular
homeostasis required for the induction of embryogenic
potential in the somatic cells. The cotyledonary explants
of FR line were inoculated on the T1 culture medium
supplemented with high levels of exogenous hormones.
This may in turn enhance endogenous auxin accumula-
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Figure 6. (a) Relative quantification of GhSERK1 transcript
using GhUBQ14 and GaGAPDH reference genes as internal
controls. Normalized values are plotted from different tis-
sues analysed including cotyledonary leaf, callus tissues of
both FR and NR lines grown on MST1 and MSOT2 media;
as well as embryogenic callus tissues of FR line grown on
MSOT3 medium. The embryogenic callus tissues of NR line
could not be produced due to its non-regenerating nature;
(b) GUS stained somatic embryos showing over-expression
of GhSERK1-gus translational fusion under the control of
GhSERK1 promoter.

tion in the somatic cells inducing stress conditions which
is essential for switching-on the consequent signaling
cascade leading to the induction of embryogenic calli.
[70] validated this hypothesis at molecular level showing
that auxin had played an important role in reprogram-
ming of gene expression in somatic cell for the induction
of embryogenic potential perhaps through SERK-me-
diated cell signaling. Since the highest expression of
GhSERK1 was recorded in the embryogenic callus tis-
sues of FR line, evidenced for the induced stress-me-
diated up-regulation of cell-signaling leading to a shift in
the cellular redox responsible for the morphological tran-
sition of somatic cell into an embryonic cell, and is hy-
pothesized in Figure 7. Since in vitro regeneration in
elite cotton cultivars is highly genotype dependent, con-
firming expression of SERK gene(s) at early stages of
callus cultures will be very useful in the early detection
of somatic to embryonic transition phenomenon.
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Figure 7. A hypothetical model based on our results show-
ing candidate signaling genes and biological processes sta-
tistically over-represented in the embryogenic calli of FR
line in comparison to NR line in vitro during the mainten-
ance of cellular redox. In response to the induced stress
conditions, certain oxidants are formed inside the cell that
in result up-regulated the stress-mediated cell-signaling re-
quired for the acquisition of SE. The persistence of induced
stress condition beyond a threshold may also compel the
somatic cells to cellular damage resulting into radical de-
crease in the embryogenic potential. Such ROS-mediated
cellular damage may be prevented by antioxidant molecules
maintaining the cellular redox balance. During the main-
tenance of this equilibrium in the embryogenic somatic cell,
the threshold levels of cell-signaling molecules are sup-
pressed that in result may abolish the embryogenic poten-
tial and may not be triggered for SE again in culture.

3.2.5. Cellular Redox Is Maintained by Up-Regulation
of Antioxidant Glutathione in FR-Embryogenic
Calli
As hypothesized, the somatic cells undergo stress condi-
tions induced in the culture medium resulting in the
up-regulation of cell-signaling prior to the induction of
embryogenic potential (Figure 7). However, persistence
of induced stress condition beyond a threshold may
compel the somatic cells to cellular damage resulting into
radical decrease in the embryogenic potential. Under
stress condition, certain reactive oxygen species (ROS)
such as free radicals and peroxides are generated by
oxidative reactions and other metabolic processes in the
cell and could have deleterious effects on the embryo-
genic transformation. Naturally, cells have evolved with
the mechanisms to scavenge excess ROS preventing cel-
lular damage including up-regulation of antioxidant de-
fense mechanisms [83-85].

Glutathione is one of the foremost antioxidant mole-
cules identified for the maintenance of cellular redox
levels by preventing ROS-mediated cellular damage
[7,86]. Using a highly sensitive detection kit, temporal
activity of glutathione was estimated in atleast three bio-
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logical replicates of callus tissues of both FR and NR
lines, along with callus tissue of T3 stages from FR line
as NR line does not produce embryogenic calli. The an-
tioxidant activity was recorded across tissue samples at
different time points of 15, 20, 25 and 30 minutes of in-
cubation with its substrate (Figure 8). The activity level
was subsequently normalized using a negative control
(NC) in order to reduce the deviations due to background
absorption. Relative to NC, glutathione activity was ob-
served at varied levels across tissue types, with very high acti-
vity level in the embryogenic calli of FR line (Figure 8).
On contrary, low activity was detected in the callus tis-
sues from early stages with insignificant differences be-
tween FR and NR lines. The optimal activity of gluta-
thione was recorded after 25 minutes of incubation which
sharply declined on 30 minutes of incubation across tis-
sue types (Figure 8).

Previously, it has been proved that the certain enzymes
targeting glutathione degradation in the cell are up-re-
gulated during auxin-induced SE in Cichorium [87,88].
However, these enzymes have tight regulation of expres-
sion mainly through the formation of auxin gradient in
the cell during induced stress conditions (Nagata et al.
1994). Cumulatively, these data suggest that embryogen-
ic cells may have a better ability of controlling oxidative
stress by regulation of the ROS-scavenging system. The
up-regulation of antioxidant glutathione exclusively in
embryogenic callus tissues supported the assumption that
only the somatic cells undergoing stress condition upto a
threshold level are eligible for the acquisition of em-
bryogenic potential. However, as the stress condition
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Figure 8. The antioxidant glutathione activity recorded
across tissues included cotyledonary leaf, callus tissues of
both FR and NR lines grown on MST1 and MSOT2 media;
as well as embryogenic callus tissues of FR line grown on
MSOT3 medium. The asterisks shown on the x-axis re-
present the non-availability of embryogenic calli from NR
line. The glutathione activity was normalized using a nega-
tive control (NC) labelled on the x-axis across tissue types.
All reading were recorded at three time-points of incuba-
tion with the substrate and also graphed relative to the NC.
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prevails, the antioxidant level will increase in the cell to
maintain the cellular redox balance avoiding toxic effects
of the ROS (Figure 7). However, modulation of ROS
levels may also be linked to in vitro regeneration and SE
as optimal amount of endogenous hydrogen peroxide has
been considered as a trigger for signal transduction. But
if the ROS level approaches to higher concentrations, the
cell switches-on the defence system via over-accumula-
tion of antioxidant molecules to scavenge the ROS [89].

From the aforementioned work on the relationship of
hydrogen peroxide levels and SE, it is clear that in re-
sponse to the increased ROS, up-regulation in the activity
of antioxidants will maintain the cellular redox levels
through scavenging excess ROS. Hence, it may be as-
sumed that in order to maintain cellular homoeostasis,
even the optimal levels of ROS essential in SE will be
scavenged. Since the competent somatic cells entail
stress-mediated optimal ROS levels for the induction of
SE (Figure 7), removal of ROS may also elude the em-
bryogenic potential in vitro. To prove this assumption,
the embryogenic calli of FR line were allowed to grow
on T3 medium for prolonged period to assess the impact
of retained cellular homoeostasis on the embryogenic
calli. In result, the embryogenic callus evaded its poten-
tial of embryogenesis and the embryogenic yellowish-
granular calli turned into non-embryogenic white-friable
calli (Figure 9). The latter could be further sub-cultured,
but without resuming the embryogenic potential, which
may be due to prolonged period of sub-culturing in vitro.
This data highlighted the role of up-regulated antioxidant
molecules in the competent somatic cell in response to
the induced oxidative stress. Also, cell-signaling and
antioxidant genes (ROS scavengers) are up-regulated in
FR line at embryogenic callus stage when compared to
NR line. Thus, embryogenic calli of FR line may expe-
rience less oxidative stress than NR line cells at the same
developmental stage, suggesting a correlation to the dif-
ferences in cultural phenotypes. This provokes the spec-
ulation that some of the stress-related biological proce-
sses and genes that are up-regulated in FR line have
achieved this through purification of regeneration trait
over generations. Since the regeneration character in
cotton is largely dependent on the genotype, the stress-
mediated shift may subside the fine-tuning of the signal-
ing and antioxidant levels resulting into the recalcitrant
germplasm.

4. Conclusion

The current study implicates an oxidative stress respon-
sive gene network as being involved in the acquisition of
SE in vitro, providing the foundation for genotypic puri-
fication of an important fiber-crop plant. We provide
evidences here into stress responsive genes and proteins
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Figure 9. The embryogenic potential is shown in the in vitro
cultures of FR line. (a) Yellowish-white granular embryo-
genic callus on MSOT3 medium after second sub-culture
(shown by white arrow); (b) Embryogenic calli of FR line
were allowed to grow on MSOT3 medium for prolonged
period without any further sub-culture. The yellowish-white
granular embryogenic callus get converted into white-fria-
ble non-embryogenic callus (shown by blue arrows), show-
ing the loss of embryogenic potential.

that may have been selected during genic-refinement of
elite germplasm through the development of in vitro pu-
rified fully-regenerating line, starting with initial recalci-
trant cultivar. Remarkably, the up-regulated cell-signal-
ing and ROS-scavenging processes are diagnosed as
having become enhanced during the induction of em-
bryogenic potential than initial callusing and its pro-
longed maintenance in culture. The data suggest that in
vitro selection pressure led to the recruitment of signal-
ing and ROS scavenging genes considered being conco-
mitant with the purification of fully-regenerating line.
The metabolic transformation accompanying in vitro
selection provides the means to identify downstream
cascade of alteration in gene expression and a beforehand
marker of embryogenic potential in cotton. In general,
encouraging initial stress-like processes in fully-regene-
rating line may play a larger role in the enhancement of
occurrence and magnitude of embryogenesis through
fine-tuning of cell-signaling and stress controlling genes,
in conjunction with an increased ability to modulate cel-
lular redox balance in the growing competent cell. An
exciting prospect for future work will be to dissect these
physiological modifications and their responsible consti-
tuent genes in fully-regenerating lines of diverse genomic
backgrounds, and to learn the genesis of similarities at
genetic or metabolic levels for the altered regulation or
function.
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(Gossypium hirsutum L. cv. Coker 310)
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Figure S1. Multi-alignment of cotton SERK proteins showing the similarities with other species SERK protein variants. The
amino acid sequence of dicot and monocot species exhibited high homologous regions mainly in the receptor kinase region,
with maximum differences in their peptide signal domains.
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Figure S2. Analyses of functional domain differences in the protein sequences of three cotton SERK variants i.e. GhSERK1
(labelled as seql), GhSERK?2 (labelled as seq2) and GhSERKS3 (labelled as seq3) to establish a relationship between the
structural specificities evolved at N-terminal domain and the acquisition of SE. In GhSERK1 protein sequence, eight addi-
tional Glycation points were observed along with significant changes in the repeat pattern. Further, location of nuclear ex-
port signal in GhSERK1 was predicted between 530 - 540 amino acid while in GhSERK2 and GhSERK3 harbors between
120 - 150 amino acid. Wide variation in phosphorylation sites in GhSERK1 protein sequence was shown in comparison of its
other variants. Predicted secondary structure has also variations along with difference in intrinsic protein disorder in
GhSERK1 from GhSERK2 and GhSERKS3. There are four O-glyc sites in GhSERK1 whereas only one in each of GhNSERK?2
and GhSERKS and the positional variation of this site was also predicted.
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