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Abstract
Maintenance of growth is important for sustaining yield under stress conditions. Hence, identification of genes involved in cell
division and growth under abiotic stress is utmost important. Ras-related nuclear protein (Ran) is a small GTPase required for
nucleocytoplasmic transport, mitotic progression, and nuclear envelope assembly in plants. In the present study, two Ran GTPase
genes TaRAN1 and TaRAN2 were identified though genome-wide analysis in wheat (T. aestivum). Comparative analysis of Ran
GTPases from wheat, barley, rice, maize, sorghum, and Arabidopsis revealed similar gene structure within phylogenetic clades
and highly conserved protein structure. Expression analysis from expVIP platform showed ubiquitous expression of TaRAN
genes across tissues and developmental stages. Under biotic and abiotic stresses, TaRAN1 expression was largely unaltered,
while TaRAN2 showed stress specific response. In qRT-PCR analysis, TaRAN1 showed significantly higher expression as
compared to TaRAN2 in shoot and root at seedling, vegetative, and reproductive stages. During progressive drought stress,
TaRAN1 and TaRAN2 expression increase during early stress and restored to control level expression at higher stress levels in
shoot. The steady-state level of transcripts was maintained to that of control in roots under drought stress. Under cold stress,
expression of both the TaRAN genes decreased significantly at 3 h and became similar to control at 6 h in shoots, while salt stress
significantly reduced the expression of TaRAN genes in shoots. The analysis suggests differential regulation of TaRAN genes
under developmental stages and abiotic stresses. Delineating the molecular functions of Ran GTPases will help unravel the
mechanism of stress induced growth inhibition in wheat.
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Introduction

Ran (Ras-related nuclear protein) belongs to RAS super fam-
ily of small monomeric GTPases of 20 to 40 kDa. These are
small molecular switches that are activated by GTP and
inactivated by hydrolysis of GTP to GDP. Small G proteins
constitute a large super family present in humans, and from
yeast to plants. Based on structure and function, GTPase super
family has been classified into five families: Ras, Rab, Rho,
Arf, and Ran (Kahn et al. 1992). Structurally, all the members

of RAS super family are characterized by the presence of
conserved G domain responsible for nucleotide binding
(GTP or GDP) and GTP hydrolysis. The switch between
GTP bound to GDP bound state of G protein during GTP
hydrolysis is regulated by two classes of proteins namely gua-
nine nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs). GEFs catalyze the formation of
the GTP-bound active form, while GAPs are required for ac-
tivating the intrinsically weak GTP hydrolytic activity of the
small GTP-binding proteins, thereby converting these into
inactive GDP bound GTPase. The variable residues outside
the conserved G domain as well as the conformational chang-
es acquired by GTP and GDP bound form are recognized by
different effector proteins which contribute to diverse signal-
ing, cellular, and physiological processes (Takai et al. 2001).

The small GTPase super family from Arabidopsis and rice
has 93 and 111 members respectively. Analyses reveal that
these proteins belong to four families’ viz. Rab, Arf, Rho, and
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Ran. The true Ras family is absent in Arabidopsis and rice.
However, they have ROPs (Rho-related GTPase from plants)
which is unique subfamily of Rho-family GTPases in plants
(Vernoud et al. 2003; Jiang and Ramachandran 2006). ROP
GTPases have multifunctional roles in cellular pathways con-
trolling plant growth, differentiation, and development and
play an important role in signaling pathways related to hor-
mone and biotic-abiotic stress response (Molendijk et al.
2004, Nagawa et al. 2012). Rab and Arf GTPases are regula-
tors of vesicle trafficking. These play an important role in cell
polarity and polarized growth and thus contribute to root and
pollen growth, auxin transport, cell wall synthesis, etc. (Nibau
et al. 2006; Lycett 2008). Vesicle trafficking is a common
function for ROP, Rab, and Arf (Molendijk et al. 2004), while
Ran is exclusively involved in nucleocytoplasmic transport,
microtubular mitotic assembly, cell cycle control, and forma-
tion of nuclear envelope (NE) in plants (Moore 1998; Wang
et al. 2006; Zhao et al. 2006; Ma et al. 2007). Ran is also
unique as it is the only GTPase family protein with nuclear
localization and shuttles between nucleus and cytoplasm
(Moore 1998; Xu et al. 2016). Rab GTPases are the largest
family with 57 and 47 members in Arabidopsis and rice re-
spectively, followed by Arf and ROP, while Ran is the
smallest family with 4 members (Vernoud et al. 2003; Jiang
and Ramachandran 2006). Furthermore, Rab, Arf, and ROP
protein are further classified into subclasses and exhibit se-
quence and functional divergence, while Ran proteins show
high conservation (Jiang and Ramachandran 2006).
Overexpression studies with wheat and rice RAN1 revealed
that these GTPases are involved in mitotic process in shoot
and root apical meristems and these are regulated by auxin
(Wang et al. 2006; Xu and Cai 2014). Plants overexpressing
OsRAN1, OsRAN2, and AtRAN1 were found to be low tem-
perature tolerant (Chen et al. 2011; Xu and Cai 2014; Xu et al.
2016). However, overexpression of OsRAN2 in Arabidopsis
and rice conferred hypersensitivity to salt and osmotic stress
(Zang et al. 2010). Thus, Ran proteins regulate plant growth
and development through their cellular processes and may
contribute differentially to abiotic stress response in plants.
Abiotic stresses affect growth and development of plants
and hence severely affect the yield of the crop plants.
Maintenance of growth is an important aspect for sustaining
yield under stress condition. Therefore, identification of genes
involved in cell division and growth and analysis of their
response under abiotic stress becomes utmost important.

Wheat is the second most important food crop. Sustaining
yield under abiotic stress in wheat is necessary for global food
security. The availability of the fully annotated genome of
wheat has paved the way for dissecting this complex hexa-
ploid genome and identification and characterization of genes
for crop improvement (IWGSC 2018). In this study, Ran
GTPase family genes were identified in wheat through in
silico genome-wide analysis of wheat genome. A

phylogenetic and comparative analysis of wheat Ran
GTPases in terms of gene structure and domain with that of
Arabidopsis and cereals such as rice, barley, maize, and sor-
ghum was also performed. Expression analysis of TaRAN
genes during growth and development and to environmental
stresses was carried out using publicly available datasets. The
transcriptional regulation of wheat Ran genes was further an-
alyzed under progressive moisture deficit stress, cold and salt
stress by qRT-PCR. The results contribute to knowledge on
Ran GTPases from wheat and other cereals and lay basis for
detailed functional analysis of RAN genes in wheat.

Materials and methods

Identification of RAN family genes and phylogenetic
analysis

For identification of RAN family genes in wheat, protein
sequences of Arabidopsis RAN genes namely AtRAN1,
AtRAN2, AtRAN3, and AtRAN4 were downloaded from
TAIR database (https://www.arabidopsis.org) and used
as query against wheat (T. aestivum, cv. Chinese spring)
reference genome sequence in the Ensembl Plants
database (http://plants.ensembl.org/index.html; IWGSC
2018). A profile HMM search was also performed using
conserved domains of Arabidopsis Ran family against
wheat genome database to identify the RAN homeologs
(Finn et al. 2015). RAN genes were identified in Rice
(Oryza sativa subsp. Japonica cv. Nipponbare) using
MSU Rice Genome Annotation Project (http://rice.
plantbiology.msu.edu/). RAN family genes from maize
cv. B73, sorghum cv. BTx623, and barley cv. Morex
were identified using Ensembl Plants database (http://
plants .ensembl.org/ index.html; B73_RefGen_v4;
Sorghum_bicolor_NCBIv3, Hordeum vulgare_ IBSC_
v2). These sequences were analyzed for Ran specific
domain using SMART tool (Letunic et al. 2015). One
protein sequence each from wheat and rice was corrected
with FGENESH+ using already published sequence of
OsRan1. Isoelectric point (pI) of RAN proteins was com-
puted using ExPASy tool (http://web.expasy.org/
compute_pi/). Sub-cellular localization prediction was
performed using CELLOv2.5 (Yu et al. 2006). Multiple
sequence alignment of Ran protein sequences was per-
formed using Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo/). Phylogenetic tree was constructed
by MEGA version X (Kumar et al. 2018) using
neighbor-joining tree method with pair wise deletion and
Poisson correction with a bootstrap analysis of 1000 rep-
licates. Exon/Intron organization of RAN family genes
were generated using Gene Structure Display Server (Hu
et al. 2015).
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Cis-acting regulatory element

The promoter sequence comprising 2000 bp upstream to the
translation start site (ATG) were downloaded from the wheat
genome database (http://plants.ensembl.org/index.html,
IWGSC 2018). The cis-acting regulatory motifs in the
promoter regions were predicted using PLACE database
(https://www.dna.affrc.go.jp/PLACE/?action=newplace).

Digital expression analysis

Tissue, developmental, biotic, and abiotic stress-specific ex-
pression patterns of the identified TaRAN genes were analyzed
using RNAseq datasets in expVIP platform (Borrill et al.
2016).

Plant material and abiotic stress treatments

Wheat (T. aestivum) cv. HD2329 was used for all the exper-
iments. For drought treatment, seeds were germinated on the
moist filter paper. After 48 h of germination, uniformly ger-
minated seeds were planted in the 6-inch pots filled with soil.
Plants were grown for 21 days during which the plants were
watered optimally. After 21 days, drought stress was imposed
by with-holding water. The entire experiment was conducted
during natural wheat growing conditions in net-house. The
root and shoot samples were collected from stressed and
non-stressed (control) plants at 5th, 9th, and 11th day of
drought stress imposition. The level of drought stress was
estimated by measuring the leaf relative water content
(RWC) (Barrs and Weatherley 1962) and soil moisture con-
tent (SMC) (Gravimetric method). The plants watered opti-
mally (RWC > 90%; SMC ≥ 20%) served as control. For cold
and salt stress treatments, the wheat seedlings were grown in
hydroponics supplemented with Hoagland solution at 22 °C
under 16 h/8 h light/dark conditions. The 7-day-old seedlings
were subjected to salt stress by adding salt (final concentration
of NaCl 150 mM) to Hoagland solution. For cold stress, seed-
lings were kept at 4 °C ± 1 °C. The root and shoot samples
were collected at 3 h and 6 h post treatments. Seedlings grown
in Hoagland solution at 22 °C served as control.

For developmental stage study, root and shoot tissues of
uniformly germinated 7-day-old seedlings (seedling stage)
and 25-day-old plants (Vegetative stage) were collected. At
full spike emergence stage (reproductive stage), samples for
spike, flag leaf, penultimate leaf, and roots were collected,
frozen in liquid nitrogen, and stored at -80 °C till further use.

Expression analysis by qRT-PCR

RNA isolation was carried out using TRIzol reagent
(Invitrogen) according to manufacturer’s instructions. RNA
was treated with ezDNase™ Enzyme (Invitrogen) to remove

residual DNA. First strand synthesis was carried out using
2 μg of RNA using first strand cDNA synthesis kit
(Invitrogen) according to kit protocol. Quantitative RT-PCR
analysis was carried out by using the Realplex4 system
(Eppendorf) using KAPA-SYBR® FASTqPCR mix (KAPA
Biosystems). The 10 μl master mix contained 1x KAPA
SYBR®FAST qPCR Master Mix, 1 μl (1:10 diluted) of
cDNA, and 0.4 μM each of forward and reverse primers
(online resource 1; Table S1). A two-step qRT-PCR protocol
with initial denaturation of 95 °C for 3 min, followed by 40
cycles of denaturation and annealing/extension at 95 °C for 3
sec and 60 °C for 45 sec, was carried out. Expression data
were normalized using endogenous control gene, ADPR
(ADP-ribosylation factor) expression (Paolacci et al. 2009).
Relative fold change was calculated using 2-ΔΔCt method
(Livak and Schmittgen 2001). Each data point represents av-
erage of three biological and three technical replicates. Graphs
were prepared in GraphPad prism 5.0. Statistical significance
between mean values was calculated using student’s T test.

Results and discussion

Identification of Ran GTPases and comparative
analysis

The genome-wide search for RAN genes led to identification
of 5 homologs in wheat genome. Domain analysis revealed
that five of the Ran GTPases were characterized by RAS
(PF00071) and Ran domain (SM00176). For phylogenetic
analysis, Ran GTPase family genes were also identified in
rice, barley, maize, and sorghum genomes. The analysis re-
vealed that rice and barley genome encode 2 and 3 RAN genes
respectively, while the number of RAN genes encoded by
sorghum andmaize genomes was 5 each. All these Ran family
members were also confirmed by SMART domain analysis.
One gene each from sorghum (SORBI_3010G182500) and
maize (Zm00001d011328) were truncated and lacked three
G motifs, respectively, and hence were not included in further
analysis. In rice, previously 4 RAN genes have been reported
(Jiang and Ramachandran 2006). However, our genome-wide
analysis and sequence analysis revealed that of the two genes
reported on chromosome 1 and chromosome 4, AP002844
matched with the two RAN genes, LOC_Os5g49890 and
LOC_Os06g39875, identified in rice genome, while
AL606650 (BAC clone) sequence did not code for any RAN
gene. Phylogenetic analysis of wheat Ran GTPases with that
of Arabidopsis, barley, rice, maize, and sorghum revealed
three major clades (Fig. 1). Clade I was further divided in to
three sub-clades. Sub-clade I included LOC_Os5g49890
(OsRan2), HORVu1Hr1G090760 (HvRan1), and three wheat
homeologs on chromosome 1 of genome A, B and D, thereby
represented a homeolog-triad. These wheat homeologs on
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chromosome 1 showed 100% identity with already character-
ized Ran GTPase named as TaRAN1 (Wang et al. 2006).
Hence, for consistency, these clade I members were named
as TaRAN1. The sub genomes were represented by suffix A,
B, or D viz. TaRan1A, TaRan1B, and TaRan1D. Sub-clade II
and sub-clade III had one gene from sorghum and two genes
from maize in each, while SORBI_3003G217800 was un-
grouped member in clade I. Clade II included two sub-
clades where sub-clade I had HORVu1Hr1G84420 and two
wheat homeologs on chromosome 7B and 7D (homeolog-
diad) and thereby named as TaRan2 (TaRan2B and
TaRan2D). Second sub-clade grouped one gene each from
sorghum and rice, while AtRan4 (At5G55080) remained as
ungrouped member. Clade III was constituted by AtRan1,
AtRan2, AtRAN3, and HORVu1Hr1G30130 (Fig. 1). In spite
of having large and polyploid genome, the number of RAN
genes in wheat is lower than that of Arabidopsis, barley,
maize, and sorghum though it has similar number to that of
rice. However, existence of homeologs in wheat might com-
pensate for fewer genes. Furthermore, two homeologs of
TaRAN1 and one homeolog of TaRAN2 have been predicted
to code for one alternate splice (AS) forms each which might
add to the functional diversity of the Ran GTPases in wheat.
Likewise, AS forms have been predicted for some of the RAN
genes in sorghum, rice, barley, and maize, whereas
Arabidopsis RAN genes do not have any alternate splice forms
(Table 1). The pI (iso-electric point) of majority of proteins
was within 6.38 to 6.65, except SbRan4 (pI 7.03), OsRan1
(7.61), AtRan4 (pI of 8.16), and HvRan3 (pI 8. 48) (Table 1).
Sub-cellular localization prediction revealed that all the Ran

GTPases from Arabidopsis and five of the cereals were dis-
tributed between cytoplasm and nucleus (Table 1). This is in
accordance with cyclic movement of Ran GTPase in active
and inactive form between nucleus and cytoplasm respective-
ly (Moore 1998; Vernoud et al. 2003).

Gene structure and motif analysis

Exon-intron structure is an important feature to study gene
evolution and function. For gene structure analysis, primary
or full length transcripts representing each gene were consid-
ered. The genes in clade I had 7 exons each (Fig. 2), while
genes in clade II had 6 (sub-clade I) and 7 exons (sub-clade II).
This shows conservation in primary gene structure except
HORVu1Hr1G30130 which had no introns. Genes in clade I
mostly showed variation in length of 1st intron, while in clade
II, first introns were shorter and 2nd intron length varied
among genes. AtRAN1 and AtRAN2 genes had 4 exons each,
while AtRAN3 and AtRAN4 had 7 and 5 exons respectively.

The protein sequences were further analyzed for presence of
conserved motifs in the G domain. The G domain is conserved
across RAS superfamily. It consists of five motifs (G boxes)
namely G1(GxxxxGK[S/T] (where x is any amino acid), G2
(XTX), G3 (DXXG), G4 (N/T)(K/Q)xD, and G5 ((T/G/
C)(C/S)AK) (Yang 2002; Toma-Fukai and Shimizu 2019).
Among these, G1 motif, also called as the P-loop, binds to β-
phosphates and Mg2+ ion. The conserved threonine (T) residue
of G2 contactsγ-phosphate andMg2+ ion. G3motif is involved
in hydrolysis. The G4 and G5 recognize guanine base and
confer nucleotide specificity (Toma-Fukai and Shimizu 2019).

Fig. 1 Phylogenetic tree of Ran
GTPases from wheat, rice, barley,
maize, sorghum and Arabidopsis.
The unrooted neighbor-joining
tree was constructed using
MEGA version X with pair wise
deletion and Poisson correction
with a bootstrap analysis of 1000
replicates. Roman numbers rep-
resent three clades
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The protein sequence alignment of the primary transcripts from
Arabidopsis, wheat, rice, barley, maize, and sorghum revealed

conserved G boxes (Fig. 3, online resource 1; Fig. S1). All the
proteins except AtRan4 (AT5G55080) contained an acidic tail

Table 1 Details of Ran GTPase
family genes from wheat, rice,
barley, maize, sorghum, and
Arabidopsis

Locus ID Abbreviation No. of splice
forms

Protein
length (aa)

pI of the
protein

Sub-cellular
localization

AT5G20010 AtRAN1 1 221 6.38 C*, N*

AT5G20020 AtRAN2 1 221 6.38 C*, N*

AT5G55190 AtRAN3 1 221 6.38 C*, N*

AT5G55080 AtRAN4 1 222 8.16 N*, C*

TraesCS1A02G413000 TaRAN1A 1 221 6.65 C*, N*

TraesCS1B02G443100 TaRAN1B 2 221 6.65 C*, N*

TraesCS1D02G420600 TaRAN1D 2 221 6.65 C*, N*

TraesCS7B02G254000 TaRAN2B 2 222 6.52 C*, N

TraesCS7D02G349900 TaRAN2D 1 222 6.52 C*, N

LOC_Os06g39875 OsRAN1 1 222 7.61 C*, N

LOC_Os05g49890 OsRAN2 3 221 6.65 C*, N*

SORBI_3009G240900 SbRAN1 1 221 6.65 C*, N

SORBI_3003G238000 SbRAN2 3 221 6.65 C*, N*

SORBI_3010G182700 SbRAN3 1 221 6.44 C*, N

SORBI_3003G217800 SbRAN4 1 220 7.03 C*, N*

Zm00001d039091 ZmRAN1 3 221 6.65 C*, N

Zm00001d039090 ZmRAN2 3 221 6.65 C*, N

Zm00001d011474 ZmRAN3 2 221 6.65 C*, N*

Zm00001d044054 ZmRAN4 3 221 6.65 C*, N*

HORVU1Hr1G090760 HvRAN1 7 221 6.65 C*, N*

HORVU7Hr1G084420 HvRAN2 10 222 6.52 C*, N

HORVU0Hr1G030130 HvRAN3 1 217 8.48 C*, N*

*High percentage; C cytoplasm, N nucleus

Fig. 2 Exon-intron structures of RAN genes from wheat, barley,
rice, maize, sorghum, and Arabidopsis. Exons are represented by
green boxes and introns were denoted by black lines. Blue boxes

represent untranslated region (UTR) of genes. The scale shows
the lengths of exons and introns
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at C terminal which is unique to Ran GTPases and highly
conserved across species. Absence of acidic tails in AtRan4
has been reported earlier, and it was suggested that AtRan4
might have different function (Vernoud et al. 2003).
Interestingly, sequence analysis of splice forms of wheat
showed presence of at least one alternate splice form of
TaRAN2B (TaRan2B.1;TraesCS7B02G254000.1) which had
complete G domain (G1 to G5 motifs) but lacked acidic tail
(online resource 1, Fig. S2a). Therefore, the analysis was ex-
tended to other cereals, and it was found that there was at least
one splice form in rice (OsRan2.2; LOC_Os05g49890.2) and
sorghum (SbRan2.1; SORBI_3003G238000.1) which also had
conserved G domain motifs but lacked acidic tail (online
resource 1, Fig. S2b,c). There was no splice form in maize
and barley with complete G domain sans acidic tail (online
resources 1, Fig. S2d & e). Acidic tail is required for interaction
of Ran with Ran-binding proteins (RanBP1) (Haizel et al.
1997). RanBPs are localized in cytoplasm and stimulates the
GTPase activity of Ran and promote the formation of Ran-GDP
(Clarke and Zhang 2008). Deletion of C-terminal domain
causes cytoplasmic retention of Ran and inhibits the nuclear
import of proteins (Lounsbury et al. 1996). Furthermore, effec-
tor binding domain (KKYEPTIGVEV) which is required for
interaction with Ran GTPase activating protein (RanGAP) was
found conserved in all the full length proteins except in AtRan4
(Fig. 3, online resource 1, Fig. S2). AtRan4 had partially con-
served effector binding domain (Fig. 3; Vernoud et al. 2003).
Both RanGAP andRanBP stimulate the conversion of RanGTP
to RanGDP. RanBP acts as co-activator and on binding to Ran
increases its affinity for RanGAP by 10-fold (Moore 1998).
This suggests that absence of acidic tail and hence RanBP
binding/stimulation might slow down the conversion RanGTP
to RanGDP. Therefore, it seems plausible that these proteins
without acidic tail from wheat, rice, and sorghum might be
having role in regulation of nucleotide state (RanGTP/
RanGDP) which still remains to be analyzed.

In addition to having conserved residues for GTPase activ-
ity, the G domain residues have sequence specific residues
named as specificity determining positions (SDPs) (Rojas
et al. 2012). These SDPs are important as these differentiate
between RAS subfamilies. Furthermore, GTP/GDP-based
conformational changes in switch I and switch II of G domain
along with the SDPs outside the conserved G motifs govern
the effector or protein-protein interaction and biological func-
tion of the RAS subfamilies. The SDPs (residues in gray shade
Fig. 3) were found to be highly conserved among the full
length Ran GTPases from wheat, barley, rice, sorghum,
maize, and Arabidopsis except AtRan4 which showed V30L
(G1) and K130P (G4) change respectively (Fig. 3, online
resource 1, Fig. S2).

Cis- regulatory elements in TaRAN promoters

For in silico prediction of conserved cis-regulatory elements
(CREs) in promoters of the TaRAN genes, 2 kb region up-
stream of translation start site of both TaRAN1and TaRAN2
and their homeologs was carried out. In addition to core ele-
ments such as TATA box and CAAT box, the promoters
revealed presence of many diverse cis-regulatory elements.
These cis-elements were grouped into seven groups viz. tissue
and development specific expression, nutrient response, phy-
tohormone regulated, biotic and abiotic stress response,
enhancer/silencing elements, and miscellaneous elements
(Fig. 4, online resource 2, Table S2). Tissue-specific elements
such as seed/endosperm/embryo-specific, mesophyll, and
pollen-specific cis-elements were overrepresented in all the
promoters followed by root-specific and guard cell-specific
elements (Fig. 4a). Elements related to cell cycle (E2F binding
& MYB binding site for CYCB1) and proliferation were also
present (1 to 4 times) in all the TaRAN promoters. Element for
circadian expression was unique to TaRAN1 (B and D).
Owing to their role in cell division and mitosis, presence of

Fig. 3 Multiple sequence alignment of Ran GTPases from wheat, rice,
and Arabidopsis showing conserved domain and motifs. Red boxes
represent five G domain motifs. Highly conserved residues are
highlighted in yellow, conserved residues in cyan; specificity

determining position (SDPs) residues are shaded in grey. Blue box rep-
resents effector binding (RanGAP) motif and green box represents acidic
tail

244 Funct Integr Genomics (2021) 21:239–250



CREs specific for cell cycle and meristem specific transacting
factors in RAN promoters is quite evident. Furthermore, there
was a high presentation of sugar responsive elements in all the
TaRAN promoters. Sugars are source of carbon and energy
and also play an important role in signaling and especially cell
cycle regulations (Wang and Ruan 2013). Therefore, presence
of at least nine diverse sugar response elements suggests an
important role of sugar signaling or sugar mediated regulation
of TaRAN genes (Fig. 4b, online resource 2, Table S2).
Interestingly, transgenic rice overexpressing OsRAN1 were
found to have high sugar levels and high mitotic index as
compared to wild-type rice and also showed cold tolerance
(Xu and Cai 2014). Among phytohormone regulated ele-
ments, GA response and ARRIAT1 (cytokinin response)
followed by CGCGBOXAT (ethylene, ABA and light re-
sponse) element were highly represented. Auxin and salicylic
acid regulated ASF1MOTIFCAMV elements was present in all
the promoters (Fig. 4c, online resource 2, Table S2). Among
abiotic stress response elements, low temperature responsive
elements and dehydration responsive elements followed by

etiolation inducible elements showed high frequency. Biotic
response elements, i.e., elicitor, wound, and diseases’ re-
sponse elements, were present in moderate number except
GT1GMSCAM4 element (pathogen and NaCl response)
which was present 8 times in TaRAN1B promoter (Fig. 4d &
e, online resource 2, Table S2).

Other CREs which were conspicuously present in these
promoters were expression modulator elements such as en-
hancer elements (EE-1, EE-2, SV40 enhancer); silencing ele-
ments, i.e. S1F and silencing element binding factor (SEBF);
and high expression and constitutive expression elements
(Fig. 4f, online resource 2, Table S2). There were several other
motifs which were grouped under miscellaneous which in-
cluded binding site for AGL15 (AGAMOUS-Like 15),
GBF4 (G-box binding factor 4), VOZ- and maize P binding
site, etc. (online resource 2, Table S2). Thus, presence of such
diverse elements in promoter region suggests the ubiquitous
expression and function of TaRAN genes under normal
growth and development as well as biotic and abiotic stress
response of wheat.

Fig. 4 Cis-regulatory elements in promoter region of TaRAN genes. The
in silico prediction of cis-elements was carried out using PLACE
database. The number of cis-elements is represented by numerals as
well as shades in the boxes with white as 0 and darkest shade

represents highest number. a Tissue and development specific elements,
b nutrient and metabolite specific elements, c phytohormone regulated
elements, d,e abiotic and biotic stress responsive elements, and f
expression modulators elements
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Digital expression analysis

To analyze the tissue, developmental and stress-specific ex-
pression pattern of the TaRAN genes RNAseq data available
in the expVIP database was explored. The expression was
analyzed in different tissues at seedling, vegetative, and repro-
ductive stages. All the three homeologs of TaRAN1were ubiq-
uitously and highly expressed during all the developmental
stages (Fig. 5a). The highest expression of TaRAN1A with
fold change of ≥ 9 was observed in shoot and root apical
meristems during both seedling and vegetative stage. The high
expression of RAN1 in meristematic tissues corroborates with
its role in mitotic processes in plants and animals (Ren et al.
1993; Quimby and Dasso 2003; Wang et al. 2006).
Transgenic Arabidopsis overexpressing TaRAN1 showed a
high number of new organ primordia around the shoot apical
point which is primarily driven by higher cell division. The
transgenic plants overexpressing OsRAN1 and TaRAN1 also
showed higher number of cells in root meristem as compared
to wild type (Wang et al. 2006; Xu and Cai 2014).

Among reproductive tissues, highest expression of
TaRAN1A was reported in microspores (fold change 8.9)

followed by embryo, seed coat, and pistil. Similar expression
pattern was observed for TaRAN1B and TaRAN1C except in
microspores where instead of full length transcripts of
TaRAN1B, splice form TaRAN1B.2 was expressed (Fig. 5a).
The splice forms TaRAN1B.2 and TaRAN1D.1 were also
expressed in most of the tissues albeit at very low and variable
levels (online resource 1, Fig. S3a).

Full length transcripts of TaRAN2 homeologs, TaRAN2B
and TaRAN2D, were also ubiquitously expressed in all the
tissues and developmental stages except in embryo (Fig. 5a).
Higher expression (5.5- to 7.1-fold) was recorded in flag leaf,
endosperm, seed coat, and microspore. The splice form
TaRAN2B.1 expressed in almost all the tissues except in em-
bryo and microspores. The expression of both TaRAN1 and
TaRAN2 was observed across all the tissues and developmen-
tal stages. However, expression levels of TaRAN1 homeologs
were significantly higher compared to TaRAN2. Higher level
expression of OsRAN1 has been reported in rice panicles (Xu
and Cai 2014). Silencing of OsRAN2 in rice by RNAi led to
pleiotropic developmental abnormalities including abnormal
inflorescence, fewer and less viable pollen grains, and male
sterile plants (Zang et al. 2010). This suggests that Ran

Fig. 5 Expression analysis of TaRAN genes in a different tissues and
developmental stages, and under b abiotic and c biotic stresses in
wheat. Expression analysis was performed using wheat RNAseq
datasets from expVIP database. Numbers in the boxes show expression

of TaRAN genes based on log transformed TPM (transcripts per million)
value. The color scale of heatmap shows the level of gene expression, red
color; high level expression bright yellow; low level gene expression
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GTPases may have an important role in development of re-
productive organs in plants.

The expression of TaRAN transcripts was analyzed under
different abiotic stresses such as drought, heat, drought and
heat combined, PEG, and phosphorus starvation. The relative
change in transcripts of TaRAN1 remained largely unaffected
under all the abiotic stresses as evident from the expression
levels at 1 h and 6 h of abiotic stresses (Fig. 5b). TaRAN2
homeologs were differentially regulated by abiotic stresses.
Under drought stress, TaRAN2 transcripts were moderately
upregulated at 6 h compared to 1 h, and under cold stress, also
TaRAN2 transcript levels were higher in vegetative shoots
after 2 weeks and in microspores (reproductive tissue).
However, there was no significant change in TaRAN2 tran-
scripts under heat, combined drought and heat, and osmotic
stress (Fig. 5b, online resource 1, Fig. S3b).

There was no significant effect of duration of disease (pow-
dery mildew, stripe rust) and pathogen (Fusarium
pseudograminearum,Magnaporthe oryzae) on the expression
of expression of TaRAN1 homeologs. In contrast, TaRAN2
showed increase in transcript levels from 2.1- (24 h) to 3.8-
fold (72 h) under powdery mildew disease. For stripe rust
pathogen (CYR 31), TaRAN2 expression decreased after
72 h but with stripe rust pathogen 87/66; TaRAN2B and
TaRAN2D expression increased from 2.2- and 3-fold on the
1st day to 4- and 4.9-fold on the 11th day respectively (Fig. 5c,
online resource 1, Fig. S3c). The differential response of
TaRAN1 and TaRAN2 to different stresses and diseases sug-
gests that these genes may have distinct role under these
conditions.

Expression analysis of TaRAN genes during
developmental stages and abiotic stress conditions by
qRT-PCR

The expression of TaRAN genes was analyzed in shoot and
root at three developmental stages, viz., seedling, vegetative,
and reproductive stages. TaRAN1 expression levels were sig-
nificantly higher as compared to TaRAN2 which showed very
low level expression in both shoot and root at all these stages
(Fig. 6a,b). At the seedling stage, there was a similar level of
TaRAN1 expression in shoot (8 fold) and root (9.75 fold),
while at the vegetative stage, expression of TaRAN1was sig-
nificantly higher in shoots (24-fold) compared to roots (3.5-
fold). This suggests that TaRAN1 is differentially regulated in
shoot and root at vegetative stage. Overexpression of TaRAN1
and AtRAN1 in Arabidopsis has been shown to increase ro-
sette leaves and vegetative growth of plants (Wang et al. 2006;
Xu et al. 2016). Rice transgenic plants overexpressing
TaRAN1 and OsRAN1 showed higher tiller number and de-
layed flowering as compared to wild-type plants (Wang et al.
2006; Xu and Cai 2014). It was suggested that RAN genes
help in new organ primordial formation which subsequently

leads to higher rosette and tiller number. Interestingly, the
roots of these RAN overexpressing transgenics were shorter
and lateral root number was also reduced. Thus RAN may
have different roles in root and shoot development. At repro-
ductive stage, expression levels were analyzed in leaf (penul-
timate to flag leaf), root, flag leaf, and spike. Among these,
flag leaf and spike showed highest expression (11.58-fold and
9.64-fold) of TaRAN1 followed by root (5.8-fold) and shoot
(3.8-fold) (Fig. 6c). The expression of TaRAN2 remained sig-
nificantly low in all these tissues (Fig. 6c). Analysis of expVIP
data also showed higher expression of TaRAN1 genes in re-
productive organs especially pistil and microspores (Fig. 5a).
Similar expression pattern was reported for OsRAN1 which
showed highest expression in spike followed by sheath root
and leaf (Xu and Cai 2014). AtRAN1 expressions were also
found to be relatively higher in siliques and cauline leaf (Xu
et al. 2016). The down- or upregulation of RAN gene expres-
sion has been associated with male sterility (Wu et al. 2007;
Zang et al. 2010). This suggests that RAN genes play vital role
in male reproductive development in plants.

The response of TaRAN genes was analyzed under pro-
gressive drought stress. For this, 21-day-old wheat seed-
lings were subjected to moisture deficit stress, and shoot
and root samples were collected at 5, 9, and 11 days of
stress imposition. The relative water content (RWC) of
stressed plants at these time points was 94.2%, 72.6%,
and 54.0%, and soil moisture content (SMC) was
15.15%, 7.54%, and 6.82% respectively (online resource
1 Fig. S4). The RWC and SMC of the non-stressed
(control) plants were in the range of 91.6–94.3% and
19.18–22.12% respectively (online resource 1, Fig. S4).
There was a 1.5-fold (p ˂ 0.05) increase in expression of
TaRAN1 and TaRAN2 in shoot tissues after 5 days of
drought stress. TaRAN1 expression decreased significantly
after the 9th day, but after 11 days, expression was similar
to that of control (Fig. 7a). TaRAN2 expression remained
similar to that of control after 9 and 11 days of drought
stress (Fig. 7a). There was no significant change in expres-
sion levels of TaRAN1 and TaRAN2 in roots under drought
stress except that TaRAN2 showed upregulation (p ˂ 0.05)
on 9 days after drought stress (Fig. 7b). Similar expression
profile was recorded for both the genes under drought
stress in expVIP expression analysis (Fig. 5b). Thus, under
higher moisture deficit, the steady-state expression levels
of TaRAN genes were largely maintained to that of control
plants in both shoot and root. TaRAN1 and TaRAN2
showed a significant (p ˂ 0.05) decrease in shoots after
3 h of cold stress (Fig. 7c). TaRAN1 expression became
similar to control after 6 h, while TaRAN2 increased up
to 1.3-fold (p ˂ 0.05) in shoots. In roots, both TaRAN1
and TaRAN2 were significantly downregulated after 3 h
and 6 h of cold stress (Fig. 7d). It was shown that
OsRAN1 and OsRAN2 were most responsive to cold stress
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Fig. 6 Expression profile of
TaRAN1 and TaRAN2 at different
developmental stages. Expression
of TaRAN1 and TaRAN2 in shoot
and root tissues at a seedling (7-
day-old seedlings); b vegetative
(25-day-old plants), and c
reproductive stage (full spike
emergence) in shoot, root, flag
leaf, and spike of wheat (Triticum
aestivum). Error bars represent the
SE of three biological replicates.
Asterisks indicates significant
difference between expression of
TaRAN1 and TaRAN2 (*p < 0.05,
**p < 0.001, ***p < 0.0001) by
student’s T test

Fig. 7 Expression of TaRAN1 and TaRAN2 in shoot and root tissues
under abiotic stresses. a,bDrought stress, 21-day-old plants were subject-
ed to moisture deficit stress by with-holding water. Optimally watered
(non-stressed) plants served as control. Relative expression was analyzed
at 5th day, 9th day, and 11th day of drought stress. c,d Cold stress (4 °C)
and e,f salt stress (150 mm); 7-day-old seedlings were subjected to cold

and salt stress and relative expression was analyzed at 3 h and 6 h post
stress imposition. Seedlings grown in Hoagland solution at 22 °C served
as control. Error bars represent the SE of three biological replicates.
Asterisks indicates significant difference between expression of
TaRAN1 and TaRAN2 (*p < 0.05, **p < 0.001) by student’s T test
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(Chen et al. 2011; Xu and Cai 2014). AtRAN1 showed an
increase in expression after 12 h of cold acclimation (Xu
et al. 2016).

Salt stress significantly reduced the expression of
TaRAN1 and TaRAN2 in shoots (Fig. 7e). In roots after
initial decrease at 3 h, both the TaRAN gene showed ex-
pression similar to that of control (Fig. 7f). AtRAN1
showed a 4-fold increase under salt stress, whereas
OsRAN1and OsRAN2 expression remained unaffected or
downregulated by salt stress (Zang et al. 2010; Xu and
Cai 2014). The response of RAN genes to salt stress ap-
pears to be common in rice and wheat. The effect of
drought stress on Arabidopsis and rice RAN genes has
not been analyzed. However, osmotic stress (PEG) has
been shown to reduce the expression of OsRAN1 and
OsRAN2 genes (Zang et al. 2010; Chen et al. 2011; Xu
and Cai 2014). AtRAN and OsRAN also respond different-
ly to exogenous ABA treatment. AtRAN1 and AtRAN3
showed increase in expression, while OsRAN2 showed a
decrease in expression on treatment with ABA (Zang
et al. 2010; Xu et al. 2016). This suggests that in spite
of being highly conserved in structure and function, Ran
GTPases may play differential role in stress response in
different species.

In conclusion, genome-wide analysis of Ran GTPases
in wheat genome led to identification of two RAN genes.
The comparative analysis of wheat Ran GTPases with that
of barley, rice, maize and sorghum reveal that these are
highly conserved proteins. However, their expression un-
der abiotic stresses may be species specific. In wheat,
after initial upregulation and downregulation in drought
and cold stress, respectively, expression of both the RAN
genes is restored to control levels, while in salt stress,
expression of these genes is significantly downregulated
in shoot. The analysis suggests differential regulation of
TaRAN genes under developmental stages and abiotic
stresses. As abiotic stresses inhibit cell division and
growth, delineating molecular functions of Ran GTPases
will help unravel the mechanism of stress induced growth
inhibition in wheat.
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