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Abstract

Background: Salinity severely limits wheat production in many parts of the world. Development of salt tolerant
varieties represents the most practical option for enhancing wheat production from these areas. Application of
marker assisted selection may assist in fast tracking development of salt tolerant wheat varieties. However, SSR
markers available in the public domain are not specifically targeted to functional regions of wheat genome,
therefore large numbers of these need to be analysed for identification of markers associated with traits of interest.
With the availability of a fully annotated wheat genome assembly, it is possible to develop SSR markers specifically
targeted to genic regions. We performed extensive analysis to identify candidate gene based SSRs and assessed
their utility in characterizing molecular diversity in a panel of wheat genotypes.

Results: Our analysis revealed, 161 SSR motifs in 94 salt tolerance candidate genes of wheat. These SSR motifs were
nearly equally distributed on the three wheat sub-genomes; 29.8% in A, 35.7% in B and 34.4% in D sub-genome.
The maximum number of SSR motifs was present in exons (31.1%) followed by promoters (29.8%), 5'UTRs (21.1%),
introns (14.3%) and 3'UTRs (3.7%). Out of the 65 candidate gene based SSR markers selected for validation, 30 were
found polymorphic based on initial screening and employed for characterizing genetic diversity in a panel of wheat
genotypes including salt tolerant and susceptible lines. These markers generated an average of 2.83 alleles/locus.
Phylogenetic analysis revealed four clusters. Salt susceptible genotypes were mainly represented in clusters | and lll,
whereas high and moderate salt tolerant genotypes were distributed in the remaining two clusters. Population
structure analysis revealed two sub-populations, sub-population 1 contained the majority of salt tolerant whereas
sub-population 2 contained majority of susceptible genotypes. Moreover, we observed reasonably higher
transferability of SSR markers to related wheat species.

Conclusion: We have developed salt responsive gene based SSRs in wheat for the first time. These were highly
useful in unravelling functional diversity among wheat genotypes with varying responses to salt stress. The
identified gene based SSR markers will be valuable genomic resources for genetic/association mapping of salinity
tolerance in wheat.
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Background
Global food grain production must substantially increase
from its current level, to ensure food for an ever-growing
world population, expected to touch 9.1 billion by the year
2050 [1]. A sizable portion of this increase would have to
come from wheat (Triticum aestivum L.), being the most
widely grown crop. However, globally, wheat production is
severely constrained by various abiotic stresses including
drought, heat, salt and metal toxicity. Among these, salin-
ity stress is the most damaging, affecting every stage of
wheat plant development including germination, vegeta-
tive growth and grain filling resulting in lower than ex-
pected vyield. According to one estimate 20 percentage of
the world’s arable land is under saline soils [2]. Further-
more, the saline areas are increasing every year due to sev-
eral factors such as low precipitation, irrigation with saline
water, high surface evaporation and poor cultural practices
[3]. It has been projected that more than 50% of the culti-
vated land may be salinized by the middle of twenty-first
century [4]. Development of high salt tolerant wheat var-
ieties presents an attractive and economical approach to
enhancing wheat production from salt affected areas.
However, this would require incorporation of modern
genomics technologies for discovery of salt tolerant genes
and their precise mobilization into salt sensitive wheat
varieties that are otherwise agronomically superior.
Marker assisted selection (MAS) can greatly accelerate
development of abiotic stress tolerant varieties as geno-
types possessing favourable abiotic stress tolerance com-
ponents traits can be precisely selected using tightly
linked/associated markers at the same time minimizing
the chances of any linkage drag [5, 6]. Over the past two
decades, many markers technique have been employed for
genetic mapping of economically important traits in wheat
[7]. Among these, simple sequence repeats (SSRs) also
known as microsatellites are widely used for molecular
analysis of plants due to their multi-allelic nature, codomi-
nant inheritance, high reproducibility and simple assay
method [8]. SSR markers can be developed from either
random sequences of the genome or exclusively from
functional regions (genic-SSR) including transcribed DNA
segments and adjacent regulatory sequences. Genic-SSR
markers are highly promising as they have potential to un-
ravel functional diversity available in the analysed germ-
plasm collection of any plant species. In plants, genic-SSRs
have been developed either using the publically available
expressed sequence tags (ESTs) such as in wheat [9], rice,
[10], barley, [11], oat, [12] or by deep transcriptome se-
quencing like in pigeonpea [13], mango [14] and some
other species. Additionally, genic SSR markers can be de-
veloped exclusively from the candidate genes associated
with targeted traits. There would be a greater chance of
finding marker trait associations, if candidate gene based
simple sequence repeat (cg-SSR) markers were used in
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genetic mapping studies. The cg-SSR markers may be par-
ticularly useful in characterizing targeted traits in wheat
and many other species that have large and complex gen-
ome. Furthermore, cg-SSR markers have gained attention
recently with various research findings showing that SSR
motifs within the genic regions may also be involved in
regulating expression of the respective genes [15-17].
However, as of now, there are just a few reports of candi-
date gene based SSRs in plant species such as rice [18] and
maize [19, 20]. In plants, abiotic stress tolerance candidate
genes are important targets for identification of cg-SSR
markers that can be efficiently used for mapping of abiotic
stress tolerance traits. Some abiotic stress tolerance genes
are also salt stress responsive and have been implicated in
salt tolerance across various plant species [21]. These salt
responsive candidate genes encodes diverse classes of pro-
teins, such as, vacuolar Na"/H" antiporters (V-H"-ATPase
and V-H'- pyrophosptase), plasma membrane Na/H*
transporters, high-affinity K transporters (HKT), transcrip-
tion factors (MYB, WRKY, DREB etc.), aquaporins (AQP),
signalling proteins and kinases, antioxidants, allene oxide
cyclase which is involved in jasmonic acid (JA) synthesis,
and LEA proteins [22, 23]. Gene based SSR markers devel-
oped from these key salt responsive candidate genes would
be very useful for association mapping of salinity tolerant
associated traits in crops.

In the present study, we are reporting extensive identi-
fication and analysis of salt responsive cg-SSR markers
in wheat for the first time. A total of 205 salt tolerance
candidate genes were identified based on an extensive
review of published literature. Their complete gene se-
quences including promoter, UTRs and coding region
were extracted from the fully annotated wheat genome
assembly and subjected for SSR mining. A good number
of cg-SSR markers were identified, representing different
functional categories of genes including transcription
factors, signalling and kinase, and ion transporters. The
polymorphic cg-SSR makers were used to analyse gen-
etic diversity and population structure in a panel of salt
tolerant and susceptible genotypes. Our analysis revealed
grouping of salt susceptible and tolerant genotypes
largely in separate clusters suggesting the potential util-
ity of these markers in mapping of salinity associated
traits. Moreover, these markers have reasonably high
levels of cross-transferability to other cultivated and wild
wheat species, indicating their potential utility in com-
parative genetic mapping analysis of these species.

Methods

Plant materials

A diverse panel of 60 wheat genotypes including salt toler-
ant and susceptible genotypes were chosen for validation
of identified cg-SSR markers (Additional file 1: Table S1).
These genotypes were chosen from a large set of wheat
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germplasm evaluated for salinity tolerance at Indian
Council of Agricultural Research-Central Soil Salinity
Research Institute (ICAR-CSSRI), Karnal, India. Moreover,
we also evaluated these genotypes for vegetative-stage
salinity stress tolerance. The evaluation data for vegetative
stage salt tolerance of wheat genotypes is presented in
Additional file 2: Table S2. Seed samples of above
mentioned 60 wheat genotypes and various wheat species,
T. compactum, T. dicoccum, T. sphaerococcum, T.
monococcum, and T. durum included in the present study
were procured from National Gene Bank of India,
ICAR-National Bureau of Plant Genetic Resources
(ICAR-NBPGR), New Delhi, India.

DNA isolation

DNA was isolated from 15 days old wheat seedlings fol-
lowing Saghai Maroof et al. [24] with some minor modi-
fications. DNA quality was checked on 0.8 agarose gel
stained with EtBr and only samples with intact bands
were considered for analysis. The concentration of DNA
was determined using a Nanodrop Spectrophotometer
(Thermo scientific, USA) and the working DNA solution
was prepared with 25 ng/pl concentration.

Salt tolerance candidate genes in wheat, identification of

SSRs and primer designing

Information on salt tolerance genes in wheat was collected
by an extensive survey of published literature. Wheat
genes identified as putative salt tolerance candidates based
on expression analysis or using a transgenic approach, ei-
ther in wheat itself or any other model systems such as
Arabidopsis, tobacco and rice were used. The list of se-
lected candidate with details, such as, transgenic system in
which their role was validated (only for some genes), ex-
perimental conditions such as sodium salt concentration
and tissue type selected for the gene expression analysis,
gene expression analysis method, expression pattern and
the phenotype of transgenic model system expressing
these genes are presented in Additional file 3: Table S3.
However, for the majority of the identified candidate salt
responsive genes, only coding sequences were available in
the gene bank. This could be primarily due to the exten-
sive application of cDNA library approach for gene dis-
covery in wheat. The coding sequences of salt responsive
genes were downloaded from National Centre for Biotech-
nology Information (NCBI) GenBank database and used
as queries to search the fully annotated and most im-
proved wheat genome assembly TGACvl (NCBI gene
bank accession: GCA_900067645.1 [25]. The full length
gene sequence including exons, introns, UTRs and pro-
moter (2000 nucleotides upstream from the transcript ini-
tiation site) were extracted for each gene. The extracted
full length gene sequences were mined for simple se-
quence repeats (SSRs) using a SSR identification tool [26].
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Various details of microsatellite containing salt responsive
genes such as Ensembl ID, chromosome location, micro-
satellite repeat motifs they contain and their location are
provided in Additional file 4: Table S4. Microsatellite
primers were designed from the flanking sequences of the
identified microsatellite motifs using Batch primer pro-
gram [27]. The SSR primers were designed according to
the following parameters: primer length 20-25 bp, melting
temperature (Tm) 55-60 °C, GC percentage- 45-60 and
product size 110-300 bp. The SSR primer details such as
nucleotide sequence, melting temperature and expected
product size are given in Additional file 5: Table S5.

PCR amplification and gel electrophoresis

PCR was set up in a 25 ul reaction volume containing
40 ng of genomic DNA, 1 U Taq DNA polymerase
(G-Biosciences) 1 X PCR buffer (G-Biosciences), 0.5 uM
primers (Beijing SBS Genetech Co. Ltd.) and 0.2 mM of
dNTP mix (Sigma). Amplification reactions were per-
formed in a thermocycler (Biometra TAdvanced) using
the following program: 95 °C for 5 min followed by
35 cycles each consisting of 94 °C for 1 min (denatur-
ation), 52—56 °C (varied with primers) for 1 min (anneal-
ing) and 72 °C for 1 min (extension) and finally at 72 °C
for 8 min. PCR products were separated on 3.5% meta-
phore agarose at constant 120 V with 1X TAE (Tris
acetate EDTA) buffer (pH -8.0). The gels were stained
with ethidium bromide and visualized in a gel documen-
tation system (Alpha Imager, USA).

Allele scoring and sequencing

The clearly resolved DNA fragments in the metaphor agar-
ose gel were visually scored. The separated DNA fragments
(alleles) were scored either 1 (to indicate presence) or 0 (to
indicate absence) for each marker and a data matrix was
generated which was further used for performing various
analyses. The molecular weight of each separated fragment
was estimated using Alpha View software (Alpha Imager,
USA). DNA fragments of the selected alleles were sliced
from the gel and purified using Zymoclean™ Gel DNA recov-
ery kit (Zymoresearch, California). The purified DNA frag-
ments were sequenced using the respective SSR primers.

Genetic diversity and population structure analysis

Genetic diversity related parameters were analysed using
DARwin software 6.0.158 [28]. The allelic data (0 / 1 geno-
typing data) generated using all the SSR markers was used
to generate a pair wise Dice-coefficient dissimilarly matrix
of wheat genotypes (Additional file 6: Table S6). Finally,
this dissimilarity matrix was used to construct an un-
weighted Neighbor Joining (N-J) phylogenetic tree. Poly-
morphism information content (PIC) for primers was
calculated using the formula = 1- ¥ pi 2, where pi is equal
to the frequency of the ith allele of a particular locus [29].
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Population structure was determined using a Bayesian
model-based approach implemented in STRUCTURE
program version 2.2 [30]. The population clusters (K)
were estimated for varied numbers of K from 1 to 8 using
five independent runs. Each run was implemented with a
50,000 burn-in period and run length of 100,000 Markov
Chain Monte Carlo (MCMC) generations, assuming
provision of admixtures and correlated allele frequencies.
The genotypes were placed into different sub-clusters
based on the maximum likelihood values (LnPD). The
number of populations estimated on the basis of LnPD
values was further confirmed by the DeltaK (AK) method
[31] using a web based program Structure Harvester
(http://taylor0.biology.ucla.edu/structureHarvester/).

Genomic localization of salt responsive genes on Rice and
Brachypodium genomes

Rice (Oryza sativa japonica) and Brachypodium distach-
yon  genome  sequences with  accession  no.
GCA_001433935.1 and GCA_000005505.1 respectively
were downloaded from NCBI. For generating Circos plots,
we used wheat cv ‘Chinese Spring’ genome assembly
IWGSC Refseq V 1.0 which has been assembled at the
level of chromosomes. Firstly, the salt responsive genes
were aligned to rice and Brachypodium genomes using
BLASTN command line. The top hit for each gene was
taken into consideration based on bit scores provided that
the alignment percentage was greater than 75% and
e-value less than le-50. All the BLAST hits aligned re-
gions less than 200 bp were excluded. The aligned hit re-
gions were visualized using Circos program [32].

Results

The frequency, distribution and characterization of cg-
SSRs in wheat genome

A total of 205 wheat salt responsive candidate genes were
identified by an extensive survey of published literature,
their sequences were extracted and analysed for presence
of SSR repeats. We could identify, 161 cg-SSR motifs from
different regions of 94 salt responsive genes. The list of
genes containing SSR repeat motifs along with various de-
tails such as putative function, number and type of repeat
motifs and their location are provided in Additional file 4:
Table S4. Of the total identified SSR motifs, the largest
number were tri-nucleotides (37.3%) followed by di-
(29.8%) and tetra-nucleotides (20.5%) (Fig. 1a). The major-
ity of tri-nucleotide motifs were from exons (11.8%)
followed by promoters (9.94%), whereas the majority of
di-nucleotide repeat motifs were present in promoters
(9.94%) followed by exons (9.32%) (Fig. 1b). Altogether 74
different types of SSR motifs were identified, of these 46
types of SSR motifs were present a single time and the
remaining 28 SSR motifs were present for 2—7 times. The
top 28 cg-WSSR motifs based on frequency were AT/TA
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(12.17%), TC/GA (7.83%), AG/CT, TG/CA and CCT/AGG
(6.96% each) followed by AAG/CTT (6.10%) (Fig. 1c). Al-
though, cg-SSRs were distributed on all the 21 wheat chro-
mosomes, their number varied; the largest number of
cg-SSRs (9.74%) repeats were found on chromosome 5B
and the smallest number on chromosome 4D (0.65%).
Chromosome 1D, 6A, 2B, 3A, 3B, 3D and 5D, each con-
tained more than 5% SSR motifs (Fig. 2). The numbers of
iterations for various SSR motifs varied from 4 to 31 and
motifs with five iterations were most abundant followed by
four, six and eight iterations. We have also analysed the
distribution patterns of cg-SSR loci within salt responsive
gene sequences. Among the different gene segments, the
greatest number of repeat motifs were located in exons
(31.1%) followed by promoters (29.8%), 5UTR (21.1%), in-
trons (14.3%) and 3'UTRs (3.7%) (Additional file 7: Figure
S1). We also estimated the distribution of the repeat motifs
based on the size of DNA analysed from each of the gene
segments. The total size of DNA analysed was 516,103 bp
that included 188,000 bp from promoters, 100,469 bp
from introns, 143,081 bp from exons, 33,995 bp from
5'UTRs and 50,558 bp from 3'UTRs. Based on the size of
DNA represented from each region, repeat motifs were
more frequent in 5" UTRs, followed by exons, introns, pro-
moters and 3'UTRs.

The sub-genome level analysis revealed more cg-SSR
repeats in the B sub-genome (35.7%) followed by D
(34.4%) and A sub-genome (29.8%) (Additional file 8:
Table S7). The tri-nucleotide motif frequency was rela-
tively higher in A (48%) and B (34.48%) sub-genomes as
compared to di-nucleotide repeats (A =34% and B=
24.14%). On the other hand, the D sub-genome pos-
sessed a higher proportion of di-nucleotide repeats
(32.1%) than tri-nucleotide repeats (30.2%). The major
SSR motifs types (di- and tri- repeat motifs) were un-
equally distributed across the three wheat sub-genomes.
The tri-nucleotides motifs were predominantly present
in exons and promoters in the A sub-genome, 5UTRs
and exons in B sub-genome and promoter regions in the
D sub-genome. The di-nucleotide repeats were abundant
in exonic regions in the A sub-genome; 5 UTR regions
in the B sub-genome and intronic regions in the D
sub-genome (Additional file 9: Figure S2).

Functional classification of SSR-containing salt responsive
genes

In order to gain an insight into the various functions
that cg-SSRs containing genes identified might perform
under salt stress, we categorized them into various func-
tional groups. The cg-SSRs containing genes could be
broadly divided into seven broad functional groups; tran-
scriptional regulation, signalling and kinase, regulatory
factors, ion transporters, water channel & membrane
proteins, others (proteins with known functions other
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than those in the other functional groups) and unknown
function. The largest number of cg-SSRs were located in
transcriptional regulation genes (40.2%) followed by sig-
nalling and kinase genes (19.6%). Moreover, the cg-SSRs
distribution within gene regions (exons, introns, UTRs
and promoter) of the seven functional group was also
analysed (Fig. 3a). The locations of the majority of
cg-SSR repeat motifs were as follows; exonic regions of

the transcriptional regulation genes, signalling and kin-
ase genes, and regulatory factor encoding genes; pro-
moter regions of transcriptional regulation genes,
regulatory factors genes and signalling and kinase encod-
ing genes; 5’UTRs of transcriptional regulation genes,
and signalling and kinase encoding genes (Fig. 3b). Inter-
estingly, the transcription factor genes including MYB,
NAC, WRKY, DREB; the SAP (stress associated protein)
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and those in the others category contained an almost
equal percentage of SSR loci in exons, 5UTRs and pro-
moter regions (Fig. 3b). The unknown group was repre-
sented by three genes including 7TaSIP (Triticum
aestivum salt-induced protein) [33], TaSST (Triticum
aestivum salt stress protein) [34] and TaSP (Triticum
aestivum salt-related protein) [35] identified from
salt-tolerant wheat genotypes but their exact molecular
/cellular functions are not known.

Development and validation of candidate gene based
wheat simple sequence repeat (cg-WSSR) markers

We were able to design 154 potential cg-WSSR markers
targeted to the SSR muotifs identified in salt responsive
genes (Additional file 5: Table S5). We could design fewer
WSSR markers than the total number of predicted repeat
motifs (161) as some of these were compound repeats.
The cg-SSR markers were localized on the 21 wheat chro-
mosomes and are depicted in Fig. 4. Locations of the
cg-WSSRs on the respective wheat chromosomes was
assigned according to the scaffold order information, de-
termined in a previous study [25]. A total of 65 out of 154
cg-WSSR primers pairs, representing all the wheat chro-
mosomes were synthesized for validation in a set of 60

wheat genotypes including high and moderate salt tolerant
and susceptible lines. Out of these, only sixty two
cg-WSSR primer pairs produced amplification, when ini-
tially screened in a set of eight wheat genotypes for poly-
morphism. Based on this polymorphism survey, 30
polymorphic cg-WSSR were identified and used for gener-
ating polymorphism profiles of the selected panel of 60
wheat genotypes. These primers generated a total of 85 al-
leles across the wheat genotypes analysed. Since the three
wheat sub-genomes are homeologues to each other, there
might be the possibility of some primers binding to more
than one locations and producing non-specific bands.
However, only the expected size bands were scored. Fur-
ther, to verify that the amplicons generated with a particu-
lar cg-SSR marker contained identical motifs, randomly
bands amplified with cg-SSR primers WSSR75 and
WSSR79 were sequenced from three wheat genotypes.
We found that the same motif was present in all ampli-
cons with varied repeat length (Additional file 10: Table
S8). The number of alleles per cg-WSSR locus ranged
from 2 to 5 with an average of 2.83 alleles. The
cg-WSSR44 and cg-WSSR 112 produced the highest
number of alleles (5). The PIC value of the salt responsive
cg-WSSR markers ranged from 0.15 to 0.77 with the mean
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value of 0.55. The lowest PIC value was observed for
cg-WSSR1 which targeted the SRG (salt responsive gene)
whereas the maximum PIC value was observed for
cg-WSSR112 targeting the SOSI (salt overlay sensitive 1)
gene. The other cg-WSSR markers with high PIC values
targeted TaRab7, GTP-binding protein Rab7 (cg-WSSR76;
PIC: 0.74), TaGAPC, glyceraldehyde-3-phosphate de-
hydrogenase (cg-WSSR109; PIC: 0.71) and TaSAPI-Al, a
stress associated protein (cg-WSSR42; PIC: 0.68) encoding
gene. The cg-WSSR115 and cg-WSSR98 from transcrip-
tion factor TaMYB72 and TaSST genes respectively,
showed identical PIC value (0.66). The PIC values of
WSSR primers are given in Table 1. In general, PIC value
was higher for the cg-WSSR markers with more repeat
motifs, such as, cg-WSSR112 with fourteen trinucleotide
motifs (AAG);4 and cg-WSSR109 with thirteen dinucleo-
tide motifs (AC);3. The PIC values of the markers also
depended upon the number of detectable alleles which
was directly related to the extent of genetic diversity avail-
able in the germplasm analysed. A representative gel pro-
file of the wheat genotypes generated with cg-WSSR44 is
given in Fig. 5.

Genetic diversity and population structure analysis using
cg-WSSR markers

The pairwise Dice dissimilarity among wheat genotypes
was estimated based on the allelic data from the 30
cg-SSR markers. The cg-WSSR markers revealed low dis-
similarity among the analysed wheat genotypes ranging

from 0.04 (4%) to 0.31 (31%) (Additional file 6: Table S6).
This was not surprising as the cg-WSSR marker capture
variation was only from the functional region (salt respon-
sive segment) of the genome. The NJ dendrogram gener-
ated based on the Dice dissimilarity grouped wheat
genotypes into four clusters; I, II, III and IV (Fig. 6 A).
Cluster I and III were predominately represented by sus-
ceptible genotypes; 18 out of 21 genotypes in cluster I and
both genotypes of cluster III were salt susceptible. These
susceptible wheat genotypes were represented by various
states of India and a few from USA, Australia, and
Mexico. Cluster III contained two salt sensitive wheat ge-
notypes, one each from Rajasthan and Uttar Pradesh
states of India suggesting these were genetically diverse
from all other wheat genotypes. Interestingly the salt sen-
sitive wheat genotypes were grouped together irrespective
of their place of origin/ source of collection. On the other
hand, salt tolerant genotypes including high and moderate
salt tolerant types were nearly uniformly represented in
the other two clusters, II and IV. In cluster IV, 13 and
cluster II 12 genotypes were either high or moderately salt
tolerant. Four highly salt tolerant genotypes namely
KRL210, EC178071-434, 1C539469 and Kharchia were
present in cluster IV. Our analysis showed that the SSR
markers from candidate salt responsive genes can poten-
tially capture genomic level diversity available in the ana-
lysed wheat genotypes.

We also analysed the utility of the cg-WSSR markers
developed in generating population structure of the
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Fig. 5 Representative amplification profiles of 60 genotypes generated using cg-WSSR44 marker. The marker amplified different size of alleles
ranging from 145 bp to 170 bp across the wheat genotypes. Lane M 100 bp DNA ladder (G-Biosciences), Lane no 1 to 60 are the serial number
of 60 wheat genotypes as listed in Additional file 1: Table S1

A\

wheat genotypes studied. The most probable number of to K=5, it was observed that at K=2 wheat genotypes
sub-populations in the analysed wheat set was estimated  were broadly grouped according to their level of salinity
using STRUCTURE software. According to this analyses, tolerance (Fig. 7). The sub-population 1 has a membership
AK showed a maximum value at K =5, however when we  proportion of 51% (31 out of the 60 analysed genotypes)
analysed the distribution of wheat genotypes from K=2 and contained majority of salt tolerant lines, whereas,

Fig. 6 N-J tree representing genetic relationships among wheat genotypes based on 30 cg-WSSR markers. Cluster | possess majority of the salt
susceptible genotypes. Cluster Il and IV contain majority of the tolerant and moderate tolerant genotypes and some salt sensitive genotypes
whereas cluster lIl has two salt sensitive genotypes. The numbers on the branches indicate serial number of wheat genotypes as listed in
Additional file 1: Table S1
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2 46 28 37 6

Fig. 7 Assignment of the 60 analyzed wheat genotypes into two subpopulation (I and Il) using STRUCTURE. Each coloured bar represent a wheat
genotype. The Y axis represents the proportion of each wheat genotype genome assigned into two subpopulations. The numbers at the X axis
are the serial number of wheat genotypes as listed in Additional file 1: Table S1. The bars with 80% or more (Y axis value 20.8) segment
highlighted with green or red colour represent pure individual whereas those with both the colours are admixtures. Out of the 31 genotypes in
sub-population 1, 17 are represented by tolerant and moderately salt tolerant indicating extensive similarity in their allelic combinations

sub-population 2 has a membership proportion of 49%
(29 out of the 60 analysed genotypes) possessing the ma-
jority of the salt susceptible genotypes. Out of the 28 salt
tolerant and moderately salt tolerant genotypes included
in our analysis, 17 were represented in sub-population 1.
Moreover, we observed that both the sub-populations pos-
sessed varying levels of admixture. The genotypes with
membership proportion of 0.8 or more (values on Y axis)
in subpopulations were considered pure and others as ad-
mixtures. In sub-population 1, 70% genotypes were pure
and 30% admixtures. On the other hand sub-population 2
possessed a relatively lower proportion of admixtures
(25%). The admixture may be due to the incorporation of
material from the global wheat program as a large number
of wheat genotypes in India are mostly sourced from
CIMMYT, Mexico.

Cross-transferability of cg-WSSRs in Triticum species

In order to investigate cross-transferability of the
cg-WSSR markers, a set of 50 cg-WSSR markers including
30 cg-WSSR markers validated in the above mentioned
panel of wheat genotypes and 20 cg-WSSR markers ran-
domly selected from 154 SSR markers designed in this
study, were tested in five different but ancestrally related
species representing hexaploid, tetraploid and diploid spe-
cies including T. compactum (ABD), T. sphaerococcum
(ABD), T. dicoccum (AB), T. durum (AB) and T. monococ-
cum (A™). The highest transferability (70%) of cg-WSSR
markers was observed in T. compactum followed by 66%
in T. sphaerococcum, 58% in T. dicoccum, 56% in T.

durum, and 44% in T. monococcum. The representative
amplification profiles of Triticum spp. with two cg-WSSR
markers (WSSR40 and WSSR44) are given in Fig. 8. The
list of cross-transferable cg-WSSR markers and details of
alleles amplified with each of these markers are provided
in Additional file 11: Table S9. Though, some of the
markers amplified additional non-specific bands, we have
considered only those alleles that were within the ex-
pected size range; close to the band size observed in hexa-
ploid wheat. Sequencing of expected size bands amplified
by two cg-SSR markers, WSSR40 and WSSR44 revealed
the presence of targeted repeat motifs (Additional file 10:
Table S8). The higher levels of cross-species amplification
indicated that the wheat cg-WSSR markers could be suc-
cessfully employed for comparative mapping and other
marker based analysis in these species.

Genomic localization of salinity tolerance genes on cereal
genomes

All the cereals are considered to have evolved from an an-
cestral grass species [36]. Therefore, it may be expected
that large number of the wheat salt tolerance genes are also
present in other cereal species as the functionally import-
ant genes are mostly conserved during species evolution.
We have localized wheat cg-SSR containing genes ortholo-
gues on rice and Brachypodium genomes to get insight
into their conservation pattern (Fig. 9 and Additional file 12:
Fig. S3). Genes present on A, B and D sub genomes of
wheat have been separately analysed to clearly depict their
genomic location in the rice and Brachypodium genomes.
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Fig. 8 Representative gel showing amplification profiles of different Triticum sp. with cg-WSSR 40 and 44. Marker cg-WSSR40 generated two
expected size bands each in T. compactum, T. dicoccum and T. durum and their size were same in all the three species. Only one band was
detected in case of T sphaerococcum and T.monococcum. Marker cg-WSSR44 generated only one band in the wild and cultivated wheat species

Out of 94 genes analysed, 69 genes had high sequence
similarity to the Brachypodium genome and 40 had high
sequence similarity to rice genome. In rice, the salt tolerant
loci were localized on 11 different chromosomes (except
chromosome 8) with the greatest number on chromosome
2 (12 genes) followed by chromosome 1 (8 genes). The
sub-genome wise analysis showed that more genes were lo-
calized from the D sub-genome than the B and A
sub-genomes. On the other hand, in case of Brachypodium
salt tolerant loci were restricted to just two chromosomes;
1 and 5. Of these chromosome 1 contained the majority of
the salt tolerant loci (63 genes) and chromosome 5 con-
tained just six loci. This suggests that salt tolerance con-
trolling regions are preferentially located on the certain
segments of both the rice and Brachypodium genomes.
Furthermore, we have also analysed transferability

(genomic localization) of the cg-WSSR markers on the rice
and Brachypodium genomes. However, very few markers
could be localized in both the species. It indicated that the
primer sequences flanking the repeat motifs are less con-
served across wheat, Brachypodium and rice genomes. Al-
ternatively, we also analysed identified salt responsive
genes (homologs) of rice and Brachypodium for the pres-
ence of repeat motifs. The list of genes containing repeat
motifs in both the species is presented in Additional file 13:
Table S10. The identified repeat motifs in rice and Brachy-
podium can be targeted for development of cg-SSR
markers.

Discussion
Generally microsatellites are considered to be a ‘junk’
portion of genomes and have been primarily used to
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Fig. 9 Genomic localization of wheat A sub-genome (a), B sub-genome (b) and D sub-genome (c) salt responsive SSR containing genes on
Brachypodium genome. The lines depict the corresponding positions of the salt responsive genes on the wheat and Brachypodium chromosomes
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understand evolutionary relationships and characterizing
variation among natural populations of plant species.
However, in recent years, some studies have demon-
strated that intragenic microsatellites may be involved in
modulation of genes expression at the transcriptional
and post-transcriptional level [16, 17, 37]. Therefore,
SSR markers from genic regions are not just a valuable
genomic resource for molecular analysis and trait map-
ping but may be also a target of selection in future crop
breeding programmes.

Here, we have explored microsatellite loci in salt toler-
ance candidate genes of wheat and studied their utility in
characterizing genetic diversity and population structure
in a panel of diverse wheat germplasm representing salt
tolerant and susceptible genotypes. The present study is
the first report of cg-SSR marker development in wheat.
Though few studies have reported cg-SSR development in
plants, except one study [18] which reported development
of large number of markers from salt responsive genes of
rice, in others cases they were developed from the genes
associated with only one or two pathways, such as, genes
of zinc and iron transport [19] and lysine and tryptophan
amino acid metabolism in maize [20]. In this study, we
have developed cg-SSR markers from large number of salt
responsive genes belonging to different functional groups.
The wheat cg-SSRs identified represent novel genomic re-
sources which can be potentially exploited for assessing
genetic diversity and mapping of salinity tolerance traits
using bi-parental and association mapping approaches.
Our observation of tri-nucleotide repeat motifs being
more abundant (37.3%) as compared to di (29.8%) and
tetra-nucleotide (20.5%) was in conformity with earlier
studies in rice and wheat showing abundance of trinucleo-
tide repeat motifs in unigene sequences [38]. Further, we
observed that the major types of repeat motifs (di and tri
repeat motifs) were unevenly distributed within different
gene regions (promoter, UTRs, introns and coding re-
gions). The frequency of tri-nucleotide repeats was higher
in exons as compared to other regions which is in agree-
ment with observation in rice, Arabidopsis, Medicago,
maize and sorghum [39-41]. In the Arabidopsis genome,
tri-nucleotides motifs were twice as widespread in the
coding region when compared to noncoding regions indi-
cating selection for stretches of amino acids [42].

The prevalence of tri-nucleotide repeats over other re-
peats in the exonic regions may be attributed to selec-
tion against frameshift mutations, as the tri-nucleotide
motifs would not alter the reading frame of genes [43,
44]. Interestingly, within the non-coding regions of
genes (promoter, UTRs and introns), the SSR frequency
was highest in the promoter region. A similar observa-
tion was also made in rice [41]. Furthermore, the fre-
quency of SSRs within transcribed regions (5’UTRs,
exons, introns and 3’ UTRs) gradually declined from the
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5’ to 3" direction except for the exons. Many other stud-
ies have also reported a decline in SSR repeat motifs fre-
quency along the direction of transcription [45, 46]. The
presence of a high proportion of repeat motifs in 5’UTRs
was significant as the 5’"UTR is known to participate in
regulation of gene expression both in plants and other
eukaryotic species [47].

The cg-WSSRs have been validated in a panel of wheat
genotypes comprising salt tolerant and susceptible lines.
The cg-WSSR primers were highly polymorphic as re-
vealed by their high mean PIC value 0.53; slightly lower
than that for random wheat SSR markers reported in
earlier studies [48, 49]. Interestingly, out of the thirty
polymorphic cg-WSSR markers, most were from 5
UTRs followed by promoters and introns and the least
from the exonic regions. The relatively high frequency of
microsatellites in non-coding regions could be attributed
to the fact that mutations in these regions would not
affect the primary structure of the protein and thus are
more tolerable as compared to those in coding regions.
Morgante et al. [44] also reported a high frequency of
repeats in the untranslated portion of the genes of plant
genomes. It could be possible that 5’UTR microsatellites
loci participating in modulating the expression of re-
spective genes, thereby determining responses of wheat
genotypes under salinity stress. Additionally, we ob-
served that long repeat motifs (8 or more iterations)
were more polymorphic as compared to the small re-
peats. This can be expected as the chances of slippage
induced errors are greater in the case of longer repeats
than for the short repeats.

Grouping of the majority of salt sensitive wheat geno-
types into two clusters (I and III), irrespective of their
geographical locations/source of collections may be
largely attributed to the presence of motifs with nearly
similar length in the majority of the candidate genes
analysed. The cluster based findings were also supported
by population structure analysis; the majority of salt tol-
erant genotypes were present in sub-population I and
susceptible genotypes in sub-populations II. Therefore,
our study clearly hints at the possibility of microsatellites
repeat length variation being one of the factors respon-
sible for differential responses of wheat genotypes to sal-
inity stress. These findings also suggests that cg-WSSRs
are more similar to gene based functional markers that
can detect genotypes possessing targeted alleles irre-
spective of their different geographical locations. A simi-
lar observations was also made in rice using cg-SSR
markers by Molla et al. [18]. Nevertheless, we have ob-
served that a few tolerant genotypes were also clustered
with the salt susceptible lines. This may be explained on
the basis that salt tolerant wheat genotypes may adopt
different salt tolerance mechanisms such as, osmotic tol-
erance, Na* exclusion and Na® compartmentalization
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[21], each controlled by different set of genes, however,
the cg-SSR analysed may not necessarily represent all of
these genes. Further, population structure analysis re-
vealed that the majority of salt tolerant genotypes were
clustered in sub-populationl. In future studies, wheat re-
searchers may compare cg-WSSR markers and genome
wide SSR markers in large set of salt susceptible and tol-
erant wheat lines to see whether the separation pattern
observed with cg-WSSR markers are not confounded
with any other trait.

Our study demonstrated a reasonably good level of
transferability of cg-SSRs to other Triticum species, sug-
gesting loci containing these markers were conserved dur-
ing evolution/domestication of wheat species. High levels
of transferability of unigene derived-SSRs have been also
reported in other crops [50, 51]. The findings showing
localization of many wheat salt responsive genes on rice
and Brachypodium genomes indicate that the genomic
fragment carrying the salinity tolerance associated genes
are broadly conserved in these species to enable them to
survive extreme salinity stress conditions.

Conclusion

We have identified salt responsive gene based SSRs in
wheat and demonstrated their utility in characterizing func-
tional diversity among salt susceptible and tolerant wheat
genotypes. The availability of these markers allows us to
employ a highly directed approach to identify salinity toler-
ance associated traits/QTLs. Moreover, as the cg-WSSRs
have reasonably high transferability to other Triticum sp.
including wild and cultivated wheat, these can be poten-
tially exploited for identifying salt tolerance loci in these
species as well. Our study also suggests the possibility of re-
peat length variation in candidate cg-WSSR loci having a
role in salinity tolerance response in wheat. However, con-
firming this would require a detailed investigation at the in-
dividual microsatellite locus level.

Additional files

Additional file 1: Table S1. Details of 60 wheat genotypes used for
validation of salt responsive cg-SSR markers. (DOC 117 kb)

Additional file 2: Table S2. Phenotyping data of 60 wheat genotypes
evaluated for vegetative stage salt tolerance under NaCl (150 mM). (DOCX 21 kb)

Additional file 3: Table S3. Selected candidate salt responsive genes
and associated details, such as, transgenic model system in which their
role was validated (for some genes), the experimental condition such
sodium salt concentration and tissue type analyzed for expression
analysis, gene expression analysis method, expression pattern and
phenotype of transgenic under salt stress. (DOC 214 kb)

Additional file 4: Table S4. Salt responsive genes, Ensembl ID, cg-WSSR
chromosome location, gene annotation, gene function, type of repeat
motif, repeat location in the gene sequence and reference. (DOC 264 kb)

Additional file 5: Table S5. List of 154 cg-WSSR marker with details includ-
ing primer sequence, length, Tm (°C) and expected product size (bp). (XLS 52 kb)

Page 13 of 15

Additional file 6: Table S6. Dissimilarity matrix of analyzed wheat
genotypes based on 30 cg-WSSR markers. (XLSX 28 kb)

Additional file 7: Figure S1. Distribution pattern of cg-SSR motifs
within different segments of salt responsive genes. (TIF 72 kb)
Additional file 8: Table S7. Distribution of cg-WSSR loci on three wheat
sub-genomes. (DOCX 14 kb)

Additional file 9: Figure S2. Major cg-SSR repeat types in three wheat
sub-genomes. (TIF 154 kb)

Additional file 10: Table S8. Nucleotide sequence of DNA fragment
amplified with WSSR markers in wheat and related species. (DOCX 15 kb)
Additional file 11: Table S9. Cross-transferable cg-WSSR markers and the
size of alleles amplified by each of them in related wheat species (DOCX 17 kb)
Additional file 12: Figure S3. Circos plot depicting genomic
localization of A sub-genome (a) B sub-genome (b) and D sub-genome
(c) salt responsive genes of wheat on 12 rice chromosomes. (TIF 279 kb)
Additional file 13: Table 10. Salt responsive candidate gene homologs
of rice and Brachypodium containing SSR repeat motifs. (DOCX 14 kb)

Abbreviations

cg-SSRs: candidate gene based simple sequence repeats; cg-WSSR: candidate
gene based wheat simple sequence repeats; PIC: Polymorphism information
content; UTR: Untranslated region

Acknowledgements

The authors thank Director ICAR-NBPGR, New Delhi for providing lab facilities
to carry out this work. We are grateful to Prof Robert Henry, Director,
Queensland Alliance for Agriculture and Food Innovation, Queensland,
Australia for language editing.

Funding

Financial support received from young scientist project grant no SERB/LS-8/2014
and ICAR-National Innovations in Climate Resilient Agriculture (NICRA) Project
code 1006607 is acknowledged. The funder has no role in the design of the study
and collection, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
The datasets supporting the results of this article are included within the
article and the additional files.

Authors’ contributions

AKS conceived the idea and designed the experiments. SC, SK, JK, NS and
SRJ performed the experiments. AKS, SC, MCY, RS wrote the manuscript. AKS,
RS, SG and MCY performed the statistical analysis. All the authors edited and
approved the final manuscript.

Ethics approval and consent to participate
This study does not contain any research requiring ethical consent or
approval.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Division of Genomic Resources, ICAR-National Bureau of Plant Genetic
Resources, Pusa, New Delhi 110012, India. “Division of Germplasm Evaluation,
ICAR-National Bureau of Plant Genetic Resources, Pusa, New Delhi 110012,
India. *ICAR-Indian Agricultural Statistics Research Institute, Pusa, New Delhi
110012, India. “Division of Germplasm Conservation, ICAR-National Bureau of
Plant Genetic Resources, Pusa, New Delhi 110012, India.


https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1
https://doi.org/10.1186/s12870-018-1476-1

Singh et al. BMIC Plant Biology

(2018) 18:249

Received: 5 April 2018 Accepted: 9 October 2018
Published online: 20 October 2018

References

1.

20.

21.

22.

23.

24.

25.

FAO. High level expert forum — how to feed the world in 2050. Economic
and social development department, food and agricultural Organization of
the United Nations 2009, Rome.

Munns R, Tester M. Mechanisms of salinity tolerance. Annu Rev Plant Biol.
2008;59:651-81.

Jamil A, Riaz S, Ashraf M, Foolad MR. Gene expression profiling of plants
under salt stress. Crit Rev Plant Sci. 2011;30:435-58.

Mahajan S, Tuteja N. Cold, salinity and drought stresses: an overview. Arch
Biochem Biophys. 2005;444:139-58.

Moose SP, Mumm RH. Molecular plant breeding as the foundation for 21st
century crop improvement. Plant Physiol. 2008;147:969-77.

Collard BC, Mackill DJ. Marker-assisted selection: an approach for precision
plant breeding in the twenty-first century. Phil Trans R Soc B. 2008;363:557-72.
Randhawa HS, Asif M, Pozniak C, Clarke JM, Graf RJ, Fox SL, Humphreys DG,
Knox RE, DePauw RM, Singh AK, Cuthbert RD. Application of molecular
markers to wheat breeding in Canada. Plant Breed. 2013;132:458-71.
Varshney RK, Graner A, Sorrells ME. Genic microsatellite markers in plants:
features and applications. Trends Biotechnol. 2005;23:48-55.

Asadi AA, Monfared SR. Characterization of EST-SSR markers in durum
wheat EST library and functional analysis of SSR-containing EST fragments.
Mol Gen Genomics. 2014;289:625-40.

Yu J-K La Rota M, Kantety R, Sorrells M. EST derived SSR markers for
comparative mapping in wheat and rice. Mol Gen Genomics. 2004;271:742-51.
Varshney RK, Thiel T, Stein N, Langridge P, Graner A. In silico analysis on
frequency and distribution of microsatellites in ESTs of some cereal species.
Cell Mol Biol Lett. 2002;7(2A):537-46.

Becher R. EST derived microsatellites as a rich source of molecular markers
for oats. Plant Breed. 2007;126:274-8.

Dutta S, Kumawat G, Singh BP, Gupta DK, Singh S, Dogra V, Gaikwad K,
Sharma TR, Raje RS, Bandhopadhya TK, Datta S. Development of genic-SSR
markers by deep transcriptome sequencing in pigeonpea [Cajanus cajan (L.)
Millspaugh]. BMC Plant Biol. 2011;11(1):17.

Mahato AK, Sharma N, Singh A, Srivastav M, Singh SK, Singh AK, Sharma TR,
Singh NK. Leaf transcriptome sequencing for identifying genic-SSR markers
and SNP heterozygosity in crossbred mango variety ‘Amrapali'(Mangifera
indica L). PLoS One. 2016;11(10):e0164325.

Li Y-C, Korol AB, Fahima T, Nevo E. Microsatellites within genes: structure,
function, and evolution. Mol Biol Evol. 2004,21:991-1007.

Sharopova N. Plant simple sequence repeats: distribution, variation, and
effects on gene expression. Genome. 2008;51:79-90.

Zhang L, Zuo K, Zhang F, Cao Y, Wang J, Zhang Y, Sun X, Tang K.
Conservation of noncoding microsatellites in plants: implication for gene
regulation. BMC Genomics. 2006;7:323.

Molla KA, Debnath AB, Ganie SA, Mondal TK. Identification and analysis of
novel salt responsive candidate gene based SSRs (cg-WSSRs) from rice
(Oryza sativa L). BMC Plant Biol. 2015;15:122.

Sharma A, Chauhan RS. Identification of candidate gene-based markers
(SNPs and SSRs) in the zinc and iron transporter sequences of maize (Zea
mays L). Curr Sci. 2008;95:1051-9.

Babu BK, Agrawal PK, Gupta HS, Kumar A, Bhatt JC. Identification of
candidate gene-based SSR markers for lysine and tryptophan metabolic
pathways in maize (Zea mays). Plant Breed. 2012;131:20-7.

Gupta B, Huang B. Mechanism of salinity tolerance in plants: physiological,
biochemical, and molecular characterization. Int J Genomics. https://doi.org/
10.1155/2014/701596.

Goyal E, Amit SK, Singh RS, Mahato AK, Chand S, Kanika K. Transcriptome
profiling of the salt-stress response in Triticum aestivum cv. Kharchia local.
Sci Rep. 2016;13:27752.

Wang M, Xia G. The landscape of molecular mechanisms for salt tolerance
in wheat. Crop J. 2018,6:42-7.

Saghai-Maroof MA, Soliman KM, Jorgensen RA, Allard RW. Ribosomal DNA
spacer-length polymorphisms in barley: Mendelian inheritance, chromosomal
location, and population dynamics. Proc Natl Acad Sci U S A. 1984,81:8014-8.
Clavijo BJ, Venturini L, Schudoma C, Accinelli GG, Kaithakottil G, Wright J,
Borrill P, Kettleborough G, Heavens D, Chapman H, Lipscombe J. An
improved assembly and annotation of the allohexaploid wheat genome

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

Page 14 of 15

identifies complete families of agronomic genes and provides genomic
evidence for chromosomal translocations. Genome Res. 2017;27:885-96.
Temnykh S, DeClerck G, Lukashova A, Lipovich L, Cartinhour S, McCouch S.
Computational and experimental analysis of microsatellites in rice (Oryza
sativa L): frequency, length variation, transposon associations, and genetic
marker potential. Genome Res. 2001;11:1441-52.

You FM, Huo N, Gu YQ, Luo MC, Ma Y, Hane D, Lazo GR, Dvorak J, Anderson
OD. BatchPrimer3: a high throughput web application for PCR and
sequencing primer design. BMC Bioinformatics. 2008,9:253.

Perrier, X and Jacquemoud-Collet, J. DARwin software: http://darwin.cirad.fr/
darwin. 5 EDN Cirad, Montpellier 2006.

Botstein M, White RL, Skolnick M, Davis RW. Construction of a genetic
linkage map in man using restriction fragment length polymorphisms. Am J
Hum Genet. 1980;32:314-31.

Pritchard JK, Stephens M, Donnelly P. Inference of population structure
using multilocus genotype data. Genetics. 2000;155:945-59.

Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of
individuals using the software STRUCTURE: a simulation study. Mol Ecol.
2005;14:2611-20.

Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, Jones SJ,
Marra MA. Circos: an information aesthetic for comparative genomics.
Genome Res. 2009;19:1639-45.

Du HY, Shen YZ, Huang ZJ. Function of the wheat TaSIP gene in enhancing
drought and salt tolerance in transgenic Arabidopsis and rice. Plant Mol Biol.
2013;81(4-5)417-29.

Li 'Y, Liang W, Han J, Huang Z. A novel TaSST gene from wheat contributes
to enhanced resistance to salt stress in Arabidopsis thaliana and Oryza
sativa. Acta Physiol Plant. 2016;38:113.

Ma X, Cui W, Liang W, Huang Z. Wheat TaSP gene improves salt tolerance
in transgenic Arabidopsis thaliana. Plant Physiol Biochem. 2015,97:187-95.
Moore G, Devos KM, Wang Z, Gale MD. Cereal genome evolution: grasses,
line up and form a circle. Curr Biol. 1995,5:737-9.

Bao S, Corke H, Sun M. Microsatellites in starch-synthesizing genes in
relation to starch physicochemical properties in waxy rice (Oryza sativa L.).
Theor Appl Genet. 2002;105:898-905.

Parida SK, Kumnar KAR, Dalal V, Singh NK, Mohapatra T. Unigene derived
microsatellite markers for the cereal genomes. Theor Appl Genet. 2006;112:
808-17.

Lawson MJ, Zhang L. Distinct patterns of SSR distribution in the Arabidopsis
thaliana and rice genomes. Genome Biol. 2006;7:R14.

Parida SK, Dalal V, Singh AK, Singh NK, Mohapatra T. Genic non-coding
microsatellites in the rice genome: characterization, marker design and use
in assessing genetic and evolutionary relationships among domesticated
groups. BMC Genomics. 2009;10:140.

Mun JH, Kim DJ, Choi HK, Gish J, Debelle F, et al. Distribution of
microsatellites in the genome of Medicago truncatula: a resource of
genetic markers that integrate genetic and physical maps. Genetics.
2006;172:2541-55.

Vieira ML, Santini L, Diniz AL, Munhoz CD. Microsatellite markers: what they
mean and why they are so useful. Genet Mol Biol. 2016;39:312-28.

Metzgar D, Bytof J, Wills C. Selection against frameshift mutations limits
microsatellite expansion in coding DNA. Genome Res. 2000;10:72-80.
Morgante M, Hanafey M, Powell W. Microsatellites are preferentially
associated with nonrepetitive DNA in plant genomes. Nat Genet. 2002;30:
194-200.

Fujimori S, Washio T, Higo K, Ohtomo Y, Murakami K, Matsubara K, Kawai J,
Carninci P, Hayashizaki Y, Kikuchi S, Tomita M. A novel feature of
microsatellites in plants: a distribution gradient along the direction of
transcription. FEBS Lett. 2003;554:17-22.

Sonah H, Deshmukh RK, Sharma A, Singh VP, Gupta DK, et al. Genome-
wide distribution and organization of microsatellites in plants: an
insight into marker development in Brachypodium. PLoS One. 2011;6:
€21298.

Mignone F, Gissi C, Liuni S, Pesole G. Untranslated regions of mRNAs.
Genome Biol. 2002;3:reviews0004-1.

Naghavi MR, Aghaei MJ, Taleei AR, Omidi M, Mozafari J, Hassani ME. Genetic
diversity of the D-genome in T. aestivum and Aegilops species using SSR
markers. Genet Resour Crop Evol. 2009;56:499-506.

Zhang D, Bai G, Zhu C, Yu J, Carver BF. Genetic diversity, population
structure, and linkage disequilibrium in US elite winter wheat. The Plant
Genome. 2010;3:117-27.


https://doi.org/10.1155/2014/701596
https://doi.org/10.1155/2014/701596
http://darwin.cirad.fr/darwin
http://darwin.cirad.fr/darwin

Singh et al. BMIC Plant Biology (2018) 18:249 Page 15 of 15

50.  Gasic K, Han Y, Kertbundit S, Shulaev V, lezzoni AF, Stover EW, Bell RL,
Wisniewski ME, Korban SS. Characteristics and transferability of new apple
EST-derived SSRs to other Rosaceae species. Mol Breed. 2009,23:397-411.

51. da Silva RA, Souza G, Lemos LS, Lopes UV, Patrocinio NG, Alves RM,
Marcellino LH, Clement D, Micheli F, Gramacho KP. Genome size,
cytogenetic data and transferability of EST-SSRs markers in wild and
cultivated species of the genus Theobroma L.(Byttnerioideae, Malvaceae).
PLoS One. 2017;12:e0170799.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions k BMC




	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Plant materials
	DNA isolation
	Salt tolerance candidate genes in wheat, identification of SSRs and primer designing
	PCR amplification and gel electrophoresis
	Allele scoring and sequencing
	Genetic diversity and population structure analysis
	Genomic localization of salt responsive genes on Rice and Brachypodium genomes

	Results
	The frequency, distribution and characterization of cg-SSRs in wheat genome
	Functional classification of SSR-containing salt responsive genes
	Development and validation of candidate gene based wheat simple sequence repeat (cg-WSSR) markers
	Genetic diversity and population structure analysis using cg-WSSR markers
	Cross-transferability of cg-WSSRs in Triticum species
	Genomic localization of salinity tolerance genes on cereal genomes

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

