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Abstract

Somatic Embryogenesis Receptor Kinase (SERK) family of receptor kinases is functionally diverse,
involved in cell-to-embryo transition and controlling a number of other fundamental aspects of
plant development. The morphological transformation of somatic to embryonic cells has drawn
scientific attention utmost due to remarkable genetic-switch system evolved across species. Re-
ceptor kinases having direct role in somatic embryogenesis (SE) and involved in other functions
are designated as “SERK” and “SERK-like” genes, respectively. We aim for phylogenetic reconstruc-
tion to reveal major SERK groups across plant species (angiosperm to gymnosperm) for their
functional diversification. Data indicate that the development of SERK proteins occurred prior to
the divergence of monocots and eudicots. Also, the SERK orthology is not directly proportional to
their functions. Structure prediction results identified novel transmembrane topologies, short
linear motifs and O-glycosylation sites exclusively in SERK proteins than SERK-like proteins. Com-
parative temporal expression analyses of SERK and SERK-like genes provided significant accor-
dance with their physiological function. The identification of intrinsic disordered regions (IDRs)
exclusively in SERK proteins was assumed to perceive external stress-induced signals that may
lead to rapid protein folding. In a result it switches-on the precise cellular signals essential for the
acquisition of SE. Moreover, the regulatory sequences of SERK genes are evolved with unique cel-
lular fate deciding AP2-like ethylene responsive transcription factor AINTEGUMENTA binding
sites for their spatial expression in SE. Based on these analyses we suggest future avenues of re-
search that may be imperative for elucidating the importance of SERK gene evolution in SE.
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1. Introduction

Among plant species, somatic embryogenesis (SE) is the transition of a somatic cell into embryonic cell that
subsequently develops in to a somatic pro-embryo. Plant SE is one of the finest paradigms of developmental
plasticity in which single cell destined for division comparable to its primogenitor, suddenly alter the develop-
mental path and ensue towards embryogenesis. In general, SE involves with three distinct stages during embryo
development including globular, heart-shaped and torpedo-shaped stage in dicot; globular, scutellar, and coleop-
tilar stages in monocots [1] [2]. Somatic embryogenesis harbours various resemblances with zygotic embryoge-
nesis also at morphological and genetic levels making it a model system for studying different biochemical,
morphological and physiological characteristics in higher plants [3]. Although, all somatic cells have a potential
of embryonic transition, very few respond to such transformation and that may be accounted for either lack of
key triggering intermediates or unavailability of suitable inducing micro-environment. Henceforth to date SE
has been reported from a limited number of plant species with varied response of different tissue/explants in the
standardized microclimatic conditions.

Somatic embryogenesis is extraordinarily complex and multistep process [4], in which various factors remain
involved to make cellular milieu compatible to the acquisition of SE. Thousands of differentially expressed
genes contribute to each stage of SE, although only a small number are known to be specifically involved in this
complex developmental process defining the cell-fate. Sequential and compatible atmosphere is believed to be
required during each developmental stage of embryogenesis and various factors help in the regulation of such
sub-stage transition during the entire process of SE. In the initial developmental stage, differentiated somatic cell
acquires embryogenic competence either directly without a de-differentiation or through indirect mode of cal-
lusing. In the latter, the somatic cell initially losses its identity and perceives an appropriate stimulus bring com-
petency for SE induction. Subsequently, the somatic embryos enrolled into maturation phase anticipating ger-
mination by desiccation and reserve accumulation [5]. The SE must therefore consist of replacement of the ex-
isting pattern of gene expression in the explant tissues for a new embryogenic gene expression program [6] [7].
Probably cells acquire competence after responding to the appropriate signals and up-regulating different regu-
latory factors. Research studies highlighting the molecular and genetics basis of SE are vastly incoherent and
largely dependent upon the genotype/cultivar, tissue type, physiological conditions of the donar plant and varied
cultural regimes [2]. Generally, it is assumed that the intricate process of SE has been induced by abiotic stress
conditions in the culture-microenvironment. This condition may include wounding, micro-nutrient supply, os-
motic stress and hormonal treatment [7]-[12]. The latter has been shown to be the foremost constrain through
up-regulation of cell-signalling processes in the competent somatic cells. However, still an important concern is
to define the most precise and prevalent targets of such stress condition in SE.

The endogenous and exogenous auxin levels have direct correlation with various stress-induced factors and
genes which has been observed up-regulated during the initiation and progression of SE [13] [14]. Auxin has
been reported to be an important factor involved with the up-regulation of cell-signalling genes [15]. The con-
version of a normal somatic cell into an embryo is reliant on a molecular switch in the existing signalling cas-
cade. Such re-programming could however, occur either at alternatively or simultaneously at transcriptional and
post-transcriptional levels or at both. It has been earlier reported [16] that SE requires high active RNA synthesis
when switched to embryogenic cell proliferation. Therefore, identification and characterization of signalling
candidate genes and trans-factors will highly contribute to our understanding the molecular basis of cell-to-em-
bryo transition. Signalling genes and transcription factors specifically expressed during embryogenic stage could
also be used as competent marker for the cell-fate change.

The SERK gene is one of the potential candidate genes those have been revealed for their direct role in SE in-
duction [6]. The SERK molecules were first identified in Daucus carota cell cultures expressed in highly vacu-
olated cells. The expression of SERK gene was detected in somatic embryos upto globular stage of embryo de-
velopment [17] [18]. Over expression of SERK gene led to 3-to-4 fold increase in the embryogenic competence
and cell-to-embryo transition [19]. After the identification of SERK gene from Daccus, homologous genes were
reported from A. thaliana (AtSERK1) [19] [20]; Cocos nucifera (CnSERK) [21]; Citrus unshiu (CuSERKZ1) [22];
Dactylis glomerata (DgSERK) [23]; Helianthus annus (HaSERK) [24]; Medicago trancatula (MtSERK) [25];
Oryza sativa (OsSERK) [26]; Solanum tuberosum (StSERK1) [27]; Theobroma cacao (TcSERK) [28]; Triticum
aestivum (TaSERK) [29] and Vitis vinifera (VVSERK) [30] with their role in the induction of SE. The over-expres-
sion of SERKSs at the cell surface involves in the production of several other molecular signals which act as li-
gand to the cell surface receptors. These ligands when bind to extracellular domain of SERK protein mediated
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by LRR region induces signaling cascade inside the cell. This signal through different sub-steps ultimately tar-
gets the nucleus and helps in alteration of the existing gene expression pattern and the cellular or molecular al-
terations possibly via chromatin remodeling enhance the expression of other somatic embryogenic inducing
genes e.g. LEA, LEC, BBM and combined effect of these all compel a somatic cell to embryo transition [6] [18]
[30]-[38]. 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. Nonetheless more variants of SERK gene have
been identified involved in the metabolic activities such as brassinosteroid pathway for resistance trait, pollen
wall formation and in the reproductive organs highlighting the multi-function of SERK-mediated signaling [39];
and are not related to SE by any means. Therefore, receptor kinases having direct role in SE, and involved in
other functions are designated as “SERK” and “SERK-like” gene, respectively hereinafter. Comparison of
SERK and SERK-like genes/proteins at structural and regulatory levels would contribute to our understanding
of the key changes evolved in the receptor kinases and are accountable for the orientation of cell-signaling
during SE.

2. Materials and Methods
2.1. Analysis of Transmembrane Topology and Signal Peptide

Phobius online platform (http://phobius.sbc.su.se/) was used for transmembrane topology and signal peptide
analysis in the AtSERK1 (AEE35238.1), AtSERK4 (AEC06259) and MtSERK1 (AAN64294.1). The protein
sequences in FASTA format for each were obtained from NCBI protein database as already mentioned above
and directly submitted to the Phobius online platform (http://phobius.sbc.su.se/). The prediction is based on a
Hidden Markov Model (HMM) and algorithm called N-best performing the different sequence regions of a sig-
nal peptide and the different regions of a transmembrane protein in a series of interconnected states [40]. It re-
duces the chance of false classifications of transmembrane helices and signal peptides. In comparison to TMHMM
and SignalP programmes [40] where often signal peptides are predicted as TM helices by mistake.

2.2. Analysis of Short Linear Motifs

AtSERK1, AtSERK4 and MtSERK1 protein sequences were obtained from NCBI protein database. AtSERK1
protein sequence obtained from NCBI which has reported as marker for SE were analysed with comparative analy-
sis of AtSERK4 (non significant for SE) using “Eukaryotic Linear Motif” (ELM) resource at (http://elm.eu.org)
which is a comprehensive database of known experimentally validated motifs, and an exploratory tool to dis-
cover putative linear motifs published very recently it uses different logical filters (or rules) based on context
information to discriminate between likely true and false positives to predict accurately [41]. For, further valida-
tion, MtSERKZ1 (highly significant in SE) protein sequence were also analysed for short linear motifs using the
same parameter of analysis on ELM resource platform.

2.3. Analysis of Glycosylation Sites

NetOGlyc3.1 online server (http://www.cbs.dtu.dk/services/NetOGlyc/) was used for the prediction of glycosy-
lation pattern in the AtSERK1, AtSERK4 and MtSERK1 protein sequences. For pattern recognition NetOG-
lyc3.1 online server is based on artificial neural networks and weight matrix algorithms to determine the exact
position of in vivo O-linked GalNAc-glycosylated serine and threonine residues from the primary sequence.

2.4. Construction of SERK Phylogenetic Tree

Sequences of different SERK proteins were obtained from NCBI protein database and used for phylogenetic
analysis on Phylogeny.fr online platform [42] (http://www.phylogeny.fr/). MUSCLE 3.7 was used for multiple
sequence alignment. Gblocks 0.91b were used for alignment refinement to removes alignment noise. The para-
meters are set to their default values in Gblocks. PhyML 3.0 aLRT program with substitution model WAG were
used for phylogeny prediction and TreeDyn 198.3 program were used for tree rendering.

2.5. In Vitro Tissue Culture of Cotton

Cotton (Gossypium hirsutum L. cv. Coker 310FR) plants [43] were grown in the cotton green house at Gautam
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Buddha University, UP at 32°C temperature and 16:8 hr day/night lengths. Seeds were surface sterilized using
protocol of [44] and germinated on half-strength MS medium (Table 1). The cotyledonary explants from 7-day-
old seedlings were used for in vitro tissue culture at 28°C + 2°C, 12:12 hr light/dark combination. The explants
were incubated on different media compositions (Table 1), for the emergence of embryogenic calli. In the
present study, all calli from different developmental stages were harvested at least in three biological replicates.

2.6. Analyses of Intrinsic Disordered Region

Intrinsically unstructured/disordered pattern in the protein sequence of AtSERKZ1 (highly significant for SE) in
comparison to AtSERK4 (non-significant for SE) along with MtSERK1 (highly significant for SE) for validation
purpose were predicted using IUPred online platform (www.iupred.enzim.hu). Protein sequences were obtained
from NCBI protein database and directly submitted in IUPred in FASTA format to get the result. Unstructured/
disordered regions of protein predicted were based on estimated energy content [45]. Further, to analyse protein
binding pattern with other protein in the disordered region online tool ANCHOR [46].

2.7. Prediction of Promoter Regions for Trans-Factor Binding Sites

AtSERK1 and AtSERK2 promoter sequences were obtained from [47]. Promoter sequences were directly sub-
mitted to plant promoter analysis navigator online platform (http://PlantPAN.mbc.nctu.edu.tw) and selected the
command for transcription factor binding site analysis. For MtSERK1 promoter analysis the promoter sequences
(accession EU499307) were obtained from National Center for Biotechnology Information (NCBI) database and
was also analysed with Plant PAN platform using same parameter of analysis.

3. Results and Discussion
3.1. Structure of SERK Proteins

The detailed sequence analysis of SERK and SERK-like proteins was performed using different in silico tools.
Studied SERK and SERK-like proteins comprised of signal peptide, leucine zipper, leucine rich repeats, Ser-Pro
rich region, transmembrane domain, kinase domain and C-terminal region, however selective specific alterations
were observed in the SERK proteins than SERK-like proteins. This might be important for confirmation of the
precise role of SERK proteins in the acquisition of embryogenic potential in a somatic cell.
1. Transmembrane topology

The signalling molecules such as SERK proteins may reflect the signature of evolutionary patterns of trans-
membrane proteins which evolved exclusively for their role in SE. To validate this assumption, transmembrane
topology was performed using Phobius online server for SERK proteins including AtSERK1, MtSERK1,
StSERK1, GhSERK1 and CuSERKZ. This platform was also used to understand transmembrane topology on the
SERK-like proteins (earlier reported to be non-significant for SE including AtSERK4, AtSERK5, GhSERK?2 and
GhSERKS). Prediction results showed conserved length of cytoplasmic domain of 362 amino acid across spe-
cies for SERK whereas it varied for SERK-like and of greater length (Table 2, Supplementary Figure 1).

Table 1. Constituents of different media for cotton culture as per [65].

Medium 1/2 MS MST1 MSOT2 MSOT3
Salt (MS) 0.5x 1x 1x 1x
B5 Vitamins 0.5x 1x 1x 1x

Carbohydrate Source

Sucrose (2%)

Glucose (3%)

2,4-D (100 pg/l)

Glucose (3%)

Glucose (3%)

Phytohormones - Kinetin (500 pg/l) - -
Gelling Agents Agar (0.7%) Phytagel (0.2%) Phytagel (0.2%) Phytagel (0.2%)
pH 5.80 5.80 5.80 5.80
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Table 2. Comparison of different structural components of SERKs and SERK-like proteins from different species highlight-
ing differential number of amino acids in the trans-membrane region of SERK proteins than SERK-like proteins.

Proteins Plant Species Slgqal N-Region H-Region C-Region hEL Cytqplasmlc Transmembrane Cytoplgsmlc
Peptide Region Region Region
AtSERK1 1-26 1-5 6-16 17 - 26 27 - 233 234 - 262 263 - 625 = 362aa
MtSERK1 1-28 1-6 7-20 21-28 29 - 240 241 - 264 265 - 627 = 362aa
SER.K StSERK1 1-30 1-8 9-22 23-30 31-242 243 - 266 267 - 629 = 362aa
Proteins

GhSERK1 1-32 1-9 10-20 21-32 33-240 241 - 264 265 - 627 = 362aa
CuSERK1 1-22 1-4 5-14 15-22 23-234 235 - 258 259 - 621 = 362aa
AtSERLK4 1-33 1-9 10-21 22-33 34 - 229 230 - 255 256 - 620 = 364aa
SERK-Like AtSERLKS 1-24 1-7 8-16 17-24 25-215 216 - 236 237 - 601 = 364aa
Proteins GhSERLK2 1-32 1-8 9-20 21-32 33-227 228-251 252 -620 = 368aa
GhSERLKS3 1-32 1-8 9-20 21-32 33 - 227 228 - 251 252 - 620 = 368aa

Interestingly, investigated SERK proteins contained smaller cytoplasmic domain of 362 amino acids (aa) than to
SERK-like proteins comprising upto 368 aa. Consistency in the length of cytoplaasmic domain of SERK pro-
teins and SERK-like protein may be accounted for their diverse functional evolution across species.

2. Short linear motifs

Short linear motifs (SLiMs) are the short amino acid chains earlier reported to be important in mediating the
regulatory functionality in the cell, mainly in cell signalling [48]. SLiMs bind to the target in conditional, tran-
sient and tunable manner so that it may regulate many cellular functionalities. Genesis of novel SLiMs in the
cell is easy due to least number of residues in the motifs responsible for their specificity. As a result SLiMs per-
form as driver of different gene network evolution by facilitating unique interface for interaction of proteins.
The plasticity in SLiMs make it amenable for convergent evolution of many genes for a particular function in
cellular pathways [49]. The affinity and specificity determining residues are usually encoded between 3 and 11
contiguous amino acids [50].

Since the acquisition of SE is directly dependent upon the induction of cellular signalling mainly through
SERK proteins, it becomes essential to explore the possibilities for the precise role of SLiMs in this mechanism.
Therefore, SERK gene sequences of Arabidopsis (AtSERK1) and Medicago (MtSERK1) reported beforehand as
robust biomarkers of SE [25] [47], were compared to the SERK-like sequence of Arabidopsis (AtSERK4) using
ELM database of SLiMs [41]. Three significantly different linear motifs were observed exclusively in the SERK
proteins viz. LIG_BRCT_BRCA1; DOC_CYCLIN_1 and LIG_EVH1 2 (Figure 1). The number of these do-
mains was much higher in SERK proteins than SERK-like proteins ranging the difference from 2 - 4 motifs per
region. Surprisingly, in spite of such an important role in cellular regulatory network the information on linear
motifs is still inadequate. However, presence of SLiMs exclusively in SERK proteins than SERK-like proteins
across species highlighted their direct co-relation with the acquisition of SE. The experimental validation of
SLiMs for their direct correlation with SE would further enhance our understanding to establish their precise
role through functional evolution.

3. O-GalNAc (mucin type) glycosylation sites

The process of an addition of a sugar chain to a protein is called glycosylation. Emerging genetic studies have
revealed the function of a subset of glycosyltransferases gene family responsible for the formation of mucin-
type-O-glycans essential for normal plant development. Mucin-type O-glycosylation, consisting of glycans at-
tached via O-linked N-acetylgalactosamine (GalNAc) to serine and theronine residues, is one of the most abun-
dant forms of protein glycosylation [51]. When SERK protein sequences AtSERK1 and MtSERK1 were com-
pared with SERK-like protein sequence of AtSERK4, more O-glycosylation sites were observed in AtSERK4
protein sequence than AtSERK1 and MtSERK1 mainly between 200 - 300 aa (Figures 2(C)). This highlights the
negative co-relation of O-GalNAc with SE. This fact has already been experimentally validated in case of the
high SE inducer arabinogalactan proteins, having least pretentious protein segment due to high glycosylation
[52]. Though there are no data available for the direct role of O-glycosylation in the intricate mechanism
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Figure 1. SLiMs of a typical SERK sequence from MtSERK1. Three significantly different linear motifs remain present exclu-
sively in the SERK proteins viz. DOC_CYCLIN_1; LIG_ BRCT_BRCA1_1and LIG_EVH1 2, as highlighted with the box.

of SE, experimental validation of these important differences between SERK and SERK-like proteins would
enhance our understanding to the key genes regulating different pathways in SE.

3.2. Evolution of SERK and SERK-Like Proteins

Members of receptor kinase protein family play diverse roles in different biological systems. Besides SE, they
contribute in BR signalling pathway, cell death control pathway, disease resistance pathway, microsporogenesis
and apomixes (Table 3). Protein sequences of different SERK and SERK-like proteins of monocots Zea mays,
Triticum aestivum, Cocos nucifera, Ananas comosus; and eudicots Daccus carota, Solanum tuberosum, Arabi-
dopsis thaliana, Medicago trancatula, Citrus spp., Gossypium hirsutum, Cyclamen persicum, Carica papaya,
and Rosa canina were used for phylogenetic analysis. These SERK and SERK-like proteins have previously
been characterized for their specific functions [31] [53]. On the basis of sequence alignment result, the amino
acid sequence of dicot and monocot species showed high homologous regions mainly in the receptor kinase re-
gion, as also shown previously [18]. However, maximum differences were observed in their peptide signal do-
mains probably due to different functions. Further using the alignment results, a phylogenetic tree was con-
structed establishing the evolutionary relationship among all studied SERK and SERK-like protein sequences
(Figure 3). Phylogenetic analysis showed that plant SERK and SERK-like genes grouped into three different
groups harboring monocots, conifers and eudicots, respectively (Figure 3). Presence of SERK proteins in an-
giosperm to gymnosperm indicates that evolution of SERKSs occurred before the divergence of monocots and eu-
dicots, around 150 MY ago. Phylogenetic evidence also supported the retention of multiple SERK paralogs fol-
lowing both ancient and more recent duplication events. It is thus hypothesized that SERK protein variants are
evolved under Darwinian selection through partitioning of function between homeologs of the co-resident ge-
nomes of allopolyploids. Therefore, orthology of SERK gene family is inversely proportional to their function.
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Table 3. List of selective SERK and SERK-like reported genes from different plant species with their characterized func-
tion.

Name of Gene Species Gene Type Characterized Function References Remarks
Total 5 members in
AtSERK1 Arabidopsis SERK Somatic embryogenesis [47] SERK gene family
of Arabidopsis
. . i Microsporgenesis, BR signalling
AtSERK2 Arabidopsis SERK-like pathway, cell death control pathway [47]
AtSERK3 . . " BR signalling pathway, cell death control
(BAK1) Arabidopsis SERK-like pathway, disease resistance pathway [66]
AtSERK4 . . " BR signalling pathway,
(BKK1) Arabidopsis SERK-like cell death control pathway [66]
SERKS5 might not be
AtSERK5 Arabidopsis  SERK-like [677  functional due to a natural
point mutation at a highly
conserved “RD” motif
OsSERK1 Oryzasativa  SERK-like Defence signal transduction, 68]
somatic embryogenesis
Medicado A total of nine SERK or
MtSERK1 g SERK Somatic embryogenesis [69] SERK-like genes have been
truncatula P
identified in M. truncatula
SERK Dactylis SERK Somatic embryogenesis [23]
glomerata,
SERK Helianthus SERK Somatic embryogenesis [24]
annuus
Ocotea . .
SERK catharinensi SERK Somatic embryogenesis [70]
SERK Theobroma cacao SERK Somatic embryogenesis [28]
PpSERK Poa pratensis SERK Apomixis [71]
Momordica . .
McSERK charantia SERK Somatic embryogenesis [72]
DcSERK Daucus carota SERK Somatic embryogenesis [18]
CitSERK1 Citrus sinensis SERK Somatic embryogenesis [73]
SERK Citrus unshiu SERK Somatic embryogenesis [22]
TaSERK1 Triticum aestivum SERK Somatic embryogenesis [29]
. . . A total of 17
GmSERK1 Glycine max SERK Somatic embryogenesis [74] SERK in soybean
Araucaria . .
AaSERK1 angustifolia SERK Somatic embryogenesis [75] Gymnosperm
CISERK Cylr;gte:géleum SERK Somatic embryogenesis [76] Gymnosperm
CnSERK Cocos nucifera SERK Somatic embryogenesis [21]

In Group | of monocots, SERK and SERK-like genes of maize and wheat showed close relationship than co-
conut and Ananas, and clustered into a single group with an average of 69% identity. The cluster includes both
SERK and SERK-like protein sequences and has been reported to be involved in SE and other roles of the
SERK proteins, alone or in combination with other members. Group Il is constituted with two conifers Pinus
and Araucaria aligned together with high amino acid similarity. However, all studied eudicots constructed group
I harboring different species of Solanum, Cyclamen and Citrus spp. along with other taxa (Figure 3). Three
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SERK protein variants from different species of genus Solanum clustered together highlighting high amino acid
sequence similarity with most recent genic duplication of SERK and SERK-like genes. The Arabidopsis SERK
protein has five variants of SERK and SERK-like genes involved in SE, brassinosteroid signalling pathways and
male microsporogenesis, respectively [31]. This data suggest that many SE-related SERK genes are evolutiona-
rily conserved among plant species, though not for their functional component.

Similarly, isolation and characterization of three cotton (Gossypium) homoelogous SERK and SERK-like
genes with their full-length transcript sequence have been reported previously, exhibiting homology with other
species SERK sequences, for example, five SERK genes from Arabidopsis [20], four genes from Helianthus an-
nus [24], and three genes from Zea mays [20]. In our laboratory, functional characterization of cotton SERK1
(GhSERK1) in the progression of SE was performed during cotton regeneration through SE involving first,
second and third phase calli (Figures 4(A)-(C)). The expression changes in cell-signaling factor GhSERK1 and
its other variants were analyzed in different phase calli of a fully-regenerating line. In result, significant expres-
sion up-regulation of only GhSERK1 was observed in the embryogenic calli than non-detectable expression le-
vels of GhSERK2 and GhSERKS (illustrated by shaded area). This experimental evidence further supports our
hypothesis of functional co-evolution of different SERK and SERK-like protein variants.

Expression comparison of SERK with SERK-like genes firmly distinguished both class of receptor kinases.
The SERK-like proteins appeared to revert the growth reduction by the loss of SERK-mediated cell-signaling
required during SE. This indicates that differences in SERK and SERK-like proteins’ expression specificity may
be true reflection of significant accordance with their physiological functions. Though these results are prelimi-
nary and further work is required to determine if SERKSs fully complements under growth and stress conditions.
Given the high sequence similarity among different SERK members across taxa, it could also be assumed that
this class of proteins are functionally redundant, thereby masking a synergistic effect with SERK-like variants.

3.3. Possible Role of Intrinsic Disordered Region of SERK Proteins in SE

Intrinsically disordered proteins (IDPs) have no sole explicit tertiary structure in their native functional state due
to their intrinsic flexibility. Till recently, any protein is considered for a functional property based on its tertiary
structure, and based on this conjecture more than 80 K protein sequences have been deposited in the protein data
bank so far. Interestingly, out of these nearly 1000 structures are now among the registry of unstructured or dis-
ordered chains which only convert itself into prerequisite structured forms in response to an appropriate signal/
stimuli received in the form of a protein/ligand [54]. This may however be considered as advantageous on func-
tional basis as the IDPs undergo induced disordered-to-ordered transition in response to the pertinent signals
[55]. Thus it is apparent that structural disordered regions of proteins have a strong potential to define and rede-
fine the cellular signalling pathways during cellular development. Most recently it has shown that such disor-

1st stage callus 2nd stage callus Pro-embryogenic callus
(MST1 medium) (MSOT2 medium) (MSOT3 medium)

N

Figure 4. Regeneration of cotton (Gossypium hirsutum L. cv. Coker 310) through somatic
embryogenesis [65]. (A) Cotyledonary explants with yellowish-friable callus; (B) Yello-
wish-white granular embryogenic callus after second sub-culture; (C) Embryogenic callus af-
ter 15 days of incubation. Relative quantification of GhSERK transcripts in the corresponding
stages of regeneration is shown. Normalized values are plotted from different tissues analysed
including three stages of callus formation. Significant expression up-regulation of GhSERK1
observed in the embryogenic calli on MSOT3 medium is illustrated with shaded area.
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dered regions are very important for the function of a protein and helps in protein folding within very short time-
frame only in response to an appropriate signal [56].

Previously in our laboratory, it has been shown that application of diverse stress conditions in vitro induce SE
among plant species. For example, micronutrient boron-mediated stress increased endogenous auxin level that in
turn up-regulated the selected variant of signalling molecule SERK in SE-competent somatic cells [15]. Since
members of SERK gene family are functionally diverged, specific pattern of intrinsic disordered regions of
SERK protein might be important for induced folding and its activation in response to the applied stress condi-
tion. Hence, it is subjected to further investigation identifying the actual ligands and partner protein which in-
duce SERK molecules for proper folding in SE.

To validate this conjecture, SERK protein sequences of Arabidopsis (AtSERK1) and Medicago (MtSERK1)
reported beforehand as robust biomarkers of SE [25] [47], were compared to the SERK-like sequence of Arabi-
dopsis (AtSERK4) for the elements of intrinsic disorderdness using IUPred platform. In result, patterns of intrin-
sic disordered regions beyond the threshold are significant and comparable between SERK proteins of AtSERK1
and MtSERK1 than SERK-like protein of AtSERK4 (Figure 5). Further, to confirm the disordered regions’ cha-
racteristics, prediction of binding region of other proteins with disordered regions was also performed. It was
observed that both AtSERK1 and MtSERK1 have no binding regions available (Figure 5(A) and Figure 5(B))
whereas AtSERK4 has one disordered binding region from amino acid 193 to 200 (Figure 5(C)) [45] [46].
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Figure 5. Prediction of intrinsic disordered regions in SERK and SERK-like genes. (A) SERK protein sequence
of Arabidopsis SERK1 (AtSERK1) reported earlier for its direct role in SE; (B) SERK protein sequence of Me-
dicago SERK1 (MtSERK1) reported earlier for its direct role in SE; (C) SERK protein sequence of Arabidop-
sis SERK4 (AtSERK4) known for having no role in SE. Any incisive peak touching or crossing the threshold
(0.5) disorder tendency was considered to be significant disordered region.
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The disordered regions identified in AtSERK1 and MtSERK1 proteins may thus be assumed to perceive ex-
ternal stress-induced signals those in result mediate quick protein folding bringing the property for switching-on
the cellular signals essential for the acquisition of SE. However, it would be fascinating to search the fine bal-
ance between type and intensity of stress that is required for the induction of proper folding of disordered re-
gions of SERK protein and its contribution towards SE acquisition. Also, refolding of these disordered regions
in SERK protein in response of stress may have affected more indigenous pathways which compelled somatic-to-
embryo transition. Therefore, probably such flexible regions are one of the key regions of SERK proteins in-
tended to trigger SE in plants.

3.4. Structural Evolution of SE-Specific Promoter Regions of SERK Genes

The endogenous auxin-mediated induction of cell-signalling through up-regulated SERK genes has earlier been
revealed at the onset of in vitro SE [15]. However, SERK-like proteins have their defined role in distinct meta-
bolic pathways than in SE. The AtSERK1 protein has been reported for its high expression in the embryogenic
callus of Arabidopsis than AtSERK2 protein and considered as an efficient biomarker of SE [19] [31] [57]. To
understand the spatial expression of such signalling genes required for SE, the regulatory sequences of two dif-
ferent genes of Arabidopsis that are SERK (AtSERK1) and SERK-like genes (AtSERK2) were analyzed. Significant
differences in the transcription factor binding sites were observed within the promoter regions of SERK (AtSERK1)
and SERK-like (AtSERK?2) genes. Interestingly, in the promoter region of AtSERK1 gene, AINTEGUMENTA (ANT)
transcription factor binding site is prominently accessible in the promoter region than in the upstream region of
AtSERK2 gene.

AINTEGUMENTA is an AP2-like ethylene responsive transcription factor, a family of proteins involved in
ethylene signal transduction recognizing and binding to the DNA consensus sequence 5-CAC[AG]N[AT]
TNCCNANG-3’ [58]-[61]. The trans-factor ANT has been reported for its important role in the cellular fate de-
ciding processes throughout the development of ovule and female gametophyte; and even upto embryogenesis.
Previously, higher expression levels of ANT have been detected in the developing and mature flower tissues [59]
[61]. The ANT factor contains two AP2 domains homologous with the DNA binding domain of ethylene re-
sponse element binding proteins, demonstrated earlier for their utility in SE process [62]. As shown previously
[60], ANT plays an important role in the maintenance of proliferative cell state during embryogenesis and con-
sequently in organogenesis. Further, primordia are initiated at the sites of auxin accumulation within the peri-
pheral zone of embryo developmental stages and PIN proteins play important role in the supply of auxin [63]
[64]. It is thus clear that ANT transcription factors are regulated by auxin gradient suggested for auxin-mediated
regulation of ANT transcription factor in SE. The ANT is part of a complex and robust molecular system that
coordinates patterning signals and cellular proliferation through embryo development [58]. This data indeed
provide support for the structural changes in the regulatory sequence of AtSERK1 gene evolved exclusively for
its spatial expression during SE, than the regulatory sequences of AtSERK2 gene.

However, this is still a concern whether such evolutionary changes are species-specific or global? To confirm
this hypothesis, regulatory sequence of SERK variant of Medicago truncatula (MtSERK1) reported earlier as
significant biomarker of SE [25], was analysed and compared with AtSERKSs regulatory sequences. Since
MESERKZ1 is important for SE, any structural change evolved in the regulatory sequences as a prerequisite to SE
would support the hypothesis of global evolution of SE-specific regions or vice-versa. In result, similar to the
regulatory region of AtSERK1 gene, an ANT binding site was also present in the regulatory sequence of MtSERK1
gene which further validated the evolution of ANT transcription factors towards their precise role in the acquisi-
tion of SE across species. Regulation of SERK genes through ANT transcription factor binding and its upstream
regulation by hormonal balance is a new approach towards revealing the molecular mechanism for SE acquisi-
tion.

4. Conclusion

The current study implicates the structural evolution of receptor kinases involved in the intricate process of SE,
enhancing our understanding for the SERK-mediated cell-signalling during SE. We provide evidences for the
evolution of precise structural components in the receptor kinases and their regulatory sequences through a
comparison of SERK and SERK-like proteins, reported earlier for their direct role in embryogenic transitions
and other metabolic pathways, respectively. In general, presence of SERKs across angiosperm to gymnosperm
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highlights the evolution of such proteins much before in the plant kingdom for the enhancement of occurrence
and magnitude of embryogenesis through fine-tuning of cell-siganling genes. Remarkably, intrinsic disordered
regions known for their role in protein folding in response to a stress signal, various SE-related components on
the N-terminal part of the proteins along with SE-specific trans-factor binding sites are diagnosed as having be-
come enhanced system-wide exclusively in SERK proteins. An exciting prospect for future work will be to dis-
sect these structural modifications and their responsible constituents for their precise role in the complex me-
chanism of SE.
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Figure S1. Prediction of transmembrane topology of SERK (AtSERK1, MtSERK1) and SERK-like (AtSERK4)
proteins.
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