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GRAS proteins are multi-functional, regulating various aspects of plant growth and development. Besides,
they are also involved in the stress tolerance of plants. Wheat is one of the major cereal crops of the
world and efforts are being made to boost its productivity and stress tolerance to feed the increasing world
population. Being a physiologically important transcription factor, GRAS genes can open up new avenues
for improvement in wheat. The recent availability of the hexaploid genome sequence of bread wheat
(Triticum aestivum) provides us an excellent opportunity to analyse the GRAS gene family and gain
functional insights. In this study, we identiﬁed 183 GRAS genes coding for 194 GRAS proteins.
Chromosomal location was identiﬁed for all the genes to give some idea about gene duplications.
Sequence alignment, followed by phylogenetic analysis helped to classify the TaGRAS genes in 12 subfamilies. Gene and protein structure analysis revealed conservation among the different sub-families.
Transcriptome analysis was done using available databases, to reveal the expression pattern under
developmental conditions as well as different stress conditions. Altogether, these datasets give important
insights into the functional role of different GRAS family members of bread wheat. Besides, it provides an
important resource for future investigations into the physiological role of GRAS genes in bread wheat.
Finally, this study identiﬁed potentially important TaGRAS genes which may help to boost yields and
stress tolerance of wheat via control of various physiological aspects.
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1. Introduction
Plants mount the appropriate well-timed responses to
ever changing environmental cues including drought,
salt, osmotic, temperature stresses, by bringing alteration in the growth and development process through
change in modiﬁcations in physiology, cellular level
and molecular level or chromatin remodelling or
modiﬁcations. A ﬁne-tuned coordination of these
responses is accomplished by multi-tiered regulatory
processes. The ﬁrst tier of regulation is at transcription
level, which is mediated through the interaction

between the transcription factor and its cognate cisregulatory elements that results into speciﬁc gene
expression. The transcription factors can either activate
or repress the expression of target genes. In plants,
many transcription factor families have been reported.
One of the most abundant families is the GRAS transcription factor family.
The GRAS gene family name is derived from the ﬁrst
three letters of functionally characterized genes: GIBBERELLIC ACID INSENSITIVE (GAI), REPRESSOR OF GAI (RGA), and SCARECROW (SCR)
which were probably emerged primarily in bacteria.
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The members of this family perform different functions
in plants and are considered critical for plant growth
and development. Initially believed to be plant speciﬁc,
the GRAS gene family has now been classiﬁed under
the Rossmannfold methyltransferase superfamily
(Zhang et al. 2012). The GRAS proteins have a highly
conserved C-terminal and a hypervariable N-terminal.
The GRAS domain is made up of ﬁve different motifs:
leucine heptad repeat I (LHR I), VHIID, leucine heptad
repeat II (LHR II), PFYRE, and SAW motifs (Pysh
et al. 1999). The VHIID, LHR I and LHR II motifs
may be responsible for DNA–protein and protein–
protein interactions (Pysh et al. 1999).
Several studies indicate the role of GRAS family TFs in
various physiological processes, such as axillary shoot
meristem formation (Stuurman et al. 2002), root radial
patterning (DiLaurenzio et al. 1996; Helariutta et al.
2000), male gametogenesis (Morohashi et al. 2003),
phytochrome A signal transduction (Bolle et al. 2000),
and nodulation signal transduction (Hirsch et al. 2009).
Further, many studies have also shown the involvement
of some of its members in biotic and abiotic stress
responses (Huang et al. 2015). The various motifs have
been implicated to be involved in the different functions.
For instance, SCL sub-family transcription factors are
known to be involved in chlorophyll synthesis, and
meristem formation. Gibberellin signal transduction
involves SCARECROW-LIKE 3 (SCL3), which also
acts as a positive regulator of gibberellin pathway in root
meristems by repressing the DELLA proteins (Heo et al.
2011). Phytochrome A (phyA) and B (phyB) signal
transduction occurs through the PAT1 and SCL21 (Torres-Galea et al. 2013), and SCL13 (Torres-Galea et al.
2006) members of the GRAS family.
Many reports have reported about the GRAS gene
family in different plant species. Most of the studies have
been done in dicots and found there is no correlation
between genome size and the number of GRAS genes.
For instance, Tian et al. (2004) found the presence of 60
and 33 GRAS genes in rice (389.77 MB) and Arabidopsis
(125 MB), respectively (Tian et al. 2004). Studies in
Chinese cabbage and populus found 48 and 106 members in the GRAS gene family, respectively (Liu and
Widmer 2014; Song et al. 2014). Further investigations
in tomato, castor and grapevine reported 52, 48 and 52
GRAS genes, respectively (Huang et al. 2015; Grimplet
et al. 2016; Xu et al. 2016). However, monocots have
very few reports on GRAS genes. Apart from rice, maize
is the only monocot which was investigation and found
to have 86 GRAS genes (Guo et al. 2017). However, there
are no such reports about GRAS gene family in wheat,
which is one of the most important cereal crops in the

world. Exploration of the physiologically important
GRAS gene family is necessary for improvement in
physiological traits to boost productivity and enhance
the stress tolerance of wheat. The sequencing of the
wheat genome provides us an opportunity to analyse the
GRAS family in wheat.
In this study, we conducted a genome-wide analysis of GRAS family in wheat. The TaGRAS genes
were identiﬁed followed by phylogenetic. Expression
pattern of TaGRAS genes under different conditions
was analysed using the publicly available transcriptome data. The results presented here systematically
explore the GRAS gene family in wheat and tries to
identify the genes which may be agronomically
important.

2. Material and methods
2.1 Identiﬁcation of GRAS gene family members
A well characterized GRAS gene from wheat, TaSCL14,
was used to identify other potential GRAS genes in T.
aestivum using blastn and blastp search in the Gramene
database using default settings (Gupta et al. 2016;
Tello-Ruiz et al. 2018). The identiﬁed proteins were
conﬁrmed for the presence of GRAS domain
(PF03514.14) using PFAM (El-Gebali et al. 2019) and
SMART (Letunic et al. 2015; Letunic and Bork 2018).
The proteins were analysed for their physical and
chemical characteristics using the ExPasy’sProtParam
tool (Gasteiger et al. 2005). The TMHMM server was
used to detect the presence of transmembrane helices
(Sonnhammer et al. 1998; Krogh et al. 2001).

2.2 Chromosomal location of TaGRAS genes
The identiﬁed TaGRAS genes were depicted on their
respective chromosomes using the MapGene2Chrom
online tool (Jiangtao et al. 2015).

2.3 Phylogenetic analysis of GRAS genes
Protein sequences of identiﬁed TaGRAS genes were
aligned using ClustalW in MEGA 7.0 and then used for
phylogenetic analysis using neighbour-joining method
in MEGA 7.0 with 1000 bootstrap replicates (Kumar
et al. 2016). The tree was further processed in iTol
(Letunic and Bork 2019).
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2.4 Gene and protein structure of GRAS genes
The online server Gene Structure Display Server
(GSDS 2.0) was used to identify the gene structure
(introns and exons) of the TaGRAS genes (Hu et al.
2015). Domain architecture of the TaGRAS proteins
was inferred from the Pfam (El-Gebali et al. 2019) and
SMART (Letunic et al. 2015; Letunic and Bork 2018)
results. Domain positions were recorded from Pfam
results. Also, the proteins were analysed for the presence of conserved motifs using the MEME software
(Bailey et al. 2009).
2.5 Localization analysis
CELLO online server was used to predict the localization of TaGRAS proteins in the cell (Yu et al.
2004, 2006).
2.6 Promoter analysis
The 1 kb upstream promoter sequence for the 183
TaGRAS genes was retrieved from the Gramene database. The extracted sequences were analysed for the
presence of various cis-regulatory elements (CREs)
using the PlantCare database (Magali et al. 2002). The
identiﬁed CREs were further analysed and expressed as
a Venn diagram using an online server (http://
bioinformatics.psb.ugent.be/webtools/Venn/).
2.7 Expression proﬁling and Interactome analysis
of GRAS genes
The expression data of TaGRAS genes was retrieved
from Wheat Expression Database (Borrill et al. 2016;
Ramı́rez-González et al. 2018). Interacting members of
important TaGRAS genes were extracted using the
STRING database (Szklarczyk et al. 2019).
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determine the Hidden Markov Models (HMMs) and
conﬁrm the presence of the GRAS domain
(PF03514.14).
TaGRAS proteins were analysed for various properties, like molecular weight (MW) and isoelectric point
(pI) (table S3).Maximum proteins are between 400 to
800 aa in length. The smallest protein TaGRAS15 is just
122 aa long of 14.42 kDa. TaGRAS157.1 is the longest
with 1462 aa and a molecular weight of 164.81 kDa. The
theoretical isoelectric point (pI) of the proteins varied
from 4.73 to 9. Almost 87 percent of the TaGRAS proteins are acidic in nature. The unstable proteins are acidic
as well as alkaline. In most of the proteins, the negative
charge amino acids (Asp?Glu) were more than the
positively charged amino acids (Arg?Lys). Most of the
proteins are instable with the instability index exceeding
40. The TaGRAS proteins have a good aliphatic index,
and hence, can be predicted to be thermostable. The
grand average of hydropathy (GRAVY) of the TaGRAS
proteins indicated a general hydrophilic nature of the
proteins and hence, conﬁrms their role as transcription
factors. However, a few hydrophobic proteins are also
present.
3.2 Chromosomal location of TaGRAS genes
The genes were randomly distributed across the wheat
chromosomes (ﬁgure 1; table S4). Chromosome size
does not correlate with the number of TaGRAS genes
present in that chromosome. Chromosome 4D had the
maximum number of genes, i.e., 20, whereas chromosome 7B has just 3 genes. Only one gene was
present on the unassigned chromosome part.
Chromosomes, such as 1B, 1D, 4A, 4B, 4D and 5A,
have regions which are rich in GRAS genes. Such genes
which are very closely clustered together on the same
chromosome could have evolved as a result of tandem
gene duplications.
3.3 Phylogenetic analysis of GRAS genes

3. Results
3.1 Identiﬁcation of 183 GRAS gene family
members in bread wheat
In T. aestivum, a total of 183 TaGRAS genes were
identiﬁed coding for 194 TaGRAS proteins (table S1).
SMART (Letunic et al. 2015; Letunic and Bork 2018)
and Pfam (El-Gebali et al. 2019) were used to

A phylogenetic analysis was conducted to determine
the evolutionary relationship between different
TaGRAS proteins (ﬁgure 2). The 194 TaGRAS proteins were aligned using ClustalW, followed by
Neighbor-Joining (NJ) phylogenetic tree construction
in MEGA 7.0 (Kumar et al. 2016).
The proteins were divided into 12 groups based on
the topology, clade support value and previous classiﬁcation from rice (Tian et al. 2004): DELLA, DLT,
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Figure 1. Chromosomal location of GRAS genes on bread wheat genome.

HAM, LISCL, LS, NSP, PAT, RAD, RAM, SCL, SCR,
and SHR. The number of genes in a particular subfamily varies. For instance, LISCL sub-family has 62
members, whereas RAM and SHR sub-family have just
3 members each. Members in the same sub-family
usually have the same attributes, such as gene and
protein structure, and localization (ﬁgures 3 and 5).
Hence, it can be assumed that the TaGRAS proteins in
the same sub-family will have similar functional roles.
3.4 Gene structure of GRAS genes
The GSDS server (Hu et al. 2015) was used to derive
the gene structure of the TaGRAS genes (ﬁgure 3).
Most of the genes have a single exon with a 50 - and 30 -

UTR. However, a few of the genes have no UTR. A
few genes have an intervening intron of varying length.
Besides, a few genes have a very fragmented structure
with multiple exons and introns.
3.5 Domain architecture of GRAS proteins
The TaGRAS proteins have the basic GRAS domain
(PF0314.14). However, few of the proteins have other
domains as well along with the GRAS domain (ﬁgure 4;
table S2). Pkinase_Tyr (PF07714.17) and Pkinase
(PF00069.25) domains are present together in ﬁve proteins. Three TaGRAS proteins have DELLA domain
(PF12041.8) whereas four of them have the Calmodulinbinding domain (PF07887.11). NB-ARC (PF00931.22)
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Figure 2. All the TaGRAS proteins were aligned using ClustalW and then a maximum likelihood tree was constructed using
MEGA-X. The tree was validated with 1000 bootstrap replicates. The different colour of clades represent the different subfamilies: DELLA-1,2 (light blue), DLT (orange), HAM-II (purple), LISCL (red), LS (sky blue), NSP1, 2-1 (pink), PAT-1,2,3
(yellow), RAD1-1 (black), RAM-1 (dark blue), SCL-3, 4/2, 32-1, 32-2 (light green), SCR-1,2,3 (dark green), and SHR-1
(grey).

and Rx_N terminal (PF18052.1) domains are found
together in six TaGRAS proteins. Almost all the
TaGRAS proteins have a single GRAS domain, except
four which have two GRAS domains. However, the two
domains of such proteins (TAGRAS76.3, TaGRAS127,
TaGRAS133.2, and TaGRAS153) combine together to
include all the motifs as found in other single domain
TaGRAS proteins.

3.6 Motif analysis of TaGRAS proteins
The motif analysis gave some very interesting insight
into the structural features of TaGRAS proteins (ﬁgure 5; table S6). Ten motifs were identiﬁed in the
GRAS domain of TaGRAS proteins. The different
GRAS sub-families had similar motif arrangement. The
most common motif arrangement observed in TaGRAS
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Figure 3. Gene Structure of TaGRAS genes.

proteins is 10-6-7-2-4-9-8-3-1-5. Among the different
sub-family, there is a difference of just a few motifs.
For instance, TaGRAS proteins of the DELLA subfamily lack motif-4, except in TaGRAS76.3 and
TaGRAS98. Similarly, HAM-II sub-family proteins
also lack motif-4. Besides, motif 6 is also absent in
TaGRAS44, 54, 167 and 183 of the HAM-II subfamily. Sub-family LS and NSP of TaGRAS proteins

lack motifs 1 and 4. The characteristic motif arrangement of TaGRAS proteins is found in LISCL and PAT
sub-families, with a few exceptions. While RAD and
SHR sub-families lack motifs 2 and 4, sub-family
RAM proteins lack only motif-4. Similarly, SCR subfamily has TaGRAS proteins without motif-4, except
TaGRAS118. In addition, motif-7 is also absent in
TaGRAS113, 131 and 144 proteins. Sub-family SCR
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proteins also lack motif-4 except TaGRAS94, 101 and
116.
3.7 Localization of TaGRAS proteins

Figure 4. Domain architecture of TaGRAS proteins.

In silico prediction of the localization of the TaGRAS
proteins was predicted using the CELLO server, and is
depicted in ﬁgure 1 (table S5). Most of the TaGRAS
proteins are predicted to be localized in the nucleus.
However, proteins are predicted to be localized in

Figure 5. Motif architecture of GRAS Domains in TaGRAS proteins, classiﬁed according to different sub-families.
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cytoplasm, mitochondria and chloroplast as well.
Plasma membrane and peroxisome also have one protein each localizing in them. However, we did not ﬁnd
any transmembrane helices in any of the proteins using
the TMHHM server (Krogh et al. 2001). Two or more
localizations have been predicted for many proteins,
indicating these proteins may have evolved structurally
as well as functionally.
3.8 Expression proﬁle of TaGRAS genes
The Wheat Expression database was used to investigate
the transcript levels of putative TaGRAS genes in
wheat. A heat map was made to analyse the transcriptional proﬁle of TaGRAS genes under different
conditions using transcripts per kilobase million (tpm).
Most of the genes did not show any expression at all
under any condition, such as TaGRAS87, indicating
that these maybe pseudogenes. Out of all the genes,
almost 50% did not show any expression. Few genes
showed consistently high expression under all conditions, indicating that these may be very critical for the
plant, such as TaGRAS25, 29, 37, 62, 80, 100, 111, 129
and 158.
During developmental stages (ﬁgure 6a), few
TaGRAS genes, such as TaGRAS25, 29, 37, 39, 48, 50,
95 and 100, showed consistently high expression in all
the tissues. However, there were genes which showed
tissue-speciﬁc expression. For instance, TaGRAS14 and
TaGRAS23 were expressed only in grains, while
TaGRAS4 was leaf-speciﬁc in bread wheat. Similarly,
TaGRAS97, 144, 160, 175, 178 and 180 were expressed exclusively in the roots, whereas TaGRAS119 and
148 showed spike-speciﬁc expression. During biotic
stress (stripe-rust infection at 3-leaf stage) most of the
TaGRAS genes did not show any change in expression
(ﬁgure 6b). However, genes such as TaGRAS115, 118,
140, 163 and 176 were upregulated, whereas
TaGRAS3, 133, 162, 165 and 169 were down-regulated
during biotic stress in bread wheat seedlings. Similarly,
under cold stress, few TaGRAS genes, such as
TaGRAS3, 31, 41, 52, 72, and 103 were upregulated,
whereas TaGRAS135, 156 and 176 are down-regulated
(ﬁgure 6c). PEG-stimulated drought stress affected the
expression of only three genes, where TaGRAS103 and
124 were down-regulation, and TaGRAS132 was
slightly upregulated (ﬁgure 6d). Combined drought and
heat stress at the seedling stage led to changes in
expression patterns of a considerable number of
TaGRAS genes (ﬁgure 6e). Genes such as TaGRAS3,
20, 28, 49, 77, 118 and 159 showed signiﬁcant

downregulation, whereas TaGRAS29, 31, 41, 108, 114,
135, 156, 162, and 180 were highly upregulated.
Phosphate starvation led to the expression changes in a
few TaGRAS genes (ﬁgure 6f). Many genes were
upregulated in the roots under phosphate starvation,
like TaGRAS13, 22, 42, 57, 86, 160 and 161, whereas
only TaGRAS27 and 168 showed root-speciﬁc downregulation. TaGRAS124 showed upregulation both in
roots and shoots, while TaGRAS148, 155 and 171
showed shoot-speciﬁc increase in expression under
phosphate starvation.
Among all the expressed TaGRAS genes, few were
expressed only in developmental stages and phosphate
starvation. Few genes, such as TaGRAS67 was
expressed only during development and not under
stress conditions. Few genes showed expression under
all conditions, except under biotic stress, such as
TaGRAS31, 41, 52 and 72. TaGRAS169 is absent in
drought and heat, but present under other conditions.
TaGRAS178 is present in developmental stages and
under drought stress, but it is down-regulated under
biotic and cold stress. TaGRAS is up-regulated during
developmental stages, phosphate starvation and combination of heat and drought stress.
3.9 Promoter analysis
Promoter analysis of various genes, for the presence of
various cis-regulatory elements (CREs), can give us
useful insights into the regulation of these genes. 1kb
upstream regions of the 183 TaGRAS genes were
analysed using the PlantCare database (Magali et al.
2002) and various CREs were identiﬁed (ﬁgure 7a;
table S7). The various CREs were grouped together
into four major categories, i.e., light responsive,
defence and stress responsive, hormone responsive,
and growth and development. The TaGRAS promoters
having the various category of CREs were plotted and
analysed for correlation with expression data
(ﬁgure 7a). TaGRAS81 promoter had the highest
number of light-responsive CREs, while eight TaGRAS
promoters had no light-responsive CREs. Similarly,
TaGRAS129 promoter was very rich in defence and
stress-responsive CREs, with just four promoters deﬁcient in such CREs. TaGRAS96 and 95 had the maximum number of CREs responsible for hormone
response, and growth and development, respectively.
Only TaGRAS7 promoter does not have any hormone
or growth/development-related CREs. A large number
of TaGRAS promoters are devoid of CREs regulating
growth and development.

Analysis of GRAS gene family for insights into hexaploid bread wheat
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Figure 6. Transcriptional proﬁle of TaGRAS genes under various conditions. (A) Developmental time-course in different
tissues; (B) stripe-rust infection in leaf of rice seedlings infected at 3-leaf stage; (C) cold stress to shoots of 2-week-old rice
seedlings; (D) drought stress in 9-day-old seedlings using PEG; (E) combination of drought and heat stress in 7-day-old rice
seedlings; (F) phosphate stress for 24 days. All the data was derived from the Wheat Expression database.

Further, in order to identify TaGRAS genes regulating the various physiological processes, the top ﬁfty
TaGRAS genes with the highest number of CREs in
each category were analysed using a Venn diagram
(ﬁgure 7b; table S8). Only three genes, i.e.,
TaGRAS72, 96 and 113, were found to be rich in
CREs of all the four categories. Maximum numbers of
genes were rich in CREs related only to growth and
development.
3.10 Interactome network analysis
The TaGRAS genes with constitutive expression were
analysed using the STRINGS database (Szklarczyk
et al. 2019) to identify the common interactors of these
proteins, and hence, gain some knowledge regarding its
function. A total of 16 TaGRAS proteins were used to
pull put their interacting partners (ﬁgure 8; table S9).
Analysis revealed the percentage of interacting partners
shared between the different TaGRAS proteins. The
greater the percentage, the greater the similarity
between their interacting partners. For instance,
TaGRAS31, 41 and 52 had cent percent similarity in

their interacting partners. Similarly, TaGRAS169 and
178 also shared their interacting partners. Further
analysis helped in the identiﬁcation of interacting
partners common as well as unique for certain
TaGRAS proteins. For example, Traes_2DL_04BB2B
D07.1 was the common interacting partner for
TaGRAS31, 41, 52, 62, 80, 111 and 129. Similarly,
TaGRAS31, 41, 52, 111, 129 and 158 had Traes_6AS_74635BB63.1 as a common factor. On the
contrary, there were proteins with had unique interactors. For example, TaGRAS72 had 9 unique interactors, whereas TaGRAS169 & 178 shared 10 unique
interactors among them. Similarly, TaGRAS29 had 6
unique interacting partners. Besides, there were proteins, like TaGRAS25, 37, 62, 80, 100, 129, 158, and
111 which had their own unique interacting partners.
4. Discussion
The ﬁrst step in improving any crop plant through
genetic engineering is to get the crop genome
sequenced. The next step is the identiﬁcation of physiologically important genes and their performance
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Figure 7. Analysis of CREs in the promoter of TaGRAS genes. (A) Comparative analysis of the three types of CREs
present in different TaGRAS genes. (B) Identiﬁcation of different TaGRAS genes involved in different processes based on
CREs.
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Figure 8. Interactome analysis of important TaGRAS genes.

under various conditions. Bread wheat genome
sequence recently became available. Efforts are being
made to mine this genomic data for important clues to
boost wheat production and stress tolerance. TaGRAS
family of transcription factors are one such candidate
which are known to be involved in various plant processes, and are considered critical for plant health. Our
efforts led to the identiﬁcation of 183 TaGRAS genes
coding for 194 proteins. The number of TaGRAS genes
found in wheat is approx. 3 times of rice (60; *430
MB) and approx. 2 times of maize (86; *2.7 GB).
However, there is no correlation with genome size.
Also, if we consider the number of TaGRAS genes in
other dicots, such as arabidopsis (30), Chinese cabbage
(48), tomato (52), castor (48) and grapevine (52), the
number of genes is almost similar. Hence, it can be
concluded that TaGRAS gene family did not expand
after monocot-dicot divergence, and the large number
of genes observed in bread wheat is solely due to its
hexaploid genome (Otto and Yong 2002; Moghe et al.
2014).
The TaGRAS genes are randomly distributed among
the different chromosomes, with a few chromosomes
having many genes which appear to have risen due to
tandem duplications. Similarities between genes present on different chromosomes indicate segmental
duplications as well. For instance, in the sub-family
LISCL, TaGRAS genes 84-89 (4A), 104-109 (4B) and
121-126 (5A) appear to be have risen due to tandem
and segmental duplications. It has also been reported
that the expansion of LISCL family occurred due to
tandem and segmental duplications (Cenci and Rouard
2017). In addition, we also see evidences of recent
local duplication events, as deduced by the protein
phylogenetic tree , shown in ﬁgure 2, in which two
very close isoforms are found on the same branch (i.e.,
TaGRAS76.1/2/3, 117.1/2, 119.1/2, 133.1/2, 135.1/2,
150.1/2, 151.1/2/3, 157.1/2 and 158.1/2). Similar to

other ﬂowering plants, gene duplication due to polyploidization has contributed signiﬁcantly to the
expansion of the TaGRAS gene family in bread wheat
(Moghe et al. 2014). This expansion in gene copy
number have played an important role in adaptation
(Otto and Yong 2002). However, there is no evidence
to indicate gene duplication for adaptive evolution. On
the contrary, selection pressures operate to reduce the
rate of gene duplication and silence or eliminate
duplicated genes through various mechanisms (Otto
and Yong 2002). It has been argued that natural
selection plays a role in the retention of duplicated
genes which play a beneﬁcial role in the long-term
evolution (Otto and Yong 2002).
Most of the TaGRAS genes were localized in the
nucleus, justifying their role as transcription factors.
However, their localization to other parts of the cell as
well indicates structural and functional divergence over
the course of evolution. Besides, this difference in
localizations can also explain the different roles played
by TaGRAS members of different sub-families. For
instance, DELLA proteins are involved in GA and light
signalling, whereas NSP proteins are involved in root
nodule symbiosis. Similarly, DLT is involved in
brassinosteroid signaling, SCR-SHR regulates root
patterning, LS controls lateral root formation and
RAM1 is involved in mycorrhizal signalling (Cenci
and Rouard 2017).
The mono-exonic gene structure and average protein
size between 400 to 800 aa observed for TaGRAS genes
is consistent with other reports (Cenci and Rouard
2017). The motif analysis of GRAS domain of
TaGRAS proteins led to some interesting observations.
The different sub-families differed from each other by
just one motif, such as motif 4. This indicated that these
motifs might decide the role of these proteins. Besides,
few proteins had two GRAS domains, which when
combined together had the same motif arrangement as
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the single GRAS domains. Members within the same
GRAS sub-family varied from each other mostly due to
deletion of a few motifs at the N-terminal. This is due
to the hypervariability of the N-terminal domain of
GRAS proteins (Pysh et al. 1999) which is composed
of intrinsically disordered domains involved in
molecular recognition (Sun et al. 2011, 2012). However, there were a few TaGRAS proteins with deletion
either at the C-terminal or in the middle of the GRAS
domain.
Expression analysis of TaGRAS genes using the
publicly available databases helped to identify important TaGRAS genes (ﬁgure 9). Besides, many TaGRAS
genes showed no expression under any of the analysed
conditions, indicating that these genes may be functionally redundant. Expression proﬁling under different
developmental and stress conditions helped in the
identiﬁcation of some constitutively active TaGRAS
genes, such as TaGRAS29, 37, 39, 48, 50, 95 and 100.
Some genes exhibited tissue-speciﬁc expression, while
some were expressed exclusively under stress conditions. Combinatorial stress of heat and drought also led
to the identiﬁcation of important genes which can be
potential targets for future studies for stress tolerance.
The TaGRAS genes involved in biotic and abiotic stress
response belonged to the LISCL and SCL sub-families,
which is validates earlier studies observations (Cenci
and Rouard 2017).
During stress, few genes exhibited change in
expression patterns, while few remained unchanged.
Some TaGRAS genes were upregulated whereas others
were downregulated. Most of the TAGRAS genes are
result of duplication events, and show substantial

divergence in sequence and expression. Based on
studies done in the polyploid wild radish, which has
undergone whole-genome triplication, we can infer that
the duplicated TaGRAS genes varied via maintenance
of expression level in one copy and reduction in
expression level in others (Moghe et al. 2014). Studies
done in soybean to gauge the impact of whole-genome
duplication on gene expression revealed differential
expression in approx. 50 % paralogs which indicated
expression sub-functionalization. Besides, it also
revealed neo-functionalization and non-functionalization (Pseudogenization). Collinear duplicated genes
were found to be co-regulated and hence, indicated
epigenetic or positional regulation. The main consequence of polyploidy was suggested to be at the regulatory level (Roulin et al. 2013).
The interactome network analysis gave some
interesting insights into the regulatory side of
TaGRAS genes. Based on the interactome data
(table S9), we observed that TaGRAS proteins of
some sub-family had common as well as unique
interacting partners. For instance, PAT and SHR subfamily had common interacting partners. Similarly,
HAM sub-family protein TaGRAS72 shared a few
interacting partners with SCL and DELLA sub-family proteins. Such analysis indicates that proteins
having common interacting partners may be performing similar functions.
However, it is quite possible that these genes may be
duplicated and hence, have similar interacting partners.
But the difference in expression levels indicates difference in the regulation of these genes which may be a
result of polyploidy (Roulin et al. 2013).

Figure 9. Role of different GRAS genes in the physiology of bread wheat.
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CREs are important molecular switches responsible
for transcriptional regulation of genes controlling various biological processes, such as development and
defence responses (Yamaguchi-Shinozaki and Shinozaki 2005). Promoter analysis of TaGRAS genes
helped us to decipher the expression conditions and the
role played by these genes in wheat physiology. Efforts
to correlated CRE distribution on the promoters of
genes with their expression pattern did not yield results
as expected. While many of the observations derived
from CRE analysis of TaGRAS promoters justiﬁes the
expression data, many gene promoters show no correlation at all with the expression proﬁle. For instance,
CRE analysis found TaGRAS72, 96 and 113 to be rich
in all the four types of CREs and hence, were expected
to be expressed under all the conditions. However, only
TaGRAS72 was found to be expressed under all conditions, except biotic stress. TaGRAS96 was expressed
only in few tissues during the developmental stages,
while TaGRAS113 showed no expression at all. There
could be multiple reasons for such anomaly. Our
analysis included restricted number of CREs. Besides,
there are many CREs with unknown function, and
hence, those CREs had to be discarded during analysis.
Also, there are many CREs which are yet to be identiﬁed and characterized. Besides, there are many other
factors which inﬂuence the spatiotemporal expression
of a gene (Spitz and Furlong 2012).
5. Conclusion
GRAS transcription factors are critical for plant growth
and development. The bread wheat, T. aestivum, is one
of the most important food crops which was sequenced
recently and hence, presented a unique opportunity to
investigate the GRAS gene family in it. In this study, we
identiﬁed 183 TaGRAS genes, which coded for 194
TaGRAS proteins. Phylogenetic analysis helped in the
classiﬁcation of the various TaGRAS proteins in 12
different sub-families, some of which are well-characterized. Gene structure analysis conﬁrmed the monoexonic structure with a few exceptions. Nuclear localization of most of the TaGRAS proteins justiﬁed and
conﬁrmed their role as transcription factors. However,
location of TaGRAS genes in cytoplasm, mitochondria
and chloroplast indicate the functional and structural
divergence of these proteins. Transcriptome analysis
under various conditions led to the identiﬁcation of
promising candidate TaGRAS genes which can be
studied further and validated for stress tolerance.
Interactome analysis gave insights into the functional
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aspect of TaGRAS protein. Promoter analysis indicated
the regulatory aspect of TaGRAS genes, as well as a
greater level of expression control. The combined
analysis of all the different datasets gives important
structural and functional insights about the TaGRAS
gene family in bread wheat. The putative stress tolerant
TaGRAS genes can be investigated further for validation and improvement of stress tolerance in bread
wheat. This study will act as a guiding light for future
investigations into the TaGRAS gene family in bread
wheat, and complement the efforts to improve wheat
productivity and stress tolerance.
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