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Abstract: Salinity is one of the major abiotic stresses that abate the yield of several crop species
including rice. Several studies were conducted to identify quantitative trait loci (QTLs) for traits asso-
ciated with salinity tolerance, mostly at the seedling stage of crop growth. However, the reproductive
stage of development is highly sensitive to salt stress, and hence, better QTLs must be developed.
QTLs have been identified in the present study for salt tolerance of the reproductive stage in rice
using recombinant inbred lines (RILs). Thirty-day-old rice seedlings of 184 RILs derived from a cross
between a salt sensitive RP Bi0226 (indica), and a salt-tolerant Jarava (indica), were used to identify
QTLs linked to salinity tolerance in moderate (field) and severe (pot) stress conditions. One hundred
polymorphic simple sequence repeat (SSR) markers were used to construct a genetic linkage map
that covered a 1349.4 cm genome with an average distance of 13.5 cm between loci. Eighteen new
QTLs [logarithm of odds (LOD) 2.5 and above] were identified on chromosomes 1, 2, 6, 10, 11, and 12
using composite interval mapping with the phenotypic variation explained by QTL (PVE) as high
as >42% with an LOD value of 5.2. gYLSt-12 with an LOD of 2.8 and a phenotypic variance (PV)
of 6.4%, flanked by RM27940-RM27971, was identified for yield in moderate stress conditions. The
gSTR-2 detected for salinity tolerance on chromosome 2 with 8.9% of the PV is the most significant
finding of the present research. No QTL for salinity component traits has been reported in the region
of RM110-RM423. The other salinity trait QTLs identified are gSN-11, gSN-12 for Na* concentration
with a total PVE% of 13.9 and gSNK-12.1, gSNK-12.2 for the Na* /K" ratio showing a total of 26.7%
of the PV. The QTLs for yield component traits viz. plant height, panicle number, panicle length,
and biomass were also identified in the present study. Previous studies reported QTLs for salinity
tolerance in rice on chromosome 1 but none of the QTLs in our study were on gSaltol or nearby
position; therefore, Jarava conferred salinity tolerance in RILs due to novel QTLs. Fine mapping
of these novel QTLs is suggested and could be helpful to enhance the level of tolerance through
marker-assisted selection for the pyramiding of different QTLs in one background.

Keywords: quantitative trait locus (QTL); recombinant inbred line (RIL); rice; salinity tolerance;
simple sequence repeat (SSR) markers

1. Introduction

Based on 73% of the land mapped so far, top and sub-soil studies indicate that 1257 mil-
lion hectares of land are being affected by soil salinity [1]. The predominant sources of
salinization include rainfall, wet and dry deposition of oceanic salts, and physical or chemi-
cal weathering of parent rock material [2]. In secondary salinization, the main source of
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salinization is irrigation with brackish or saline water and overuse of fertilizers [3]. One of
the estimates claims that the annual cost of salt-induced land degradation in irrigated areas
culminating in the loss of crop production is as high as USD 27 billion [4]. The amount of
salt-affected land is increasing, and will continue to increase, due to unsustainable cultiva-
tion practices and climate change. The United Nations Environmental Program (UNEP)
noted that nearly 50% of croplands and 20% of agricultural lands are devastated by soil
salinity [4-6]. Rice is said to be the oldest domesticated grain crop (around 10,000 years)
and the most consumed cereal grain. Though rice is grown only in 3.22% of the world’s
arable land, it accounts for the third-highest contribution to worldwide production of food,
after maize and wheat [7]. Scarcity in fertile productive farmlands forces rice cultivation
into less productive areas such as saline, sodic, and drought- and flood-prone areas. A
threshold of 4 dSm ™! is generally used to find out the soil salinity. Oryza sativa in general
is highly sensitive to salt-stress conditions [8]. Soil salinity around 1.9 dSm~! reduces
yields in rice, and most of the genotypes display diminished grain yield around 3 dSm~!
or 30 mM NaCl stress (Hoang et al. 2016) [9]. Yield losses of rice at the salinity level of ECe
8 dSm~! were estimated as 27, 46, and 50% in tolerant, moderately tolerant, and sensitive
varieties, respectively [9]. In sodic soils at a pH value of 9.8, the yield reduction was
estimated up to 25, 37, and 68% in tolerant, moderately tolerant, and sensitive varieties of
rice, respectively [9]. Nearly half of the world’s population is dependent on rice as a staple
food [10]. Production of rice has increased during the past decade, but at the same time, its
consumption has also gone up. Therefore, sustainable production of rice is vital for food
security [11]. To increase rice production further for a sustainable future, we should bring
the salt-affected lands under cultivation. Accordingly, efforts have been made to overcome
salinity stress in rice cultivation. Leaching of salt-affected lands by fresh water is being
practiced, and this is one of the ways to reduce the level of salts in the soils [12]. It is also a
common practice to add organic matter to retain moisture and to decrease the frequency of
irrigation of lands with salinized water. Deep tilling is also avoided in salt-affected areas in
order to reduce the detrimental effects of salinization [9,12]. As these techniques are cost
and time consuming, farmers pay less attention to such techniques. Accordingly, breeding
programs aimed at improving salt tolerance became obligatory because it is cost effective
and easy to adopt by farmers [13,14].

The detrimental effects of high salinity on plants can be observed at the whole-plant
level as the death of plants and/or decrease in productivity [15-17]. In fact, rice experiences
salt stress at different developmental stages, such as in the germination, seedling, and
reproductive growth stages. However, both the germination and reproductive stages are
highly critical for its survival and proper yields [18]. Hence, it is imperative to find ways
to understand the molecular and genetic mechanisms of salt tolerance and to develop
crop varieties that are tolerant. Depending on the severity of stress, soil salinity brings
about multiple changes in the physiology and metabolism leading to inhibition of plant
growth and final yields [19,20]. During the initial stages of salt stress, water uptake by
the roots is diminished, accumulation of ions such as Na* increases, and at the same time,
loss of water from leaves occurs because of osmotic stress [21]. Thus, the osmotic phase
appears as the primary effect of salinity stress. This leads to the production of reactive
oxygen species (ROS), ionic imbalance in the cells, and decreased photosynthetic activity
due to closure of stomata. Closure of stomata also causes enhanced leaf temperature
and inhibits elongation of rice shoots [22]. Most traits of agronomic importance in crops,
particularly those related to abiotic stress tolerance, are quantitatively inherited. Salt
tolerance is a complex quantitative genetic character controlled by many genes [23]. Major
genes along with minor gene complexes have been found to be important for salt tolerance
in rice. Quantitative trait loci (QTLs) are genomic regions containing genes controlling
these quantitative traits [24]. In addition to the development of DNA-based markers using
saturated molecular linkage genetic maps in rice, QTL mapping technology has facilitated
the analysis of QTLs [25]. As a result, the investigation of such a complex trait by means
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of the QTL mapping approach will be of great significance for breeding which is aimed at
enhancing the salt tolerance of rice.

Research on QTL mapping for salt tolerance in rice has advanced significantly in the
last few years [26]. Most of the studies related to genetics and mapping of QTLs for salinity
tolerance have been carried out at the seedling stage of crop growth which may not relate
to reproductive-stage tolerance. The QTL gSaltol is associated with salinity tolerance at
the seedling stage. It has been identified from the salt-tolerant variety ‘Pokkali’ [27] and is
presently being used in breeding programs to develop a variety that has a good level of
tolerance at the seedling stage. But one should develop QTLs related to the reproductive
stage of rice development which is vital to reduce the yield losses. So far, the QTLs
reported for salinity tolerance were mapped from a land race cultivated in saline areas
or the improved varieties of indica sub-species [26]. The variety Jarava was developed by
introgressing multiple gene(s) of agronomic importance such as salinity tolerance at the
reproductive stage, broad spectrum resistance to blast, moderate resistance to brown plant
hopper (BPH), white-backed plant hopper (WBPH), and bacterial blight (BB) from wild
species of rice Oryza rufipogon. O. rufipogon is an important wild species of rice and a source
of genetic diversity. It is a close ancestor of the cultivated rice Oryza sativa. It is being used
for improving rice yields and thus for food security [28]. Cultivar RP Bio226 is a Near
Isogenic Line (NIL) of elite fine grain variety ‘Samba Mahsuri (BPT 5204)” with genes for
bacterial leaf blight (BLB) resistance [29]. This study aims at identifying reproductive-stage
salinity tolerance QTLs in rice which would be of use in breeding programs. In the present
study, we identify QTLs for yield and its component traits, with an emphasis on Na* and
K* concentration and their ratios using 184 RILs derived from a cross between RPBi0226
and Jarava rice cultivars.

2. Material and Methods
2.1. Plant Material and Experimental Conditions

The plant material consisted of RILs derived from a cross between Jarava and RP
Bio226. Electrical conductivity (EC) is one of the measures used to measure soil salinity
caused by sodium chloride and other salts. EC indicates the potential of an aqueous
solution to carry an electric current. The electrical conductivity of a saturated soil extract
(ECe) is a measure of soil saline condition and generally accounts for the texture of soil. The
unit of measurement for EC is deciSiemens per meter (dS/m). Under high saline condition
(ECe 9.2-10 dS/m) associated with phosphorous deficiency, iron and aluminum toxicity,
and low pH with high sulphate, Jarava produced 2.8 t/ha indicating that along with salinity
tolerance it has tolerance to other mineral stresses. Hence, Jarava has been selected for the
mapping of QTLs associated with yield under salinity stress. In addition to Jarava, the other
parent used for breeding in this study is RP Bio226, also referred to as an improved Samba
Mabhsuri variety. This is an elite fine grain cultivar with high yields and excellent cooking
qualities but is known as highly susceptible to salinity in general [28]. Crosses between RP
Bio226 and Jarava were attempted during monsoon season (Kharif). True F;s were selfed,
and the F, was advanced further following single-seed descent. A final set of 184 RILs was
identified and used for the evaluation of salt tolerance traits. Salinity stress experiments
(field and pot) were taken up while material was evaluated under controlled and saline field
conditions. In Kharif, RILs along with parents were evaluated for salinity stress in fields
in an augmented design at Ramachandrapuram farm of ICAR-IIRR situated at ICRISAT
campus, Patancheru, Hyderabad, India, with an ECe of 8.6-9.2 dSm~!. Thirty-day-old
seedlings of each entry were planted in a row of 20 plants with a spacing of 20 cm x 15 cm.
NPK fertilizer was applied at the rate of 120:60:60 kg/ha. The other agronomic practices
like soil preparation, irrigation when necessary, weeding, the addition of fertilizers, and
plant protection measures such as disease and pest management for good crop growth were
followed as per the recommendations. In the same year, the cultivars were also evaluated
for salinity tolerance in pot experiments. The pots were filled with 12 kg soil with a pH
of 8.2 and an ECe of 3.4 dSm~! saturated with 140 mM salt solution (soil culture) in each
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pot. Entries were planted with 3 plants per pot in two replications. The ECe and pH were
measured at three different growth stages of the crop viz., planting, maximum tillering,
and crop maturity. Plant material was evaluated both under saline and field conditions
(day temperatures ranging between 30 and 35 °C, 22 to 28 °C night temperatures, and
relative humidity ranging from 30% to 70% depending on the month) in a Randomized
Block Design (RBD) in two replications. Simultaneously, pot experiments were conducted
both in saline and controlled conditions.

2.2. Phenotypic Data Collection and Phenotypic Correlation Analysis

In field experiments, data were collected on 10 randomly selected plants from the
middle of the row to avoid border effect, while in pot experiments, data were collected on all
plants. In all the experiments, the observations on yield and its related traits such as plant
height (PH), panicle number (PN), tiller number (TN), panicle length (PL), biomass (BM),
and yield/plant (YL) were recorded at maturity. In the case of the salinity experiments, in
addition to the above traits, data on plant mortality at 25 days after planting, the tolerance
score at 35 and 65 days after planting, Na* and K* concentrations, and the Na*/K* ratio
were recorded after harvesting. In all the experiments, plant height was skewed towards
RP Bio226, while all other yield traits were skewed towards Jarava. Correlations between
character pairs were computed at p < 0.05 and p < 0.01. Such a correlation alongside path
analysis during plant breeding helps us to gain better insight into causes and relationships
between different traits. The p < value is represented as a means to present significant
findings [30]. The significance of each correlation was determined using t tests with control
of the false discovery rate for multiple tests.

Cov(x - y)

VRV v

where ryy = correlation coefficient between x and y- V(x) = variance of x- V(y) = variance
of y.

2.3. DNA Extraction and Genotyping

Fresh leaves of two-week-old seedlings were used for DNA extraction according
to the CTAB method [31]. A total of 795 SSR markers distributed uniformly through-
out the rice genome were selected and primer sequences were obtained from Gramene
(http:/ /www.gramene.org) and were screened to find polymorphism between the parents.
The polymorphic SSRs were used for genotyping. Polymerase chain reaction (PCR) con-
ditions were followed as described by Chen et al. [32]. A Biorad C1000Touch™ Thermal
Cycler PCR system was used for DNA amplification. The 10 uL PCR reactions contained
1 uL 10x PCRbuffer, 0.5 uL dNTPs (2.5 mM), 1 uL each of forward and reverse SSR primers,
0.5 puL Taq polymerase (1 U/uL), 3 pL genomic DNA template (50 ng), and 3 pL of sterile
distilled water. PCR was performed with a profile of 94 °C for 5 min, followed by 30 cycles
at 94 °C for 30 s, at 55 °C for 30 s, at 72 °C for 1 min, and finally for 7 min at 72 °C for the
final extension.

2.4. Genetic Linkage Map Construction and QTL Analysis

The linkage map was constructed using JoinMap version 4.0 using the “Regression
mapping algorithm” [33], based on the segregation data of 100 SSR loci. The related genomic
distances (cm) were calculated from recombination values using the Kosambi mapping
function [34]. A Composite Interval Mapping (CIM) was conducted using Windows QTL
Cartographer V 2.5 application [35]. To determine the empirical significance thresholds for
declaring a QTL, 1000 permutations were carried out to calculate the logarithm of odds
(LOD) thresholds for each trait at p = 0.05 and p = 0.01. Permutation testing (using QTL
cartographer) indicated that a ratio LOD score of >2.5 is a suitable threshold for these data.
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3. Results
3.1. Phenotypic Variation/Evaluation

The parents and their progenies showed considerable variability in their phenotypic
traits (Table 1). Superiority in the trait values were observed in the resistant parent Jarava
over the susceptible RP Bio226. The frequency distribution curve of trait values exhibited a
normal distribution pattern. Skewness in RILs was observed towards either of the parents
and even beyond the parents showing transgressive segregation indicating the quantitative
nature of trait inheritance. Except for K* concentration, all other salinity traits were skewed
more towards the susceptible parent (Figure 1). Salt stress led to poor growth followed by
mortality in highly susceptible RILs. The salinity score in Jarava, the salt-tolerant species,
was 4.5, and the salt susceptibility index (SSI) score in RP Bio226 was 8.5, indicating the salt
susceptible nature of RP Bi0226 (Table 1). Decrease in the yield values was observed under
salinity stress conditions when compared to normal conditions indicating the effect of
salinity stress evident by the correlation values of 0.28 ** for yield under normal conditions
and 0.19 ** values for yield under saline conditions (* p < 0.05 and ** p < 0.01) (Figure 1).
The tolerant parent Jarava displayed a significantly smaller grain yield reduction of 32 and
57% compared to the susceptible parent RP Bio226 which showed a 51 and 90.1% yield
reduction under salt-stress conditions applied in the field and pot, respectively. The tolerant
parent Jarava exhibited lower salt susceptibility index (SSI) values for all the component
yield traits as compared to the sensitive parent RP Bio226 under stress conditions (Table 2).

Table 1. Mean performance of parents and RILs for different parameters screened for salt tolerance
over two years.

Parental Lines Recombinant Inbred Lines
Jarava RPBio226 Mean Range Skewness Kurtosis
C FS PS FS PS C FS PS C FS PS C FS PS C FS PS
96.47 72.7 61.16
PH 109 985 6837 958 786 40 + £ £ Tpbm eSE T 03 001 032 019 031 001
6.95 7.61 8.59 ’ ’
789 279 537 . .5
PN 10.2 6.8 5.62 5.6 1 + + + ﬂ 8 9'6 1-14 0.05 0.96 0.96 0.27 —-0.6 0.64
1.39 1.27 2.79 : :
2079 1437 1706 oo gsg g
PL 224 20 19.34 16.5 9 + + + 25'3 22'4 3175 0.04 —-0.16  0.27 —0.09 147 2.45
1.74 3.65 3.41 ) : i
3574 1883 1710 o, g5 o
BM 422 335 18 26.3 5 + + + 5‘7 46' 9 375 0.23 0.66 0.62 —-049 051 0.06
7.64 7.21 7.40 ’ ’
1333 1144 532 ., o
YL 19.2 131 8.18 7.4 15 + + + 2:'2 5 2(') 3 1-16 0.31 0.31 1.02 —-0.15 0.29 1
34 2.79 3.14 ) :
. 185.17 974
Na 183.5 286.6 + 296.9 0.53 —0.21
43.28 :
47.81 171
K* 64.5 37.03 + 11'9 1.24 2.01
19.34
4.74 11—
Na*/K* 2.89 7.81 + ﬁ 9 0.99 1.27
2.33 :
5.37
Score 45 8.25 + 1-9 0.08 —0.81
227

C: control; FS: salinity stress in field experiment; PS: salinity stress in pot experiment; PH: plant height (cm); PN:
panicle number; PL: panicle length (cm); BM: biomass (g); YL: yield (g); Na*: Na* concentration (ppm); K*: K*
concentration (ppm); Na*/K* ratio.
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Figure 1. The figure depicts phenotypic data related to plant height (cm) on the x-axis; panicle number,
panicle length (cm), biomass (g = grams), final yield (g = grams), salinity score, Na* concentration
(parts per million, ppm), K* concentrations (ppm), and Na* /K" ratio in RP Bio226 and Jarava

varieties grown under saline conditions and recombinant inbred line (RIL) populations are on the

y-axis. NS, MS, and SS represent non-saline, moderately saline, and slightly saline, respectively, in
the salinity stress field (ECe 9.2-10 ds/m) and pot conditions (ECe 3.4 ds/m). The data represent
data for 5 plants in a line and for 3 plants grown in pot conditions.
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Table 2. Salinity susceptibility index.

Parental Lines Recombinant Inbred Lines
Traits
Jarava RPBio226 Mean Range Skewness Kurtosis
SSI Plant height 0.1 0.18 0.99 £ 0.58 —0.57-2.25 —0.26 —0.19
SSI Tiller number 0.33 0.16 0.83 £1.37 —5.90-4.06 —-0.94 3.03
SSI Panicle number 0.32 0.24 0.83 £1.38 —6.33-4.05 —1.02 3.71
SSI Panicle length —0.03 0.08 0.96 & 0.58 —0.79-2.53 —0.18 —0.02
SSI Biomass 0.21 0.25 0.75 £ 1.64 —5.50-4.75 -0.5 1.14
SSI Yield 0.24 0.55 0.73 +1.85 —5.334.61 —0.81 0.16
3.2. Trait Correlation and Linkage Map
Grain yield per plant showed a significant positive correlation with component traits
such as plant height, panicle length, and biomass. In the case of salinity component traits,
the Na* concentration, Na* /K" ratio, and damage score were significantly and negatively
correlated with grain yield per plant while the K* concentration showed significant positive
correlation with grain yield (Table 3). Of the 795 SSRs surveyed for polymorphism, 100 SSRs
were found polymorphic between the parents, indicating 13.5% polymorphism which
ranged from 10.5% on chromosome 12 to 22.1% on chromosome 1. The 100 SSR markers on
all the 12 chromosomes accounted to a 1349.4 cm linkage map with an average distance of
13 cm between the markers.
Table 3. Phenotypic correlations among salinity components and yield traits.
Trait Stress PH N PN PL BM YL Na*  gecone NTKT geore
Conc Conc
Control
TN FS —0.03
PS 0.28 **
Control 0.05
PN FS —0.03 0.99
PS 0.26 ** 0.68 **
Control 0.35** 0.1*
PL FS 0.68 ** -0.12 —0.11
PS 0.45 ** 0.00 0.15
Control 0.4 ** 0.5 ** 0.21 **
BM ES 0.2** 0.25 ** 0.26 ** 0.12
PS 0.2* 0.32 ** 0.16 0.26 **
Control 0.29 ** 0.41 ** 0.14 0.74 **
YL FS 0.2 ** 0.1 0.1 0.12 0.67 **
PS 0.2* 0.36 ** 0.24* 0.30 ** 0.87 **
Na* conc PS —0.16 —0.19* —0.09 0.05 —0.35** —0.38 **
K* conc PS 0.05 0.31 ** 0.21* —0.01 0.35 ** 0.41 ** —0.34
Ni();/CK PS —0.09 —0.33 ** —0.33 —0.02 —0.50 ** —0.57 ** 0.54 —0.67
Score PS -0.13 —0.27 ** 0.19* -0.23* —0.61** —0.71** 0.36 —0.44 ** 0.68 ** 1

Significant at * p < 0.05, ** p < 0.01, df = 115.

3.3. QTL Mapping of Salt Tolerance-Related Traits (Plant Height, Panicle Number, Panicle Length,
Biomass, and Yield)

Among the nine traits assessed for QTLs under salinity stress in both field and pot ex-
periments, a total of 23 QTLs were identified for eight traits of which 17 QTLs were for yield
traits under salinity stress and 6 QTLs were for salinity component traits (Tables 4 and 5).
These QTLs are located on chromosomes 1, 2, 5, 10, 11, and 12 (Figure 2). Four QTLs
for plant height under salinity stress were detected with an additive effect from both
the parents, of which three (qPHSt-2, gPHSt-6.1, and gPHSt-6.2) were from the salinity
field and one (gPHSt-12.2) was from the salinity pot experiments. gPHSt-2, present on
chromosome 2 at the interval RM262-RM263 is a major QTL and explained 28.1% of the
phenotypic variation (PV). gPHSt-6.1 and gPHSt-6.2 were flanked by RM589-RMb586 and
RM204-RM276, respectively, on chromosome 6 and explained 5.9 and 10.3% of the PV.
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gPHSt-12.2 on chromosome 12 at the interval RM27940-RM27971 explained 8.0% of the PV.
Three QTLs for the trait panicle number under salinity stress, namely gPNSt-1, gPNSt-11
(field), and gPNSt-10 (pot), were detected on chromosomes 1, 11, and 10, respectively,
and explained 6.1%, 10.4%, and 7.5% of the PV. gPNSt-10 and gPNSt-11 were flanked by
RM24893-RM25846 and RM224-RM207, respectively. The enhancing effect of the QTL was
noticed from both the parents. Four QTLs, gPLSt-1.1, qPLSt-1.2, gPLSt-2 (pot), and gPLSt-6
(field), under salinity stress with a negative additive effect were identified for panicle length
on chromosomes 1, 2, and 6. The QTLs individually explained about 13.2%, 10.9%, 6.9%,
and 6.8% of the PV, respectively, indicating two major and two minor QTLs, gPLSt-1.1 and
gPLSt-1.2. While QTL gPLSt-1.1 was flanked by RM3426-RM5638, QTL gPLSt-1.2 was at the
interval RM11504-RM3482. Also, gPLSt-2 and qPLSt-6 were flanked by RM3294-RM 12849
and RM589-RM586, respectively. An increase in panicle length was associated with Jarava
alleles at all these loci. Four QTLs, gBMSt-2, gBMSt-10, gBMSt-11, and gBMSt-12, were
detected on chromosomes 2, 10, 11, and 12 in the salinity field experiment for biomass.
The QTL gBMSt-2 flanked by RM262-RM263 showed a positive additive affect with 9%
Participatory Variety Enhancement (PVE), indicating that the allele was from the cultivar
RP Bio226. The QTLs gBMSt-10, gBMSt-11, and gBMSt-12 which showed 10.7%, 9.3%, and
9.9% PVE were from Jarava, flanked by RM24893-RM25846, RM224-RM207, and RM27971-
RM?7102, respectively. One QTL, YLSt-12, on chromosome 12 was detected for yield under
salinity stress in the field experiment at the interval RM27940-RM27971, with a PV of 6.4%
and an allele contribution from Jarava.

Table 4. QTLs for yield and its components under salinity stress under saline field conditions.

Trait QTL Chr LOD Score Marker Interval Additive Effect PVE%
PH qPHSt-2 2 5.2 RM262-RM263 42.45 28.12
qPHSt-6.1 6 2.62 RM589-RM586 —2.64 5.93
qPHSt-6.2 6 3.41 RM204-RM276 —2.64 10.32
PN qPNSt-1 1 2.66 RM10115-RM3426 0.31 7.56
gPNSt-11 11 2.71 RM224-RM207 —0.53 10.44
PL qPLSt-6 6 3.16 RM589-RM586 —0.49 6.89
BM gBMSt-2 2 2.69 RM262-RM263 1.81 9.03
gBMSt-10 10 3.93 RM24893-RM25846 —4.49 10.78
gBMSt-11 11 2.94 RM224-RM207 -1.76 9.33
gBMSt-12 12 3.02 RM27971-RM7102 —1.99 9.97
SPYL qYLSt-12 12 2.81 RM27940-RM27971 —0.78 6.41%
Table 5. QTLs for yield and its components and salinity resistance and components of salinity
resistance under salinity stress in pot experiment.

Trait QTL Chr LOD Score Marker Interval Additive Effect PVE%
PH qPHSt-12.2 12 2.5 RM27940-RM27971 —9.07 8.07
PN gTNSt-10 10 2.73 RM24893-RM25846 —0.5 6.1
PL qPLSt-1.1 1 3.93 RM3426-RM5638 —1.05 13.25

qPLSt-1.2 1 2.97 RM11504-RM3482 —0.86 10.9
qPLSt-2 2 2.5 RM3294-RM12849 —0.77 6.97
ST qSTR-2 2 2.6 RM110-RM423 0.6 8.9
gSTR-11 11 2.23 RM3717-RM286 0.69 8.9
NC qSN-11 11 2.92 RM26622-RM21 24.77 6.49
qSN-12 12 2.8 RM17-RM28587 26.86 7.51
NK gSNK-12.1 12 3.53 RM17-RM28587 1.27 15.65
gSNK-12.2 12 2.77 RM28587-RM28882 1.06 11.19
qYLSt-2 2 2.05 RM13863-RM3316 0.72 5.8
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Figure 2. Linkage maps showing chromosomal locations of 21 QTLs detected for tolerance to salinity
for different phenotypic traits in Jarava x RPBio226 RILs.

3.4. QTL Mapping of Salt Tolerance-Related Biochemical Traits (Na* Concentration, Na*/K* Ratio,
and Salinity Tolerance)

Two QTLs, gSN-11 and gSN-12, for Na* concentration were detected in the pot experi-
ment on chromosomes 11 and 12, flanked by RM26622-RM21 and RM17-RM28587. These
two QTLs showed a positive additive effect with 6.4% and 7.5% PVE, respectively, indicat-
ing that the allele was from RP Bio226. Two QTLs, gSNK-12.1 and gSNK-12.2, for Na*/K*
ratio were detected on chromosome 12 in the pot experiment, flanked by RM17-RM28587
and RM28587-RM28882. The two QTLs exhibited a positive additive effect with 15.6% and
11.19% PVE, indicating the major effect of these QTLs, and the allele was contributed from
RP Bio226. One QTL, gSTR-2, on chromosome 2 was detected in the pot experiment flanked
by RM110-RM423, showing a PVE of 8.9% with an allele of RP Bio226.

3.5. QTL Clusters

Four genomic regions, one each on chromosomes 2, 6, 10, and 11, were found to have
more than one QTL at the same marker interval. Two QTLs, gPHSt-2 and gBMSt-2, detected
in the field experiment for plant height and biomass traits under salinity stress were found
co-located on chromosome 2 at the interval RM262-RM263 with an allele contribution
from RP Bio226. Similarly, gPHSt-6.1 and gPLSt-6 were present at the same region on
chromosome 6 at the interval RM589-RM586. These QTLs are associated with plant height
and panicle length traits under salinity stress in the field experiment. There were two QTL
clusters for the pair of traits biomass—panicle number and yield—plant height under salinity
stress on chromosomes 11 and 12. These are located at intervals RM24893-RM25846 and
RM27940-RM27971, respectively. However, in these two QTL clusters, the QTL for the
former trait in the pair was detected in the field experiment, while the latter was detected in
pot experiment. Out of the four clusters discussed here, except for the plant height-biomass
cluster on chromosome 2, alleles of the remaining three pairs of QTLs were found to be
contributed from Jarava. In this study, at the reproductive stage, we identified two QTLs on
chromosomes 2 (gSTR-2) and 11 (gSTR-11) for salinity tolerance, together accounting for a
PV of 17.8%. In addition, QTLs for Na* ion concentration (SN-11 and gSN-12) and Na* /K*
ratio (gSNK-12.1 and gSNK-12.2) have been identified for salinity stress on chromosomes
11 and 12. QTLs reported for component salinity traits at the seedling or reproductive
stage on these chromosomes were analyzed and schematically depicted in Figures 3 and 4.
Among the many markers, only the RM3412 marker was polymorphic and genotyped, but
no QTLs were detected at this locus. The present study detected novel QTLs other than at
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the Saltol region for reproductive-stage tolerance in rice. The parent Jarava gave 81.66%
more yields than RP Bio226 under salinity stress. In the population, there were five RILs
with a salinity resistance score of one and with a yield higher than Jarava. All these RILs
harbored QTLs for component traits of salinity tolerance either singly or in combination
and showed a yield advantage in the range of 9.11-45.4% and 72.7-90% over Jarava and
RP Bio226, respectively. Hence, the high yield of the RILs could be attributed to the allele
introgression from Jarava. Interestingly, we could identify one RIL among 184 RILs with all
the salinity tolerance QTLs and yield QTL, with a score of one and that was superior to
Jarava in yield per se (Table 6).
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Figure 3. Map depiction of QTLs for yield and salinity component traits on chromosome 2. 1. Days
to seedling survival (QDss2a), shoot K* concentration (QSkc2), and shoot K* /Na* (QKna2); 2. Salt
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toxicity symptoms (QSst2a); 3. Shoot Na* concentration (QSnc2), salt toxicity symptoms (QSst2b),
and days to seedling survival (QDss2b); 4. qSKC-1; 5. qSDW-2; 6. gNa-2a; 7. qNa-2b; 8. qPL-2; 9. qPH
2 and qRKC 2; 10. qCHL 2; 11. qDW 2.1; 12. qDW 2.2; 13. qFW 2.1; 14. qSTS2 15. qNa2.7; 16. qSIS2.8;
17. qSIS2.19; 18. qSIS2.28; 19. K* concentration and Na*t /K* ratio; 20. Na* /K* ratio; 21. Chlorophyll
content; 22. Shoot length; 23. Root length; 24. Shoot/root ratio; 25. Salt sensitivity index for grain
yield; 26. Grain yield/plant and seed fertility; 27. Grain yield/plant, seed fertility, and 1000 grain
weight; 28. Tiller number.
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Figure 4. Map displaying QTLs for yield and salinity component traits on chromosome 1. 1. Shoot
K* concentration (QSkc11); 2. Shoot K* /Na* (QKnall); 3. Standard tolerance ranking (QTR 11), salt
tolerance (RM224 and RM26063), and salt injury score (SIS11.2); 4. Seed fertility (¢SF 11.5 and gSF
11.6); 5. Grain yield /plant (gGYP 11.7); 6. Shoot Na* content (SNC 11); 7. Dry shoot weight (R728
and G257) and dry root weight (;DWT11.2); 8. Dry root weight (G257 and R728); 9. Fresh shoot
weight (RM287); 10. Chlorophyll content (jCHL11.1 and qCHL11.2).

Table 6. High yielding and salinity resistant RILs with identified QTLs.

. Na* " . % Inc. % Inc.
RILs Score  Yield (g) Conc. K* Conc. Na*/K QTL Over SP Over RP
RP 5899-RIL-52 1 115 164.6 84.7 1.94 qSN-12 + gSNK-12.1 86.96 28.87
+qYLSt-12
RP 5899-RIL-57 1 11 1543 46.7 3.30 qSN-11 86.36 25.64
gSTR-2 + qSN-12 +
7T gSNK-12.1 +
RP 5899-RIL-60 1 15 1482 483 3.07 JSNK12.2 + 90.00 4547
qYLSt-12
i gSN-12 + gSNK-12.1 B
RP 5899-RIL-114 1 55 131.7 332 3.97 ¢ aSNK122 72.73 48.73
i gSN-11 + gSN-12 +
RP 5899-RIL-141 1 9 168 88.1 1.91 JSNK12. 83.33 9.11
— gSTR-2 + gSN-12 +
RP 5899-RIL-142 1 11 132.7 119 1.12 JSNK12.1 86.36 25.64
Jarava 4.5 8.18 183.5 64.5 2.89
RP Bio226 8.25 15 286.6 37.03 7.81

4. Discussion
4.1. QTLs Associated with Salinity Tolerance in Rice
Salt tolerance is a complex, quantitative, genetic characteristic controlled by many

genes [23]. The plant response to salinity varies with growth stages, salt concentration, and
duration of exposure to salt, ultimately affecting the development of the plant [36]. Salinity
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during the reproductive stage reduces grain yield much more than the salinity imposed
during the vegetative growth stage [26]. The dissection of a complex trait by means of the
QTL mapping approach and the utilization of QTLs and genes in subsequent breeding
programs will be of great significance for developing cultivars with superior salt-stress
tolerance in rice [29]. Analysis of variance revealed significant variation among the RILs for
all the traits evaluated both in field and salt-stress experiments indicating the presence of
sufficient genetic variation. The percent decrease in the trait value of the component yield
traits under salinity stress indicates appropriate selection of parent genotypes [37]. Stress
affected the grain yield per plant from 31 to 57% in the resistant parent Jarava while 90%
reduction was noticed in the susceptible parent RP Bio226. The population expressed 10
to 46% and 29 to 87% per cent grain yield reduction under field and pot stress conditions,
respectively. Grain yield is a complex quantitative trait, greatly affected by environment
and seen in cereal crops [38,39]. Hence, selection of superior genotypes based on yield
per se is not effective. The association of plant characters and stress indices with yield
thus assumes special importance in the formulation of selection criteria for yield [40]. The
stress susceptibility index (SSI) has been proposed for identifying genotypes with superior
performance under stress as well as non-stress environments [41]. SSI values enabled
identification of extreme phenotypes in RILs and suggested the presence of transgressive
segregation in the population.

Assessing the association between SSI and various agro-morphological traits through
simultaneous evaluation under controlled and uncontrolled field salinity and pot salinity
(accurate salinity stress) conditions help in targeted trait selection. The SSI for economic
yield has also been used for the evaluation of hexaploid triticale x bread wheat introgression
lines for tolerance to low phosphorus and water stresses and was found important for the
selection of efficient genotypes [42]. Porch et al. [43] and Ali et al. [44] reported that several
genotypes of common beans and rice were superior for heat, sodicity, and salinity stresses
based on the stress index and on the consistency of their reactions across environments.
Selection of genotypes under normal-, moderate-, and high-sodic conditions should be
entirely different as indicated by differentials in the magnitude of correlation in different
salt-stress and non-stress conditions in rice [45,46]. Ali et al. [44] have indicated that yield
traits in rice such as grains per panicle, spikelet fertility, plant height, productive tillers, and
flowering duration were good indicators for selecting salt-tolerant genotypes in comparison
with non-stress conditions. Wild rice (O. rufipogon) is known to contain genes for salinity
tolerance [47] and has been used as a source of both biotic and abiotic stress-response
genes [48,49]. Evaluation of salt tolerance of other wild rice species including O. officinalis
and O. coaretata have also been reported [50]. Several major QTLs associated with salt
tolerance accounting for a large proportion of the phenotypic variation have been detected
using different RILs, doubled haploids (DHs), and F».3 mapping populations [51,52], and
one major QTL was cloned [53]. Reproductive-stage QTLs are vital for plant survival and
final yields, more so than the seedling-stage QTLs. Reproductive-stage salinity QTLs are
available in rice, but there are relatively few [54]. Previously, 13 QTLs have been mapped
on chromosomes 2, 3, 4, 6, 7, 10, and 12 for salt-stress tolerance at the early seedling
stage in Oryza sativa [55]. Also, both vegetative- and reproductive-stage QTLs have been
developed in the salt-tolerant Indica rice variety CSR27. Some of the QTLs that control
Na*, K*, and Cl~ ion concentrations have been identified [56]. Further, new QTLs for
increasing adaptation to salinity stress at the reproductive stage have been identified in
rice [26,39,57,58]. Reproductive stage QTLs identified in this investigation appear to be a
promising target for future studies. Such QTLs increase our understanding of salt tolerance
in rice and help us in marker-assisted selections.

4.2. QTLs for Component Traits of Salinity Tolerance on Chromosome 2

In this study, five QTLs (gSTR-2, gPLSt-2, qPHSt-2, gBMSt-2, and qYLSt-2) have been
identified on chromosome 2 for salinity tolerance that contribute to panicle length, plant
height, biomass, and yield traits under salinity stress at the reproductive stage. Previously,
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a total of 47 QTLs have been reported on chromosome 2 for different traits under salinity
stress at seedling/reproductive stages. However, the previously reported QTLs are not
located in the same region as that of RM110-RM423 that controls the salinity-tolerance QTL
(gSTR-2) reported in the present investigation. Hence, gSTR-2 is considered as a novel QTL
for salinity tolerance at the reproductive stage. Such QTLs associated with reproductive
stage salt tolerance have been identified previously in rice [59,60]. The remaining four QTL
regions were found to be overlapping with several of the reported QTLs. The QTL for Na*
content reported by Sabouri et al. [61] covers the complete region of the panicle length QTL
(qPLSt-2), while the QTL for Na* content reported by Leon et al. [62] is located within gPLSt-
2. Another QTL for chlorophyll content reported by Thomson et al. [27,63] covers both
gPLSt-2 and the QTL cluster of gPHSt-2 and gBMSt-2. QTLs for days to seedling survival
and shoot K* and Na* concentrations, shoot K* /Na* ratio, and salt toxicity symptoms [63]
are located within this region. Several QTLs for different seedling traits like plant height,
root K* concentration [27,63], shoot Na* concentration, salinity toxicity symptoms [63],
and seedling dry weight [64,65] were found to be overlapping in this region. QTL analysis
studies conducted by Goto et al. [66] revealed Na* removal ability in rice leaf sheaths under
salinity using an IR-44595/318 F, population. Such studies help breeders to evolve varieties
with superior salt-stress tolerance. In addition, Os02¢38210, the gene for SSI and grain yield
at the reproductive stage, is located within this region [40]. Not many QTLs were reported
earlier in the same region as qYLSt-2. But QTLs for chlorophyll content [62] and co-located
QTLs for grain yield /plant, seed fertility, and 1000 grain weight have been identified for
the reproductive stage at the same region [67,68].

4.3. QTLs for Component Traits of Salinity Tolerance on Chromosome 11

In the present study, the QTLs gSTR-11, gSN-11, gPNSt-11, and qBMSt-11 for four
traits such as salinity tolerance, Na* concentration, panicle number, and biomass have
been identified, respectively. gPNSt-11 and gBMSt-11 are co-located between RM224 and
RM207, while gSTR-11 and gSN-11 are two independent QTLs between RM2856-RM3717
and RM26622 and RM21, respectively, located above the QTL cluster of gPNSt-11 and
gBMSt-11. The QTL for shoot Na* concentration reported by Wang et al. [69] completely
covers gSTR-11 and extends even beyond it, while the QTL for chlorophyll content [62]
partly overlaps with the gSTR-11 region. Several QTLs reported for different traits such
as seed fertility [67], dry shoot and dry root weights [70,71], and fresh shoot weight [72]
are within the gSN-11 region. Several QTLs related to salinity stress including shoot fresh
and dry weights have been listed by Satasiya et al. [73] in rice. The QTL for grain yield [40]
and the QTL for dry root weight [71,74] overlap with region harboring gPNSt-11 and
gBMSt-11. Many QTLs for component traits of salinity tolerance at the seedling stage
were reported on chromosome 11 but at different locations from the QTLs identified in
the present study (Figure 4). QTLs for shoot K* concentration, shoot K*/Na™ ratio [56,74],
standard tolerance ranking [65], salt tolerance [75], salt injury score, chlorophyll content,
and dry weight [62] were reported on chromosome 11. QTLs for Na* and K* uptake of
the shoots and roots controlling the rice salt tolerance have been identified previously [76],
indicating the complicated architecture of salinity tolerance in rice.

4.4. QTLs for Component Traits of Salinity Tolerance on Chromosome 12

Two QTLs, gBMSt-12 and qYLSt-12, under field salinity stress and three QTLs, 4SN-12,
gSNK-12.1, and gSNK-12.2, under salinity stress in the pot experiment were identified
on chromosome 12 in the present study. The QTLs gBMSt-12 and qYLSt-12 are adjacent
QTLs, while the cluster of gSN-12 and gSNK-12.1 are harbored within gSNK-12.2. QTLs
for shoot Na* concentration, shoot K* /Na* ratio [66], Na* concentration, K* /Na* ratio,
shoot fresh weight [77], and Na* concentration [71] that have been identified previously
partly cover gBMSt-12 and gqYLSt-12. Three QTL regions for salt toxicity symptoms and
days to seedling survival [78] and SSI for grain yield [40] have been found to overlap
with gSNK-12.2 as well as with gSN-12 and gSNK-12.1. Several QTLs for salinity tolerance
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have been mapped previously on different chromosomes in rice [26,56,59]. One of them,
i.e., Saltol, has been mapped on chromosome 1, using the RIL population obtained by a
cross between Pokkali (salt tolerant) and IR29 (salt sensitive). The Saltol QTL was found
to be associated with the Na*/K* ratio and seedling-stage salinity tolerance [79,80] and
accounted for low Na* absorption, high K* absorption, and a low Na*-to-K* ratio in rice
shoots under salinity stress [81]. In Pokkali, it has been found that the Saltol QTL explains
about 64.3-80.2% of the variability in the shoot Na*/K* ratio [27,60]. Further, remapping
and fine mapping of Saltol has been achieved in other mapping populations [27,81]. The
Saltol QTL, having much significance at the seedling stage, may not exhibit tolerance at the
reproductive stage too. Hence, the most promising nine SSR markers in and around the
Saltol region on chromosome 1 (RM490, RM1287, RM10694, RM8094, RM3412b, RM493,
RM10793, RM562, and RM7075) were used for polymorphic studies in the present study
for breeding salt tolerance. Salinity in rice causes flowering abortion and spikelet sterility
and impairs grain filling and seed set, as well as nutritional quality [3,63,82]. Mapping
QTLs at the reproductive stage is particularly crucial since flowering is affected in rice
under salt-stress conditions. Therefore, the present study is vital for rice breeding programs
aimed at growing rice in salt-affected areas. Marker Assisted Backcross Breeding (MABB)
can be exploited to evolve rice lines identical to their recurrent parents with enhanced
amelioration to salinity.

5. Conclusions

The flowering and reproductive stage of development are highly sensitive to salinity
stress in rice. In the present study, 18 new QTLs for diverse agronomic traits have been
identified utilizing RIL populations derived by crossing salt sensitive RP Bio226 and salt-
tolerant Jarava lines. The RIL populations were tested for their salt tolerance both in the
field and in pot conditions. The QTLs have been located on chromosomes 1, 2, 6, 10, 11,
and 12 using composite interval mapping. The RILs harbored QTLs for component traits of
salinity tolerance and displayed a yield advantage over the parents. Therefore, this study
paves the way for developing salt-tolerant lines with superior yield characters.
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