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� Background and Aims Agricultural productivity is increasingly being affected by the build-up of salinity in soils
and water worldwide. The genetic base of salt-tolerant rice donors being used in breeding is relatively narrow and
needs broadening to breed varieties with wider adaptation to salt-affected areas. This study evaluated a large set of
rice accessions of diverse origins to identify and characterize novel sources of salt tolerance.
�Methods Diversity analysis was performed on 107 germplasm accessions using a genome-wide set of 376 single-
nucleotide polymorphism (SNP) markers, along with characterization of allelic diversity at the major quantitative
trait locus Saltol. Sixty-nine accessions were further evaluated for physiological traits likely associated with re-
sponses to salt stress during the seedling stage.
� Key Results Three major clusters corresponding to the indica, aus and aromatic subgroups were identified. The
largest group was indica, with the salt-tolerant Pokkali accessions in one sub-cluster, while a set of Bangladeshi
landraces, including Akundi, Ashfal, Capsule, Chikirampatnai and Kutipatnai, were in a different sub-cluster. A dis-
tinct aus group close to indica contained the salt-tolerant landrace Kalarata, while a separate aromatic group closer
to japonica rice contained a number of traditional, but salt-sensitive Bangladeshi landraces. These accessions have
different alleles at the Saltol locus. Seven landraces – Akundi, Ashfal, Capsule, Chikirampatnai, Jatai Balam,
Kalarata and Kutipatnai – accumulated less Na and relatively more K, maintaining a lower Na/K ratio in leaves.
They effectively limit sodium transport to the shoot.
� Conclusions New salt-tolerant landraces were identified that are genetically and physiologically distinct from
known donors. These landraces can be used to develop better salt-tolerant varieties and could provide new sources
of quantitative trait loci/alleles for salt tolerance for use in molecular breeding. The diversity observed within this
set and in other donors suggests multiple mechanisms that can be combined for higher salt tolerance.

Key words: Coastal saline zones, genetic diversity, salinity tolerance, Saltol QTL, single nucleotide polymorphism
(SNP).

INTRODUCTION

Salinity is adversely affecting agricultural productivity in
>900 000 000 ha of land worldwide. The increasing threat of
salinity has become partially linked to the consequences of cli-
mate change, especially in low-lying coastal regions. Even in
inland areas, salt accumulation is becoming increasingly prob-
lematic for crop production because of the build-up of salts as
consequences of excessive irrigation with improper drainage
and the use of poor-quality water, particularly in arid and semi-
arid regions (Ismail et al., 2007, 2010; Munns and Tester,
2008).

Rice constitutes about 43 % of global food grain production,
yet rice plants are inherently sensitive to salt stress (Francois
and Mass, 1994; Ismail et al., 2007; Singh et al., 2010). Salt
stress hinders water uptake and causes leaf damage (Yeo et al.,
1990; Noble and Rogers, 1992). It shortens the lifetime of indi-
vidual leaves due to excessive salt uptake, besides direct effects
on carbon assimilation resulting from reduced gas exchange
and endo-membrane damage, all of which reduce grain yield

(Munns, 2002; Moradi and Ismail, 2007). Despite several stud-
ies in the past, our understanding of the mechanisms associated
with salt stress responses in rice remain incomplete because of
the complexity of the processes involved, which include an
ionic component and an osmotic component, triggering numer-
ous morphological, physiological and metabolic changes (Bray,
1993). The water deficit component is considered by some au-
thors to be one of the serious consequences of salinity (Tabaei-
Aghdaei et al., 2000; Munns et al., 2006). Salt-tolerant plant
species and varieties are reported to accumulate low Na and
high K as opposed to sensitive ones, through selective uptake
mechanisms (Nobutoshi and Toru, 1991; Khan et al., 1992;
Ismail et al., 2007; Platten et al., 2013).

Farmers have selected and grown traditional rice landraces in
salt-affected areas for generations, despite their numerous unde-
sirable traits, including longer duration to reach maturity, low
yield and poor grain quality, merely because they possess re-
markable tolerance to salt stress. Several physiological mecha-
nisms have been suggested to explain the salt tolerance of these
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landraces, including sodium exclusion, effective sequestration
of toxic salts into older leaves and roots, upregulating the anti-
oxidant system during stress (Yeo and Flowers, 1986; Ismail
et al., 2007; Moradi and Ismail, 2007) and higher tissue toler-
ance by compartmenting ions in vacuoles and accumulating
compatible solutes in the cytoplasm (Hare et al., 1998; Yeo,
1998; Bohnert et al., 1999). Moreover, tolerance during the
seedling stage seems to correlate poorly with tolerance during
reproduction in rice, suggesting that different sets of mecha-
nisms are probably involved at each stage (Moradi et al., 2003;
Hossain et al., 2015). However, the vast genetic variability re-
ported in rice in response to salinity makes it amenable to ge-
netic manipulation to further enhance its tolerance (Akbar
et al., 1972; Flowers and Yeo, 1981). For example, breeders
have long made use of the high salinity tolerance of a few land-
races, such as Nona Bokra and Pokkali.

Besides characterizing physiological responses to salt stress,
advances have been made in identifying quantitative trait loci
(QTLs) and genes controlling salinity tolerance traits. For ex-
ample, several QTLs for salt tolerance have been identified in
rice, including a major locus on chromosome 1, containing the
major locus Saltol derived from Pokkali and SKC1
(OsHKT1;5) from Nona Bokra. The Saltol locus was reported
to be involved in Na/K homeostasis under salt stress (Lin et al.,
2004; Ren et al., 2005; Thomson et al., 2010; Platten et al.,
2013). As each of the several physiological mechanisms under-
lying salinity tolerance likely involves several genes, more
work is needed to identify additional novel donors and QTLs
for salt tolerance, to provide the best functional alleles at these
loci or new genes. Single-nucleotide polymorphism (SNP)
markers have become the marker system of choice for diversity
analysis, genetic mapping, association analysis and marker-as-
sisted selection because of the high abundance of polymor-
phism and the availability of rapid, high-throughput genotyping
systems (Rafalski, 2002; Chagn�e et al., 2007; Ganal et al.,
2009; Thomson, 2014). For example, the Illumina GoldenGate
384-plex SNP genotyping assay has been successfully used for
these types of analyses in rice (Chen et al., 2011; Thomson
et al., 2012). In addition to genome-wide diversity studies, it is
also useful to perform in-depth studies of allelic diversity at key
loci for traits of interest, such as the Saltol locus, to determine
whether new germplasm accessions have novel alleles at these
loci.

Bangladesh is a rich source of diverse rice landraces adapted
to its variable rice environments, including the large stretch of
salt-affected areas in the southern coastal zones. There are also
distinct varieties for the three main production systems: aus,
aman and boro (Parsons et al., 1999). Some traditional landra-
ces adapted to salt-affected areas have been identified before,
but little is known about their relationships with global rice
germplasm or the extent of allelic diversity at any of the loci as-
sociated with salinity tolerance that have been mapped before
(Lisa et al., 2004). The present study aimed to identify novel
sources of tolerance by assessing genetic and phenotypic diver-
sity in a set of rice landraces from Bangladesh, India, Sri Lanka
and West Africa together with several reference genotypes. A
384-SNP assay was used to characterize their allelic diversity at
the Saltol locus. Moreover, the responses of these accessions to
salt stress were evaluated by assessing several physiological
traits.

MATERIALS AND METHODS

Plant material

A set of 107 rice genotypes was assembled, including 82 varie-
ties and landraces from Bangladesh, 9 from India, 15 from Sri
Lanka and one from the Philippines (Supplementary Data
Table S1). Four reference genotypes, representative of the dis-
tinct clusters of indica, japonina, aus and aromatic subgroups,
were also included for comparison: 93-11 (indica), Nipponbare
(japonica), N22 (aus) and Basmati 370 (aromatic). Out of the
82 genotypes originating from Bangladesh, 64 were collected
by the Bangladesh Rice Research Institute (BRRI; Gazipur,
Bangladesh; http://www.brri.gov.bd/) and 18 were from the T.
T. Chang Genetic Resources Center of the International Rice
Research Institute (IRRI), Philippines. A set of 18 accessions
named ‘Pokkali’ or ‘Pokkalian’ were also requested from IRRI,
including 15 accessions originating from Sri Lanka and 3 from
India. HanHonKe, Moroberekan and Azucena originated from
China, West Africa/Guinea and Philippines, respectively.

Simple sequence repeat and SNP marker genotyping

For the Saltol-linked marker analysis, genomic DNA was ex-
tracted from young leaves of 3-week-old plants using a standard
miniprep method with Tris/sodium dodecyl sulphate (SDS) ex-
traction buffer (100 mM Tris–HCl pH 8, 50 mM EDTA pH 8,
500 mM NaCl, 1�25 % SDS, 0�38 % sodium bisulphate) and
chloroform extraction followed by ethanol precipitation. Five
markers were genotyped, including RM1287 (10�8 Mb),
AP3206f (11�2 Mb), RM3412b (11�5 Mb) and RM493
(12�2 Mb), which are closely linked to the Saltol locus, and
RM7075 (15�1 Mb position) as a flanking marker (Thomson
et al., 2010). For the SNP analysis, genomic DNA was ex-
tracted from the seedlings of the 107 genotypes and the four
reference lines (93-11, Nipponbare, N22 and Basmati 370) us-
ing DNeasy Plant Mini Kit (Qiagen, USA) following the manu-
facturer’s protocol (www.qiagen.com). The Illumina
GoldenGate assay (Fan et al., 2003) was performed using
VeraCode technology on the BeadXpress Reader according to
the manufacturer’s protocol. Briefly, about 250 ng of genomic
DNA was used to make biotinylated genomic DNA, which then
underwent oligonucleotide hybridization to bind the samples to
paramagnetic particles, followed by allele-specific extension
and ligation, PCR, hybridization to the Veracode Bead Plate,
and scanning on the BeadXpress Reader. The analysis em-
ployed the VC0011439-OPA set of 384 SNP markers designed
to be informative across indica and aus germplasm (Thomson
et al., 2012) and was run at the Genotyping Services
Laboratory at IRRI (Thomson, 2014; http://gsl.irri.org). Raw
hybridization intensity data processing was performed using the
genotyping module in the BeadStudio package (Illumina, San
Diego, CA, USA), followed by allele calling using ALCHEMY
software (Wright et al., 2010). After filtering for low call rates,
376 SNP markers were used in the final analysis.

Molecular marker analysis

For the analysis of molecular markers linked to the Saltol
QTL on chromosome 1, the molecular weight of each band was
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measured using AlphaEaseFC (Alpha Innotech Corporation)
version 4.0. Summary statistics, including the number of alleles
per locus, major allele frequency, gene diversity and polymor-
phism information content (PIC) values were determined using
POWERMARKER version 3�25 (Liu and Muse, 2005). The
PIC values were calculated as previously described (Anderson
et al., 1993). Haplotype diversity was determined according to
McCartney et al. (2004) and Liu and Anderson (2003).
Graphical genotyping and estimation of genetic variability of
the 107 accessions were performed using Flapjack software
(http://bioinf.scri.ac.uk/flapjack). For the unrooted phylogenetic
tree based on the 376-SNP data, the genetic distance was
calculated using the C.S. chord (1967) distance matrix (Cavalli-
Sforza and Edwards, 1967), followed by phylogeny reconstruc-
tion using neighbour-joining as implemented in
POWERMARKER.

Physiological characterization under salt stress

Out of the 107 rice accessions, 73 landraces collected from
the southern coastal region of Bangladesh and others [IR29, a
sensitive variety; FL478, a tolerant recombinant inbred line
(RIL) from IR29�Pokkali, commonly used as standard
checks; IR64, a popular variety in Asia with intermediate toler-
ance; and Cheriviruppu and Kalarata, tolerant landraces] were
selected for further evaluation under salinity stress at seedling
stage. IR29 was used as sensitive check and FL478 and Pokkali
were used as tolerant checks. The experiment was conducted in
a greenhouse at IRRI, Los Ba~nos, Philippines (14�110 N,
121�150 E, 21 m above sea level) during the 2009 dry season
with day/night temperatures of 29/21 �C and 70 % relative hu-
midity. Seeds were incubated for 5 d at 50 �C to break dor-
mancy, then surface-sterilized with fungicide (Vitavax-200;
Syngenta) and rinsed several times with distilled water.
Sterilized seeds were then placed in Petri dishes with moistened
filter paper and incubated at 30 �C for 48 h to germinate. Two
pre-germinated seeds were sown per hole on a Styrofoam seed-
ling float as described in Gregorio et al. (1997), suspended on
distilled water in 10 L plastic trays for 3 d, then on culture solu-
tion (Yoshida et al., 1976) until the plants were 14 d old. The
nutrient solution consisted of macronutrients [NH4NO3

(1�43 mM), NaH2PO4.2H2O (0�37 mM), K2SO4 (0�5 mM), CaCl2
(1�00 mM) and MgSO4.7H2O (1�6 mM)] and micronutrients
(MnC13.4H20, (NH4)6Mo7024.4H20, ZnS04.7H20, H3B03,
CuS04.5H20, FeC13.6H20, C6H807.H20). At 14 d after sowing,
NaCl was added to the culture solution to bring its electrical
conductivity to 12 dS m�1 (120 mM). Silicon in the form of so-
dium metasilicate 9 hydrate (16�9 mM) was added to avoid lodg-
ing. The pH of the culture solution was adjusted daily to 5 by
adding either NaOH or HCl to avoid Fe deficiency (Yoshida
et al., 1976) and the solution was renewed every 7 d.

A randomized complete block design was used, with three
replications. Three varieties were planted in each tray as
checks: IR29, Pokkali (tolerant landrace) and FL478. All
entries were monitored and scored based on visual symptoms
of salt stress injury as described by Gregorio et al. (1997) using
modified Standard Evaluation System for rice (SES; IRRI,
2014) at 7 and 21 d after salinization as the initial and final
evaluation, respectively. Final scoring and sampling were

accomplished when the sensitive check IR29 scored 7 (SES 1,
normal growth; 9, plants are dead). At final scoring, the number
of surviving plants of each line was counted to calculate per-
centage survival. Selected tolerant landraces were then rescued
when the final scoring and sampling of the genotypes was com-
pleted; they were then transferred to normal nutrient solution
for 4 d in a phytotron and subsequently to pots in a net house
for seed increase. Seeds of these selected tolerant lines were
used for further characterization in replicated trials.

Assessment of physiological traits

To screen for variation in plant vigour, plants were harvested
after 14 d on normal culture solution, then shoot fresh and dry
weights and average shoot length were recorded. These values
were divided by the mean value of the reference check, IR29.
The data for each parameter was divided into nine equal class
intervals and assigned scores on a 1–9 scale (1 being the most
vigorous). The three scores for each variety over replications
were averaged to provide the vigour score for each variety.

To measure chlorophyll concentration, freeze-dried leaf sam-
ples were weighed and transferred into test tubes. Chlorophyll
was extracted with 80 % (v/v) ethanol at 80 �C for 15 min in a
water bath. The extracted tissues were cooled at room tempera-
ture and the evaporated ethanol was replaced. Optical density
of the extract was measured at 663, 652 and 645 nm using a
UV/VIS spectrophotometer (DU-800; Beckman Coulter

TM

).
Chlorophyll a, b and total chlorophyll (aþ b) were calculated
in milligrams per gram dry weight (Bruinsma, 1963). To assess
Na and K concentrations, samples were collected 21 d after sali-
nization, when the SES score of the susceptible check IR29
reached 7. Ethanol extract was acidified with 1�1 N acetic acid
to a final concentration of 0�1 N (1 mL of 1�1 N acetic acid in
10 mL of extract) and heated in a water bath at 90 �C for 2 h.
The extracted tissue was then cooled at room temperature, left
overnight and filtered using Whatman filter paper no. 40. The
extracts were adjusted to volume (10 mL) using 0�1 N acetic
acid, to compensate for evaporation during extraction. The Na
and K concentrations in the extract were determined using an
atomic absorption spectrophotometer (AAnalyst

TM

200; Perkin
Elmer, USA) and the concentrations of Na and K in leaf tissue
were calculated in millimoles per gram dry weight.

To study ion uptake, translocation and distribution in differ-
ent plant tissues, Na and K concentrations were measured in
roots and shoots of different genotypes under salt stress. Total
uptake of each ion was calculated based on ion concentration in
the tissue and the dry weight of the corresponding tissue.
Translocation of Na and K from root to shoot under salt stress
was calculated for each genotype based on the total ion uptake
in shoots. Translocation of Na from roots to shoots was calcu-
lated according to Saqib et al. (2005) using the formula: root-
to-shoot Na translocation¼ shoot Na content (mmol)/root
Na content (mmol). In addition, the resulting values of root-to-
shoot Na translocation were normalized by dividing them by
the values of shoot to root ratio (S/R) of the respective
genotypes.

Stomatal conductance (millimoles per square metre per sec-
ond) was measured on intact youngest fully expanded leaves
using an AP4 Leaf Porometer (Dynamax, Houston, TX, USA)
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10 d after the imposition of salt stress and four sub-measure-
ments were made in each experimental unit. Leaf relative water
content (RWC) was determined following the method of Barrs
and Weatherley (1962), using the youngest fully expanded leaf
(third leaf from top). Leaf samples were kept in plastic bags
placed in an ice chest (around 5 �C) to minimize water loss,
and immediately transferred to the laboratory. Leaf samples
were weighed to determine their fresh weight (FW), then hy-
drated to full turgidity by floating them in 25 mL de-ionized
water in vials with caps, for 5 h at 4 �C in a cold room. The tur-
gid weight (TW) of the samples was determined after blotting
the surface of the leaves dry with filter papers. Samples were
then oven-dried at 80 �C for 48 h and weighed (DW). RWC
was calculated as: [(FW�DW)/(TW�DW)]� 100.

The membrane stability index (MSI) was evaluated by esti-
mating the electrolyte leakage from fresh leaf tissues into dis-
tilled water using the method described by Sairam et al.,
(2002). About 100 mg of leaf tissue was cut into 5-mm seg-
ments and placed in test tubes containing 10 mL of distilled de-
ionized water in two sets, with one set placed in a water bath
maintained at constant temperature of 40 �C. After 2 h their
conductivity (C1) was measured using an electrical conductivity
meter (Model CMK-731; Century Instruments). The second set
was placed in a boiling water bath at 100 �C for 20 min to com-
pletely kill the tissues and release electrolytes. Samples were
cooled to 25 �C and conductivity (C2) was measured. The MSI
was calculated as (1�C1/C2)� 100.

Statistical analysis

Data for each parameter were analysed based on a random-
ized complete block design with three replications. Analysis of
variance (ANOVA) and mean comparisons using the least sig-
nificant difference (LSD) were performed using the Statistical
Analysis System package (SAS, USA) and CropStat software
version 6.1 (www.irri.org). Associations among characters were
examined by Pearson product moment correlation coefficient
analysis, which is suitable for quantitative data (Ludbrook,
2002).

RESULTS

Genetic diversity analysis using SNP markers

A genetic diversity analysis was performed using 376 SNP
markers across the 107 accessions and four reference varieties
(Supplementary Data Table S2). The minor allele frequency
across SNP markers averaged 35 % with an average of 13�4 %
heterozygosity, and PIC values ranging from 0�02 to 0�58 with
an average of 0�35. The genetic distance-based clustering re-
vealed four distinct groups in this diverse germplasm, corre-
sponding to japonica, aromatic, aus and indica (Fig. 1 and
Supplementary Data Fig. S1). The two tropical japonica varie-
ties, Azucena and Moroberekan, formed a cluster with the refer-
ence temperate japonica variety Nipponbare. A distinct
aromatic cluster was found near the reference variety Basmati
370, and included Bangladeshi landraces Chinikanai,
Noyonmoni, Ranisalute, Gopalbhog, Jamainadu and
Bamonkhir, which are popular for their excellent grain quality

and aroma. The aus cluster contained the reference variety
N22, and included the Bangladeshi landraces Agrani, Kasalath,
Surjamukhi, Dular, AusBako, Kalisaita and Jaliboro, along
with Kalarata and Hasawi of Indian and Saudi Arabian origins,
respectively. The rest of the landraces fell within the largest
group corresponding to indica accessions, although four acces-
sions, Birpala, Bazail, Rayada and Barisail, seemed to fall just
outside the indica group, between the indica and the aromatic/
japonica clusters (Fig. 1 and Supplementary Data Fig. S1).
There were several sub-clusters within indica, with all the
Pokkali accessions except Pokkali-19354 grouped into one sub-
cluster, along with Cheriviruppu and BRRI dhan47, which was
distinct from the indica landraces from Bangladesh (Fig. 1).

As the Saltol/SKC1 region on chromosome 1 was identified
as a major locus for salinity tolerance in rice, the SNP data
were analysed to define the genetic relationships based on
markers in this region. Out of 376 SNPs, 44 markers covered
chromosome 1 and three SNP markers, id1007776, id1008267
and id1008684, were located in the 2-Mb region flanking
Saltol/SKC1 between 10�8 and 12�8 Mb (Supplementary Data
Fig. S2). The Saltol-linked SNPs were used to compare the
graphical genotypes between sets of previously known salt-
tolerant genotypes. A comparison with the representative
Pokkali-108921 (IRGC 108921) showed that it shared the same
alleles at the three Saltol-linked SNPs as Pokkali-15388,
Pokkali-26869 and Pokkali-31513 accessions, but was different
from the other lines, including FL478, IR29 and the tolerant
Bangladeshi landraces such as Capsule (Supplementary Data
Fig. S2A). Nona Bokra and FL478 shared similar alleles at the
three SNPs with the Bangladeshi landraces Capsule, Akundi
and Chikirampatnai, but were different from Kutipatnai,
Cheriviruppu and Kalarata (Supplementary Data Fig. S2B, C).
Analyses of variation across the entire chromosome 1, using
Pokkali-108921 for comparison, showed that the highest varia-
tion was for Capsule, Akundi, IR29 and Nona Bokra (56�8–
57�8 %), and least variation for Pokkali-15388 (0 %) and
Cheriviruppu (9 %) across the 44 SNPs (Supplementary Data
Table S3). As Pokkali-108921 and Pokkali-15388 showed no
variation even across the entire set of 376 SNPs, it is likely that
these came from the same source, while the other Pokkali ac-
cessions had variation ranging from 20 to 50 % from Pokkali-
108921 for chromosome 1 (Supplementary Data Table S3).

Allelic diversity using Saltol-linked markers

Across the 107 accessions, the responses of rice genotypes to
salt stress at the seedling stage ranged from tolerant (SES score
3) to sensitive (score 9) (Supplementary Data Table S4). RIL
FL478 and 13 landraces were classified as tolerant (score 3–4)
– namely Akundi, Ashfal, Capsule, Chikirampatnai, Jatai
Balam and Kutipatnai from Bangladesh and Cheriviruppu,
Kalarata, Nona Bokra and four different Pokkali accessions
from India – while 44 others were moderately tolerant (score
5–5�7), and the remaining accessions were moderately sensitive
to sensitive (score 6–9). Among the 19 Pokkali accessions, five
had scores ranging from 3 to 4 (Pokkali-108921, Pokkalian
Batticaloa-12092, Pokkali-15388, Pokkali-117275 and Pokkali-
IRRI), while Pokkali-8558 (IRGC26869) was moderately toler-
ant (score 5�3) and the remaining accessions were sensitive to
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salinity. Out of the five tolerant Pokkali accessions, four were
of Sri Lankan origin and one (Pokkali-117275) was from India.

To better characterize allelic diversity across the Saltol/SKC1
region, the set of 107 accessions was genotyped with four sim-
ple sequence repeat (SSR) markers across a 1�4-Mb region on
chromosome 1 – RM1287 (10�8 Mb), AP3206f (11�2 Mb),
RM3412b (11�5 Mb) and RM493 (12�2 Mb) – along with one
flanking marker, RM7075 (15�1 Mb). Across the five markers,
3–7 alleles were detected per locus, with an average of 4�6 al-
leles, while the PIC values ranged from 0�15 (AP3206f) to 0�80
(RM3412b), with an average of 0�55 (Table 1). A genetic diver-
sity analysis using the five markers revealed several clusters

(Fig. 2). Depa, Kutipatnai, BR28, Kalisaita and Aus Bako from
Bangladesh formed a distinct cluster. Pokkalian, Pokkaliyan
and Pokkalian Batticaloa formed a separate cluster with Boilam
and a sub-cluster with Jali Boro, Noyonmoni, BR11, Latisail,
Kajalsail, BR47, BR40, BR30 and BR10. A number of landra-
ces clustered close to the various Pokkali accessions, whereas
Chikirampatnai, Capsule, Changai and DA29 formed a small
cluster different from the Pokkali accessions, but near the clus-
ter of Nona Bokra, Barisail and Ashfal (Fig. 2).

When examined in more detail, a set of five Pokkali acces-
sions shared the same alleles across the five markers: Pokkali-
108921, Pokkali-IRRI, Pokkali-8558 (IRGC 26869), and
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FIG. 1. Unrooted neighbour-joining tree showing genetic relationships between the 107 rice accessions and four controls based on 376 SNP markers. The four major
groups of Oryza sativa are labelled in bold italics: japonica (Nipponbare as reference), aromatic (Basmati 370 as reference), indica (93-11) and aus (N22 as compar-
ison line). A sub-cluster of Pokkali accessions are shown within the indica group. The Pokkali � IR29-derived RIL FL478 is located near IR29. Most of the salt-

tolerant landraces from Bangladesh are within the different indica sub-clusters, apart from the Pokkali accessions.
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Pokkali-117275. Interestingly, none of the Pokkali accessions
in this study carried an allele identical with that of the salt-toler-
ant RIL FL478 at the Saltol locus. Considering that RM1287,
AP3206f and RM3412b were closest to the Saltol/SKC1 locus,
there were another five accessions that shared the same alleles
as Pokkali-108921 at these three markers: Nona Kochi,
Pokkali-Bangladesh, Salute, Set Kumra and Agrani
(Supplementary Data Table S4). If Nona Bokra is taken as a
comparison line, then none of the other accessions shared the
same alleles at all five markers, while four shared the alleles
across the first three markers: Changai, Dorkumor, Kutipatnai
and DA29 (SR26B). At the same time, many of the other toler-
ant accessions seemed to carry novel alleles compared with
Pokkali-108921 and Nona Bokra, such as the landraces Ashfal,
Akundi, Capsule, Chikirampatnai, Kalarata and Kutipatnai
(Supplementary Data Table S4).

Characterization of salt stress effects across 73 accessions

A diverse set of 73 accessions was selected from the 107 ge-
notypes by screening under salt stress, with FL478, Pokkali-R
and IR29 as checks, to identify new salt-tolerant donors. Most
of the accessions in this set have not been explored or charac-
terized before and are of Bangladeshi origin. These 73 geno-
types were also included in the SNP and SSR diversity panel.
Significant differences were observed for all characters. The
standard evaluation system (SES; IRRI, 2014) was used for rat-
ing the symptoms of salt stress 7 and 21 d after the imposition
of salt stress. The genotypes varied significantly in their visual
scores compared with IR29 (sensitive) and the tolerant FL478
and Pokkali. Out of the 73 genotypes, 57 landraces originated
from southern Bangladesh, four landraces from India and one
japonica genotype from the Philippines. The remaining 11
were modern varieties and breeding lines developed at IRRI,
Philippines, and BRRI, Bangladesh (Supplementary Data Table
S5). Plants were severely affected by salinity and clearly ex-
hibited symptoms of salt injury, such as leaf burning, chlorosis
and stunted growth under salt stress. The sensitive genotypes
Azucena, Chapali, Chapalia, Chinikanai, Jamainadu, Kajalsail,
Katarangi, Nonakuchi and Soloi and the sensitive IR29 showed
the highest symptoms of salt injury, with an SES score of 7�0.
The tolerant genotypes, Akundi, Ashfal, Capsule,
Chikirampatnai, Cheriviruppu, Jatai Balam, Kalarata and
Kutipatnai, showed better performance under salt stress and,

together with the tolerant check FL478 and Pokkali, had the
lowest average SES score of 3�0. The rest of the genotypes had
intermediate SES scores of about 5�0–6�0 (Supplementary Data
Table S5).

To account for apparent salinity tolerance due to differences
in plant vigour for each genotype, seedling vigour under normal
conditions was measured (Yeo et al., 1990). Genotypic differ-
ences in plant vigour were highly variable, with Pokkali being
the most vigorous (score 1�67) and IR29 the least vigorous
(9�0). Across the Bangladeshi landraces, Capsule showed the
highest vigour (2�5), followed by Jatai Balam, Kalarata and
Kutipatnai, with vigour scores of 3�0, then Cheriviruppu (3�2),
Ashfal (3�7), Chikirampatnai (4�0) and Akundi (4�1). The high
vigour of these landraces was similar to that of the tolerant
checks FL478 and Pokkali. The rest of the sensitive genotypes
showed intermediate to low plant vigour (Supplementary Data
Table S5).

Shoot Na and K concentrations across the 73 accessions

The lowest shoot Na concentration was that of Capsule
(0�10 mmol g�1 d.wt) and the highest was Azucena (0�67
mmol g�1 d.wt). Sodium concentration in the sensitive check
IR29 (0�61 mmol g�1 d.wt) was much higher than that of the
tolerant landraces Akundi, Ashfal, Capsule, Chikirampatnai,
Jatai Balam, Kalarata and Kutipatnai (Supplementary Data
Table S5). Shoot K concentration in the tolerant genotypes
Akundi (0�16 mmol g�1 d.wt), Ashfal (0�20 mmol g�1 d.wt),
Chikirampatnai (0�18 mmol g�1 d.wt), Jatai Balam (0�24
mmol g�1 d.wt), Kalarata (0�22 mmol g�1 d.wt) and Kutipatnai
(0�19 mmol g�1 d.wt) was greater than that of the sensitive
check IR29 (0�16 mmol g�1 d.wt) but the tolerant genotype
Capsule had a lower concentration (0�12 mmol g�1 d.wt)
(Supplementary Data Table S5). The tolerant genotypes
Capsule, Chikirampatnai and Kalarata maintained lower Na/K
ratios (0�8, 0�9 and 0�9, respectively) than the sensitive geno-
types Hanumanjata, IR29 and Jamainadu, which had the highest
Na/K ratios in leaves, of 4�6, 3�8 and 3�7, respectively.

The SES scores correlated with shoot Na concentration and
plant vigour, (Supplementary Data Figs S3 and S4). The corre-
lation between shoot Na concentration and chlorophyll concen-
tration in leaves was also significant, but negative (�0�13).
Based on average SES scores, plant vigour, shoot Na transport,
Na/K ratio and chlorophyll concentration, the genotypes
Akundi, Ashfal, Capsule, Cheriviruppu, Chikirampatnai, Jatai
Balam, Kalarata and Kutipatnai can be classified as salt-tolerant
and potentially provide alternative sources of new genes for
breeding. Ashfal Balam, which showed relatively moderate or
higher tolerance, was also included in this analysis. These nine
landraces were further characterized to confirm their tolerance.
Pokkali-108921 and FL478 were used as tolerant checks and
IR29 as sensitive.

Characterization of the tolerant landraces for Na and K uptake
and distribution

The tolerant landraces Akundi, Ashfal, Capsule, Kalarata
Chikirampatnai, Jatai Balam and Kutipatnai showed higher salt
tolerance than the sensitive check IR29 based on visual (SES)

TABLE 1. Diversity across 107 rice accessions from different sub-
groups of rice using five SSR markers linked to the Saltol locus.
The panel contained 82 varieties/landraces from Bangladesh, 9

from India, 15 from Sri Lanka and 1 from Philippines

Marker Sample
size

Major allele
frequency

Mean
alleles/locus

Mean QTL
diversity

PIC

RM1287 107 0�60 3�00 0�56 0�49
AP3206f 107 0�92 3�00 0�16 0�15
RM3412b 107 0�27 7�00 0�82 0�80
RM493 107 0�28 6�00 0�79 0�76
RM7075 107 0�58 4�00 0�59 0�54
Mean 107 0�53 4�60 0�58 0�55
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FIG. 2. An UPGMA (unweighted pair group method with arithmetic mean) cluster dendrogram showing the genetic relationships among 96 rice accessions based on
five microsatellite markers (RM1287, AP3206f, RM3412b, RM493 and RM7075) linked to the Saltol locus.
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scores. The sensitive check IR29 had the highest shoot Na con-
centration (0�88 mmol g�1 d.wt), about 4-fold that of the toler-
ant landraces Ashfal, Capsule, Kalarata and Pokkali and about
3-fold that of Chikirampatnai, Jatai Balam, Kutipatnai and
FL478 (Table 2). Genotypic differences in shoot K concentra-
tion were also significant. The highest shoot K concentration
was in Pokkali (0�67 mmol g�1 d.wt), Ashfal Balam
(0�60 mmol g�1d.wt) and Cheriviruppu (0�59 mmol g�1 d.wt)
under salt stress. Most of the landraces had significantly higher
shoot K concentration than IR29 (0�39 mmol g�1 d.wt), except
for Capsule and Kalarata (0�50 mmol g�1 d.wt) and Kutipatnai
(0�48 mmol g�1d.wt), the differences being non-significant
(Table 2). These three landraces also did not show significant
variation in shoot K concentration compared with FL478
(0�53 mmol g�1d.wt.), the tolerant check.

The salt-tolerant landraces maintained much lower Na/K ra-
tios in shoots than the sensitive IR29, which showed the highest
shoot ratio (2�48) (Fig. 3). Pokkali had the lowest (0�33) fol-
lowed by Ashfal (0�39), Capsule (0�45), Kalarata (0�47) and
Jatai Balam (0�57). The other genotypes, like Chikirampatnai
(0�61), Cheriviruppu (0�69) and Kutipatnai (0�64), did not show
significant variation among them and compared with the toler-
ant check FL478 (0�60), though their shoot Na/K ratio was con-
siderably lower than that of IR29.

Root Na concentration was highest in Ashfal (0�89 mmol g�1

d.wt) and Kutipatnai (0�86 mmol g�1 d.wt) followed by Akundi,
Kalarata, Capsule, Chikirampatnai, Cheriviruppu and
Jataibalam (Table 2). The lowest Na concentration
(0�65 mmol g�1 d.wt) in roots was found in the sensitive check
IR29, while the tolerant checks FL478 and Pokkali had root Na
concentrations within the range of the tolerant Bangladeshi
landraces. No significant differences were observed among
genotypes in root K concentration except for Cheriviruppu

(0�23 mmol g�1 d.wt), which was high under salt stress.
Tolerant landraces apparently accumulated higher amounts of
Na in their roots, resulting in higher Na/K ratios than in IR29,
but markedly lower Na concentrations and lower Na/K ratios in
their shoots than IR29 (Fig. 3). The highest root Na/K ratios
were in Jatai Balam (12�93), Kutipatnai (12�27) and Ashfal
(11�07), which were much higher than those of IR29 (6�5) and
the tolerant FL478 (6�94) and Pokkali (7�84). This shows that
under salt stress most of the salt-tolerant landraces maintain
higher Na/K ratios in roots than the sensitive genotypes (except
Cheriviruppu and Kalarata). Variation in this trait among toler-
ant genotypes is interesting and should be further evaluated.

The tolerant landraces showed a lower Na uptake that was
similar to the tolerant checks Pokkali and FL478. Conversely,
the sensitive IR29 had the lowest shoot K (4�04 mg plant�1) up-
take, while the tolerant landrace Ashfal Balam had the highest
(6�38 mg plant�1), followed by Cheriviruppu (6�20 mg plant�1),
which was similar to Pokkali (6�98 mg plant�1) (Table 2). On
average, shoot K uptake of the sensitive check IR29 was about
25–50 % lower than that of the tolerant landraces Ashfal,
Capsule, Kalarata and Pokkali.

IR29 translocated the highest amount of Na from roots to
shoots (Table 2). Significantly lower amounts were translocated
by Ashfal, Capsule, Kalarata and Akundi, followed by
Kutipatnai, Chikirampatnai and Jatai Balam.

Variation in stomatal conductance, leaf water content and
membrane stability

Salt stress caused a significant reduction in stomatal conduc-
tance; on average conductance decreased by about 50 % com-
pared to that under control conditions (Fig. 4). The highest

TABLE 2. Responses of nine rice salt-tolerant landraces and checks to salt stress (electrical conductivity of 12 dS m�1) at seedling
stage under phytotron conditions. Data are means of four replications with three sub-samples per replication

Genotype SES
score

Shoot Na
(mmol g�1

d.wt.)

Shoot K
(mmol g�1

d.wt.)

Total uptake (mg�1 plant) Root Na
(mmol g�1

d.wt.)

Root K
(mmol g�1

d.wt.)

Root-to-shoot Na
translocation

RWC
(%)

MSI
(%)

Shoot Na Shoot K Absolute Normalized

Akundi 3�5bc 0�26cde 0�50cd 2�72cd 5�23b 0�86ab 0�08b 0�32de 0�32 62�4e 57�1g
Ashfal Balam 4�0b 0�40b 0�60ab 4�25b 6�38a 0�82abc 0�09b 0�48b 0�46 62�3e 66�6f
Ashfal 3�0c 0�21e 0�53bc 2�26d 5�71b 0�89a 0�08b 0�24e 0�23 70�1c 82�3b
Capsule 3�0c 0�23de 0�50cd 2�39d 5�20b 0�80abcd 0�09b 0�25e 0�25 70�3c 69�6e
Chikirampatnai 3�0c 0�32bc 0�52bc 3�29c 5�34b 0�71bcd 0�09b 0�43bc 0�44 80�6a 84�1a
Cheriviruppu 3�0c 0�41b 0�59ab 4�31b 6�20a 0�71bcd 0�23a 0�57b 0�55 72�9b 75�6c
Jatai Balam 3�5bc 0�32bc 0�55bc 3�38c 5�82b 0�67de 0�05b 0�47b 0�45 61�6e 56�8g
Kalarata 3�0c 0�23cde 0�50cd 2�33d 5�08bc 0�81abcd 0�13b 0�27e 0�28 66�1d 65�4f
Kutipatnai 3�0c 0�31cd 0�48cd 3�24c 5�02c 0�87a 0�07b 0�36cd 0�35 69�5c 84�1a
IR29 (S. ck) 7�0a 0�88 a 0�39d 9�14a 4�04c 0�65e 0�10b 1�49a 1�48 44�2f 49�5h
FL478 (R. ck) 3�0c 0�32bc 0�53bc 3�29c 5�45b 0�72bcde 0�10b 0�44bc 0�45 62�6e 73�2d
Pokkali (R. ck) 3�0c 0�22de 0�67a 2�29d 6�98a 0�84abc 0�11b 0�29de 0�30 65�8d 76�1c
Significance

Genotype *** *** *** ** * *** ns *** – *** ***
LSD P< 0�05 0�14 0�09 0�09 1�01 1�10 0�15 0�08 0�08 – 1�01 1�63
LSD P< 0�01 0�50 0�12 0�12 – 1�51 0�20 – 0�11 – 1�32 2�40

CV (%) 14�2 18�3 11�3 12�4 15�3 13�2 10�1 11�7 – 1�07 1�62

Different letters (a–h) within a column denote significance based on LSD test (P< 0�05 and P< 0�01).
Root-to-shoot Na translocation was calculated as: shoot Na content (mmol)/root Na content (mmol) (Saqib et al., 2005).
Normalized root-to-shoot Na translocation was obtained by dividing root-to-shoot Na translocation values by the values of root:shoot ratio of the respective

genotypes.
*P< 0�05; **P< 0�01; ***P< 0�001; ns, not significant; S. ck, sensitive check; R. ck, tolerant check; CV, coefficient of variation.
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stomatal conductance was observed in Capsule under both con-
trol and stress conditions. Akundi, Ashfal and Capsule showed
trends similar to those of the tolerant FL478 and Pokkali under
salt stress.

Relative water content was significantly higher in
Chikirampatnai (80 %), followed by Capsule, Ashfal (70 %),
Kutipatnai (69�5 %) and Kalarata (66�1 %), and was lowest in
IR29 (44 %; Table 2). Membrane stability index decreased un-
der salt stress and was lowest in the sensitive IR29 (49�5 %)
(Table 2). The tolerant landraces had significantly higher MSI
than IR29; the highest was in Chikirampatnai and Kutipanai
(84 %), followed by Ashfal (82 %) and Cheriviruppu (75 %).

Correlations among physiological traits

The SES scores correlated negatively with shoot K
(r¼�0�56, P< 0�01), root Na (r¼�0�47, P< 0�01), RWC
(r¼�0�84, P< 0�001), MSI (r¼�0�69, P< 0�01) and stoma-
tal conductance (r¼�0�37, P< 0�05) (Table 3). SES scores
also correlated positively with shoot Na (r¼ 0�95, P< 0�001),
shoot Na/K ratio (r¼ 0�96, P< 0�001) and root-to-shoot Na
translocation (r¼ 0�94, P< 0�001), suggesting that the amount
and concentration of Na in shoots constitute the main cause of
the symptoms of salt injury reflected by SES scores. The corre-
lation between shoot Na and shoot K was negative (r¼�0�55,
P< 0�01). Potassium concentration in the shoot also correlated
negatively with root Na, shoot Na/K ratio and root-to-shoot
translocation, and positively with MSI and RWC (Table 3).
These correlations confirmed the importance of regulating Na
uptake and its translocation to sensitive plant tissue under salt
stress. Root-to-shoot Na translocation correlated positively and
strongly with Na concentration (r¼ 0�99, P< 0�001) and Na/K
ratio in shoots (r¼ 0�98, P< 0�001), but negatively with root
Na concentration (r¼�0�66, P< 0�01). RWC correlated nega-
tively (r¼�73, P< 0�01) with root-to-shoot Na translocation.

However, since the selected accessions represent a set of toler-
ant lines, the scatters mostly tended to cluster for the tolerant
lines versus values for the only sensitive IR29 (Supplementary
Data Fig. S5)

DISCUSSION

Considerable genetic variability in tolerance of salt stress is
available in rice. The availability of diverse sources of tolerance
for breeding and gene discovery will help widen the genetic
base and increase the degree of tolerance by combining superior
alleles from different sources. We identified new potential do-
nors for salt tolerance: Akundi, Ashfal, Capsule, Cheriviruppu,
Chikirampatnai, Jatai Balam, Kalarata and Kutipatnai. These
new sources show similar tolerance to the previously identified
donors but vary in some of the traits associated with tolerance
compared with the commonly used Pokkali group and Nona
Bokra. They also showed allelic variation at the known Saltol lo-
cus and are genetically distinct, suggesting they could provide
new alleles for tolerance. These landraces are currently being
grown by farmers in the salt-affected areas of the coastal region
in South Bangladesh, despite their inferior grain quality and
lower yields. They could therefore be useful for use in cultivar
improvement using standard breeding tools as well as sources of
new QTLs/genes for use in molecular breeding. Developing new
varieties with higher salt tolerance will be of significant benefit
to farmers in the region who depend on rice for food security.

Bangladesh landraces are genetically distinct from common salt
tolerance donors

The genome-wide 376-SNP marker analyses revealed that
only Cheriviruppu and BRRI dhan47 clustered with the well-
known Pokkali, the traditional donor of salinity tolerance used
in most rice breeding programmes. The other landraces from
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Bangladesh formed separate clusters genetically distant from
Pokkali accessions (Fig. 1). Although several of the
Bangladeshi landraces clustered near the previously known do-
nor Nona Bokra, allelic diversity analysis showed that they had
different alleles at the SKC1 locus (Supplementary Data Table
S4), which is a major determinant of salinity tolerance in Nona
Bokra (Ren et al., 2005). Moreover, most of the accessions had
different Saltol alleles from that of the reference Pokkali acces-
sion (IRGC-108921). Only Cheriviruppu shared the same allele
as Pokkali across four out of the five markers, but differed from
it at RM3412b. The fact that Akundi, Ashfal, Capsule,
Chikirampatnai, Kalarata and Kutipatnai diverged from Pokkali
in both SSR and SNP diversity analyses, despite their high tol-
erance of salt stress, makes them potential novel salt tolerance
donors.

A previous report showed considerable genetic variation
among different accessions of Pokkali (Thomson et al., 2010).
The current study included 18 Pokkali accessions, out of which
only four accessions were tolerant of salinity: Pokkali-IRRI
(SES¼ 3�0), Pokkali-108921 (reference line, SES¼ 3�0),
Pokkali-15388 (SES¼ 4�0) and Pokkali-117275 (SES¼ 4�0).
Two accessions were moderately tolerant and the remaining 12
Pokkali accessions were sensitive. The SNP analysis showed
that most of the Pokkali accessions clustered together, except
for Pokkali-19354. In addition, the analysis of five Saltol-linked
markers showed that the tolerant Pokkali accessions shared the
same Saltol allele (Supplementary Data Table S4). This infor-
mation is crucial, and suggests that only the four tolerant
Pokkali accessions should be used in breeding salt-tolerant vari-
eties, particularly for Saltol introgression.
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TABLE 3. Correlation coefficients for the association among Na and K concentrations in shoots, Na/K ratio in shoots, root Na concen-
tration, root K concentration, Na/K ratio in roots, root-to-shoot translocation, RWC and MSI under salt stress in diverse landraces

and checks

Trait SES
score

Shoot Na
(mmol g�1

d.wt.)

Shoot K
(mmol g�1

d.wt.)

Na/K ratio in
shoots

Root Na
(mmol g�1

d.wt.)

Root K
(mmol g�1

d.wt.)

Na/K
ratio

in root

Root-to-shoot
translocation

RWC
(%)

MSI
(%)

Shoot Na (mmol g�1 d.wt.) 0�95***
Shoot K (mmol g�1 d.wt.) �0�56** �0�55**
Na/K ratio in shoots 0�96*** 0�99*** �0�65**
Root Na (mmol g�1 d.wt.) �0�47** �0�61** 0�24ns �0�56**
Root K (mmol g�1 d.wt.) �0�10ns 0�11ns 0�26ns 0�03ns �0�21ns

Na/K ratio in roots �0�17ns �0�33* �0�08ns �0�28ns 0�39* �0�82***
Root-to-shoot translocation 0�94*** 0�99*** �0�53** 0�98*** �0�66** 0�11ns �0�33*
RWC (%) �0�84*** �0�72*** 0�41** �0�75*** 0�30* 0�20ns 0�02ns �0�73***
MSI (%) �0�69** �0�54** 0�37* �0�56** 0�41** 0�14ns 0�02ns �0�56** 0�82***
Stomatal conductance �0�37* �0�44** 0�28ns �0�41** 0�33* �0�20ns 0�12ns �0�42** 0�14ns 0�21ns

*P< 0�05; **P< 0�01; ***P< 0�001; ns, not significant.
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Considering that the Bangladeshi landraces Akundi, Ashfal,
Capsule, Chikirampatnai, Jatai Balam, Kalarata and Kutipatnai
have different alleles from Pokkali at Saltol, but still have high
salinity tolerance, suggests that these landraces are potential
novel donors with new tolerance mechanisms and will likely
provide alternative sources of salt tolerance genes. These novel
donors are currently being grown by farmers in the salt-affected
coastal region of Southern Bangladesh. The diversity observed
within this set of accessions and with previously identified do-
nors suggests the existence of multiple tolerance mechanisms
that could be combined to further enhance salt tolerance of rice
beyond the current level attained using the traditional donor
Pokkali and its derivatives, such as FL478. Using these new do-
nors will help widen the genetic base of salt tolerance in breed-
ing and could allow the combination of several alleles for
independent traits, but with additive effects (Ismail et al.,
2007). However, further studies are needed to identify these
genes or alleles and to evaluate the tolerance associated with
the alternative Saltol alleles they possess. The ideal combina-
tion of particular alleles on different genetic backgrounds also
needs to be established.

Physiological responses of tolerant landraces to salt stress at
seedling stage

Plant vigour or faster growth and the extent of Na uptake and
transport to the shoot determine Na concentration in the shoot,
which is the major determinant of salt tolerance in rice (Platten
et al., 2013). When the shoot grows faster, the concentration re-
sulting from the same amount of transported Na will be lower
than in slowly growing shoots. Several studies suggested faster
growth under salinity as an indicator of the extent of salt toler-
ance of a genotype, as it reduces the toxic effects through dilu-
tion (Yeo and Flowers, 1986; Flowers et al., 1989; Yeo et al.,
1990). In the current study, the salinity-tolerant Bangladeshi
landraces tended to have high seedling vigour, ranging from
2�5 for Capsule to 5�4 for Jatai Balam, on a scale of 1–9, with
the sensitive IR29 scoring 9. This suggests vigour as one of the
mechanisms likely involved in salt stress tolerance in these
landraces.

Shoot Na and K homeostasis is important for salinity tolerance in
these landraces

On average, salt stress increased shoot sodium concentration
by about 2-fold and root Na concentration 4-fold, with substan-
tial variation between genotypes. The tolerant landraces
Akundi, Ashfal, Capsule, Chikirampatnai, Jatai Balam,
Kalarata and Kutipatnai had significantly lower Na concentra-
tion in their leaves, averaging less than a third of that accumu-
lated by the sensitive IR29, and with Capsule maintaining the
lowest concentration (Supplementary Data Table S5). Sodium
concentration in seedlings of the seven tolerant landraces
(2�85 mmol g�1 d.wt) was only about 30 % of that in the sensi-
tive genotype IR29 (9�14 mmol g�1 d.wt), suggesting that these
genotypes strongly exclude sodium from entering roots.
However, the mechanism by which this is accomplished in rice
awaits further analyses.

Salt exclusion functions to reduce the rate at which salt accu-
mulates in roots and transpiring organs. In rice, it is believed
that most of the salt enters the plant roots through passive path-
ways, via bypass flow (membrane leakage or apoplastic leak-
age). However, for translocation from roots to shoots it is
estimated that close to 95 % of the volume flow is under the
control of membrane selectivity before reaching the shoot (Yeo
et al., 1987). Salt-tolerant rice landraces identified in this study
are probably more efficient in exclusion of Na resulting in re-
duced Na uptake, and this has been identified as a major trait
associated with salt tolerance in rice (Yeo et al., 1987; Ismail
et al., 2007; Munns and Tester, 2008; Rajendran et al., 2009;
Platten et al., 2013). Besides, these genotypes are efficient in
restricting salt movement from root to shoot, where, on aver-
age, they translocate only about 22 % of that translocated by
IR29. This will protect active tissue against toxic salt accumula-
tion. The mechanisms by which salt is confined to the roots in
these tolerant genotypes and candidate genes for these control-
ling mechanisms need to be identified.

The shoot Na/K ratio was higher under salt stress, mainly be-
cause of an increase in Na uptake relative to K. This result was
similar to that reported by Khan et al. (1997), Asch et al.
(2000) and Moradi and Ismail (2007). These authors postulated
that salt-tolerant rice genotypes accumulate less Na and more K
in comparison with susceptible ones. In this study, the most
sensitive genotypes, Hanumanjata, IR29 and Jamainadu, had
the highest Na/K ratio (4�6, 3�8 and 3�7, respectively) in leaves,
while this ratio was much lower in the tolerant landraces
Capsule, Chikirampatnai and Kalarata. Variation in Na/K ratio
could be one of the most important determinants of salt toler-
ance in rice as a measure of the ability to sustain the ionic ho-
meostasis necessary for metabolic function. However, the
substantially higher correlation of Na/K ratio with Na than with
K concentration in shoot suggests that this ratio is mainly
driven by Na uptake and translocation to shoots. Pires et al.
(2015) also made similar observations.

The correlation between chlorophyll and sodium concentra-
tions in leaf tissue is negative (r¼�0�123), indicating direct
damage to photosynthetic apparatus caused by higher salt accu-
mulation. The greater biomass produced by the tolerant landra-
ces under salt stress could reduce Na toxicity by dilution and
enhance chlorophyll retention (Moradi and Ismail, 2007).

In contrast to the shoot, root Na concentration was signifi-
cantly higher in the tolerant landraces Ashfal and Kutipatnai,
followed by Akundi, Ashfalbalam, Kalarata, Capsule,
Chikirampatnai, Cheriviruppu and Jataibalam, but was lowest
in the sensitive IR29. Accumulation of salt in roots could there-
fore be adaptive by restricting its translocation to shoots, possi-
bly through selective loading into xylem tissue via HKT1;5.
Compartmenting higher amounts of Na in roots under salt stress
dramatically increased the Na/K ratio in roots. The ability of
the tolerant landraces to restrict this increase in the amount of
Na in their roots is an indication of higher tissue tolerance and
might increase root osmotic potential and enhance water uptake
from saline soil solution, while protecting the photosynthetic
and actively growing tissues of the shoot.

Interestingly, no significant variations were found among
these landraces and IR29 in root K concentration, contrary to
the observations of Flores (2004) and Shannon et al. (1998),
who reported higher K concentrations and lower Na/K ratios in
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roots of some salt-tolerant rice genotypes. The overall genetic
variability in Na concentration and in Na/K ratio in roots ob-
served here has also been reported in different sets of rice germ-
plasm (Flowers et al., 1985; Yeo et al., 1990; Moradi et al.,
2003). The variation in either shoot or root sodium concentra-
tion could in fact depend on one or more of the mechanisms
that lead to low Na concentration in functional tissues and
favourable ion homeostasis (Platten et al., 2013). Gregorio and
Senadhira (1993) also observed a positive relation between low
Na/K ratios in the shoot with salinity tolerance in rice.

Several studies using different sets of rice accessions re-
ported similar genetic variability (Yeo and Flowers, 1983;
Gregorio and Senadhira, 1993; Senadhira et al., 1996; Moradi
et al., 2003; Ismail et al., 2007; Sexcion et al., 2009; Horie
et al., 2012; Kumar et al., 2013). Tolerant landraces apparently
accumulated higher Na in their roots, resulting in higher Na/K
ratios but lower Na concentrations, and Na/K ratios in their
shoots. This might reflect the importance of maintaining K ho-
meostasis in shoots rather than in roots under saline conditions.
Lee et al. (2003) reported that tolerant indica rice varieties had
greater ability to absorb K and maintain a lower Na/K ratio in
shoots when experiencing salt stress. Adequate K concentration
in shoot and root cells is crucial for continued growth, as K is
needed not only for cell turgor maintenance to drive cell expan-
sion, but also as a co-factor for numerous enzymes (Leigh and
Jones, 1984).

To determine the extent of salt exclusion by roots of individ-
ual genotypes, total ion uptake in roots and shoots was calcu-
lated. Under salt stress, the tolerant landrace Ashfal had the
lowest total Na uptake, while FL478 showed the highest uptake,
which could partially be due to their differences in shoot bio-
mass as well as in compartmentation into roots (Ashfal and
FL478) versus translocation to shoots. Significant differences
in total uptake were also observed between tolerant genotypes,
ranging from 2�33 to 4�31 mg per plant compared with IR29
(9�14 mg per plant).

The seven most tolerant landraces translocated significantly
lower amounts of Na from roots to shoots than IR29. Also,
root-to-shoot Na translocation was lower in these tolerant land-
races compared with FL478, but was similar to that of Pokkali.
Ability to retain more Na in roots is probably associated with
salt stress tolerance in these genotypes. Interestingly, the abso-
lute and normalized values for root-to-shoot Na translocation
are similar among tolerant genotypes, suggesting similar trans-
location rates and probably similar mechanisms for exclusion
from the shoot or recirculation (James et al., 2006). Tsuchiya
et al. (1994) suggested some possible mechanisms that could
explain the higher ability of salt-tolerant rice cultivars to restrict
Na flow from root to shoot. Shi and Zhu (2002) and Hasegawa
et al., (2000) argued that plasma membrane transporters like
Na/Hþ antiporters could have important roles in excluding Na
from the shoot during xylem loading and long-distance Na
transport in plants.

Several physiological parameters are important for salinity
tolerance in Bangladeshi rice landraces

Salinity inhibits plant growth by a range of mechanisms,
including direct ion toxicity and interference with the uptake of

nutrients, particularly K (Leigh and Jones, 1984; Zhu et al.,
1998). In this study, the strong negative correlation between K
and Na concentration (Table 3) could be attributed to the fact
that Na and K are sufficiently similar in size, charge, geometry
and electronic configuration to compete for similar sites of ab-
sorption, adsorption and active transport in the plant root sur-
face and within plant tissues. Zhu (2007) reported that Na has
more damaging effects on low-affinity K transporters than
high-affinity transporters, because low-affinity K transporters
have lower K/Na selectivity. However, high-affinity K trans-
porters may also act as low-affinity Na transporters in some
plants under high salinity (Rubio et al., 1995; Gorham et al.,
1997). The tolerant genotypes are good sodium excluders dur-
ing uptake by roots. The mechanisms by which salt absorption
into roots is regulated in these tolerant landraces and candidate
genes for these controlling mechanisms need to be identified.
The considerably stronger correlation of Na/K ratio with
Na than with K concentration in shoots suggests that this ratio
is mainly dependent on Na uptake and translocation to the
shoot.

Plants with lower ratios of Na to K or those with more effi-
cient mechanisms for K/Na discrimination can better tolerate
salt stress. The level of inhibition of K uptake by sodium
depends on how much K is present and a lower Na/K ratio is
reported to be protective against the toxic effects of Na (Zhu,
2007). Ren et al. (2005) reported that the rice OsHKT1;5 trans-
porter, which controls the SKC1 QTL, is Na-selective and is in-
volved in Na retrieval from the xylem. In general, HKT-type
transporters appear to play key roles in Na accumulation and
salt sensitivity in plants (Davenport et al., 2007). Identification
of the OsHKT1;5 gene suggests the existence of additional
highly effective exclusion mechanisms in rice (Genc et al.,
2010; Cotsaftis et al., 2011, 2012; Platten et al., 2013) and
some members of the HKT family function as low-affinity Na
transporters at high Na concentrations and could play important
roles in regulating Na transport from roots to shoots in rice, as
observed in this study (Laurie et al., 2002; Ren et al., 2005;
Davenport et al., 2007; Rodr�ıguez-Navarro and Rubio, 2006).
AtHKT1 is likely important in regulating Naþ and Kþ homeo-
stasis in Arabidopsis, as mutations that disrupt its function alter
the transport of Na from the root to the shoot, and the Na/K ra-
tio in the root (Davenport et al., 2007). In addition, the SOS1
(salt overly sensitive 1; AtNHX7) locus, an Naþ/Hþ antiporter
on the plasma membrane, expressed in root cells Shi and Zhu,
2002), is essential for Naþ and Kþ homeostasis, and sos1 muta-
tions render plants more sensitive to growth inhibition by high
Na and low K environments in Arabidopsis thaliana (Shi et al.,
2000). SOS1 effluxes Na from cells and may be important in
Na extrusion from roots into the external medium (Munns
2005).

All tolerant landraces had higher RWC, ranging from 61 to
81 %, compared with the sensitive IR29 (44 %), suggesting that
these lines were able to maintain the relatively high turgidity re-
quired for leaf function. Since sensitive genotypes usually
transfer larger amounts of Na from roots to shoots, this could
result in higher (less negative) osmotic potential in their roots
and less water uptake from saline soil solution. However, the
role of this in tolerance and how this excessive salt is compart-
mented in roots warrant further studies. Sensitive genotypes are
also known to have less control over their stomata when
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subjected to salt stress, resulting in higher transpiration and
greater water loss, both of which could be reflected in lower
values of leaf RWC and consequent cellular dehydration
(Gadallah, 1999; Sairam et al., 2002; Moradi and Ismail, 2007;
Qin et al., 2010). Reduction in stomatal conductance under salt
stress, however, has been observed before (Brugnoli and
Lauteri, 1991; Moradi and Ismail, 2007), and will presumably
reduce photosynthesis and plant growth.

The MSI was significantly higher in tolerant genotypes
(56�8–84�1 %) and lower in IR29 (49�5 %). MSI is indicative of
salt tolerance as it measures the extent of cell membrane injury
under stress, as observed previously for heat (Ismail and Hall,
1999), cold (Ismail et al., 1997) and salt stress (Bhattacharjee
and Mukherjee 1996; Farooq and Azam, 2006). We also ob-
served significant negative correlations of MSI with shoot
Na (r¼�0�54, P< 0�01), SES score (r¼�0�69, P< 0�01),
Na/K ratio in shoots (r¼�0�56, P< 0�01) and root-to-shoot
translocation (r¼�0�56, P< 0�01) (Table 3). MSI also
showed a significant positive correlation with shoot K, root Na
and leaf RWC. Farooq and Azam (2006) observed that MSI
correlates negatively with Na and positively with K in rice
shoots.

The genome-wide 376-SNP marker analysis showed that
only Cheriviruppu and BRRI dhan47 (Pokkali origin) clustered
with the well-known Pokkali, the traditional donor of salinity
tolerance in most breeding programmes. The other six landra-
ces (Akundi, Ashfal, Capsule, Chikirampatnai, Jatai Balam and
Kutipatnai) formed a cluster with the indica group and Kalarata
fell into the aus group. These tolerant genotypes had signifi-
cantly lower shoot Na concentration, and control of root-to-
shoot Na translocation appears to be important for salt tolerance
in these genotypes. These landraces will constitute alternative
sources of salt tolerance genes in rice and could help in devel-
oping varieties combining functional alleles of several tolerance
traits.

Conclusions

The SNP diversity analysis revealed three major clusters cor-
responding to the indica, aus and aromatic subgroups. The larg-
est group was indica, with the salt-tolerant Pokkali accessions
in one sub-cluster, while the set of Bangladeshi landraces
including Akundi, Ashfal, Capsule, Chikirampatnai and
Kutipatnai were in a different sub-cluster. A distinct aus group
close to indica contained the salt-tolerant landrace Kalarata,
while a separate aromatic group closer to japonica rice con-
tained a number of traditional but salt-sensitive Bangladeshi va-
rieties. Moreover, these landraces have different new alleles at
the previously characterized Saltol QTL. The seven most toler-
ant landraces maintained a substantially lower shoot Na con-
centration through reduced uptake and translocation to shoots,
probably resulting in more favourable Na–K homeostasis in
functional leaves and actively growing tissues. These tolerant
genotypes are promising sources for sodium exclusion from
roots and restricted transport to shoots. However, the control
mechanisms in these tolerant landraces and the genes involved
need to be identified. These accessions are novel donors for sa-
linity tolerance and for identifying new salt tolerance genes,
and will be used to develop high yielding salt-tolerant rice

varieties using conventional and genome-assisted breeding
strategies.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nals.org and consist of the following. Table S1: list of 111 ac-
cessions used in the study and their origins. Table S2: molecu-
lar marker data from 376 SNPs across 111 accessions. Table
S3: origin, pedigree, SES score and genetic variability of differ-
ent Pokkali accessions and selected salt-tolerant landraces using
376 SNP markers to define genetic diversity. Table S4: SSR al-
lele distribution in a diverse collection of rice genotypes differ-
ing in reaction to salt stress. Table S5: variation among a
diverse set of rice genotypes including 62 landraces and 11
modern varieties, in physiological traits associated with toler-
ance of salt stress using the Standard Evaluation System. Figure
S1: an UPGMA (unweighted pair group method with arithmetic
mean) cluster dendrogram showing the genetic relationships be-
tween the 107 rice accessions and the four reference lines
Nipponbare, 93-11, N22 and Basmati 370 based on 376 SNP
markers. Figure S2: graphical genotypes showing the diversity
between (A) Pokkali-108921 as control line for comparison and
other Pokkali accessions including selected salt-tolerant landra-
ces, (B) Nona Bokra (comparison line) and different salt-
tolerant landraces with Pokkali-108921 (C) FL478 (comparison
line) and different salt-tolerant landraces including Pokkali and
Nona Bokra in the SNP alleles on chromosome 1 using
Flapjack graphical genotyping software. Figure S3: scatter dia-
gram for SES scores and shoot Na concentration. Figure S4:
scatter diagram for SES scores and plant vigour. Figure S5.
Scatter diagram for association of SES scores with (A) shoot
Na, (B) shoot Na- K Ratio and (C) root-to-shoot translocation.
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