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Steroidogenic acute regulatory related transfer (StART) proteins that are involved in transport of lipid molecules, play
a myriad of functions in insects, mammals and plants. These proteins consist of a modular START domain of
approximately 200 amino acids which binds and transfers the lipids. In the present study we have performed a
genome-wide search for all START domain proteins in chickpea. The search identified 36 chickpea genes belonging to
the START domain family. Through a phylogenetic tree reconstructed with Arabidopsis, rice, chickpea, and soybean
START proteins, we were able to identify four transmembrane START (TM-START) proteins in chickpea. These four
proteins are homologous to the highly conserved mammalian phosphatidylcholine transfer proteins. Multiple sequence
alignment of all the transmembrane containing START proteins from Arabidopsis, rice, chickpea, and soybean revealed
that the amino acid residues to which phosphatidylcholine binds in mammals, is also conserved in all these plant
species, implying an important functional role and a very similar mode of action of all these proteins across dicots and
monocots. This study characterizes a few of the not so well studied transmembrane START superfamily genes that may
be involved in stress signaling. Expression analysis in various tissues showed that these genes are predominantly
expressed in flowers and roots of chickpea. Three of the chickpea TM-START genes showed induced expression in

response to drought, salt, wound and heat stress, suggesting their role in stress response.

Introduction

Steroidogenic acute regulatory (StAR) proteins in mammals
bind and transfer lipid molecules such as cholesterol between the
intracellular membranes in humans." The START domain
(StAR -related lipid transfer protein) is a lipid binding and trans-
fer domain of around 200 amino acid in length.? X-ray crystal-
lography revealed a helix grip fold secondary structure for the
START domain.>* Ligands like lipids are important for metabo-
lism, act as signaling molecule, assist in membrane stability5 etc.
A few StAR proteins have been reported to bind to cholesterol,
phosphotidylcholine, ceramide® and the carotenoid lutein.”

START domain containing genes are present in a few genera
of bacteria, unicellular protists but absent in archaea and yeast.
Drosophila melanogaster, Caenorhabditis elegans, and Bombyx mori
also possess a few START proteins, while humans and mice have
15 each.” In humans, most of the START proteins are
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multi-domain proteins. Mutations in the START domain results
in congenital adrenal hyperplasia, and in one case,® a protein
homologous to StAR was found to be over-expressed in breast
cancer. In Drosophila, STARTT gene is a key regulator of ecdys-
teroid synthesis.”

In plants, START domain containing proteins are commonly
found to have a homeodomain, a DNA-binding domain (HD-
START). Two other domains, the pleckstrin homology (PH)
domain and the DUF 1336 (domain of unknown function), are
also present along with the START domain in some proteins.”
Apart from these two classes, two more viz., the START minimal
protein class containing only the START domain, and trans-
membrane domain (TM-START) containing START proteins
are also present in plants. The number of START proteins pres-
ent in Arabidopsis and rice is 35 and 29, respectively.” In plants,
START domain containing proteins have been reported to per-
form varied functions. In Arabidopsis, ATML1 and PDEF2
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Table 1. List of START domain proteins in chickpea

S.NO ID Protein Size (aa) Type Start Domain Region Chromosome Location
1 Contig23652 737 HD-START 257-476 |

2 Contig15638 804 HD-START 238-458 Scaffold
3 Contig2884 750 HD-START 261-484 \%

4 Contig2569 729 HD-START 249-468 Vil

5 Contig13133 777 HD-START 289-513 Vil

6 Contig22402 762 HD-START 270-493 Scaffold
7 Contig5986 814 HD-START 326-552 1l]

8 Contig14368 810 HD-START 290-514 Vil

9 Contig12681 722 HD_START 227-450 |

10 Contig1668 713 HD_START 235-458 \%

11 Contig3503 624 HD_START 149-367 |

12 Contig3505_1 464 HD_START 227-448 |

13 Contig 3505_2 524 MINIMAL_START 44-262 |

14 Contig1250 755 HD_START 273-494 |

15 Contig80 619 MINIMAL_START 262-375 I

16 Contig5081 372 MINIMAL_START 1-114 VI

17 Contig3504 463 MINIMAL_START 35-258 |

18 Contig12904 311 MINIMAL_START 83-153 |

19 Contig12363 851 HD_START_MEKHLA 165-372 Vi

20 Contig4799 829 HD_START_MEKHLA 164-371 |

21 Contig9932 838 HD_START_MEKHLA 160-367 Vi
22 Contig3514 844 HD_START_MEKHLA 165-372 VI
23 Contig5082 526 HD_START 418-524 Vi
24 Contig10550 793 HD_START_MEKHLA 161-341 Vi
25 Contig8429 761 HD_START_MEKHLA 142-351 \Y

26 Contig10484 452 MINIMAL_START 329-422 VI

27 Contig380 848 HD_START_MEKHLA 158-366 Vi

28 Contig25266 493 MINIMAL_START_TM 182-386 |

29 Contig632 437 MINIMAL_START_TM 155-317 Vil
30 Contig2750 399 MINIMAL_START_TM 98-306 \%

31 Contig5716 425 MINIMAL_START_TM 139-289 Vv

32 Contig4555 188 MINIMAL_START 32-165 Vi
33 Contig54670 147 MINIMAL_START 6-123 Scaffold
34 Contig6542 235 MINIMAL_START 42-211 \Y

35 Contig16710 477 MINIMAL_START 108-271 |

36 Contig30763 251 MINIMAL_START 77-251 Vil

HD-START proteins are required for epidermal differentiation
during embryogenesis.'® In rice, the ortholog of ATMLI, rice
outermost cell specific gene 1 (Rocl), has an analogous function,
and is developmentally regulated during early embryogeneiss.'’
Arabidopsis Anthocyaninless 2, a HD-START protein, affects
anthocyanin accumulation and cellular organization in roots.'”
Another HD-START protein, GL2, is involved in trichome
development and is a negative regulator of phopholipid signaling
in the roots."> Mutations in two HD-ZIP START genes, PHA-
BULOSA and PHAVOLUTA of Arabidopsis, which are impli-
cated in the perception of radial positional information in the
leaf primordium, cause a dramatic transformation of abaxial leaf
fates into adaxial leaf fates."*

The function of START proteins with domains like HD
and PH has been mostly related to plant development. Also,
mutants of these genes and genes involved in sterol biosyn-
thesis have similar phenotypes. One of the START proteins,
EDR2, containing the DUF 1336 and PH domains was
reported to act as a negative regulator of pathogen induced
resistance.'’ According to Tang etal. (2005) the EDR2
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protein may become functional with the binding of a lipid
ligand and that it may provide the missing links between
lipid signaling, mitochondria and activation of programmed
cell death in plants. Most of the studies hitherto mentioned
have been on START proteins that are associated with the
HD/PH/DUF 1336 domains. To the best of our knowledge,
no study has thus far been conducted on the transmembrane
containing START proteins. Generally, membrane proteins
are involved in diverse processes such as cell signaling, trans-
port of membrane-impermeable molecules, cell-cell communi-
cation, cell recognition and cell adhesion.'® In plants also,
transmembrane domain containing genes have been impli-
cated in a variety of processes. For example, ethylene signal
transduction pathway consists of a receptor containing trans-
membrane domain at the N-terminal region for ethylene
binding and is localized in the endoplasmic reticulum mem-
brane.!” Brassinosteroid insensitive (BRI1), receptor for a ste-
roid, consists of a transmembrane domain localized in the
plasma membrane.'® In addition, inside a cell, membrane
lipid and protein dynamics is thought to be important for
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arate grouping of TM-START proteins.

Figure 1. Neighbor-joining phylogeny of Arabidopsis, chickpea, rice and soybean START proteins performed in MEGA6. Colored branch indicates the sep-

stress perception and signaling. There are several proteins
associated with the membrane by means of transmembrane
domain. In Arabidopsis, several transcription factors such as
the NAC family, which possess transmembrane domain have
been identified that are reported to function in stress response
as and when the membrane profiles change.'” All examples
cited above describe protein activation upon the binding of a
ligand followed by the transduction of stress signal. The pro-
tein could act as a transcription factor which triggers a path-
way or as a component of a wider signal transduction
pathway by taking part in protein-protein interactions.

The presence of transmembrane domain in a protein along

with a ligand binding domain like START could be

www.tandfonline.com Plant Signalin

indicative of the important roles these proteins play in vari-
ous processes in plant such as growth, development, and the
ability to survive harsh conditions. Schrick et al.> reported
that one of the classes of START proteins named phosphati-
dylcholine transfer proteins were conserved from animals to
plants. All the proteins of this class also contain transmem-
brane domain(s). Since, the START proteins with transmem-
brane domains are highly conserved, we have undertaken a
study of this group of proteins in chickpea. The availability
of the draft sequence of its genome®®?' facilitates in silico
identification and characterization of this important group of
genes. In our study, we have identified START domain con-
taining  proteins, particularly the ones that contain
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search parameters were: Motif width
range: 6-50 with maximum 20 motifs
I for discovery.”’ The cis-regulatory ele-
ments in the promoter were analyzed
using PLANTCARE database™ in the
2Kb upstream sequences of the trans-
membrane START genes.

Putative START domain containing
ITa . . .
transcripts of chickpea were obtained
from CTDB through providing Pfam
domain id®* (PF). BlastN search of pre-
dicted CDS from the genome sequence
II' was performed to identify its corre-
sponding transcript in the CTDB. Tran-
script identifier were used to retrieve the
normalized read counts of the transcrip-
tome data in different tissues. These read

IIb

values were used for the construction of
heat map with the Heatplus package

available on Bioconductor using the

function regHeatmap in the R statistical

8 from soybean, and four each from rice and chickpea were identified.

Figure 2. A clade consisting of TM-START proteins of Arabidopsis, chickpea, rice and soybean. From
the phylogenetic tree of 149 START proteins, 22 TM-START proteins of which six are from Arabidopsis,

environment.

Plant material and stress treatments

transmembrane domains, and carried out expression and
sequence analyses.

Materials and methods

Identification of START domain genes in the whole genome
sequence

The START domain of the Arabidopsis gene AT5G54170
(~200 amino acids) query sequence in
TBLASTN search of whole genome shotgun contigs database
of desi chickpea variety to identify putative chickpea START
proteins on NCBI (taxid:3827). Gene prediction programmes
Augustus,22 GeneMark?® and Genscan?*
prediction of genes and protein sequences. A manual analysis

was used as

were utilized for the

of the gene predictions was performed and the longest pro-
tein  sequence taken for further Pfam
analysis” and SMART?® program were utilized to find out
the START domain in the predicted sequences.

was analysis.

Domain analysis, motif and phylogenetic tree construction

Transmembrane helices in the predicted proteins were identi-
fied using TMHMM server,” v.2.0 Kyte Doolittle Hydropathy
Plot,”® and the PSIPRED Protein Sequence Analysis Work-
bench.”” Multiple alignments of selected proteins were carried
out using MUSCLE program. After manual editing, MEGA
(version 6.0) was used for construction of, neighbor joining tree
with following parameters: Poisson correction, Pairwise-Dele-
tion, and Bootstrap (1500 replicattes).30 MEME analyses were
performed to identify conserved motf in the sequences. The
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Samples from five different tissues

were collected from desi Chickpea (vari-

ety ICC4958) grown in the field. Line sowing of seeds was done

during last week of October, 2013 with each line consisting of

up to 15 seedlings. During the pod development stage (around

2" week of February), shoots, roots, flowers and pods were col-

lected from the plants and immediately frozen in liquid nitrogen
and stored in —80°C for RNA isolation.

For studies involving stress treatment, 15 day-old-chickpea
seedlings grown in pots were used. The pots were kept in glass
house maintained at 22 + 2°C with 14 hours light condition.
The leaflets and the shoot of the seedlings were subjected to
wounding with tweezers; cold and heat stress were given by shift-
ing seedlings to incubator at 4 & 1°C and 37 % 1°C respectively.
Dehydration stress was given by uprooting the seedlings and
washing the roots in tap water and placing the seedlings on the
tissue paper. Salt stress was given by uprooting, washing and
placing the seedlings in a solution of 200 mM NaCl. Seedling
samples were collected at different time intervals after stress treat-
ment viz., 15 min, 1 hr, 6 hr and 24 hr along with untreated
plants that served as control. The samples were rapidly frozen in
liquid nitrogen and stored at —80°C.

RNA isolation, cDNA synthesis and Real time PCR

Total RNA was isolated using Trizol method. The integ-
rity and quality of RNA was analyzed through agarose gel
(1% w/v) and nano drop ND-1000 UV-Vis spectrophotome-
ter, respectively. 10 g of RNA was used for the DNase I
treatment. DNase I treated RNA was used for the first strand
cDNA synthesis using Superscript III Reverse transcriptase
(Invitrogen). Quantitative Real Time PCR was done in
StepOnePlus instrument (ABI). Three biological replicates

Volume 11 Issue 2
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Figure 3. Multiple alignment of START domain of TM-START proteins from Arabidopsis, chickpea, rice and soybean performed in TCOFFEE alignment
program. BOXSHADE output reveals the conservation of amino acids in these proteins. Asterisk reveals the conservation of amino acid residues that are

required for the binding of head group of phosphatidylcholine.

were used for the different tissues and stress samples. The
gene, GADPH2, was used for normalization of cDNA sam-
ples among different stress conditions in all time points and
in the tissue samples.34 Each reaction contains 5 pL 2xSYBR
Master mix reagent (Genetix), 1 pL ¢cDNA and 200 nM of
gene specific primers in a final volume of 10 pL. Each pair
of primers were designed from Primer3plus program with an
amplicon size ranging from 150-200 bp. The sequence of
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the primers are provided in Table S2. The thermal cycle used
is as follows: 95°C for 10 min for activation, 40 cycles of
95°C for 15 s for denaturation and 60°C for 1 min for
annealing and extension. The specificity of reaction was ana-
lyzed in melting curve analysis. The amplified products were
also run in 1.5% agarose gel to confirm the expected band
size of the fragment. The relative transcript level of the
mRNA for different tissues is determined by —AACT values
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Combined

Name prvalue

AT1G35960 813120
AT1G64720 7146238
AT3G13062 365131
AT3G23080 934243
AT4G14500 850e-251
AT5G34170 1.1e-206
Glyma04g40680  1.432-269
Giymal6g14120  2.06¢-270
Glyma07g00230  4.41e-159
Glyma08g24180  4.62e-160
Gymal0g31530 185270
Gyma20g36050  3.46e-271
GLYMA11G1030 4.62¢-264
Glyma01gd4500  9.41e-262
contig25266 1.01e-137
contigh32 2.30e-257
contig2750 2.32¢-251
contigh716 418¢°256
LOC_0s0226860.1 8.19e-110
LOC_0s0708760.1 9.43¢-214
LOC_0s02903230.1 6.982-232
LOC_0s04902910.1 1.05¢-243
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Figure 4. Motifs identification in 22 TM-START proteins of Arabidopsis, rice, chickpea and soybean was performed using MEME. Motifs 6, 7 and 8 are
related to transmembrane domain.

contig 25266 tm

cortig 5386

CaA
contig 2750 tm

cortig 8429

contig 5716 tm

cortig 12363

Car

cortig 4555

contig 30763
contig 10650

cortig 13133

contig 2669
contig 632 fm

cortig 14368

Figure 5. Chromosomal mapping of identified START proteins from chickpea. Ca1-Ca8 represents the number of chickpea chromosomes distanced by
centimorgan. Three genes present in the scaffold are not mapped.
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Figure 6. Heat map of chickpea START proteins generated using the normalized read counts of different tissues. CTDB was used to retrieve the read
counts. Tentative consensus (TC) ID along with contig number in brackets represents TM-START proteins. S-Shoot: R-Root: F-Flower bud: Y-Young pod:

in comparison with the shoot values. For stress, untreated was
considered as control and fold change was calculated by a
similar method.

Results

Chickpea whole genome shotgun contigs database of desi vari-
ety (ICC4958) was used to retrieve the contigs having sequences
homologous to START protein. Arabidopsis START domain
containing protein (AT5G54170) was used as query sequence.
The contigs showing significant alignments to the query sequence
and consisting of E-value up to 0.05 were selected for the identi-
fication of chickpea START proteins. All the predicted proteins
from the selected contigs were analyzed for the presence of
START domain using Pfam and SMART databases. Our analysis
of the chickpea genome (Desi variety) resulted in the identifica-
tion of 36 genes containing START domain (Table 1).

Phylogenetic analysis

The grouping of chickpea START proteins was analyzed
through phylogenetic tree reconstruction. Arabidopsis, rice, chick-
pea and soybean START proteins were used to reconstruct the

www.tandfonline.com
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phylogenetic tree. The tree revealed that the major classes of
chickpea START proteins viz. minimal START, TM-START,
HD-START, and HD-START-MEKHLA were grouped into
distinct clades (Fig. 1). One of the least studied groups of
START proteins having transmembrane domain (TM START)
was clustered in a separate group in the phylogenetic reconstruc-
tion. The TM-START clade consisted of 22 proteins; 4 of chick-
pea, four of rice, six of Arabidopsis, and eight of soybean. The
phylogenetic clade containing only TM-START proteins of Ara-
bidopsis, rice, chickpea and soybean can be further divided into
subclades I and II (Fig. 2). The first clade with 6 TM-START
proteins consists of one member from chickpea and rice and two
each from Arabidopsis and soybean. The second clade consists of
16 proteins; this clade is further divided into two subclades i.e
Group Ila and Group IIb. Group Ila consists of six proteins and
Group IIb of 10. The four chickpea TM-START proteins were
found to be closely related to soybean than Arabidopsis and rice.
To understand more about the grouping of these proteins we
resorted to analyzing other motifs present in these proteins.

Pfam and SMART analyses revealed the presence of domains
other than START in chickpea proteins under study. The
domains identified include the homeodomain (HD-START),
HD-START with MEKHLA domain and transmembrane (TM)

€992698-7
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Figure 7. Heat map of chickpea START proteins generated using the normalized read counts of different tissues and flower stages.CTDB was used to
retrieve the read counts. Tentative consensus (TC) ID along with contig number in brackets represents TM-START proteins. SAM-Shoot apical meristem:
FB1-4-Flower bud stages: FL1-FL4- Flower stages:GS-Germinating seedlings:YL-Young leaf.

domain. We could identify 14 proteins with HD-START
domain, seven proteins with HD-START-MEKHLA domain,
15 proteins with minimal START among which four proteins
contained transmembrane (TM) regions. Chickpea START pro-
teins containing TM domain were initially identified using
TMHMM Server v. 2.0 and further verified using Kyte Doolittle
Hydropathy Plot, and PSIPRED protein Sequence Analysis
workbench. At least one transmembrane domain was predicted
in all the sequences by all the three programs used (Table S1).
For further analysis, we took only the START proteins having
transmembrane domain as this class of proteins has not been
studied in detail. The TM-START proteins of chickpea were
analyzed through multiple sequence alignment, phylogeny, motif
prediction, cis-element prediction, and gene expression analysis.
We included the START proteins from Arabidopsis, rice,
chickpea and soybean (retrieved from TAIR, Rice Genome
Annotation Project and PlantGDB) for the analysis. The soybean
START proteins are provided in Supplementary Table 3. Analy-
sis of sequence conservation of TM-START proteins was per-
formed through multiple sequence alignment using MUSCLE
program. In the START domain region of TM-START proteins,
33 amino acids were found to be invariable for the Arabidopsis,
rice, chickpea and soybean (Fig. 3). Also, most striking feature in
the transmembrane region in the carboxy terminal is rather than

€992698-8
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the conservation of specific amino acids in specific positions,
hydrophobic groups containing amino acids like tryptophan and
valine were highly conserved. Apart from these two regions, the
N-terminal region of proteins also consists of conserved groups
of hydrophobic regions presumed to function as transmembrane
domain. Our prediction of transmembrane domains in these pro-
teins by various programs showed the presence of at least one
transmembrane domain in the amino- or C-terminal regions of
the proteins.

Motif analysis

MEME mortif analysis of all the TM-START domain proteins
of 4 genera revealed highly conserved motifs in the START
domain. Several conserved amino acids were present in the motifs
of the START domain. The TM-START proteins of Arabidop-
sis, rice, chickpea, and soybean (22 proteins) were analyzed sepa-
rately for the conservation of motifs between them. Apart from
the conserved motifs in the START domain, other motifs were
also conserved (Fig. 4). Motif 6 was present in the N-terminal
region of 17 proteins, motif 8 and motif 7 were present in the C-
terminal region of 22 and 16 proteins, repectively. The InterPro
search revealed that motif 6 had a transmembrane signature
sequence in the amino—terminal, whereas motif 7 and 8 had
transmembrane signature sequences in the C-terminal. Motif 6

Volume 11 Issue 2



identified in the amino-terminal region was found to be present
in 7 of the TM-START proteins. In this motif, the amino acid
tryptophan was found to be conserved and the consensus
sequence is P[LI]W[LIVI[AT][VF][MFI][IF]G[VL][VL][VI]
GWI[SA]W[KR]JP[KR]W. Motif 8 identified in the carboxy ter-
minal region before transmembrane motif was found to have an
invariable lysine residue in the TM proteins of Arabidopsis, chick-
pea and soybean and rice.

The contigs of desi chickpea genome are not anchored on to
pseudomolecules of linkage groups. Thus, we used the kabuli
genome'” linkage group for the chromosomal mapping of
START proteins (Fig. 5), which revealed that three START pro-
teins were in the scaffold and the other 33 were mapped on the 8
chromosomes of chickpea. Eleven START genes were present on
chromosome 1 as a cluster spanning 5-20 cM distance. Seven
genes were present on chromosome 6, four on chromosome 7,
three each on chromosome 4, 5 and 8, and one each on chromo-
some 2 and 3. The four transmembrane START genes, namely
contig 25266, 2750, 5716 and 632 were present in linkage
groups 1, 4, 5 and 8, respectively.

Expression analysis

A heat map generated using normalized read counts from the
chickpea transcriptome database (CTDB) (Fig. 6) revealed that
the expression of all the TM-START protein genes was more
pronounced in the flower tissues of chickpea at stages 3 and 4
(Fig. 7). The expression analysis of TM-START genes of
Arabidopsis were also compared to identify specific patterns of
expression. The expression of the Arabidopsis genes in 10 devel-
opmental stages was analyzed in Genvestigator (Fig. S1). All the
Arabidopsis TM-START genes express throughout the various
developmental  stages. Two genes, AT4G14500 and
AT5G54170, were highly induced in the senescent leaves while
At3G13062 showed no expression in the senescent leaves.

"R
uF
uP
"G

Fold change over control

Contig 25266

Contig 5716 Contig 2750 Contig 632

Figure 8. qPCR analysis of TM-START proteins of chickpea genes done in
different tissues. Relative fold change values are given with respect to
GADPH2 was used as reference genes. S-Shoot: R-Root: F-Flower :
P-Young pod: G-Grain. The expression in shoot was taken as 1 and
compared to other tissues.

Similar to the observation in chickpea TM-START genes, all
Arabidopsis genes were expressed in the flower stages.

Expression analysis for the Arabidopsis genes was also per-
formed for different stress conditions (Fig. S2). One of the genes,
AT5G54170, was found to be induced in abiotic stresses like
drought and salt stress, wherein it was found to be expressed in
root epidermis. Apart from the abiotic stresses, biotic stresses like
leaf miner infection, Pseudomonas infection also led to induced
expression of this gene. AT1G64720, a paralog of AT5G54170,

showed induction under salt-stress.

Quantitative real time-PCR analysis of TM-START protein
genes

We had earlier shown that contig5716 is wound-responsive
and also studied its expression in various tissues of chickpea.” In
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Figure 9. Quantitative real time PCR analysis of the 4 TM-START genes
under stresses such as cold, heat, drought, wound, and salt at varying
time intervals.
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this study we examined the expression of all the four TM-
START genes in chickpea in different tissues collected at the pod
development stage (Fig. 8). The analysis revealed that three of
the TM-START genes (contig 25266, 2750 and 5716) had simi-
lar pattern of expression. The level of expression in roots and
flowers was higher compared to shoots and pod wall. The level of
expression of these genes was very low in the developing grain.
Contig 632 was expressed at lower levels compared to the other
TM-START genes in all the tissues.

These TM-START genes were also analyzed for their response
to different stresses such as wound, cold, heat, drought, and salt
at different time points (Fig. 9). Under cold stress, contig_632
showed up-regulation (3 fold) within 6 h of stress induction and
down-regulated at 24 h of stress treatment Contig_5716 showed
upregulation (2 fold) at 1 h and at later time points dropped to
basal levels. Contig 2750 was downregulated (3 fold) 15 min
after stress treatment. In response to drought condition, two con-
tigs (2750 and 5716) showed slight upregulation ( 2-3 fold)
within 15 minutes of stress and the expression level was main-
tained at a higher level up to 6-24 h of stress induction. Contrary
to this, contig25266 showed varying levels of up- and down-reg-
ulation in drought stress, while contigh32 showed consistent
downregulation (~8 fold) after 15 min. The pattern of expres-
sion kinetics that was observed for heat stress treatment was
downregulation (3-10 fold) in early time points i.e. from
15 min to 1 h, whereas up-regulation (8-32 fold) was noticed
during later time points of 6-24 h after stress treatment. Wound
response showed consistent upregulation (~8 fold) up to 1 h of
contig 5716 and contig_632. At 24 h after treatment, the
expression comes down to the basal level. In response to salt
stress, all contigs showed similar expression profile through dif-
ferent time points. However, contig 2750, 5716 and 25266
showed consistent increase in expression after 15 min of

incubation up to 6 h, while contig_632 showed downregulation
(~4 fold) at early stages of stress treatment and later attains the
basal level.

cis-element analysis

The upstream region (2 kb) from the predicted transcription
start sites (TSS) of all chickpea START genes were taken for cis-
element identification (Fig. 10). Skn-1 for endosperm specific
expression, HSE (heat stress element) for binding of heat stress
transcription factors, circadian for circadian control and Box 4
for light responsiveness cis-elements were identified in all four
chickpea TM-START promoters. cis-elements like Gbox for light
responsiveness, ARE for anti oxidant responsiveness element,
Box-I for wound responsiveness, GCN-4 for endosperm expres-
sion, GATA-motif for light responsiveness, and also elements
like Sp1, TCA-element, TCT motif was identified in three of the
four TM-START proteins. For example, contig 2750 and contig
5716 have both w-box and Box-wl cis-elements, which are pre-
dicted for wound responsiveness (w-box; cis-acting regulatory ele-
ment involved in direct fungal elicitor stimulated transcription of
defense genes and activation of genes involved in response to
wounding, Box-w1; fungal elicitor responsive element).

Discussion

TM-START genes- members of highly diverged gene family
in plants

The productivity of chickpea crop is adversely affected by sev-
eral biotic and abiotic stresses. A variety of plant genes encoding
for both structural, functional and transcription factors are
known to play important roles in successfully managing the hos-
tile effects posed by a wide range of stresses. Availability of the
draft sequence
prompted us to undertake identification

chickpea

genome

45

of genes for START domain containing

proteins and their expression in response

3.5

to abiotic stress conditions. This is

because, START domain containing
proteins have been shown to function in

the plant development regulation® only.

Most of the genes regulating plant devel-

opment are also shown to contribute to
stress management in plants We focused

our study on the structural proteins i.e.,
Trans-Membrane ~ START  proteins

(TM-START) which are only four,

among the total 36 START domain con-

taining proteins, in the chickpea nucleo-
tide database. These were identified after
mining, through using START domain
as marker/query sequence and phyloge-

netic reconstruction with Arabidopsis,

The analysis was carried out using PlantCARE program. The name of the sel
in the supplementary table.

Figure 10. Chart showing the number of cis-elements identified in TM-START proteins of chickpea.

rice and soybean sequences. An interest-
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DUF-1336 and PH domain containing START proteins have
been identified among the 36 chickpea START domain contain-
ing proteins. However, completion of the chickpea genome
might uncover a few more START domain containing proteins.
Sequence alignment showed conservation of the amino acids
required for the binding of glycerol-3-phosphoryl choline head
group of phosphotidyl-choline® along with conservation of
hydrophobic groups at both amino- and C-terminal region pre-
sumed to be transmembrane domains.

Phylogenetic analysis showed that START domain containing
proteins diverged and evolved into special classes like HD-
START, HD-Zip START, START minimal protein and TM-
START in the past from other organisms (non-plants) and these
are specific to plantsz. This, we concluded based on a previous
study by Schrick et al.” which suggests a separate clade for Arabi-
dopsis START proteins when compared with mammalian, ani-
malia and bacterial START proteins. In a similar finding,
soybean HD-START proteins were also clustered separately in
comparison to other HD proteins of soybean.*® Formation of
two separate clades between monocots and dicots for TM-
START proteins strongly suggests frequent/latest evolving
gene family might be for functional specialization acquisition
or to make plants more hardy in response to the changing
environmental conditions. It was also noticed in the phyloge-
netic analysis that the HD-ZIP START proteins were sepa-
rately clustered and consists of genes from monocots and
dicots supporting the presence of TM-START in both crops
species.

Expression studies show chickpea TM-START contigs to be
involved in developmental and stress regulation

Higher expression of START genes in floral tissues, which is
consistent with our qRT-PCR experiment, suggests a role for
TM-START domain containing proteins in floral organ develop-
ment. The START domain containing HD-ZIP genes in chick-
pea showed higher expression in young leaves, flower and pod
wall tissues. The predominant expression of the TM-START
genes in flower tissues of chickpea needs to be investigated in
relation to flower development. However, availability of
Arabidopsis flower sterility mutant and its association with serine
decarboxylase suggests a strong but putative role of START
domain containing proteins in floral organ development. The
enzyme serine decarboxylase catalyzes formation of ethanol-
amine, a precursor for choline, phosphatidylethanolamine and
phosphatidylcholine.””

Thus, the predominant expression of the TM-START
genes in flower tissues of chickpea has to be studied in rela-
tion to flower development. But, TM-START proteins are
not the only group of proteins that may be involved in the
transfer of phosphatidylcholine in plants. There are other
phosphotidyl choline transfer proteins which are predomi-
nantly expressed in flowers.”® Therefore, the possible function
of TM-START domain proteins in flower development needs
further exploration in plants. The role of phosphatidylcholine
in various aspects of plant development is yet to be eluci-
dated. was shown  that

Interestingly, it recently
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phosphatidylcholine binds florigen to induce flowering.>® To
authenticate TM-START proteins role in flower induction,
these genes should be expressed in the mersitem. Available
expression profile indicated high levels of expression in shoot
apical meristem (Fig. 9) for two chickpea TM-START (con-
tig 2750, 5716) genes supporting their predicted role in floral
organ development. Besides this, one of the Arabidopsis TM-
START genes (AT5G54170) genes showed very early
response to wound stress®>. This gene (AT5G54170) is close
to the orthologs contig_5716 and contig_2750 we identified
in chickpea in phylogenetic tree. The cis-elements search in
the upstream promoter sequences of these contigs indicated
presence of stress-responsive elements (wound and fungal elic-
itor responsive, mention other elements also). Moreover our
experiment (q-PCR) also supports the induction of these
chickpea TM-START genes in response to wound, cold,
heat, drought, and salt stresses. Furthermore, detailed time
course study with variety of stresses showed strong up-regula-
tion of contig 5716 in response to wound, drought, heat and
salt stresses thereby indicating its putative role in general
stress response pathway. Simultaneously, in response to heat
and cold stress reversal in expression suggests it to be a puta-
tive candidate for stress-responsive pathway. TM-START pro-
teins are known to manage transfer and binding of
phosphotidyl choline molecules through membranes and
directly could be correlated to stress responsiveness. One of
the studies in chickpea indicated substrate phosphorylation of
stress induced calcium dependent protein kinase (CaCDPK)
after addition of phosphatidyl choline.* Hence, from the
study we assume that TM-START domain containing pro-
teins work upstream of the CaCDPK pathway for stress
response.

Future prospects and conclusion

Among stress related gene families, START proteins that
play an important link between lipid molecules and plant
development, deserve special attention. Further, methods to
monitor the real time variations in the levels of phosphatidyl-
choline 77 situ are needed. The homologs of PCTP in plants,
TM-START which probably bind to phosphatidylcholine
have to be studied further to understand the role of lipids in
signaling and plant development. In this context, we identi-
fied 36 chickpea START proteins and studied the four TM-
START domain proteins through in silico and expression
analysis. Our analysis revealed the predominant expression of
TM-START genes in flower tissue and early induction of
three TM-START genes in response to wound, salt and
drought stress and delayed induction in response to heat
stress. Further work, however, will provide insights into the
role of these genes in plants subjected to stress and would
provide impetus for further characterization of START super-
family of genes in chickpea and other legumes.
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