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Abstract. Rice is one of the most important cereals of the world, with a substantial amount of genetic variation, and a staple food for
more than half of the world’s population. Salinity is the second most important abiotic stress after drought that adversely affects rice
production globally. Both the seedling and reproductive stages are extremely sensitive to salinity but tolerant at the reproductive stage
which is most crucial, as it translates into grain yield. Therefore, it is more important to identify the underlying factors of tolerance at the
reproductive stage as a necessary step towards improving varieties for salinity environments. However, because of the difﬁculties in
phenotyping protocols of salinity tolerance screening at the reproductive stage, only a few studies exist on this aspect. In view of this, a
study involving 188 F4 rice lines derived from a cross CSR28 9 Sadri along with the parents was carried out for phenotyping using a novel
screening approach for the reproductive stage in salinity conditions and genotyping by SNP markers (Inﬁnium Illumina 6K SNP chip) to
construct a high-saturation linkage map. Quantitative trait loci analysis in an F4 population for physiological traits (chlorophyll a,
chlorophyll b and carotenoid) and agronomic traits (plant height, ﬁlled grain number, grain yield and spikelet fertility percentage) led to the
identiﬁcation of 14 QTLs with an LOD range of 2.72–4.46 explaining phenotypic variation of 5.29–24.86% on chromosomes 1, 2, 3, 5, 6, 7
and 8. Tolerant alleles were contributed by both CSR28 and Sadri. The results indicated that both physiological and agronomic traits were
involved in salinity tolerance at the reproductive stage and majority of the QTLs identiﬁed in this study are reported for the ﬁrst time.
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Introduction
Soil and water salinity are major abiotic stresses that have
adverse effects on agricultural productivity across the world.
Saline land is increasing because of the natural weathering,
nearness to coastal regions, and anthropogenic reasons such
as irrigation systems without proper drainage in inland areas
(Ismail et al. 2007; Munns and Tester 2008; Rahman et al.
2016). Rice has considerable area that is adversely affected
by salinity worldwide. As per one estimate, about 30% of

rice-growing area is inﬂuenced by salt-affected soil and
saline water (Wang et al. 2012). There are many ways by
which rice resists induced salinity such as osmotic adjustment, tissue-level partitioning, cell-level partitioning (tissue
tolerance) and recirculation (Munns and Tester 2008; Singh
and Flowers 2010). A higher concentration of salt in the
rhizosphere forces a reduction in the osmotic potential of the
soil, which consequently reduces water availability as well
as affects water potential regulation of sensitive species,
resulting in lack of cell turgor. In addition, an excess of Na?
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is extremely toxic for the crop, compromising growth and
plant metabolism, and adversely affecting the activity of
enzymes and stability of membranes via increasing ROS
production (Cabot et al. 2014). Symptoms of plant under
salinity stress consist of patchy ﬁeld growth, leaf tip burning,
reduced tillering, plant stunting, and in intense cases, plant
death (Mohammadi et al. 2013). The threshold salinity of
rice is 3 dS/m and every unit increase in electrical conductivity (EC) beyond 3 dS/m reduces the rice yield by 12%.
Grain yield is affected more by salinity than vegetative
growth. For every unit increase in salinity above 4 dS/m,
grain yield decreases by 10.6% in sensitive genotypes, by
5.2% in tolerant ones, and by 8.4% in semi-tolerant genotypes (Rao et al. 2008). In addition, Rao et al. (2008)
demonstrated a reduction in grain yield under EC 8 dS/m
stress of 50.3%, 45.7%, and 26.7% in sensitive, semi-tolerant and tolerant rice genotypes, respectively.
Rice is quite sensitive at the early seedling and reproductive stages, but adequately tolerant at the germination
stage, active tillering stage, and maturity stage under stress
conditions (Singh and Flowers 2010; Sarhadi et al. 2012). It
has been reported that the seedling and reproductive stages
are the most sensitive stages, and are controlled by different
sets of genes with a poor relationship between each other.
This means that there is no association between tolerance at
the seedling stage and at the reproductive stage. Moreover,
reproductive-stage salinity tolerance is detrimental since
salinity causes an increase in the number of sterile ﬂorets by
affecting panicle initiation, fertilization, spikelet formation,
and pollen germination, which leads to a decline in yield
components, including weight per grain and grain yield.
Accordingly, higher yielding rice varieties under salinity
stress should possess tolerance at the reproductive stage
(Singh and Flowers 2010; Calapit-Palao et al. 2013; Hossain
et al. 2015). Moreover, the effect of salinity on the photosynthetic system and the importance of the photosynthetic
process at the vegetative and reproductive stages have been
reported (Yeo et al. 1985; Dionisio-Sese and Tobita 2000;
Senguttuvel et al. 2014). It has been pointed out that
chlorophyll concentration and photosynthetic efﬁciency are
inversely associated with salt stress level (Das et al. 2015).
Therefore, focussing on the photosynthetic system and
chlorophyll parameters, and identifying the associated
genomic regions underlying these traits would be helpful for
the early identiﬁcation of genotypes for reproductive-stage
salinity tolerance, and thus higher yield. Also, several
researchers indicated that rice is highly sensitive to both the
seedling and reproductive stages under salt stress (Zeng
et al. 2001; Moradi and Ismail 2007; Singh and Flowers
2010; Aref and Ebrahimi-Rad 2012; De Leon et al. 2016).
Hence, discovering and combining the traits related to
salinity tolerance at these two sensitive stages are needed for
developing resilient cultivars. Screening genotypes for
salinity tolerance based on physiological characters would
help breeding programmes for such harsh conditions.
Another difﬁculty while breeding varieties for salinity

tolerance is extreme inﬂuence of G 9 E. Since all the
contributing traits for salinity tolerance are polygenic in
nature, it makes it very tough to detect the one or two
large-effect robust linked markers or genes needed for
marker-aided breeding (Pandit et al. 2010; Mirdar Mansuri
et al. 2012).
Improvement of salinity-tolerant rice, particularly for
reproductive-stage salinity tolerance, through conventional
breeding is very labour intensive and time consuming
because of the quantitative and polygenic nature of salt
tolerance. A marker-assisted selection (MAS) approach
implies indirect selection in early growth without phenotyping the trait using markers tightly linked with the target
gene(s) of a particular trait (Fan et al. 2015). It would
therefore be useful to identify markers linked to morphological and physiological traits. Quantitative trait loci (QTL)
mapping is a momentous technology in plant improvement
and for enhancing our understanding from the genetic
architecture and inheritance of polygenic or quantitative
traits, within and between related plant species in terms of
salinity tolerance, ultimately to detect markers that could be
used for complex trait selection and pyramiding of desired
QTLs in high-yielding genotypes (Mackay 2001). Not many
reports exist on robust reproductive-stage salt tolerance
QTLs because of the tedious, laborious, and time-consuming
phenotyping for the reproductive stage, in contrast to the
somewhat easier phenotyping for the seedling stage. In
addition, previous reports mentioned using different mapping populations and molecular markers, which could be
another important reason for alignment not coinciding across
various studies leading to identiﬁcation of a particular robust
genomic region with large-effect salinity tolerance QTLs
(Jena and Mackill 2008; Hossain et al. 2015). The best
phenotyping approach should consider some critical issues
such as uniformly imposing stress in all studied populations
based on the same growth stage (rather than growth duration), along with the time of imposing the stress (Ahmadizadeh et al. 2016). Considering the slow progress in the
study of salinity at the reproductive stage and the involvement of various mechanisms for salinity tolerance that are
probably controlled by many genes, much effort and many
studies are required to detect novel salt tolerance QTLs and
donors for providing the best functional alleles underlying
these genomic regions or genes (Rahman et al. 2016).
Because of the advantages of the molecular markers to
facilitate cost-effective and quick testing of large populations, the search for salt tolerance DNA and QTL markers
that are closely linked to the target traits becomes a main
objective in most breeding programmes (De Leon et al.
2016). Single-nucleotide polymorphism (SNP) markers are
the most abundant form of polymorphism, and owing to the
accessibility of high-throughput and rapid genotyping service, they are successfully used for genetic mapping, MAS,
diversity analysis and association analysis (Rafalski 2002;
Ganal et al. 2009; Chen et al. 2011; Thomson et al. 2012;
Thomson 2014; Rahman et al. 2016), ultimately leading to
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enhancing the power of selection and breeding efﬁciency
(Lee et al. 2006; Wang et al. 2011, 2012).
The aim of this study was to identify QTLs for salinity
tolerance at the reproductive stage in an F4 population
derived from a CSR28 9 Sadri cross using a 6K SNP chip
and new phenotypic approach.

Materials and methods
Plant materials and population development

The 188 lines in the F4 population derived from the CSR28
9 Sadri cross were used for phenotyping under salinity
stress at the reproductive stage and detecting associated QTL
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and maintained constantly for 20 days. Leaf sampling was
done 20 days after transferring the plants to salinity conditions and then the plants were transferred to the normal water
(Ahmadizadeh et al. 2016).
The leaves of individual plants were excised and washed
with distilled water to remove soil, clay and dust particles.
Ten mg subsamples were used for extraction. Extraction was
performed overnight in a room using 10 mL of 95% aqueous
ethanol in a test tube until the leaves were discoloured and
the samples were ready for absorbance readings. The
absorbance of all samples was recorded at 664.1, 648.6 and
470 nm for the estimation of chlorophyll a (Ca) and
chlorophyll b (Cb) and carotenoid in mg/g dry weight using a
spectrophotometer (SPECTROstar Nano, Ultra-fast, full UV/
Vis spectrum absorbance):

Ca ¼ ðð13:36  A664:1 5:19  A648:6 Þ  extraction volumeÞ=leaf dry wt
Cb ¼ ðð27:43  A648:6  8:12  A664:1 Þ  extraction volumeÞ=leaf dry wt
Carotenoid ¼ ðð1000  A4702:13  Ca97:64  CbÞ=209  extraction volumeÞ=leaf dry wt
Total chlorophyllða þ bÞ ¼ Ca þ Cb ;
regions. The parents were selected based on their performance in a past diallel cross analysis under salinity stress.
Sadri (IRGC acc. 32329) is sensitive to salinity at the
seedling stage but relatively tolerant at the reproductive
stage, and it is an aromatic landrace from northern Iran
(Mohammadi et al. 2014). CSR28 (IR51485-AC6534-4) is
considerably tolerant at both the sensitive stages.

where A664.1, A648.6 and A470 are the absorbance at 664.1,
648.6, and 470 nm; and extraction volume in liters (l) and leaf
dry wt in grams (g) (Lichtenthaler and Buschmann 2001).
In addition, the plants were phenotyped for plant height
(PH), ﬁlled grain number (FG), grain yield (GY), and spikelet fertility percentage:

Phenotyping of traits related to reproductive-stage salt
tolerance

where UnFGW and FGW are unﬁlled grain weight (g) and
ﬁlled grain weight, respectively. The experimental data were
analysed using PBTools and STAR software.

The phenotyping was conducted at the International Rice
Research Institute as described by Calapit-Palao et al. (2013)
and Ahmadizadeh et al. (2016). This involved pruning of the
older leaves (except the ﬂag leaf and penultimate leaf) to
avoid extra sinks and compartmentalization of the ions in
older leaf tissues. The toxic ions follow the systematic cascade way of loading from old to younger leaves and eventually to the ﬂag leaf and reproductive organs. Therefore,
treating plants with salt once booting is visible avoids a lag
in loading the salt to the reproductive organs quickly. Thus,
if the stress is not imposed at the right stage, it would be a
kind of escape from a true stress treatment for the reproductive stage. That is why the old leaf pruning is done to
facilitate the direct movement of Na? to the reproductive
organs swiftly. The 188 F4 along with parents (CSR28 and
Sadri) were grown in normal fertilized soil in a perforated
pot (1.5 kg soil) submerged in normal water. The plants were
instantly transferred to saline water once the ‘ﬂag leaf tip’
appeared. Salinization was done by dissolving NaCl into the
water to adjust the EC to 10 dS/m. EC was checked regularly

SpkFð%Þ ¼ ðFGW=FGW þ UnFGWÞ  100Þ;

Construction of a linkage map and QTL mapping

Leaf tissues of the parental and F4 lines were collected from
2-week-old leaves. The DNA of 188 genotypes of the
mapping population along with the parents was isolated
using a SbeadexÒ Mini Plant Kit (Cat. no. 41601). Genotyping was done using an Inﬁnium Illumina 6K SNP chip.
This bead chip was designed by Susan McCouch’s group at
Cornell University and is now being used for high-resolution
mapping. The Inﬁnium 6K bead chip contains about 6000
bead types and 4606 of them are of high quality, providing
an equal number of SNP data points evenly distributed on
the 12 rice chromosomes. The same chip was used to
genotype the mapping population along with the parents.
Inﬁnium SNP genotyping was carried out in the Genotyping
Services Laboratory (GSL) at IRRI, Philippines.
A, B and X coding were used to code for various alleles in
the genotype data. A SNP call for each marker among the
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Table 1. Descriptive statistics for traits associated with salt tolerance, evaluated in 188 F4 lines under salt stress.

Mean
Range
RIL
P value
T-test
CSR28
T-test
Sadri

C (a ? b)

Cb

Ca

C (x ? c)

FG

PH (cm)

GY (g)

SpkF (%)

0.441 ± 0.007 0.225 ± 0.003 0.667 ± 0.01 0.09285 ± 0.001 44.00 ± 5.54 127.1 ± 1.3 0.923 ± 0.1 21.47 ± 1.7
0.193–0.777
0.104–0.402
0.310–1.180 0.030–0.188
0–448
67–169
0–8.8
0–100
0.006
0.001
0.003
0.010
0.0004
0.000
0.004
0.000
0.360***

0.1897***

0.5503***

0.0711***

182***

102.5***

4.295***

75.81***

0.252***

0.1149***

0.3673***

0.0567***

292***

140.5***

6.150***

61.53***

Signiﬁcant at 0.0001 level of probability; Ca, chlorophyll a; Cb, chlorophyll b; C (a ? b), total chlorophyll; C (x ? c), carotenoid; FG, no.
of ﬁlled grains; PH, plant height; GY, grain yield; SpkF (%), spikelet fertility percentage.
***

Table 2. Correlation matrix of traits measured under salt stress at reproductive stage in CSR28/Sadri F4 population.

FG
GY
SpkF_FGW
Ca
Cb
C_xc
C_ab
PH

FG

GY

SpkF_FGW

Ca

Cb

C_xc

C_ab

1
0.93**
0.74**
0.014
0.025
-0.022
0.0181
0.0310

1
0.75**
0.054
0.067
0.026
0.059
0.026

1
0.0842
0.0958
-0.019
0.088
-0.009

1
0.96**
0.82**
0.99**
-0.115

1
0.71**
0.98**
-0.146

1
0.79**
-0.027

1
-0.126

Correlation is signiﬁcant at the 0.01 level; Ca, chlorophyll a; Cb, chlorophyll b; C (a ? b), total chlorophyll; C (x ? c), carotenoid; FG,
no. of ﬁlled grains; PH, plant height; GY, grain yield; SpkF (%), spikelet fertility percentage.
**

Table 3. The distribution of markers on each chromosome.
Polymorphic SNPs
Chr

No. of
SNPs

No. of
polymorphic SNPs

No. of polymorphic SNPs
before binning

No. of polymorphic SNPs
after binning

Total length
(cM)

Marker density
(cM/marker)

1
2
3
4
5
6
7
8
9
10
11
12
Total

514
457
486
421
378
376
367
345
300
276
346
340
4,606

215
191
212
182
154
150
165
145
155
106
175
143
1,993

153
62
74
111
110
97
66
74
56
16
89
59
967

55
34
39
44
52
52
40
41
33
9
37
25
461

87.93
100.02
72.44
95.46
165.15
173.76
72.05
104.68
67.53
28.55
140.93
45.98
1154.48

1.60
2.94
1.86
2.17
3.17
3.34
1.80
2.55
2.05
3.17
3.80
1.84
2.50

Linkage mapping for agronomic and physiological traits

population was coded as A if the allele was from CSR28.
The code of B was given to the allele from Sadri. Since our
materials were from the F4 generation, most of the loci were
homozygous and expected to be segregating into 1:1. Hence,
all heterozygous SNPs and missing SNP (N) calls were
coded as X. All monomorphic SNP markers were removed.
Also, all SNP markers with more than 10% missing SNP
calls were cleaned before further analysis. As a result, 967
SNP markers were used for further analysis. SNP calling
was based on the Nipponbare reference genome MSU
release 7 using Genome Studio software. Genetic distances
of SNP markers based on recombination rates were converted using the Kosambi mapping function. Eight traits
consisting of chlorophyll a, chlorophyll b, total chlorophyll
(a ? b), carotenoid, plant height, FG, FGW, and SpkF (%)
were used for QTL mapping. Analysis of additive QTLs for
traits related to reproductive-stage salinity tolerance was
performed by the inclusive composite interval mapping
(ICIM-ADD) method. Parameters for QTL detection were
set as follows: stepwise regression method every 1 cM
window size with the probability levels of entering and
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removing variables set at 0.001. Signiﬁcant LOD thresholds were determined for each dataset by permutations
1000 times. Type I error to determine the LOD threshold
from permutation tests was 0.05. QTL names were designated following the standard rice QTL nomenclature
(McCouch and CGSNL 2008). The phenotypic variation
explained by QTLs and their genetic effect was estimated.
Linkage map construction and QTL analyses were
implemented in QTL IciMapping software v. 4.0.6.0
(Meng et al. 2015).

Results
Trait analysis and performance of RIL populations

Analysis of variance showed that the variance for all traits
studied in the F4 lines was signiﬁcant (P \0.01) (table 1).
The analysis of the data showed a signiﬁcant difference
between the parents and F4 lines in terms of the traits
evaluated under salt stress conditions at the reproductive

Figure 1. Constructed map showing density of the polymorphic SNPs.
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Figure 2. Molecular genetic map and QTLs related to reproductive-stage salt tolerance in the F4 population from the cross CSR28 9 Sadri.
The names of the chromosomes are shown at the top and the Kosambi values (cM) and markers are indicated to the left and right sides of
the chromosomes, respectively. The QTLs for the traits studied are signed on the chromosomes.

stage (table 1). Some of the parameters revealed transgressive segregation and near normal distribution, suggesting
entanglement of multiple genes with quantitative inheritance
and both parents (CSR28 and Sadri) contributing genes for
these traits.

Trait correlations

Correlations between traits were evaluated as shown in
table 2. There was a high positive response between spikelet
fertility and ﬁlled grain number and ﬁlled grain weight.

Linkage mapping for agronomic and physiological traits
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Table 4. QTLs for traits related to reproductive-stage salt tolerance in CSR28/Sadri F4 population.
Trait name
Plant height
Filled grain no.
Grain yield
Spikelet fertility (%)
Chlorophyll a
Chlorophyll b
Chlorophyll (a ? b)
Carotenoid
Chlorophyll a
Chlorophyll b
Chlorophyll (a ? b)

Chr
2
6
8
3
3
5
5
7

1

QTL name

Position

Left marker

Right marker

LOD

PV (%)

qPH_S-2-1
qPH_S-6-1
qPH_S-8-1
qFG_S-3-1
qGY_S-3-1
qGY_S-5-1
qSpkF_S-5-1
qCa_S-7-1
qCb_S-7-1
qCab_S-7-1
qCxc_S-7-1
qCa_S-1-1
qCb_S-1-1
qCab_S-1-1

37
170
88
48
47
135
41
32

1634974
6924025
8832534
2976904
2976904
5449667
4879384
7500347

1725183
rd6001994
id8006789
3217184
3217184
5457803
5104227
7644067

87

1305247

1319354

3.40
2.72
3.47
3.05
3.54
2.75
2.73
4.46
3.79
4.31
2.73
3.33
3.44
3.43

6.68
5.29
6.98
7.77
8.34
6.42
24.86
10.54
9.55
10.24
6.27
7.33
7.71
7.59

There were highly signiﬁcant and positive responses
between chlorophyll a, chlorophyll b, total chlorophyll and
carotenoid.
Linkage map construction and allele distribution
across chromosomes

From 4606 SNP markers, 1993 SNPs were polymorphic
between the parents. Moreover, we obtained a set of 1801
SNPs after removing the missing and heterozygous ones in
each parent. Segregation distortion was evaluated for all
1801 SNP loci using the v2 test, and 834 markers that
deviated signiﬁcantly from the expected 1:1 ratio at 5%
probability were removed from further analysis and the 967
markers displaying normal Mendelian segregation were
distributed over all 12 rice chromosomes (table 3). At the
next step, to eliminate the redundant markers that had
identical segregation in the studied population and did not
have extra genetic information, binning function for
removing these markers was used. Ultimately, a linkage map
covering a total length of 1154.48 cM was constructed using
461 SNP markers, with an average coverage of 2.50 cM per
marker (table 3; ﬁgures 1 & 2) (Ahmadizadeh et al. 2017).
Their polymorphism ranged from nine on chromosome 10 to
55 on chromosome 1. Chromosome-wide marker compression differed from 1.60 cM/marker on chromosome one to
3.80 cM/marker on chromosome 11. Also, each linkage
group (LG) ranged from 28.55 cM (LG 10) to 140.93 cM
(LG 11) (table 3; ﬁgures 1 & 2). There were 67.85%
homozygous loci across the 12 chromosomes, while
heterozygous loci were 26.9%. A total of 5.23% were
missing alleles (table 1 in electronic supplementary material
at http://www.ias.ac.in/jgenet/).

Add.
-4.7516
4.2300
-4.8611
21.0400
0.4448
0.3901
12.1237
-0.0339
-0.0161
-0.0497
-0.0061
0.0282
0.0144
0.0426

Additive QTLs for traits related to salinity tolerance
at the reproductive stage

The main objective of the present study was to map and
detect QTLs for salinity tolerance exclusively at the reproductive stage using an F4 population. The whole genome
was scrutinized for identifying QTLs by QTL IciMapping
software based on 1000 permutation tests. The analysis of
the F4 population identiﬁed 14 QTLs for the eight studied
traits on chromosomes 1, 2, 3, 5, 6, 7 and 8 (table 4; ﬁgure 2;
ﬁgure 1 in electronic supplementary material).
Among the identiﬁed QTLs, one QTL located between the
marker interval (4879384 and 5104227) on chromosome 5
explained as high as 24.86% of the phenotypic variation
(PV) for spikelet fertility, having an additive effect of 12.12.
In addition, the QTL located in the marker interval ﬂanked
by 7,500,347 and 7,644,067 on chromosome 7 with an LOD
score of 4.46 also explained high PV of 10.54% for
chlorophyll a having an additive effect of -0.0339. The
other identiﬁed QTLs related to chlorophyll b, total chlorophyll and carotenoid were located on chromosomes 1 and 7
with LOD range of 2.73–3.97. In addition, CSR28 and Sadri
alleles increased chlorophyll at chromosomes 1 and 7,
respectively (table 4; ﬁgure 2; ﬁgure 1 in electronic supplementary material). Two QTLs were detected in marker
intervals 2976904–3217184 for ﬁlled grain number and
grain yield on chromosome 3 with 3.05–3.54 LOD value
explaining PV of 7.77–8.34%. Moreover, the alleles from
CSR28 increased ﬁlled grain number, grain yield and spikelet fertility at qFG_S-3-1, qGY_S-5-1, qGY_S-3-1, and
qSpkF_S-5-1 (table 4; ﬁgure 2; ﬁgure 1 in electronic supplementary material).
Three QTLs were identiﬁed for plant height on chromosomes 2, 6 and 8. One QTL for plant height was on
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Table 5. Summary of QTLs identiﬁed under salt stress at reproductive stage in previous studies.
Trait
Spikelet fertility
Plant height

Panicle length

Grain yield

Pollen fertility

Previous QTL

Population

References

qSPFR2.1
qPH1.1s
qPH3.1s
qPH5.1s
qPH7.1s
qPHl1.1
qPH4.1
qPH7.1
qPH4.1
qPH2.2
qPH5.1
qPL1.1s
qPL2.1s
qPL3.1s
qPL1.2
qPL7.4
qGY2.1s
qGY4.1s
qGY6.1s
qGY8.1s
qGY2.1
qGY12.1
qPF1.4
qPF1.5
qPF10.1

Sadri/FL478 (F2)
Sadri/FL478 (F2)
Sadri/FL478 (F2)
Sadri/FL478 (F2)
Sadri/FL478 (F2)
Cheriviruppu/Pusa Basmati1 (F2)
Cheriviruppu/Pusa Basmati1 (F2)
Cheriviruppu/Pusa Basmati1 (F2)
IR4630-22-2-1-5-3/IR64 (F2)
IR4630-22-2-1-5-3/IR64 (F2)
IR4630-22-2-1-5-3/IR64 (F2)
Sadri/FL478 (F2)
Sadri/FL478 (F2)
Sadri/FL478 (F2)
Cheriviruppu/Pusa Basmati1 (F2)
Cheriviruppu/Pusa Basmati1 (F2)
Sadri/FL478 (F2)
Sadri/FL478 (F2)
Sadri/FL478 (F2)
Sadri/FL478 (F2)
Cheriviruppu/Pusa Basmati1 (F2)
Cheriviruppu/Pusa Basmati1 (F2)
Cheriviruppu/Pusa Basmati1 (F2)
Cheriviruppu/Pusa Basmati1 (F2)
Cheriviruppu/Pusa Basmati1 (F2)

Mohammadi et al. (2013)
Mohammadi et al. (2013)
Mohammadi et al. (2013)
Mohammadi et al. (2013)
Mohammadi et al. (2013)
Hossain et al. (2015)
Hossain et al. (2015)
Hossain et al. (2015)
Calapit-Palao et al. (2015)
Calapit-Palao et al. (2015)
Calapit-Palao et al. (2015)
Mohammadi et al. (2013)
Mohammadi et al. (2013)
Mohammadi et al. (2013)
Hossain et al. (2015)
Hossain et al. (2015)
Mohammadi et al. (2013)
Mohammadi et al. (2013)
Mohammadi et al. (2013)
Mohammadi et al. (2013)
Hossain et al. (2015)
Hossain et al. (2015)
Hossain et al. (2015)
Hossain et al. (2015)
Hossain et al. (2015)

chromosome 2 with 3.40 LOD value and PV of 6.68%; the
ﬂanking markers were 1,634,974 and 1,725,183. The other
QTL was associated between marker intervals 8832534 and
id8006789 with 3.47 LOD value explaining PV of 6.98%,
and was located on chromosome 8. The other QTL was on
chromosome 6 with 2.72 LOD value (table 4; ﬁgure 2; ﬁgure 1 in electronic supplementary material).

Discussion
Rice is mainly sensitive at the seedling and reproductive
stages under salinity stress, but mostly there is no or very
poor association between these two sensitive stages, and
both stages are governed by different sets of genes (Mohammadi-Nejad et al. 2008; Ghomi et al. 2013). Rice is
inherently sensitive to salinity, but still some genotypes are
reported to be tolerant at the seedling stage, and only a few
are reported as tolerant of salinity at the reproductive stage.
Therefore, genotypes with known tolerance at the reproductive stage were involved in identifying the desired
genomic region or novel QTLs associated with reproductivestage salinity tolerance. A study of different mapping populations could be helpful to identify robust QTLs for further
genetic dissection or breeding programmes in stress-prone
environments. To reach this goal, precise and accurate
phenotyping is the most pivotal step in QTL mapping for

any trait (Wang et al. 2011). Most breeding programmes,
when developing mapping populations, have been using
indica and japonica crosses as well as tolerant and sensitive
crosses, but we used an F4 population that was derived from
indica and indica crosses. Also, in terms of salt tolerance, we
believe that it could be helpful to use tolerant and relatively
tolerant crosses, because we were not only looking for
transgressive segregation in offspring; we also expected a
complementary effect of these two parents. Combining
multiple tolerance genes for different growth stages will
facilitate the improvement of robust rice varieties with a
considerably high degree of salt tolerance (Thomson et al.
2010). In our study, the F4 mapping population derived from
the cross between CSR28, a highly salt tolerant genotype for
both sensitive stages, and Sadri, relatively salt tolerant at the
reproductive stage but sensitive at the seedling stage, was
evaluated for salinity tolerance at the reproductive stage
following the screening method described by Ahmadizadeh
et al. (2016).
A few earlier reports exist on QTL analysis of rice salt
tolerance at the reproductive stage (Mohammadi et al. 2013;
Hossain et al. 2015; Calapit-Palao et al. 2015). This could be
the initial report of QTL mapping for agro-morphological
and physiological traits at the reproductive stage under
salinity stress in rice using a high-density linkage map. The
reliability of using sequence-based and high-density SNP
markers in genotyping for the identiﬁcation of QTLs in rice
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has been demonstrated (McNally et al. 2009; Bimpong et al.
2014; De Leon et al. 2016; Tiwari et al. 2016). Moreover,
using a SNP map to validate the location of various cloned
genes consisting of major QTLs for grain width, grain
length, pigmentation, and low shattering traits has been
studied by researchers (Konishi et al. 2006; Yu et al. 2011).
Segregation distortion mostly causes a signiﬁcant overestimation or underestimation of recombination fractions;
thus, genetic distance and order of the markers were affected
(Lorieux et al. 1995). The elimination of distorted markers
normally decreases genome coverage (Pootakham et al.
2015), but to construct a precise linkage map, we excluded
markers that showed alarming deviation from the expected
Mendelian ratio. Redundant markers that cannot supply
additional genetic information due to being absolutely
identical or correlated in a mapping population were avoided
through binning. The BIN function was suitably developed
to eliminate such identical markers and create the input ﬁle
for constructing the linkage map. Markers with correlation
coefﬁcients = 1 were deleted by missing proportion (Meng
et al. 2015). Eventually, our SNP-based linkage map
demonstrated a signiﬁcantly smaller marker distance than
the microsatellite-based maps, which previously had been
reported from the approximately same size populations as
15 cM in Mohammadi et al. (2013) and 10.8 cM in Hossain
et al. (2015). This is due to the larger number of SNP
markers placed on this genetic map, given the estimated
genome size of 1154.48 cM with an average coverage of
2.50 cM per marker (table 3; ﬁgure 1). Fourteen QTLs
controlling eight traits were identiﬁed on the linkage map
(table 4; ﬁgure 2; ﬁgure 1 in electronic supplementary
material).
Grain yield is the most important trait for salinity tolerance at the reproductive stage and it depends on other yield
component traits such as tiller number, panicle length and
spikelet fertility (Hossain et al. 2015). The major inﬂuence
of salinity stress on grain yield mainly owed to a decrease in
seed set in the panicles, which leads to an increase in spikelet
sterility (Rao et al. 2008). Thus, an increase in the number of
empty grains will result in decreased rice yield. A decrease
in translocation of soluble carbohydrates to the primary and
secondary spikelets as well as assemblage of less potassium
and more sodium in all ﬂorescent parts will result in sterility
and poor seed set (Abdullah et al. 2001). Many researchers
also demonstrated the impact of salinity on spikelets (Zeng
and Shannon 2000; Abdullah et al. 2001; Aref and
Ebrahimi-Rad 2012). In our study, we measured ﬁlled and
unﬁlled grain number and weight accurately (partially ﬁlled
grains were included in the unﬁlled grain part). In addition,
tillers that ﬂowered after transferring the plant to normal
conditions were tagged and excluded from the evaluation
process to count only the grain from tillers that faced the
stress imposed by salinity at the right time. We identiﬁed a
QTL (qSpkF_S-5-1) for spikelet fertility on chromosome 5
ﬂanked by SNP markers between intervals 4879384 and
5104227 (table 4; ﬁgure 2; ﬁgure 1 in electronic
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supplementary material), whereas previous studies by
Mohammadi et al. (2013) and Hossain et al. (2015) identiﬁed QTLs for grain yield and spikelet fertility located on
chromosomes 2, 4, 6, 8, 10 and 12 (table 5). Therefore, the
QTLs detected for ﬁlled grain and spikelet fertility could be
considered as a novel ﬁnding in this study. These QTLs did
not have the same map location and there was no similarity
with the results of previous researchers (table 5). Plant height
ranged from 67 to 169 cm and was segregated into different
phenotypic and genotypic classes. Four loci signiﬁcantly
associated with plant height were detected on chromosomes
2, 6 and 8. CSR28 alleles contributed to the tallness of plants
at qPH_S-6-1, whereas Sadri alleles increased plant height at
qPH_S-2-1 and qPH_S-8-1 (table 4; ﬁgure 2; ﬁgure 1 in
electronic supplementary material). Mohammadi et al.
(2013) identiﬁed a QTL on the long arm of chromosome 5
ﬂanked by SSR markers RM421–RM538, explaining PV as
6.6%. Moreover, Calapit-Palao et al. (2015) reported a major
QTL for plant height from the salt-tolerant parent, qPH4.1,
located between RM518 and RM471, having a peak R2 of
30.91%, and two other loci (qPH2.2 and qPH5.1) with a
maximum R2 of 11.52% were also identiﬁed with IR64
alleles contributing to improved plant height (table 5).
Positive correlation existed between spikelet fertility and
all studied traits except with carotenoid. In addition, the
correlation coefﬁcient between spikelet fertility and ﬁlled
grain number and grain yield was highly signiﬁcant (table 2),
considering previous reports about the relationship between
these traits, and also the positive correlation of K concentration with grain yield indicated that the results were reliable. Hence, it was suitable to jointly evaluate the QTLs for
rice reproductive-stage salt tolerance with these traits in this
study. Moreover, the relation between traits in the RIL
population was similar to the correlation of PH with grain
yield and spikelet fertility percentage (Mohammadi et al.
2013; Calapit-Palao et al. 2015) and K concentration with
grain yield (Hossain et al. 2015) in studies in F2 populations
at reproductive-stage salinity screening, thus demonstrating
the reproducibility and reliability of our study using salt
tolerance screening. Yield components such as panicle
length, tiller number, grain yield, fertility and number of
panicles per plant were the most signiﬁcant traits that
determined ﬁnal yield (Zeng and Shannon 2000). Quantitative trait loci for correlated traits were usually mapped at the
same chromosomal regions (Veldboom et al. 1994; Sabouri
et al. 2009). This trend was noted in this study. For example,
chlorophyll a, chlorophyll b and total chlorophyll were
highly correlated and QTLs detected for these traits were at
the same map locations in chromosomes 1 and 7. Studying
different aspects of physiological potency under salinity
stress can facilitate breeding salt-tolerant varieties, and many
reports have demonstrated the importance of chlorophyll
studies in unfavourable conditions, such as decreasing
photosynthetic pigments in several plant species (Jamil et al.
2012). Also, some plants showed chlorosis and high
chlorophyll degradation symptoms eventually hindering
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physiological functions under salt stress (Harinasut et al.
2000). In addition, QTLs qFG_S-3-1 and qFGW_S-3-1 for
ﬁlled grain number and ﬁlled grain weight were located at
the same position on chromosome 3, explaining PV of
7.77–8.34% (tables 2 and 4; ﬁgure 2; ﬁgure 1 in electronic
supplementary material). In this case also, the directions of
the relationship between traits were consistent with the
association of the QTLs on the traits. Two marker intervals
on chromosomes 1 and 7 have three and four QTLs
explaining PV ranges of 6.27–10.54 and 7.33–7.59 for
chlorophyll a, chlorophyll b, total chlorophyll and carotenoid, respectively (table 4; ﬁgure 2; ﬁgure 1 in electronic
supplementary material 1). In addition, the results obtained
indicated that the correlation between traits was likely
attributed to the pleiotropy effect or the tight linkage of
genes (Lin et al. 2004). A study on chlorophyll can be a
great physiological reference for recognizing the impeccability of the photosynthetic system in stress conditions
(Kumar et al. 2016). Moreover, studying chlorophyll has
been demonstrated to be a reliable approach for determining
photo-inhibition or some other alteration in PSII function in
various environmental conditions (Roháček 2002; Falqueto
et al. 2009; Kumar et al. 2016).
Most QTL mapping studies have been done for seedlingstage tolerance since phenotyping for salinity tolerance at the
reproductive stage is time consuming and quite tedious.
There have been only a few reports on QTL analysis of rice
salt tolerance at the reproductive stage. Ammar et al. (2009)
in a study on an F2 population from a CSR27 9 MI-48 cross
identiﬁed salt tolerance QTLs at the reproductive stage.
These authors detected seven QTLs for Na? concentration in
leaves at the reproductive stage, and three of these (qNaLR2.1, qNaLR-3.1, and qNaLR-8.1) explained a large proportion of the PV. Hossain et al. (2015) identiﬁed 16 QTLs with
LOD values ranging from 3.2 to 22.3 on chromosomes 1, 7,
8 and 10, explaining PV of 4–47%. Also, they demonstrated
QTL clusters for various component traits colocalized on the
long arm of chromosomes 1 and 7 (table 5). Calapit-Palao
et al. (2015) used 201 F2 plants from IR64/IR4630-22-2-5-13 for QTL mapping under salinity stress at the reproductive
stage in rice in greenhouse conditions and detected 34 QTLs
for traits such as panicle length, plant height, single-grain
weight, root dry weight, %Na, %K, straw weight, and Na–K
ratio (table 5). Previous studies used low-throughput DNA
markers to construct linkage maps. Such DNA markers are
not enough to supply accurate and absolute information
related to the locations and number of the genes or QTLs
associated with target traits. SSR markers have been used in
previous studies to map the salt tolerance QTLs, while in our
study the linkage map was constructed using high-density
SNP markers to provide a high-resolution genetic map for
precisely and accurately detecting the genomic regions that
are controlling the traits related to reproductive-stage salt
tolerance. On the other hand, because of the absence of
common markers used for mapping and the use of various
genetic materials, it is difﬁcult to accurately compare the

position of QTLs in different studies; hence, additional
studies are required to illuminate the allelic relationship of
these QTLs. From the regions identiﬁed in our study that
inﬂuenced eight traits, three QTLs (qFG_S-3-1, qGY_S-3-1,
and qGY_S-5-1) are considered noteworthy as all studied
traits had a positive correlation with ﬁlled grain and spikelet
fertility. Many researchers reported a clear repressing effect
of salinity on panicle development and grain ﬁlling (Zeng
et al. 2001; Abdullah et al. 2001; Ebrahimi-Rad et al. 2012;
Rao et al. 2013; Panda et al. 2016). Knowledge of salt tolerance QTLs for the reproductive stage would be a key tool
in future breeding programmes to develop high-yielding rice
cultivars for salt-affected conditions. Then, pyramiding salt
tolerance QTLs using MAS will be a useful tool for
improving new varieties with high salt tolerance for salinityaffected environments (Lin et al. 2004). The lengths of
QTLs related to colocalized chlorophyll traits (qCa_S-1-1,
qCb_S-1-1, and qCab_S-1-1), and qGY_S-5-1, were 0.97 cM
(496,196 bp) and 0.71 cM (247,811 bp), respectively. These
QTLs had the shortest length, and any closely linked
markers in these regions could serve as candidate genes or
regions for ﬁne mapping and further use in MAS. The
relationship between physiological and agronomic traits
might be useful for controlling reproductive-stage salinity
tolerance. Focussing on these regions could provide functional understanding, and be valuable when hunting for
candidate genes underlying QTLs. A majority of the QTLs
detected in our study are reported for the ﬁrst time under
reproductive-stage salinity stress using a high-density linkage map.

Conclusions
Reproductive-stage salinity tolerance is a complex trait
and is inﬂuenced by various component traits. Much
evidence has shown that substantial genetic background
effects exist in the identiﬁcation of QTLs for yield and
contributing traits. Hence, the detected QTLs did not
essentially concur with similar regions as previously
demonstrated for reproductive-stage salinity tolerance
QTLs. Both parents (CSR28 and Sadri) contributed
favourable alleles during salt stress in terms of morphophysiological traits. Also, this population has seedlingstage and reproductive-stage tolerance genes from CSR28
and reproductive-stage tolerance genes from Sadri. This
population will be evaluated under salinity stress at
seedling stage to observe the combination of reproductivestage and seedling-stage salinity tolerance. The authors
comprehend that it would be important to see the performance of the RIL population in ﬁeld conditions to
accredit the ﬁndings of this study. In conclusion, ﬁne
mapping of the promising QTLs in this study and the
neighbouring markers in the identiﬁed QTLs may play an
important role in marker-assisted breeding efforts.
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