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Abstract: Salinity stress is a major constraint to rice production in many coastal regions due to saline
groundwater and river sources, especially during the dry season in coastal areas when seawater
intrudes further inland due to reduced river flows. Since salinity tolerance is a complex trait, breeding
efforts can be assisted by mapping quantitative trait loci (QTLs) for complementary salt tolerance
mechanisms, which can then be combined to provide higher levels of tolerance. While an abundance
of seedling stage salinity tolerance QTLs have been mapped, few studies have investigated repro-
ductive stage tolerance in rice due to the difficulty of achieving reliable stage-specific phenotyping
techniques. In the current study, a BC;F, mapping population consisting of 435 individuals derived
from a cross between a salt-tolerant Saudi Arabian variety, Hasawi, and a salt-sensitive Bangladeshi
variety, BRRI dhan28, was evaluated for yield components after exposure to EC 10 dS/m salinity
stress during the reproductive stage. After selecting tolerant and sensitive progeny, 190 individuals
were genotyped by skim sequencing, resulting in 6209 high quality single nucleotide polymorphic
(SNP) markers. Subsequently, a total of 40 QTLs were identified, of which 24 were for key traits,
including productive tillers, number and percent filled spikelets, and grain yield under stress. Impor-
tantly, three yield-related QTLs, one each for productive tillers (4PT3.1), number of filled spikelets
(gNFS3.1) and grain yield (gGY3.1) under salinity stress, were mapped at the same position (6.7 Mb or
26.1 cM) on chromosome 3, which had not previously been associated with grain yield under salinity
stress. These QTLs can be investigated further to dissect the molecular mechanisms underlying
reproductive stage salinity tolerance in rice.

Keywords: rice (Oryza sativa L.); salinity stress; quantitative trait locus (QTL); single nucleotide
polymorphism (SNP) markers; skim sequencing

1. Introduction

Rice (Oryza sativa L.) is the major staple for almost half of the world’s population.
Sustained rice production is essential for food security of many rice-consuming countries
across the globe. Unfavorable environmental conditions such as salinity, drought, heat, and
submergence pose a huge threat to rice productivity and challenge future food security.
Among all the abiotic stresses, salinity is the second most prevalent problem affecting
rice productivity worldwide [1] and poses a serious threat to rice-based farming systems,
especially in precarious coastal zones. Aside from coastal areas, about 20% of irrigated
and 8% of rainfed agricultural land [2] and about one-third of the irrigated rice growing
areas are affected by salinity [3]. The salt-affected areas are expected to increase due to the
adverse effect of climate change and sea level rise [4]. Therefore, improving the productivity
of crops, especially rice as a major staple, in salt-affected areas of the world is considered
essential to meet the increasing food demand and sustained food security.

Salinity tolerance is a complex trait and is recognized by multiple mechanisms. Salt
injury can be reduced by limiting the amount of Na* in the cytoplasm, which depends
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on the mechanisms of Na* extrusion from roots, unloading Na* from the xylem, and
sequestration of Na* into vacuoles [5]. In addition to Na+ exclusion and sequestration, the
presence of cytosolic K*, osmolytes, and compatible solutes also play an important role in
salinity tolerance by maintaining ion homeostasis. Moreover, compartmentalization of Na*
into older leaves and regulation of reactive oxygen species (ROS) can also play a role in salt
tolerance in rice [5]. Understanding the underlying genetic mechanisms will help breeders
develop strategies to combine these traits into rice genotypes to provide higher levels of
salinity tolerance.

Salinity affects plant growth during all developmental stages. Rice is relatively tolerant
to salinity stress during germination, tillering and maturity; but is very sensitive at the
early seedling and reproductive stages [6,7]. The reproductive stage is crucial as it directly
translates into grain yield. Although salinity at the reproductive stage depresses grain
yield much more than in the vegetative stage, there are few studies on rice for salinity
tolerance at the reproductive stage due to the difficulty of achieving reliable stage-specific
phenotyping techniques [8]. Recent advances, however, have now enabled more effective
genetic studies of reproductive stage tolerance in rice, allowing for comparisons across
genetic donors and the genetic control of tolerance between the seeding and reproductive
stages [9].

Progress in breeding salt-tolerant varieties is challenging due to genetic complexity
and interaction with environmental factors that affect the phenotype. As a polygenic trait,
the genetics behind salinity tolerance can be revealed using quantitative trait locus (QTL)
analysis [10,11]. Advances in molecular marker technology have enabled the dissection
of the molecular mechanisms of salinity tolerance to identify major-effect QTLs [12-19].
More recently, single nucleotide polymorphisms (SNPs) have become the marker of choice
for high throughput genotyping applications because they are ubiquitous in eukaryotic
genomes, cost-effective to assay using automated platforms, and biallelic in nature, which
is useful for allele calling and data analysis [20].

Identifying beneficial alleles and introgressing those alleles into a popular variety
is a successful breeding approach for sustaining productivity in stress-prone areas. Of
the five subgroups of cultivated Asian rice (Oryza sativa), most studies have investigated
salt-tolerant indica accessions, such as Pokkali or Nona Bokra. The aus landrace “Hasawi”,
originating from Saudi Arabia, however, has been found to have high Na+ exclusion and
early seedling vigor [21-23]. It is a highly salt-tolerant genotype that is well adapted to
soil salinity and drought. However, it has some undesirable characteristics, including
tall plant height leading to lodging, late flowering, and photoperiod sensitivity [23]. A
previous report that crossed Hasawi with three African varieties detected several grain
yield-enhancing QTLs from Hasawi at reproductive stage under salinity stress, suggesting
that Hasawi is a promising genetic donor for further study [23]. On the other hand,
BRRI dhan28, an indica cultivar, is a Bangladeshi mega variety that has all the desirable
characteristics for higher productivity except that it is sensitive to salinity. In the current
study, a BC;F, mapping population developed from the cross between Hasawi and BRRI
dhan28 was used to map quantitative trait loci (QTLs) associated with salinity-related traits
using a high-density SNP linkage map. Thus, the objective of this study is to identify QTLs
for salinity tolerance from the aus variety Hasawi that have the potential to improve the salt-
sensitive indica variety BRRI dhan28 and provide genetic materials to further investigate
the salinity tolerance mechanisms of aus-derived alleles in an indica genetic background.

2. Results
2.1. Responses of the Parental Lines and BC1F2 Progenies to Salt Stress

A population of 435 BC; F, individuals from a cross between Hasawi x BRRI dhan28
was grown under salt stress (EC 10 dS/m) during the reproductive stage. A wide range
of phenotypic variability was observed across the population for plant height, number
of productive tillers, number and percentage of filled spikelets and grain yield under
the stress conditions (Supplementary Table S1). To implement a selective genotyping
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approach, 78 of the most tolerant and 112 of the most sensitive BC;F, progenies were
selected based on grain yield and the standard evaluation system (SES) score visual symp-
toms. After undergoing salinity stress during the reproductive stage, significant differences
were observed between tolerant and sensitive progenies in plant height, productive tillers,
number and percentage of filled spikelets, number of unfilled spikelets, grain yield and
sodium-potassium (Na*-K*) ratio (Supplementary Table S2). The average reduction of
trait values for sensitive genotypes compared to tolerant genotypes was 15.5% for plant
height, 40.1% for productive tillers, 83.2% for the number of filled spikelets, 58.4% for the
percentage of filled spikelets, and 87.1% for grain yield per plant (Supplementary Table S1).
Although the number of filled spikelets varied significantly between tolerant and sensitive
individuals, it also varied significantly (p < 0.001) between stress and control (no-stress)
treatments (Supplementary Figure S1 and Supplementary Table S2). Interestingly, no sig-
nificant variation in the number of filled spikelets per plant was found between tolerant
progenies under stress (735.52) and control progenies (637.48). However, in the case of
percent filled spikelets, the control and tolerant progenies varied significantly (Figure 1 and
Supplementary Table S2). On the other hand, the number of unfilled spikelets per plant
also differed significantly (p < 0.001) between no-stress and salinity treatments as well as
between tolerant and control treatments (Supplementary Table S2).
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Figure 1. Percent filled spikelets per plant of tolerant and sensitive parents under no stress and
their BC1F, progenies under no stress and salt stress condition. Vertical and capped bar indicates
standard error of the mean percent filled spikelets of 153 progenies under no-stress, 78 tolerant and
112 sensitive progenies under salinity stress. Values with the same letter are not significantly different
at 5% level of significance.

The grain yield of the progenies varied from 2.5 g/plant to 80.4 g/plant under control
conditions and from 0.0 to 43.5 g/plant under salinity stress (Supplementary Figure S2 and
Supplementary Table S1). It differed significantly (p < 0.01) between control and salinity
stress treatments (Supplementary Figure 52 and Supplementary Table S2). The mean grain
yield of the tolerant progenies of the Hasawi x BRRI dhan28 population was 15.1 g/plant
and the sensitive progenies was 2.3 g/plant, while the control plants had a mean of
16.5 g/plant (Supplementary Table S1 and Supplementary Figure S2). As with the number
of filled spikelets, the tolerant progenies of Hasawi x BRRI dhan28 did not significantly vary
with the no-stress treatment (Supplementary Table S2 and Supplementary Figure S2). Over-
all, the yield reduction of the tolerant progenies over those grown under control conditions
was 8.6% (Supplementary Table S1 and Supplementary Figure S2). Moreover, the Na*-K*
ratio significantly varied between tolerant and sensitive progenies, and the concentration
of K* was higher than that of Na* in the tolerant progenies (Supplementary Table S2).
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2.2. Correlation Analysis of Yield and Agronomic Components

Correlation analysis among the salinity scoring using SES, plant height (PH), pro-
ductive tillers per plant (PT), panicle length (PL), number of filled spikelets per plant
(NFS), number of unfilled spikelets per plant (NUFS), percent filled spikelets (PFS), percent
unfilled spikelets (PUFS), grain weight/yield (GW) and sodium-potassium ratio (Na*-K*)
were performed for 435 BC;F; progenies (Figure 2). Highly significant positive correlations
between grain yield and the number of filled spikelets (r = 0.93), percent filled spikelet
(r =0.68), and productive tillers (r = 0.54) were observed across the 435 BC1F; individuals.
The percent unfilled spikelets (r = —0.68) and SES score (r = —0.80) also showed a significant
but negative correlation with the grain yield. Other than grain yield, salinity evaluation
score showed negative and highly significant correlation with plant height, productive tiller
per plant, panicle length, number of filled spikelets per plant and percent filled spikelets
(Figure 2).
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Figure 2. Correlation coefficients for grain yield and agronomic components of BC1F; individuals
from Hasawi x BRRI dhan28 under salinity stress of 10 dS/m at the reproductive stage of rice plant.

2.3. Trait Distributions

Out of the 435 BC1F; progenies of Hasawi x BRRI dhan28, 124 plants were categorized
as tolerant to moderately tolerant, and 311 plants were categorized as sensitive to highly
sensitive. Trait frequency distributions of BC1F, progenies and the parents showed a
wide range of variation (Figure 3). Phenotypic variation of the plant height was positively
skewed, and 95.2% ranged from 50 cm to 160 cm. Out of 435 BC1F; progenies, 33.1% were
taller than the tolerant parent, Hasawi, and 23.9% had shorter plants than the sensitive
parent, BRRI dhan28. Overall, 43% of the total population had plant height between the
tolerant and sensitive plants. Similarly, the phenotypic variation was positively skewed for
the number of productive tillers, and 43.2% of the total population had more productive
tillers than the tolerant parent, while 17.0% had more productive tillers than the sensitive
parent, suggesting transgressive segregation in both directions. Among all the BC{F,
population, 17.9% individuals had a greater number of filled spikelets per plant than the
tolerant parent, and 69% had less number of filled spikelets per plant than the sensitive
parent (Figure 3). Out of 435 BC F, progenies, 83.7% of individuals had percent filled
spikelets ranging from 0 to 50%. Among them, 45.3% (197 individuals) had a greater
percentage of filled spikelets than the tolerant parent, and 38.4% had a smaller percentage
of filled spikelets than the sensitive parent. Overall, 16.3% (71 BC1F; individuals) of
the individuals had the filled spikelets between tolerant and sensitive parents (Figure 3).
In grain yield, the mean of the whole population for the Hasawi x BRRI dhan28 was
5.85 g/plant, and that varies from 0 to 43.5 g/plant (Supplementary Table S1). Among
them, 78.9% of individuals had grain yield ranging from 0 to 10 g/plant and 11.7% of
individuals showed higher grain yield than the tolerant parent. On the other hand, 68.3%
had lower grain yield than the sensitive parent (Figure 3). This distribution is highly
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positively skewed. The distribution of this population for Na*-K* ratio is positively
skewed (+4.458), and among the progenies, the 82.2% individuals ranged from 0 to 1.
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Figure 3. Trait frequency distribution of the agronomic traits and Na*-K* ratio of the 435 BC,F;
progenies grown under salinity stress of EC 10 dS/m at the reproductive stage. The parental means are
also shown: BRRI dhan28 (B) and Hasawi (H).(a) Plant Height (cm). (b) Productive Tiller (no/plant).
(c) Filled Spikelets (no/plant). (d) Unfilled Spikelets (no/plant). (e) Filled Spikelets (%). (f) Grain
Yield (g/plant). (g) Na*-K* Ratio.

2.4. QTL Mapping for Salinity Tolerance at Reproductive Stage

Based on the phenotypic data under salt stress, two extreme tails of the trait distri-
butions for grain yield and SES scores were used to select 78 highly tolerant plants and
112 highly sensitive plants for a selective genotyping strategy. These 190 BC; F; individuals
plus the two parents were genotyped with 6209 polymorphic SNP markers using a skim
sequencing approach. QTL mapping was performed using the phenotypic data collected
for plant height (PH), productive tillers (PT), number of filled spikelets (NFS), number of
unfilled spikelets (NUFS), percent filled spikelet (PFS), percent unfilled spikelets (PUFS),
grain yield (GY) and Na*-K" ratio. Using a LOD 3.0 threshold, a total of 40 QTLs were
identified across the seven traits on eleven chromosomes, except for chromosome 10, with
phenotypic variation ranging from 1.66% to 27.03% (Figure 4 and Table 1).
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Figure 4. Genetic linkage map using 6209 SNP markers based on the BC;F, mapping population
of Hasawi x BRRI dhan28 showing QTLs mapped under salinity stress of EC 10 dS/m at the
reproductive stage of rice. Significant QTLs are shown at the right side of each chromosome (Ch)
based on the genetic position in centimorgan (cM) of the SNP markers.

Table 1. QTLs identified in a Hasawi x BRRI dhan28 population using Inclusive Composite Interval
Mapping (ICIMapping) with a LOD 3.0 threshold for salt stress at the reproductive stage of rice.

Trait Chr. M QTL! Flanking Markers LOD PVE (%) Additive Effect Allele Effect
CMO020682.1_33842918_1;

1 138.7 qPH1.1 CMO020682.1_34965920_1 14.9 27.0 —22.46 Hasawi
Plant height 2 91.2 qPH2.1 PR 75 9.6 —1236 Hasawi

4 344 gPHA1 Eﬁgﬁgﬁgﬁ:@%‘i%ﬁ" 31 39 ~9.00 Hasawi

2 7.2 qPT2.1 gﬁgﬁggggii;g‘;‘;:ﬁgig’ 7.0 11.2 —0.01 Hasawi

3 27.1 gPT3.1 gﬁgﬁgﬁgﬁ:ﬁﬁg&% 6.1 119 —0.34 Hasawi
Productive tillers 6 1189 qPT6.1 gﬁgﬁgﬁg?tﬁgggg&g 48 117 3.79 BRRI dhan28

8 312 qPTS.1 %ﬁ%ﬁ%%%%_ﬁéggﬁ%}g 42 56 412 BRRI dhan28

1 264 gPTI1.1 gﬁgﬁgﬁgﬁ:ﬁ:ﬁ:ﬁgﬁ;ﬁ" 72 13.4 3.23 BRRI dhan28

11 204 qPT112 Sﬁ%ﬁ%ﬁgﬁﬁ:‘éﬁgﬁ?iﬂﬁ? 36 8.6 0.37 BRRI dhan28

3 27.1 GNFS3.1 gﬁgﬁgggﬁ:gﬁggﬁ; 6.6 17.9 —6.26 Hasawi

3 87.1 GNFS3.2 gﬁgﬁgﬁgﬁﬁgﬁg}é&? 3.9 82 24151 Hasawi

6 97.9 gNFS6.1 gﬁ%ﬁ%ﬁ%iﬁi@éﬁf 36 115 12.88 BRRI dhan28
No. filled spikelets 7 52.8 gNFS7.1 gﬁgﬁgﬁgﬁﬁﬁé‘;ﬁg@gﬁ 35 174 —129.05 Hasawi

8 42 gNFS8.1 PV ‘11:1924795416204;_85; 38 16.6 63.01 BRRI dhan28

11 764 gNFS11.1 gﬁgﬁgggﬁigﬁ%gg:ﬂ; 40 123 —509.21 Hasawi

12 822 gNFS12.1 gﬁgﬁggggtgg%gz%% 3.0 15.0 —435.44 Hasawi
No. unfilled spikelets 2 102 gNUFs2.1  GMO20683.1 2221957_2; 53 114 ~229.78 Hasawi

CMO020683.1_2585844_2
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Table 1. Cont.

Trait Chr. M QTL? Flanking Markers LOD PVE (%) Additive Effect Allele Effect
CM020685.1_2019282_4;

4 9.4 qPFS4.1 CM020685.1_3262402_4 4.3 14.3 11.78 BRRI dhan28
Eﬁfﬁz;ik clets 4 9.4 GPFS4.2 Eﬁ%ﬁ%gggﬁééﬁg%ﬁ 36 65 460 BRRI dhan28

6 1119 qPFS6.1 gﬁg;ggg;ﬁiggﬁggg:? 7.8 14.9 7.55 BRRI dhan28

1 1237 4GY1.1 gﬁ%ﬁgggﬂ:g‘ig‘gﬁif 62 758 —0.44 Hasawi
Grain yield 3 271 4GY3.1 gﬁgﬁgﬁg‘itﬁ;ﬁg&:@’ 7.3 116 ~0.10 Hasawi

3 87.1 4GY3.2 gﬁ%ﬁ%ggﬁ:ﬁ?ggg% 45 58 ~433 Hasawi

3 2.1 4GY3.3 Eﬁgﬁggiﬁ:?zgggig 36 43 2.62 BRRI dhan28

4 98.4 4GY4.1 gﬁgﬁggggt%ggi%gﬁ 43 10.0 ~1.16 Hasawi
Grain yield 6 29 4GY6.1 gﬁ%ﬁ%gg%ﬁ%g‘éigﬁé:% 7.1 19.2 0.32 BRRI dhan28

6 106.9 4GY6.2 CMoocer 1 atatsooe 45 5.0 2.09 BRRI dhan28

9 75.1 4GY9.1 gﬁgﬁggggiiggﬁgg;:% 41 47 2.20 BRRI dhan28

1 163.7 gNaK1.1 Mo | 1t 126 19 ~3.16 Hasawi

1 171.7 gNaK1.2 gﬁ%ﬁ%ggﬁﬁéﬁz%gii; 114 18 0.28 BRRI dhan28

3 105.1 gNaK3.1 gﬁ%ﬁ%ﬁgﬁ:ﬁ?%ﬁg&? 11.0 19 0.34 BRRI dhan28

3 119.1 K32 N e s 288 3.0 0.23 BRRI dhan28

4 105.4 gNaK4.1 gﬁ%ﬁ%gggﬁizggﬁf 10.9 19 0.00 BRRI dhan28

4 1414 kL2 N ey 4 129 18 0.13 BRRI dhan28
Nt s omr o gsn  OOOESGLIBTSLS s a1 Hasawi

6 118.9 gNaK6.1 gﬁ%ﬁ%gg;iéggggg:% 110 19 ~027 Hasawi

7 1108 gNaK7.1 gﬁgﬁ%ggii:%ﬁ%g? 10.7 19 ~0.18 Hasawi

9 3.1 qNaK9.1 5&48386699(?11__3272151;299__99, 12.1 1.7 —3.32 Hasawi

1 56.4 NKILT O s oas 11 116 19 ~3.03 Hasawi

12 72 gNak12q ~ CMO020693.1 1735537 12; 9.2 17 339 Hasawi

CMO020693.1_1862734_12

1 Note: QTLs in bold font also passed the 1000 permutation threshold.

For plant height, two significant (p < 0.05) QTLs were identified on chromosome 1
(9PH1.1) and on chromosome 2 (gPH2.1). They were mapped at 139.7 cM, and 91.2 cM,
with the marker intervals of CM020682.1_33842918 1-CMO020682.1_34965920_1 and
CMO020683.1_22803914_2-CM020683.1_23139808_2, respectively (Figure 5 and Table 1).
The largest effect was found at gPH1.1 with a LOD value of 14.9 which can explain 27%
phenotypic variation, followed by gPH2.1 with the LOD of 7.5 which explains 9.6% of the
phenotypic variation. Both the QTLs were contributed by the tolerant parent, Hasawi.
Three significant (p < 0.05) QTLs were identified for productive tillers on the short arm of
chromosome 2 (gPT2.1), chromosome 3 (PT3.1) and chromosome 11 (qPT11.1) (Table 1 and
Figure 6). They were mapped at 7.2 cM, 27.1 cM, and 26.4 cM. Of the significant QTLs, the
largest effect was found at gPT11.1 with a LOD value of 7.2 which can explain 13.4% of
the phenotypic variation (Table 1 and Figure 6). The additive effect of gPT11.1 is positive,
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indicating that the sensitive parent, BRRI dhan28 is responsible for this QTL. The second
largest effect was observed in gPT2.1 with a LOD of 7.0, followed by gPT3.1 with a LOD
value of 6.1. Both the QTLs can explain about 12% phenotypic variation and had a negative
additive effect that indicated the tolerant parent (Hasawi) was responsible for these QTLs.

PEX
[ LSO - Markers® i ) :5.8517 |
14
12 -
10
5
= LS
=
S & 4
S 2
=2 J
& DARY PAYN O B - 5 oo ,\/\ o A% Lo /\j\ﬁ—/\
o 20 40 60 s0 100 120 140 160
Position in Chl
P
[ [Re]=) < Markers' Position Thr 58517
14 ]
12 4
10 4
=
% 8
g )
S s
a 3
o Y U
- _ P\ L sy A
o 20 a0 60 s0 100 120 140

Position in Ch2

Figure 5. Chromosome locations of QTLs for plant height under salinity stress based on a significant
threshold of LOD 3.0 using ICIMapping. The horizontal line indicates the significant LOD threshold
at 95% confidence levels based on 1000 permutations.
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Figure 6. Chromosome locations of QTLs for productive tillers per plant under salinity stress based
on a significance threshold of LOD 3.0 using ICIMapping on chromosomes 2, 3, and 11. The horizontal
line indicates the significant LOD threshold at 95% confidence levels based on 1000 permutations.
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Seven QTLs were identified for the number of filled spikelets per plant on chromo-
somes 3, 6, 7, 8, 11 and 12 (Table 1). Among the QTLs, the largest effect was found in
gNFS3.1 with a LOD value of 6.6 which can explain 17.9% phenotypic variation, followed
by qNFS7.1 with a LOD value of 3.5 which can explain 17.4% phenotypic variation (Table 1
and Figure 7a,b). The QTLs were mapped on the short arm of chromosome 3 at 27.1 cM
and chromosome 7 at 51.8 cM. In both cases, the additive effect was negative, indicating
the tolerant parent (Hasawi) is responsible for both the QTLs. Similarly, Hasawi was also
responsible for contributing the allele to the QTL for the number of unfilled spikelets
(Table 1). Only one QTL was identified for this trait on the short arm of chromosome 2 with
a LOD value of 5.2 and can explain 11.4% phenotypic variation.
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Figure 7. Chromosome locations of QTLs for number and percent filled spikelets under salinity stress
based on a significant threshold of LOD 3.0 using ICIMapping on: (a) chromosome 3, (b) chromosome
7, (¢) chromosome 6, and (d) chromosome 4. The horizontal line indicates the significant a LOD
threshold at 95% confidence levels based on 1000 permutations.
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In the case of percent filled spikelets; two QTLs (qPFS54.1 and qPFS6.1) were sig-
nificant (p < 0.05) based on 1000 permutations and were mapped on the short arm of
chromosome 4 at 9.4 cM and the long arm of the chromosome 6 and at 111.9 ¢tM with
a LOD value of 4.3 and 7.8 that explains about 15% phenotypic variations, respectively
(Table 1 and Figure 7c,d). The QTL gPFS4.1 was mapped with the marker interval of
CMO020685.1_2019282_4-CM020685.1_3262402_4 and qPFS6.1 was mapped in between
CMO020687.1_26815088_6-CMO020687.1_28217292_6. The percent-filled spikelets exhibited a
positive additive effect for both the QTLs, indicating that the sensitive parent, BRRI dhan28
is responsible for percent-filled spikelets.

Grain yield is the ultimate stress indicator, and eight QTLs were identified for this
trait on chromosomes 1, 3, 4, 6 and 9 under salinity stress at the reproductive stage of rice
(Table 1). Among them, the largest effect was found in gGY3.1 mapped on the short arm
of chromosome 3 with a LOD value of 7.3 that can explain 11.6% phenotypic variation
followed by gGY6.1 on chromosome 6 (mapped on the short arm) with a LOD value of 7.1
that can explain 19.2% phenotypic variation (Figure 8). gGY3.1 was located in between the
marker CM020684.1_6731611_3 and CM020684.1_6810365_3, and the additive effect was
negative, indicating that the tolerant parent (Hasawi) contributed alleles for this QTL.
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Figure 8. Chromosome locations of QTLs for grain yield per plant under salinity stress based
on a significant threshold of LOD 3.0 using ICIMapping on: chromosome 3 and chromosome
6. The horizontal line indicates the significant LOD threshold at 95% confidence levels based on
1000 permutations.

For Na'-K* ratio, twelve QTLs were identified on chromosomes 1, 3,4,5,6,7,9, 11
and 12 under salinity stress at the reproductive stage of rice (Table 1). Among them, the
largest effect was found in gNaK3.2 mapped on the long arm of chromosome 3 with a LOD
value of 28.8 that can explain 3.0% phenotypic variation. Interestingly, the additive effect
was positive, indicating that the sensitive parent (BRRI dhan28) contributed alleles for
this QTL. Although the LOD value is much higher for rest of the QTLs, the phenotypic
variations of the identified QTLs were less than 2%.

3. Discussion

In this study, a population of 588 BC1F; individuals derived from the cross between
a salt-sensitive variety, BRRI dhan28, and a salt-tolerant variety, Hasawi, were evaluated
under salinity stress of EC 10 dS/m to identify quantitative trait loci (QTLs) for salinity
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tolerance at the reproductive stage of rice. Continuous 20 days of salt stress was applied at
the booting stage to 435 BC1F; progenies, and the remaining 153 progenies were grown
under non-stress (control) conditions. Among 435 progenies, 28.5% were classified as
tolerant, and the rest as sensitive based on their SES score and grain yield. A selective
mapping approach was successfully implemented by genotyping 78 extremely tolerant
and 112 highly sensitive progenies for QTL mapping using 6209 SNP markers from skim
sequencing. The high-density map allowed for a comprehensive view of the genome
for QTL mapping. Almost all the traits differed significantly under salinity stress over
those obtained under non-stress conditions, except the percent filled grains. Likewise,
all traits of the tolerant and sensitive progenies under salt stress differed significantly as
well. Yield reduction between tolerant progenies of Hasawi x BRRI dhan28 grown under
salinity stress and control condition was only 8.6%. The correlation analysis indicated
a positive and significant (p < 0.001) correlation between grain yield and the number of
filled spikelets, percent filled spikelets, and productive tillers and a significantly negative
(p < 0.001) correlation with SES score and percent unfilled spikelets of the progenies.

Productive tillers, number of filled spikelets and grain yield are the most important
traits of salinity tolerance at the reproductive stage in rice. Additionally, SES score and
grain yield are negatively correlated; therefore, SES score might be an initial stress indicator
to identify salt-tolerant and salt-sensitive genotypes. In addition to SES score, the final grain
yield, filled spikelets and productive tillers are considered the primary stress indicators for
salinity tolerance in rice. In this study, QTLs related to salinity tolerance were mapped using
a novel population of Hasawi x BRRI dhan28. Many of the identified QTLs co-located
with previously reported QTLs, confirming the importance of these loci, while others are
potentially novel, as described below.

A total of 40 QTLs were identified for plant height (PH), productive tillers (PT),
panicle length (PL), number of filled spikelets (NFS), number of unfilled spikelets (NUFS),
percent filled spikelets (PFS), grain yield (GY) and Na*-K* ratio. In this study, gPH1.1
and gPH2.1 were mapped on the long arm of chromosomes 1 and 2 at 139.67 cM and
91.23 cM, respectively. QTL, gPH2.1 lies within 100 kbp (4 cM) of a previously reported
dwarf QTL [24]. Likewise, gPH1.1 was also mapped near a previously reported locus, in
this case, the semi-dwarf 1 (sd1) gene. The sd1 gene is a major gene controlling plant height
in rice that significantly increased rice yield throughout Asia during the Green Revolution
in the 1960s and onward by reducing lodging for heavily fertilized rice. The phenotype of
this gene is dwarfism which was the result of the deficiency of the plant growth hormone
GA in the elongating stem. The location of this gene was on the long arm chromosome
1 and was mapped at 149.1 cM, which is close to the location of gPH1.1 in the current
study [25]. Hasawi is a tall traditional rice variety, while BRRI dhan28 is semi-dwarf, which
validates that the current QTL study has been implemented correctly as the Hasawi allele
contributed to plant height at gPH1.1.

The number of productive tillers per plant is an important trait for determining the
salinity tolerance in rice at reproductive stage. No previously reported QTLs for productive
tiller number under salt stress were found on chromosomes 2, 3 and 11 in the regions
of the currently mapped QTLs. So, these QTLs could be considered novel. The number
of filled spikelets per plant is one of the most important traits for grain yield, especially
salinity tolerance, particularly at the reproductive stage in rice. In this study, seven QTLs
for this trait were detected on chromosomes 3, 6, 7, 8, 11 and 12. Among them the largest
effect of the QTL, gNFS3.1 was found on chromosome 3 at 27.08 cM. Previously mapped
QTLs for the number of filled spikelets per plant under salt stress have been identified on
chromosome 2 [26], and four QTLs have been detected on chromosomes 2, 4, 6 and 10 for
this trait [27] and one major QTL qSSISFHS.1 for spikelet fertility was identified and fine
mapped for salinity tolerance at the reproductive stage on chromosome 8 in CSR27 [28]. So
far, no QTL for this trait has been found on chromosome 3; therefore, gNFS3.1 identified in
this study can be considered a novel QTL.
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Generally, due to salinity stress, the percentage of filled spikelets will be reduced.
However, when the percent filled spikelets are moderate to high, the population is consid-
ered tolerant. In this study, gPFS4.1 and qPFS6.1 crossed the threshold level (p < 0.05) based
on 1000 permutations. A previously reported QTL at 2.71 cM on chromosome 4 (gSNP-4a)
was found for the same trait with 16.1% phenotypic variation of 16.7 LOD value from the
reciprocal introgression line (IL) which is near to qPFS4.1 (9.36 cM) [29]. Another QTL for
this trait was identified from an RIL population on chromosome 4 at 4.55 cM, which is near
to the identified QTL in the current study [30]. Moreover, additional QTLs for the number
of filled spikelets have been found on chromosome 2 but at different positions [24,25].

The number of unfilled spikelets tends to be increased due to salinity stress and
is considered an important parameter to know the stress and magnitude of salinity on
the performance of a crop. In this study, one QTL was identified on the short arm of
chromosome 2 (gNUFS2.1) at 10.23 cM. A previously reported pollen-detective mutant,
Collapsed Abnormal Pollen 1 (CAP1), was isolated from insertional mutant lines of rice [31]
and was located on the short arm chromosome 2 at 8.92 cM, in a similar region as gNUF2.1,
suggesting that this locus may also be detectable using natural variation.

Grain yield is the ultimate factor in determining salinity tolerance at the reproductive
stage of rice. In the current study, the gGY1.1 QTL on chromosome 1 had a LOD of 6.2 and
was in a similar region as the previously reported QTL for grain yield on chromosome 1
with 8.4% phenotypic variation and 3.7 LOD value using 164 RIL population of Milyang
23/Gihobyeo [32]. In addition, Bimpong et al. [23] identified one QTL on chromosome 1
with LOD value of 4.7 and 12.0% phenotypic variation using F2 population derived from
BG90-2 and Hasawi. The gGY1.1 was found in the long arm and no QTL was found on
the short arm of chromosome 1 or near Saltol QTL. Similarly, one QTL for Na*-K* in this
study was identified on the long arm of chromosome 1 and no QTL was found on the short
arm of chromosome 1 near the SKC1 gene [33]. This confirm the hypothesis that genes
controlling tolerance at seedling and reproductive stage are very different. Next, the QTL
gGY3.1 on chromosome 3 in this study showed the largest effect with a LOD value of 7.3.
One of the most important findings from this study is that three yield-related QTLs, one
each for productive tillers (PT3.1), number of filled spikelets (JNFS3.1) and grain yield
(9GY3.1), were all mapped at the same position (6.73 Mb or 26.07 cM) on chromosome 3.
Two previous studies also identified grain yield QTLs on chromosome 3 within a 100 kb
region of gGY3.1, although not under salinity stress [34,35]. Similarly, another QTL was
identified for grain yield (Gy3a) from a double haploid population with a LOD value 3.11
that explained 12.1% phenotypic variation and mapped at around 5.5 Mb or 21.9 cM on
chromosome 3 [35]; which is very near to the identified QTLs (gPT3.1, gNFS3.1 and gGY3.1).
However, that yield QTL (Gy3a) was related to rationing ability of rice under non-stress
conditions, not related to salinity stress. Therefore, the QTL cluster on chromosome 3 from
the current study presents a promising target for further study.

4. Materials and Methods
4.1. Plant Materials

A salt-tolerant Saudi Arabian variety, Hasawi, and a salt-sensitive Bangladeshi rice
variety, BRRI dhan28, both in the indica subgroup, were used as the parents to develop a
mapping population. Since Hasawi is an unimproved traditional variety, one generation of
backcrossing was performed to reduce the proportion of negative traits in the population.
The BC1F, QTL mapping population consisting of 588 BC1F; lines was generated at the
International Rice Research Institute (IRRI), Philippines crossing program to generate F;
and then backcross to the recurrent parent, BRRI dhan28 to produce the BC;F;, progenies.
Parents for each population were used as the checks for the respective population. These
progenies were evaluated in the wet season (July-December 2018) under control conditions
(n =153 progenies) and salt stress of EC 10 dS/m (n = 435 progenies) in a concrete tank at
IRRI, Philippines.
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4.2. Experimental Design and Set-Up

The phenotypic experiments with EC 10 dS/m salinity level and control treatment were
set up at IRRI using a Completely Randomized Design (CRD). A set of 588 young seedlings
derived from the cross Hasawi x BRRI dhan28 was sown in pots, and those pots were
transferred into three large concrete tanks having a dimension of 680 cm x 105 cm x 22 cm
(length x width x depth). The concrete tanks were filled with ordinary tap water until the
reproductive stage, when salt (NaCl) was added to EC 10 dS/m. These 588 individuals, 435
in saline treatment and 153 in normal water treatment (control), were used for phenotyping
under a natural environment, with the exception that rain shelters were placed at about
1.5 m above the ground to protect the saline treatments from rains at the reproductive stage.

4.3. Phenotypic Evaluation
4.3.1. Seedling Preparation and Management

Twenty-five days old seedlings were transplanted manually in the perforated cylindri-
cal pots containing a plastic sieve bag filled with sterilized soil up to about 1 cm above the
topmost circle of the holes, about 3 cm below the top of the cylinder. The sterilized soil was
fertilized with 50, 25, and 25 mg of N, P, and K per kilogram of soil, respectively [8].

4.3.2. Salinity Tolerance Assessment at Reproductive Stage

As described by Ahemdizadeh [8], the pots were placed in the concrete tank after
transplanting. The concrete tanks were filled with normal tap water for the growth and
development of the rice plant. A water depth of 12-14 cm was maintained to keep the
bottom 75% of the pots underwater throughout the growing season of rice. All the plants
were grown in normal water until the appearance of the first flag leaf. All the leaves except
the flag and penultimate leaves were pruned to facilitate the direct movement of salt to
the reproductive organs avoiding salt compartmentalization [8]. After pruning, 435 plants
were transferred into saline water of EC 10 dS/m for 20 days, and 153 plants were kept
under control conditions. After 20 days, the salinity-treated plants were shifted back to
the normal water, and the first flag leaf was collected to determine the Na* and K* ion
concentration of the leaf samples [8].

To analyze the ion concentration, stock solution was diluted 10 times (1 mL of stock
solution and 9 mL of nanopore water) and Perkin-Elmer Analyst 300 atomic absorption
spectrophotometer was used to analyze Na* and K* concentration [8]. Appropriate stan-
dards were prepared to maintain the accuracy of the results. The concentration of the
standards was 0, 2, 4, 6, 8 and 10 ppm. The Na and K ion concentration was calculated by
using the formula:

Na or K = [C * (d * V/1000)]/dwt]

where,

Na or K = Concentration of sodium and potassium ion (mmol/g dwt).

C = Concentration of sample aliquot based on atomic absorption spectrophotometer reading
as determined relative to standard curve.

d = dilution factor.

V = extraction volume (mL).

dwt = oven dry weight of the plant leaf (g).

4.4. Salinity Scoring and Agronomic Parameters

Salinity scoring was performed to identify the tolerant and sensitive plants based on
visual symptoms just after the harvest by using the Standard Evaluation System (SES) [36].
The data on plant height, number of productive and unproductive tillers, panicle length,
number of filled and unfilled spikelets and grain yield per plant was determined manually.
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4.5. Genotyping of Parents and BC1F, Progenies
4.5.1. DNA Extraction and Molecular Characterization

Out of 435 BC; F; individuals, 190 individuals, not including the tolerant and sensitive
parents, were chosen for selective genotyping (choosing the most tolerant and sensitive
individuals) from the mapping population based on the visual salinity score (SES) and
grain yield per plant under salt stress. From each plant, 25 days old leaves were collected
and lyophilized for long time storage [8]. Then, genomic DNA was extracted from those
leaf samples using a standard CTAB method [37]. Afterward, DNA quality was checked by
agarose gel electrophoresis and quantity was measured by a Nanodrop spectrophotometer.

Genotyping by skim sequencing was performed using the “AgSeq” platform at the Ge-
nomics and Bioinformatics Services at Texas A&M AgriLife Research. Genotyping by skim
sequencing employs next-generation sequencing to obtain single nucleotide polymorphism
(SNP) marker data on the population [38]. Using this approach, genotype maps for the
entire genomes can be developed, which makes it possible to detect that which part of the
genome was inherited from each of the parental individuals. In total, 190 BC; F, individuals
and the two parents were used for skim-based resequencing, and PR106::IRGC53418-1 was
used for the genome sequence alignment as it has a high-quality genome assembly for the
indica rice subgroup [39].

4.5.2. Linkage Map Construction

The high-density linkage maps of 12 chromosomes were created based on genotypic
data of 190 BC1F, individuals from the cross between Hasawi and BRRI dhan28, with
6209 polymorphic SNP markers using IciMapping software version 4.2 (https://www.
isbreeding.net/software/?type=detail&id=28, accessed on 10 February 2020) based on
recombination frequency. Initially, millions of markers per chromosome were filtered
using TASSEL (Traits Analysis by Association, Evolution and Linkage) software (https:
/ /www.maizegenetics.net/tassel, accessed on 10 February 2020). Firstly, the VCF file
for each chromosome was uploaded into TASSEL and the following criteria was selected
for filtering the unwanted markers: minimum count was 192; minimum allele frequency
was 0.05, and maximum allele frequency was 1.0; minimum and maximum heterozygous
proportion were 0.05 and 1.0, respectively. The SNP ordering method used the ordering
algorithm of RECORD as previously proposed [40]. After SNP ordering, rippling was
done with the COUNT algorithm for fine-tuning of the linkage map. Total length of the
distribution of the 6209 markers was 1556.57 cM or 389.14 Mb.

4.5.3. QTL Mapping for Salinity Tolerance

QTL mapping was done using IciMapping software version 4.2 (https:/ /www.isbreeding.
net/software/?type=detail&id=28, accessed on 10 February 2020). To identify putative QTLs
for salinity tolerance, inclusive composite interval mapping (ICIM-ADD) was used to de-
termine the association between individual marker loci and QTLs. A LOD threshold score
of 3.0 and interval map distances based on the result of linkage map analysis were used to
determine the association between markers and QTL. In addition, a critical threshold value
for QTL detection was calculated by 1000 random permutations of the phenotypic data to
establish an experiment-wise significance value at 0.05 [41], i.e., the data were permuted
1000 times to confirm the presence of each QTL across the 12 chromosomes. The percentage
of total phenotypic variation explained by QTL identified for each trait was estimated as R?
value, and additive effects were also determined for each trait. The QTLs were named using
the procedure suggested by McCouch et al. (1997) and McCouch and CGSNL (2008) [42,43].

4.6. Candidate Gene Analysis

Q-TARO database (http:/ /qtaro.rd.naro.go.jp/ogro, accessed on 10 February 2020)
was used for the identification of candidate genes of nearby quantitative trait locus (QTLs)
identified in this study. The compiled gene information table was used for direct com-
parisons of the identified QTLs. In addition, QTL Genome Viewer was used to view the
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genomic location of identified QTLs as well as nearby candidate genes or QTLs within a
200 kilobase (kb) region.

4.7. Statistical Analysis

Basic descriptive statistics, including mean, standard error, range, and skewness, were
performed with Microsoft Excel 2016 and JMP software. Pearson’s correlation analysis for
agronomic traits of the BC;F, population was performed with R software using the salinity
treated genotypes. The mean values of different agronomic parameters under control and
salinity treatments were compared with Tukey—Kramer HSD test.

5. Conclusions

A total of 40 QTLs related to agronomic and physiological components under salinity
stress at the reproductive stage were identified for all traits through inclusive composite
interval mapping (ICIM) using the Hasawi x BRRI dhan28 population. Most of the QTLs
identified for productive tillers, number of filled spikelets and grain yield were located on
chromosomes 3 and 6. In total, eight QTLs for grain yield, seven QTLs for number of filled
spikelets, six QTLs for productive tillers, three QTLs each for plant height and percent filled
spikelets, twelve QTLs for Na*-K* ratio and a solo QTL for the number of unfilled spikelets
were identified. Both the tolerant (Hasawi) and sensitive (BRRI dhan28) parents contributed
alleles to the QTLs for all traits except the plant height, suggesting that beneficial alleles
can be found in both parents. Out of 40 QTLs in Hasawi x BRRI dhan28; two each for plant
height, and percent filled spikelets, and three QTLs for productive tillers were statistically
confirmed using a stringent 1000 permutation threshold. Overall, the QTLs identified in
this study for reproductive-stage salt tolerance show promise for use in marker-assisted
selection in future breeding programs to increase selection efficiency. Moreover, identifying
the genes underlying these major QTLs would help to better understand the molecular
mechanisms controlling reproductive stage salinity tolerance in rice.
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