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Transcription dynamics of Saltol QTL localized genes encoding
transcription factors, reveals their differential regulation
in contrasting genotypes of rice
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Abstract Salinity is one of the major environmental factors
affecting the growth and yield of rice crop. Salinity stress re-
sponse is a multigenic trait and numerous approaches have been
used to dissect out the key determinants of complex salt toler-
ance trait and their regulation in plant. In the current study, we
have investigated expression dynamics of the genes encoding
transcription factors (SalTFs) localized within a major salinity
tolerance related QTL—‘Saltol’ in the contrasting cultivars of
rice. SalTFs were found to be differentially regulated between
the contrasting genotypes of rice, with higher constitutive ex-
pression in the salt tolerant landrace, Pokkali than the cultivar
IR64. Moreover, SalTFs were found to exhibit inducibility in
the salt sensitive cultivar at late duration (after 24 h) of salinity
stress. Further, the transcript abundance analysis of these SalTFs
at various developmental stages of rice revealed that low ex-
pressing genes may be involved in developmental responses,
while high expressing genes can be linked with the salt stress
response. Grouping of these genes was well supported by in
silico protein–protein interaction studies and distribution of
single-nucleotide polymorphisms (SNPs) and insertions/
deletions (InDels) in the promoter and genic regions of these

genes. Taken together, we propose that out of 14 SalTFs, eight
members are strongly correlatedwith the salinity stress tolerance
in rice and six are involved in plant growth and development.
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Introduction

Plants being sessile, their growth and yield are strongly influ-
enced by abiotic stresses such as drought, high salinity and
extremes of temperature. Among all the abiotic stresses, salin-
ity leads to a major loss in plant productivity (Chinnusamy
et al. 2005; Pareek et al. 2010). Additionally, one fifth of irri-
gated arable land in theworld has been reported to be adversely
influenced by high soil salinity (Negrão et al. 2011). Salinity
stress response, like response towards other abiotic stresses,
such as drought (Kantar et al. 2011; Akpinar et al. 2012,
2013), is a multigenic trait involving a large number of genes
operating in close co-ordination (Bohnert et al. 2006;
Sreenivasulu et al. 2007; Kumari et al. 2009; Nongpiur et al.
2012, 2016). To facilitate the development of new crop varie-
ties with high salinity tolerance, a clear understanding of the
genetic mechanisms controlling salt tolerance is imperative.

Rice (Oryza sativa L.) is a glycophyte and major source of
nutrition for most of the Asian and African countries
representing nearly one third of the people living on earth.
Most rice types, except some of the indica genotypes, such
as Pokkali, are sensitive to salt (Yeo et al. 1990). Sensitivity
of rice towards salinity stress varies with its growth stages,
where high sensitivity is reported at the young seedling and
reproductive stage, contributing ultimately to the loss in pro-
ductivity in salt-affected soils (Lutts et al. 1995, Lafitte et al.
2007). Numerous evidence have clearly established salinity
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response in crop plants to be controlled by many genes local-
ized on different chromosomes (Chinnusamy et al. 2005; Sahi
et al. 2006; Kumari et al. 2009; Lakra et al. 2013) or by mul-
tiple genes clustered on a particular segment of chromosome,
called quantitative trait loci (QTL) (Bonilla et al. 2002).
Several QTLs related to salinity tolerance have been identified
in rice (Gu et al. 2000; Prasad et al. 2000; Bonilla et al. 2002;
Gregorio et al. 2002; Lin et al. 2004; Sabouri et al. 2009;
Thomson et al. 2010; Islam et al. 2011; Ghomi et al. 2013).
Among them, a major QTL called Saltol (9.3–16.4 Mb) has
been mapped, flanked by SSR markers RM1287 and
RM6711, on the short arm of chromosome I of rice (Bonilla
et al. 2002; Gregorio et al. 2002; Thomson et al. 2010). This
QTL accounted for 64.3 to 80.2 % of the phenotypic variation
in salt tolerance (Bonilla et al. 2002).

Response towards various abiotic stress conditions varies
with the genotypes of the same species, thus necessitating the
analysis of contrasting genotypes which can potentially reveal
the crucial details about the specialized physiological and/or
molecular mechanisms contributing towards the stress response.
Several reports in rice (Karan et al. 2009; Kumari et al. 2009;
Walia et al. 2009, do Amaral et al. 2016), wheat (Budak et al.
2013), sorghum (Gelli et al. 2014), barley (Gao et al. 2013;
Witzel et al. 2014), watermelon (Fan et al. 2014) and Brassica
(Kumar et al. 2009; Sharma et al. 2015) have distinctly
highlighted the usefulness of this method, thus giving insight
into how the differential regulation of genes might be responsi-
ble for the stress-sensitivity or tolerance, as observed in the con-
trasting genotypes. Rice species show a lot of genetic diversity,
even in salinity stress response, where traditional landrace of
rice, namely Pokkali, has been found to be tolerant, while
IR64 has been shown to be sensitive (El-Shabrawi et al. 2010).
Studies carried out with above objectives in mind, using rice
seedlings of salt sensitive genotype IR29 and salt tolerant recom-
binant inbred line FL478 (derived from Pokkali and IR29), have
shown more favourable physiological parameters for salinity
tolerance, like less necrosis, higher K+/Na+ ratio, increased an-
thocyanin and chlorophyll content in the latter (Senadheera et al.
2009;Walia et al. 2009). Similarly, in an another report from our
group, morphological and physiological analysis in 4-day-old
rice seedlings under salinity stress revealed higher chlorophyll
and proline contents, increased shoot growth and lesser mem-
brane injury thus confirming higher tolerance ability of Pokkali
over IR64 (Kumari et al. 2009). Owing to the high sensitivity
towards various abiotic stresses, most of these studies focused
on analysis of stress response at the seedling stage (Walia et al.
2007, 2009; Kumari et al. 2009; Thomson et al. 2010).

Recent work from our lab has exploited IR64 and Pokkali
rice for finding out candidate genes for salinity tolerance
(Karan et al. 2009; Kumari et al. 2009; Kumar et al. 2012a).
In fact, functional genomics studies targeting expression of
key members of stress responsive machinery (identified from
these studies) have been proven to be showing improved

salinity tolerance when expressed ectopically (Kumar et al.
2012b; Singh et al. 2012; Lakra et al. 2014; Joshi et al.
2016a; Soda et al. 2016). Soda et al. (2013) carried out the
in silico analysis of genes localized in the Saltol QTL (9.3 to
16.4 Mb) and classified them on the basis of their possible
functions, assigned using MIPS functional categories.
Transcription factors (TFs) are considered as the master regu-
lator of the gene expression. These TFs bind specifically to the
cis-acting elements in the promoter, thus regulating the gene
expression either by inducing (activators) or repressing
(repressor) the activity of the RNA polymerase (Riechmann
et al. 2000). It is also reported that Pit-1 TF may function as
activator or repressor depending on the cis-acting elements
where it binds on the gene promoter (Latchman 2001).
Various studies have shown that the induction of genes
encoding TF under various abiotic stresses and overexpres-
sion of these genes lead to enhanced tolerance in transgenic
plants (Lakra et al. 2013; Joshi et al. 2016b). In the present
analysis, we have identified the various transcription factors
localized within the Saltol QTL (henceforth referred as
‘SalTFs’). We have analysed relative expression of 14 of these
SalTFs genes in contrasting genotypes—Pokkali and IR64,
under control and salinity stress conditions. We have further
made an attempt to correlate the expression of these SalTFs
with the single-nucleotide polymorphisms (SNPs) present
in the coding as well as promoter region of these genes.
This study will open up new avenues for understanding the
molecular basis of salinity tolerance in crop plants.

Materials and methods

In silico analysis of SalTFs

With the annotation of the genes present in the Saltol QTL
region of chromosome 1 (Soda et al. 2013), the gene sequences
of the corresponding loci were obtained from TIGR database
(http://rice.plantbiology.msu.edu/). Using FunCat/MIPS data-
bases (http://mips.gsf.de/proj/funcatDB), functional annotation
was performed for genes localized in SaltolQTL region. Out of
total 783 genes present in Saltol QTL region, 14 genes were
predicted to be encoding transcription factors, which were
selected for further analysis (Table 1). Predicted gene structure
of these SalTFs was obtained from TIGR database.

Plant material and stress treatments

Seeds of rice (IR64 and Pokkali) were thoroughly washed with
de-ionized water and germinated on hydroponic system filled
with one half strength Yoshida medium as nutrient supplier.
Hydroponic system was kept in plant growth chamber at 28
±1 °C temperature, 70 % humidity, 60,000 lx light intensity
and 12 h light/12 h dark cycle. Seedlings were grown for 7 days
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in this hydroponic setup with continuous air bubbling and
renewal of nutrient media after every 2 days interval. For
salinity stress, 7-day-old seedlings were exposed to 200 mM
NaCl for 30 min, 24 h and 48 h in the hydroponic system, as
reported earlier (Soda et al. 2013). Shoots of the seedlings were
harvested, frozen in liquid nitrogen and stored in −80 °C for
further use. Seedlings grown in normal media (without NaCl)
served as control.

Total RNA isolation and cDNA synthesis

Total RNAwas isolated from the control and stress samples by
TRIzol Reagent (Life Technologies, Rockville, MD, USA).
PolyA+ RNA enrichment was carried out using streptavidin-
linked paramagnetic beads (Roche GMBH, Mannheim,
Germany) and biotin-labelled oligo d(T)20 primer (Operon
Biotechnologies, Cologne, Germany). From the mRNA,
first-strand complementary DNA (cDNA) synthesis was car-
ried out using first strand cDNA synthesis kit (Fermentas Life
Sciences, Burlington, ON, Canada). Procedure for total RNA
isolation to cDNA synthesis was followed as described by
Soda et al. (2013).

Quantitative real-time PCR analysis

To ensure high specificity for the primer binding, 3′ UTR
region of the genes was selected for the purpose of primer
designing (Primer Express 3.0 software, Applied Biosystems,

California, USA) using default parameters (Table 2). The
uniqueness of each primer pair to amplify selected gene was
confirmed by BLASTn using the KOME and NCBI databases.
The PCR mixture contained 5 μl of cDNA (20 times diluted),
12.5 μl of 2× SYBR Green PCR Master Mix (Applied
Biosystems, California, USA) and 10 nM of each gene-
specific primer in a final volume of 25 μl. The real-time PCR
was performed employing StepOne™Real-Time PCR System
having StepOne™ software Version 2.0 (Applied Biosystems,
California, USA). All the PCRs were performed under the
following conditions: 10 min at 95 °C and 40 cycles of 15 s
at 95 °C, 1 min at 62 °C and 30 s at 72 °C in 96-well optical
reaction plates. The specificity of the amplification was tested
by dissociation curve analysis and agarose gel electrophoresis.
The expression of each gene in different RNA samples was
normalized with the expression of rice actin gene (OsAct) used
as the internal control. The transcript level for each candidate
gene in different samples was calculated relative to its expres-
sion in IR64 control seedlings using ΔΔCT method (Soda
et al. 2013). Two biological and three technical replicates were
taken for each sample for data analysis.

Expression analysis of SalTFs in rice plants at various
developmental stages of growth

Expression patterns of SalTFs in rice at various stages of
development, such as germination, seedling, tillering, stem
elongation, booting, heading, flowering, milking and dough

Table 1 List of ‘transcription factors’ localized within Saltol QTL

S. no Gene name Abbreviated
gene name

Locus Orientation Genomic
DNA (bp)

CDS (bp) Protein (AA)

1 BSD domain containing protein OsBSD LOC_Os01g16670 Sense 1948 1614 537

2 HBP1b transcription factor OsHBP1b LOC_Os01g17260 Sense 7116 990 329

3 MYB2 transcription factor OsMYB2 LOC_Os01g18240 Sense 2450 1287 428

4 Basic helix-loop-helix dimer OsbHLH LOC_Os01g18290 Sense 3417 1914 637

5 OsMADS88-MADS-box TF with
M-gamma type Box

OsMADS88 LOC_Os01g18420 Sense 723 723 240

6 OsMADS89-MADS-box TF with
M-gamma type box

OsMADS89 LOC_Os01g18440 Sense 921 921 306

7 Squamosa promoters binding (SPB)
like protein 12

OsSPL12 LOC_Os01g18850 Sense 6641 2589 862

8 MYB78 like transcription factor OsMYB78L LOC_Os01g19330 Sense 1098 882 293

9 MYB-like transcription factor OsMYBL LOC_Os01g19970 Sense 6357 954 317

10 Transcription initiation factor IID OsTFIID LOC_Os01g23630 Sense 3130 552 183

11 OsMADS93-MADS-box TF with
M-beta type box

OsMADS93 LOC_Os01g23760 Sense 1224 1224 407

12 OsMADS94-MADS-box TF with
M-beta type box

OsMADS94 LOC_Os01g23770 Sense 1295 972 323

13 GATA8 transcription factor OsGATA8 LOC_Os01g24070 Sense 2716 396 131

14 Histone like transcription factor
and Archaeal histone

OsHL LOC_Os01g24460 Sense 1424 1335 444
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were extracted from the publicly available microarray data
(https://www.genevestigator.com/gv/). Locus ID mentioned
in Table 1 was used to analyse and illustrate the expression
of SalTFs.

Analysis of Tos17 Mutant population

The Tos17-tagged lines (https://tos.nias.affrc.go.jp/) were
searched using the TIGR sequence of all the SalTFs. The
search was made using the default search criteria. The
information thus obtained has been presented as Table 3.

Analysis of protein–protein interaction

To study the interaction of these SalTFs with other rice pro-
teins, we have analysed the protein–protein interaction using
rice protein–protein interaction data obtained from TIGR
(http://rice.plantbiology.msu.edu/).

Analysis of SNPs and InDels

The analysis of SNPs in IR64 and Pokkali was performed
using the Rice SNP discovery database (http://www.nipgr.
res.in/mjain.html) which holds the resequenced data for the
rice cultivars (Jain et al. 2014). The SNPs and InDels were
extracted from the database using in-house PERL programmes.

The representative figure showing various SNPs and InDels in
Saltol genes was made using the R statistical package.

Results

SalTFs are structurally very diverse in rice

Out of 14 SalTFs analysed in this study, in silico analysis of
gene structure revealed six members to be intron-less. These
members are OsBSD, OsMADS88, OsMADS89, OsMYB78L,
OsMADS93 and OsHL (full names of these proteins are
mentioned in Table 1). On the other hand, genes having exons
were predicted to have introns ranging from two to 11, having
variable lengths (Fig. 1). OsMYBL was predicted to possess
the longest single intron (5403 bp) with two small flanking
exons. Among the various SalTFs analysed in silico,
OsSPL12 transcribed into maximum of four alternate spliced
transcripts and three other SalTFs vizOsHBP1b,OsbHLH and
OsGATA8 could have two such splice variants. Rest of the
members were not predicted to encode for any alternative
splicing product (Fig. 1). Except the MADS-box TF family
(4 genes), all other genes possess both 5′ and 3′ UTR. OsHL
transcription factor was an exception where only 3′ UTR was
predicted.

Table 2 List of primers used in qRT-PCR and their sequences

Locus Gene name Abbreviated
gene name

Forward primer sequence (5′ to 3′) Reverse primer sequence (5′ to 3′)

LOC_Os01g16670 BSD domain containing protein OsBSD GGATTTCCACAGTGCTGGTT CAAACAAACAACCCCATTGA

LOC_Os01g17260 HBP1b transcription factor OsHBP1b CCCGTGGGTATTTGACATCT CCAATGCAACTGAATGGTCA

LOC_Os01g18240 MYB2 transcription factor OsMYB2 CAAGGATTTGCAAAGGATGTC TTCATGTGGTGCTCTGTTCC

LOC_Os01g18290 Basic helix-loop-helix dimer OsbHLH CTTCAGCCCAAACAAAAAGC TGTTTCAGCCCCATCTCTCT

LOC_Os01g18420 OsMADS88-MADS-box TF
with M-gamma type Box

OsMADS88 TGGAAGGGAACAAGAGGATG GCCAACACCAGTATTGCCTT

LOC_Os01g18440 OsMADS89-MADS-box TF
with M-gamma type box

OsMADS89 CCATGCCGCTGTCTTCTATG GCCATGGTTGATGAAGTGGT

LOC_Os01g18850 Squamosa promoters binding
(SPB) like protein 12

OsSPL12 AATTCCATTGGACAGGCATC GCTCTGCTCACGGTAAAACC

LOC_Os01g19330 MYB78 like transcription factor OsMYB78L AGACACCGGAGACAACTGCT CAGAAATTATCAGTACGGCTGC

LOC_Os01g19970 MYB-like transcription factor OsMYBL ACGTGTTTGGGTTTCACCAT GCATCAACCTCTCTACCCCA

LOC_Os01g23630 Transcription initiation factor IID OsTFIID TTCCTCGTCAGTCCTCTCGT GAGAAAGGCTTGGCAAGATG

LOC_Os01g23760 OsMADS93-MADS-box TF with
M-beta type box

OsMADS93 GGATTCCAGCTCGGTGACA TGATGAAGCTCCCCCAATTC

LOC_Os01g23770 OsMADS94-MADS-box TF with
M-beta type box

OsMADS94 TACGGGATCGGAAACCAGAT CCGACTGGGTATTGCATTTG

LOC_Os01g24070 GATA8 transcription factor OsGATA8 CATCTGCATCCACATTGCTA CCCTCCCCTATCTCATCCTG

LOC_Os01g24460 Histone like transcription factor
and Archaeal histone

OsHL ACGACGGTGTTTTGCACAG TTGGCATTGCTACTACTTGGG

Actin Actin OsAct CAGCCACACTGTCCCCATCTA AGCAAGGTCGAGACGAAGGA
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Fig. 1 Schematic representation
of Saltol QTL region showing
localization of SalTFs. The
diagram is constructed on the
basis of information available in
TIGR database. The upper scale
shows the physical location of the
Saltol QTL and the gene
transcripts with their alternate
splice forms are arranged by their
locus ID in ascending order. CDS
coordinates (5′-3′) are mentioned
above the gene structure. 5′ UTR,
3′ UTR, intron and exon are also
shown for each gene

Table 3 List of rice Tos17 mutant for transcription factors encoded by genes present in Saltol QTL

Locus Gene e-value Mutant line Mutant phenotype

LOC_Os01g16670 OsBSD NA NA NA

LOC_Os01g17260 OsHBP1b 5e-33 H0281 Vivipary, relatively high yield, Dwarf

LOC_Os01g18240 OsMYB2 2e-11 NG1332 Lethal

LOC_Os01g18290 OsbHLH NA NA NA

LOC_Os01g18420 OsMADS88 NA NA NA

LOC_Os01g18440 OsMADS89 7e-04 NF6845 Sterile (50 %), Dwarf and dense panicle

LOC_Os01g18850 OsSPL12 1e-36 ND0060 Lethal, Late germination, less fertile, Vivipary

LOC_Os01g19330 OsMYB78L NA NA NA

LOC_Os01g19970 OsMYBL 4e-70 NF3709 Fertility 75 %

LOC_Os01g23630 OsTFIID NA NA NA

LOC_Os01g23760 OsMADS93 NA NA NA

LOC_Os01g23770 OsMADS94 1e-05 NF6845 Sterile (fertility 50 %), Dwarf dense panicle

LOC_Os01g24070 OsGATA8 9e-91 NC2533 Low fertility, comparatively low yield

LOC_Os01g24460 OsHL NA NA NA

NA mutant not available
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Salinity-induced expression patterns of SalTFs
in contrasting cultivars of rice showed them to be
differentially regulated and fine-tuned with respect
to a given genotype

qRT-PCR-based transcript abundance analysis was carried out
in contrasting rice genotypes, where the salt sensitive cultivar
of rice was IR64, while the salt tolerant landrace was Pokkali
(Fig. 2). Various studies have revealed distinct group of genes
showing either altered expression after quick exposure to
stress (early responsive genes) or group of genes showing
up/downregulation after only a long exposure (late responsive
genes) to stress in contrasting genotypes of rice under salinity
(Kumari et al. 2009), chilling (Zhang et al. 2012) and drought
stress (Baldoni et al. 2016). Hence, in the present study, to get
a snapshot of transcript abundance for SalTFs, analysis was
carried out after early (30 min) and late (24 h and 48 h) dura-
tion of stress. On the basis of the amplitude of expression (fold
change of transcript abundance), these SalTFs could be divi-
ded into two major categories represented as Fig. 2a, b. In the
first category, the change in the expression of genes was to the

tune of 2–4-folds only, while the second category comprised
of members which showed change in expression up to 40–50-
folds. Among the first category, the representative members
are OsBSD, OsMADS88, OsSPL12, OsGATA8, OsMYB2
and OsTFIID, while the rest of the members comprise the
second category.

On relative basis, constitutive expression of majority of the
SalTFs was found to be higher in Pokkali as compared to
IR64. Exception to this observation were the two mem-
bers—OsBSD and OsMADS88, where no difference or
slightly lower abundance of transcript was noticed in the for-
mer genotype (Fig. 2a). Maximum difference in constitutive
expression among the contrasting genotypes was reported for
OsbHLH, where the tolerant genotype exhibited 5 times more
transcripts than the sensitive genotype.

In response to very short period of salinity stress (30 min
only, where only osmotic shock prevail), majority of the
SalTFs showed alteration in their transcript abundance.
Members belonging to the first category did not show con-
spicuous change in their expression, except the two members
viz. OsMADS88 and OsMYB2. Interestingly, OsMADS88

Fig. 2 Bar graphs showing qRT-PCR result of SalTFs in contrasting
cultivars of rice. (a) The genes showing low level of alterations in their
expression under various durations of salinity stress. (b) The genes showing
high level of alterations in their expression under various durations of
salinity stress. Seven-day-old seedlings of IR64 (salt sensitive) and
Pokkali (salt tolerant) were subjected to 200 mM NaCl stress for different
time intervals.Bar graphswere plotted between stress duration (x-axis) and
log 2−ddCt value in number (y-axis). The values represented are the mean of

two biological and three technical replicates; standard error is shown on
bar. Gene expression data was normalized with the plant reference gene
‘actin’ for rice as an internal control. Relative expression of genes was
plotted against the expression of IR64 control. Con control, 30′ 30-min
salt stress, 24 h 24-h salt stress, 48 h 48-h salt stress. Results are
represented as mean ± standard error (SE). For statistical significance,
Student’s t test was performed and asterisk above the graph means
significant differences from their respective control (Con) at P≤ 0.05
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showed induction only in the sensitive genotypes IR64 after
30min of salinity and then its expression goes down below the
constitutive expression level in response to extended durations
of salinity stress (24 and 48 h). However, in Pokkali, expres-
sion of this gene decreases upon salinity stress. In OsMYB2,
after 30 min of salinity, transcript abundance increases up to
∼2-fold in IR64 and it continues to increase further. Though,
constitutive expression of this gene was higher in Pokkali, but
no induction in transcript was observed in response to salinity
stress (30 min, 24 h and 48 h). Among the members of the
second category, all showed upregulation of transcript in
response to 30 min of salinity, except the members of OsHL
and MADS family (OsMADS89, OsMADS93 and
OsMADS94). OsbHLH showed significant upregulation of
its transcript under these conditions, where up to 18-folds
increase in abundance was reported. Rest of the members of
this category also showed upregulation of the transcript rang-
ing from 2 to 6-folds.

After 24 h of stress, when the plant probably senses actual
ionic stress, the expression of SalTFs showed a whole
reprogramming where a majority of the genes from second
category showed upregulation in response to salinity stress
in both the genotypes with a few exception to this pattern.

For example, OsMADS89 showed no change, and OsHL,
OsMADS93 and OsMADS94 showed decrease in the expres-
sion in the tolerant genotype Pokkali with a significant upreg-
ulation (upto 48-folds) in the sensitive genotype IR64. The
transcript abundance for all the SalTFs was reported to be
higher in IR64 as compared to Pokkali under these conditions.
Further increase in stress duration up to 48 h, when the sodium
toxicity build up in the cells and causes disturbance in the ion
homeostasis, these SalTFs showed even higher transcript
abundance in Pokkali as compared to IR64. Interestingly,
members such as OsHBP1b, OsHL, OsMADS93,
OsMADS94 and OsMYB78L showed significantly high abun-
dance of transcript up to 30–40-folds in Pokkali with their
corresponding transcripts showing only 2–4-folds in IR64.
In contrast, the transcripts for OsMADS89 showed a strik-
ingly different pattern of accumulation where the tolerant
genotype showed hardly any change in abundance while
the sensitive genotype IR64 maintained even 20-fold tran-
scripts after 48 h of salinity stress.

The unique pattern of transcript accumulation for various
SalTFs observed here clearly confirm the salinity response to
be highly complex in rice seedlings and tuned ‘finely’ in a
given genotype. Based on the dynamics of the transcript

Fig. 3 Grouping of SalTFs on
the basis of their transcript
abundance at particular stress
duration in contrasting cultivars
of rice. (a) Group I includes late
(24 h stress) inducible genes in
IR64 (b) group II includes genes
upregulated at 30′ in IR64 (c)
Group III includes genes
downregulated at 30′ in IR64. Salt
stress duration is mentioned on
the x-axis and log 2−ddCt value is
on the y-axis. Con control, 30′ 30-
min salt stress, 24 h 24-h salt
stress, 48 h 48-h salt stress
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accumulation, these genes could be further classified into
three groups as shown in Fig. 3. Members of Group I showed
highest transcript abundance at 24 h of salinity stress in IR64,
after which they exhibited a sharp decline. However, the same
set of genes showed little or no change in expression up to
24 h of stress in Pokkali, after which they showed induction.
Second group of members were those which showed upregu-
lation after 30 min of stress in the sensitive genotype IR64 but
did not show any change in tolerant genotype Pokkali. Third
group of genes were those where initial decline (after 30 min)
in transcript abundance was reported in both the genotypes
with further increase after 24 h followed by a sharp decline
in transcript abundance at 48 h of stress.

Expression of SalTFs is further fine-tuned with respect
to the developmental stage of the rice plant

In order to dissect out the role of SalTF encoding genes at
various growth stages in rice, we have used the expression
datasets publicly available in the genevestigator database
(https://www.genevestigator.com/gv/). This database gives a
reliable normalized expression data about rice genes. Using
this tool, we could analyse the expression of SalTFs in various
tissues of rice from distinct developmental stages viz.

germination, seedling, tillering, stem elongation, booting,
heading, flowering, milk and dough stage. Based on their
expression patterns, two clear groups of SalTFs could be
easily seen. One group is where the expression was low
(Fig. 4a), while the other group showed medium to very high
transcript abundance (Fig. 4b). The first group comprised of
six members viz. OsMADS88, OsMADS89, OsMYB78L,
OsMADS93, OsMADS94 and OsHL which showed relatively
low transcript abundance at almost all the growth stages of rice,
except for OsHL which showed higher expression at milk and
dough stage of rice (Fig. 4a). On the other hand, seven SalTFs,
namely OsBSD, OsHBP1b, OsMYB2, OsSPL12, OsMYBL,
OsTFIID and OsGATA8 were found to have relatively higher
expression, except forOsMYB2, which showed low expression
at milk, and dough stage of rice constituted the second group of
SalTFs (Fig. 4b). The expression data for OsbHLH was not
found in the genevestigator database.

Tos17 mutant analysis for SalTFs relates them with their
contribution in plant growth and development

Mutant libraries can assist in developing an understanding of
the role of specific genes in an organism. In rice, mutant librar-
ies have been developed using endogenous retrotransposon

Fig. 4 Development regulated
expression of SalTFs genes in
rice, based on microarray data
(https://www.genevestigator.
com/gv/). The stage of
development of plant is also
shown diagrammatically below
the figure. (a)Genes showing low
transcript abundance during
various stages of life cycle. (b)
Genes showing high transcript
abundance during the various
stages of life cycle. The stages of
rice shown from left to right are
germination, seedling, tillering,
stem elongation, booting,
heading, flowering, milk and
dough
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Tos17 tags, which essentially integrate itself into the genic
regions, as its hotspots for integration are distributed through-
out the genome (Miyao et al. 2003). We have performed a
search in the Tos17 retrotransposon insertion mutants available
from Rice Tos17 Insertion Mutant Database (https://tos.nias.
affrc.go.jp/). Among the 14 SalTFs genes analysed in the
present study, seven SalTFs, namely OsHBP1b, OsMYB2,
OsMADS89, OsSPL12, OsMYBL, OsMADS94 and OsGATA8
were found in the database. These mutants for SalTFs showed
the phenotypic character of sterility, low fertility and vivipary

(Table 3), indicating their critical role(s) in survival and repro-
ductive success of the plant.

Protein interaction analysis of SalTFs indicated them to be
involved in diverse functions in plant system

TFs are well known as the master regulators of expression of
various genes at the level of transcription. TFs interact with di-
verse set of genes and proteins, which directly or indirectly play
major role indetermining theresponseofplants towardsstress. In

Fig. 5 Interaction of SalTFs with
other proteins as predicted based
on protein–protein interaction data
obtained from TIGR (http://rice.
plantbiology.msu.edu/). The
interacting proteins were classified
on the basis of their Gene
Ontology (GO) classification,
namely (a) component, (b)
process and (c) function. The
figure is made using open source
Cytoscape software used for
visualizing complex networks
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order to hypothesize the role of these SalTFs, we have analysed
their interactionwith theotherproteinsusingriceprotein–protein
interactiondata. Further, for understanding the impact of interac-
tion of SalTFs with other proteins, we have classified the
interacting proteins on the basis of their Gene Ontology (GO)
classification, namely compartment, process and function. In
case of compartments, that is, the localization of proteins
interacting with SalTFs, maximum number (131) were found
to be in the various cellular component followed by various
intracellular proteins (105). Other members were found to be
compartmentalized in the cytoskeleton (82), extracellular, nucle-
oplasm (63) and plasma membrane (61) (Fig. 5a). In terms of
process involvingproteinshaving interaction with SalTFs, max-
imum numbers of interacting proteins were found to be associ-
ated with growth (332) and reproduction (113). Also, some
proteins were found to be associated with the process of
metabolite generation and energy (71) along with the other
metabolic processes (65) (Fig. 5b). The proteins, which have
been found to be interacting with the SalTFs, were observed to
be involved in various binding functions (108), such as DNA
binding, other nucleotide binding and various other interacting
functions. Some proteins (total 38) were also found to be in-
volved in the catalytic functions (Fig. 5c). This analysis clearly
suggests diverse roles for these SalTFs in a plant system.

SalTFs exhibit SNPs and InDels in both upstream
promoter as well as in genic regions

In order to decipher the SNPs in the SalTFs, we relied on the
whole genome single-nucleotide polymorphisms (SNPs) and
insertions/deletions (InDels) identified in the rice genotypes
having varied response for salinity stress. In the current anal-
ysis, we have analysed the SNPs and InDels in three rice
genotypes viz IR64 and Pokkali with reference to the
Nipponbare rice genome. The SNPs found in the Saltol
QTLs were classified into the upstream promoter or the genic
regions (Table S1). The genes such as OsBSD, OsHBP1b,
OsMADS89, OsMADS93 and OsHL were observed to carry
5–7 SNPs in their upstream promoter region (Table S1). The
maximum number of SNPs in the upstream promoter region
was 12 and nine in OsTFIID and OsSPL12, respectively. The
minimum number of SNPs in the upstream promoter region,
i.e. only one, was found in OsGATA8 and OsMADS94 gene.
No SNPs were observed in the upstream region of the two
SalTFs, namely OsMYBL and OsMYB78L. Interestingly,
OsMYBL showed SNPs only in the genic region and not in
the upstream promoter region. Further, in the genic region,
maximum number of SNPs were observed in OsMYBL and
OsHBP1b, 21 and 17, respectively. Interestingly, OsBSD,
OsMADS89,OsMADS93 andOsMADS94were found to have
SNPs only in the upstream promoter region. The SNPs found
in the upstream promoter and genic regions have been

depicted in the SaltolQTL region of the chromosome I of rice
(Figure S1).

We have also searched for the presence of Insertion/Deletion
(InDels) in SalTFs. Among all the SalTFs, OsBSD, OsHBP1b,
OsMAD89, OsSPL12, OsMYBL, OsTFIID, OsMAD93,
OsGATA8 and OsHL showed the presence of InDels in their
intergenic and upstream promoter regions (Table S2).

Discussion

Response to salinity stress exhibited by a plant has been prov-
en to be highly complex and integrated and comprised of
numerous genes operating at tandem. Over the years, a num-
ber of attempts have been made to unveil this complex re-
sponse architecture using comparative genomics approach
(Karan et al. 2009; Kumari et al. 2009; Walia et al. 2009;
Mangelsen et al. 2011). In rice, Saltol QTL is localized on
the chromosome I contributing to more than 60 % of the
phenotypic variation in salinity tolerance in rice (Bonilla
et al. 2002). The well-accepted significance of the Saltol
QTL has taken a new dimension by the analysis of signalling
related genes localized within Saltol QTL in the contrasting
genotypes of rice, which has resulted in identification of a suit
of new genes defining salinity stress tolerance at the seedling
stage (Soda et al. 2013). The analysis presented in the current
paper can be considered as an addition to the dimension, as we
have analysed the various transcription factors (total 14) pres-
ent in the Saltol QTL region of the chromosome I of rice.
These transcription factors were observed to be the part of
various well characterized families of TFs, namely MYB,
MADS, TFIID, HLH and HL. We have analysed the gene
structure of SalTFs in the current report, which showed varia-
tions in their gene structure, with a few members such as
OsHBP1b having a relatively large intron and a very short
stretch of exon. On the other hand, OsMADS88, OsMADS89,
OsMYB78L, OsMADS93 and OsHL were predicted to have no
introns. The genomic structure of various genes can be corre-
lated with respect to their evolutionary origin, while it has been
documented that gene structure within the same family may
differ. This has been shown through analysis for various gene
families, such as MADS (Arora et al. 2007), MYB (Katiyar
et al. 2012) and WRKY (Jiang et al. 2013).

qRT-PCR analysis of SalTFs in contrasting genotypes
showed that salt tolerant landrace Pokkali maintains high con-
stitutive transcript levels of most of the SalTFs. Exceptions to
this observation could be found in genes encoding OsBSD
and OsMADS88 TF, in which constitutive expression in
IR64 was higher, as compared to Pokkali. Similar studies sug-
gested the basis of stress tolerance (observed in the tolerant
genotype of plant) to be its well preparedness to handle stress
by keeping its transcripts at a level higher than that of sensitive
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one (Walia et al. 2007; Karan et al. 2009; Kumari et al. 2009;
Soda et al. 2013).

On the basis of expression, these SalTFs could be catego-
rized into two broad categories—one has the genes which
showed minimal alterations in response to salinity stress in
either of the genotypes studied here, while the other one com-
prises genes with high amplitude of changes in their expres-
sion in response to salinity stress (Fig. 2a, b). In a similar
work, salinity responsive genome-wide expression analysis
lead to categorisation of genes based on their differential ex-
pression patterns in contrasting cultivares of rice (Walia et al.
2005, 2007). Various groups of genes, including transcription
factors such as, MADS-box protein, Myb-like DNA-binding
domain have been found to be upregulated in sensitive geno-
type (Walia et al. 2005). Similarly, differential expression of
genes (≥2-fold) was recorded in these cultivars for transporters
in response to 50 mM NaCl for 12 days thus leading to the
identification of genes involved in ion homeostasis in rice
(Senadheera et al. 2009). Further, on the basis of expression
dynamics, SalTFs were reclassified into three groups. Group I
genes showed higher expression after 24 h and decline after
48 h of stress in IR64 and all the SalTFs from category two
falls in this group. However, the transcript for these genes was
found to be induced progressively even after long durations of
stress in the tolerant genotype of rice. Groups II and III
showed increased and decreased expression, respectively, af-
ter 30 min of salinity stress in IR64. With this observation, we
propose that SalTFs belonging to Group I might be involved
in salinity stress responses and Groups II and III in other
processes such as plant growth and development. Our study
is supported by various previous observations where expres-
sion analysis carried out in roots of salt sensitive cultivar
(IR29) and tolerant genotype (FL478, Pokkali and IR63731)
has been reported to result in categorisation of genes based on
their differential expression patterns (Cotsaftis et al. 2011).
Similarly, comparative transcriptomic profiling of leaf tissue
of rice carried out during late duration of salinity stress (24 h)
reported upregulation of many genes encoding transcription
factors (do Amaral et al. 2016).

We also investigated the microarray-based expression pat-
terns of these SalTFs at various developmental stages of rice.
In this analysis again, we could clearly see two broad groups
of genes. SalTFs from Group I (shortlisted based on salinity
responsive transcript analysis; Fig. 2b), i.e. OsMADS89,
OsMYB78L, OsMADS93, OsMADS94 and OsHL (bHLH
could not be found in this database), were surprisingly found
to be ‘low expressing’ at all the developmental stages of rice
plant ranging from germination to dough stages (Fig. 4a).
OsHBP1b and OsMYBL of Group I were found to be ‘low
medium expressing’ category of expression at developmental
stages (Fig. 4b). This observation clearly establishes that the
molecular circuitry responsible for controlling the salinity-
induced expression of these genes is totally different from the

one controlling their developmental expression. Members of
Groups II and III fall in ‘medium to high expressing’ category
of expression at developmental stages except OsMADS88.

Presence of MADS and MYB family members of SalTFs
in Group I and Group II suggests their role in abiotic stress
responses and in plant growth and development. Various
members of MADS family have been shown to have diverse
role(s) in plant growth and development (Pelaz et al. 2000;
Causier et al. 2002) and abiotic stress tolerance (Fujita et al.
2004; Tran et al. 2004; Mane et al. 2007). The SalTFs belong-
ing to the MADS family showed very high expression in
response to stress, suggesting thereby their crucial role in salt
stress response. Genome-wide analysis of rice (Arora et al.
2007) and Brachypodium (Wei et al. 2014) reported the
induced expression of some of the MADS-box members
under abiotic stress along with their role in floral organ deve-
lopment. Our results are also corroborated with the recent
work of Aglawe et al. (2012) showing that some members
of MADS family, in sorghum shoots, were upregulated and
some were downregulated under drought stress, thus sugges-
ting their role in floral development as well as in abiotic stress.
Also, the members of TFs belonging to the MYB family
showed high expression in response to salinity stress.
Earlier, the role of MYB gene family has been associated with
the plant development, secondary metabolism, hormone sig-
nal transduction and abiotic stress tolerance (Allan et al. 2008;
Cominelli et al. 2009). In our analysis, OsMYB2 (a R2R3-
MYB) expression in IR64 increased after 30 min of salinity
stress (about 2-folds) and unlike the other SalTFs, it showed
continuous induction up to 48 h of salinity stress (about 3.5-
folds). Continued increase in transcript abundance in salt
sensitive genotype indicates their important role in response
towards salinity stress. Several R2R3-MYB genes were found
to be involved in regulating responses to environmental stress-
es such as salt, drought and cold (Agarwal et al. 2006; Yanhui
et al. 2006). Overexpression of aOsMYB2 (R2R3-MYB gene)
in rice has shown an increased tolerance towards multiple
abiotic stress (Yang et al. 2012). Abe et al. (2003) has shown
bHLH and MYB related TF of Arabidopsis as a transcription-
al activator in ABA signalling and its overexpression in
Arabidopsis leads to increased tolerance to drought. Our data
also match with the similar analysis in contrasting cultivars of
rice under salinity stress showing induction of some of the
MYB family member genes in sensitive and some in tolerant
cultivar (Walia et al. 2005; Jiang et al. 2013).

Our analysis showed high accumulation of transcripts of
Group I members viz OsbHLH, OsHBP1b and OsHL under
salinity stress at 24 h in IR64, while Pokkali maintained higher
transcript even at 48 h of salinity stress, suggesting their major
role in salt stress response. Several studies in rice have iden-
tified genes from bHLH family, playing distinct roles in stress
response, for exampleOsbHLH1 in cold response (Wang et al.
2003). Another member, OrbHLH2 from wild rice (Oryza
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rufipogon), has been shown to be providing higher salt and
osmotic stress tolerance in Arabidopsis, when overexpressed
(Zhou et al. 2009). Recently, expression analysis in contrast-
ing cultivars of rice has shown differential expression pattern
for genes encoding bHLH and C2H2 TFs (Shankar et al.
2016). Expression data presented in this paper gets a direct
support from a recent work from our group where overexpres-
sion of OsHBP1b from rice in tobacco has been shown to be
correlated with higher tolerance to salinity and oxidative stress
(Lakra et al. 2014).

We have observed higher gene expression in members of
Groups II and III, viz OsMYB2, OsSPL12, OsTFIID,
OsGATA8 and OsBSD at all the developmental stages of rice
indicating their exigent role in plant growth. Our data is cor-
roborated with various reports indicating possible role of
OsMYB2 in rice (Yanhui et al. 2006), Squamosa promoters
binding (SPB)-like protein in rice and Arabidopsis (Shao et al.
1999) and Arabidopsis (Shikata et al. 2009), GATA domain
containing protein in rice and Arabidopsis (Wang et al., 2009;
Richter et al. 2013) and BSD domain containing protein in
banana (Ba et al. 2014) in plant growth and development.

The analysis for BSD protein in plants is limited. However,
AtBSD1 of Arabidopsis has been known to be expressed in
nucleus and having transcriptional activation domain and is
expressed in all the tissues but not induced by abiotic stresses
(Park et al. 2009). Our analysis suggests very little response of
OsBSD gene during the salt stress. Similar results were obtain-
ed for the OsGATATF, which has been known for its role in
shoot and flower development in Arabidopsis and rice (Zhao
et al. 2004; Wang et al. 2009; Hudson et al. 2013). The ex-
pression analysis using qRT-PCR showed that IR64 un-
dergoes a sort of complete reprogramming with significant
alterations in its transcriptome towards salinity stress, while
the response machinery in Pokkali remains relatively stable
with its response, suggesting thereby the well preparedness of
the latter for handling the exposure to salinity stress.

Analysis of rice Tos17 mutants of SalTFs genes reveal their
important role in plant survival and yield under normal condi-
tions. These Tos17 mutants either lost their fertility or were
unable to complete their life cycle. Further protein–protein in-
teraction analysis of SalTFs corroborated with our expression
analysis, which showed that SalTFs from Group II viz
OsTFIID and OsBSD interacts with maximum number of pro-
teins present in different cell components, involved in various
cellular processes and proteins with different function (Fig. 5).
However, SalTFs from Group I which is highly expressed un-
der salinity stress viz OsHL and OsHBP1b interacts with few
proteins showing their specific role, i.e. salinity stress response.
Protein–protein interaction analysis also showed the interaction
of different SalTFs from Group I and Group II with common
proteins indicating cross talk among them.

A recent study targeting discovery of the DNA polymor-
phism in IR64 and Pokkali leads to the identification of the

salinity responsive genes which showed differential expres-
sion and harbour several SNPs or large-effect InDels in their
promoter or genic region (Jain et al. 2014). We have analysed
SNPs and InDels in upstream and genic regions of SalTFs
genes, which identified variable numbers of SNPs and/or
InDels in contrasting genotypes viz. IR64 and Pokkali. Kim
et al. (2009) reported the presence of single feature polymor-
phism (SFP) which include SNPs and InDels in many genes
located within Saltol QTL region of IR29 (sensitive) and
Pokkali (tolerant) genotypes. Promoters which have TFs bind-
ing sites play important role in transcription, and presence of
SNPs which can lead to changes in cis-acting elements in
contrasting cultivars may be one of the reasons for their
differential expression. Recently, expression analysis in
contrasting rice genotypes viz. IR64 and Pokkali showed
differential expression of 507 genes under salinity stress
among which a large number of genes encoding members
of bHLH and C2H2 TFs were observed (Shankar et al.
2016). Taken together, our studies open up a new opportu-
nity to dissect out the molecular basis of differential regu-
lation of these genes in response to salinity stress and plant
growth and development.

Conclusions

The analysis presented in the paper reveals several unique
features of seedlings of rice in relation to their response
towards salinity stress. Expression of genes encoding ‘tran-
scription factors’ localized within SaltolQTL (SalTFs) plays a
major role, directly or indirectly, in salinity stress response.
Apart from salinity, higher transcript abundance of some of
the SalTFs at various developmental stages suggests their role
in plant growth and development. Protein interaction analysis
of SalTFs highlighted the interaction of SalTFs with other
proteins, thus revealing that the members might be playing a
crucial role in salinity stress response. High expression of
selected transcription factors indicates their importance in
the response machinery of rice plant. SNPs and InDels are
known to play a major role in the expression of the genes, as
SNPs in the promoter region might interfere with the binding
of TFs required for the expression of the gene. Thus, the
current study has opened up a new vista to dissect out the
molecular basis of differential regulation of various genes in
response to salinity stress.
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