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Abstract: Asian cultivated rice shows allelic variation in sodium transporter, OsHKT1;5, correlating with
shoot sodium exclusion (salinity tolerance). These changes map to intra/extracellularly-oriented loops
that occur between four transmembrane-P loop-transmembrane (MPM) motifs in OsHKT1;5. HKT1;5
sequences from more recently evolved Oryza species (O. satival/O. officinalis complex species) contain
two expansions that involve two intracellularly oriented loops/helical regions between MPM domains,
potentially governing transport characteristics, while more ancestral HKT1;5 sequences have shorter
intracellular loops. We compared homology models for homoeologous OcHKT1;5-K and OcHKT1;5-L
from halophytic O. coarctata to identify complementary amino acid residues in OcHKT1;5-L that
potentially enhance affinity for Na*. Using haplotyping, we showed that Asian cultivated rice accessions
only have a fraction of HKT1;5 diversity available in progenitor wild rice species (O. nivara and O.
rufipogon). Progenitor HKT1;5 haplotypes can thus be used as novel potential donors for enhancing
cultivated rice salinity tolerance. Within Asian rice accessions, 10 non-synonymous HKT1;5 haplotypic
groups occur. More HKT1;5 haplotypic diversities occur in cultivated indica gene pool compared to
Japonica. Predominant Haplotypes 2 and 10 occur in mutually exclusive japonica and indica groups,
corresponding to haplotypes in O. sativa salt-sensitive and salt-tolerant landraces, respectively. This
distinct haplotype partitioning may have originated in separate ancestral gene pools of indica and
Japonica, or from different haplotypes selected during domestication. Predominance of specific HKT1;5
haplotypes within the 3 000 rice dataset may relate to eco-physiological fitness in specific geo-climatic
and/or edaphic contexts.

Key words: HKT1;5 diversity; single nucleotide polymorphism; haplotype; bacterial artificial chromosome;
salinity tolerance; sodium transporter; Oryza species

Rice is a staple crop grown by millions of small- landraces and Oryza species (Menguer et al, 2017).
holder farmers. It shows enormous diversities and Sustaining rice production depends heavily on the
gene banks worldwide contain extensive seed collections, intelligent use of rice diversity in the context of
covering genetic diversity present in farmers’ cultivars, changing environment and expansion of arable land
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into new areas. The genus Oryza consists of 27 species,
encompassing nearly 15 million years of evolution,
consisting of 11 genome types, 6 of which are diploid
(n=12; AA, BB, CC, EE, FF and GG) and 5 are
polyploid (n=24; BBCC, CCDD, HHJJ, HHKK and
KKLL) (Stein et al, 2018). Of these, both Asian and
African cultivated rice (O. sativa and O. glaberrima,
respectively) belong to the AA group. As wild relatives
of rice show adaptation to defined bio-geographic
ranges and can tolerate many biotic and abiotic
stresses, they constitute an important reservoir for
crop improvement. The International Oryza Map
Alignment Project, a wild rice genomic resource
(Ammiraju et al, 2006; Stein et al, 2018) as well as the
cultivated rice O. sativa ‘3K-rice genomes’ (3K-RG)
dataset (The 3 000 rice genomes project, 2014; Wang
W S et al, 2018) aim to catalogue natural variations
that exist in cultivated and wild rice and utilize the
information to identify genes and genomic regions
that can be used to drive the next generation of crops
in the era of climate change.

Globally, 45 Mhm® of irrigated and 32 Mhm® of
rain-fed agricultural lands are affected by salinity
(http://www.fao.org/soils-portal/en/). Cultivated rice, O.
sativa, is highly sensitive to salinity at both seedling
and reproductive stages (Moradi et al, 2003). Salinity
tolerance in many plant species, including rice, is
inversely related to the extent of Na" accumulation in
the shoots (Kumar et al, 2015; Hoang et al, 2016).
High-affinity K~ transporter (HKT) gene family members
play a central role in controlling Na“ accumulation
and thus, in conferring salinity tolerance (Ren et al,
2005; Munns et al, 2012; Byrt et al, 2014; Yang et al,
2014; Jiang et al, 2018). HKT transporters are classified
into two sub-types based on gene organization, protein
structure and ion specificity as: sodium uniporters
(Type 1) and sodium/potassium symporters (Type II).
Type I and II HKTs show characteristic differences in
the selectivity filter (SF) conferring ion specificity: the
amino acid in the first pore domain (PD) of the HKT
protein is the main distinguishing feature (Platten et al,
2006). Members of Type I show a serine residue in the
SF, while the remaining three amino acid residues in
the SF are glycine (S-G-G-G motif). Type II HKTs
show a ‘G’ at all positions in the SF (G-G-G-G motif).
However, exceptions to this rule have been reported,
implicating additional residues in conferring cation
specificity (Ali et al, 2016).

While only one HKT gene AtHKTI occurs in
Arabidopsis (Rus et al, 2001, 2004; An et al, 2017),
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dicot as well as monocot species show a multiplicity
of HKT genes (Asins et al, 2013; Waters et al, 2013;
Almeida et al, 2014; Véry et al, 2014). Natural
variations in HKTI (allelic differences related to
amino acid substitutions and/or expression differences)
have been associated with conferring salinity tolerance
in both 4. thaliana and cereal crops (among cereal
crops, specifically Type 1 HKTI;5s) (Munns et al,
2012; Busoms et al, 2018; Jiang et al, 2018). HKT1;5
is a plasma membrane transporter that retrieves Na"
from root xylem vessels (loaded/transferred to
adjacent parenchyma cells), reducing xylem sap Na"
loading and minimizing Na  transport to shoot.
Introgression of Nax2 (TmHKTI,5-A) from Triticum
monococcum into salt sensitive durum wheat (lacking
HKTI;5-A) confers significant reduction in leaf Na"
concentration and enhances grain yield on saline soils
(Munns et al, 2012). The KNA! locus (harbouring
TaHKTI,;5-D) in bread wheat is associated with salinity
tolerance, and RNAIi silencing of 7TaHKTI;5-D in
transgenic bread wheat leads to leaf Na” accumulation
(Byrt et al, 2014). In rice, allelic variation in
OsHKTI;5 at the Saltol locus is associated with
salinity tolerance, and four amino acid changes in the
OsHKT1;5 sequence confers differential Na' transport
characteristics (Ren et al, 2005; Thomson et al, 2010).
Variations in OsHKT1;5 expression levels in the roots
of rice landraces also directly correlate with salinity
tolerance (Cotsaftis et al, 2012). In maize, two SNPs
in the coding region of ZmHKTI;5 are significantly
associated with variations in salt tolerance (Jiang et al,
2018). More recently in barley, natural variation in
HvHKTI;5 expression is associated with sodium
exclusion from shoots (van Bezouw et al, 2019), and
functionally compromised alleles of HvHKTI;5 (due
to mis-localization and/or altered Na" transport activity)
increase shoot and grain Na' contents (Houston et al,
2020). Thus, allelic variation in HKTI;5 has the
potential to affect shoot Na™ content and hence, plant
fitness under salinity.

HKTI,;5 diversity has been examined in O. sativa
accessions in relation to salinity tolerance through
microarray, allele mining, Ecotype Targeting Induced
Local Lesions IN Genomes (EcoTILLING) and
genome-wide association study (GWAS) approaches
(Cotsaftis et al, 2012; Negrao et al, 2013; Platten et al,
2013; Yang et al, 2018), and in select wild rice AA
genome species, through PCR sequencing based
approaches (Mishra et al, 2016). Among other wild
rice species, HKT1,;5 has been examined in detail only
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in halophytic O. coarctata (Somasundaram et al, 2020).
The study surprisingly showed that the OcHKT1;5-K
homolog encodes a low affinity Na" transporter while
O. coarctata is a species growing in saline habitats.
Crucial amino acid changes conferring low affinity
Na' transport occur in the extracellular loops in
OcHKT1;5-K, implying that crucial amino acid
variation(s) in HKT1;5 have the potential to affect Na
transport characteristics. In the present study, we
examined the diversities of HKT1;5 open reading frame
(ORF) in nine Oryza species (including homoeologous
sequences from tetraploid O. coarctata) (Table S1)
and HKTI;5 expression under salinity in wild and
cultivated Oryza species, and identified key
complementary amino acid residue changes in O.
coarctata HKT1;5-K/L homoeologous sequences that
potentially control affinity for sodium. We also
reported conserved orthologous gene sets between
annotated O. coarctata bacterial artificial chromosome
(BAC) DNA harbouring OcHKT1;5 and an analogous
region on chromosome 1 of O. sativa ssp. japonica
(IRGSP 1.0; https://rgp.dna.affrc.go.jp/IRGSP/Build2/
build2.html). Finally, we examined HKT1;5 haplotype
diversity in wild progenitor rice species and compared
it with cultivated Asian rice accessions. Our data
suggested that potentially new haplotypes present in
the wild rice gene pool can be used to enhance the
cultivated HKT1;5 gene pool for enhancing salinity
tolerance.

RESULTS
Oryza HKTI;5 ORF features

HKT1;5 lengths in the nine examined Oryza species
range from 521 to 555 amino acid residues and show
significant identity with previously reported O. sativa
HKTI1;5 sequences at NCBIL. The HKTI;5 coding
region is spread across three exonic segments and the
ends of Exons 1 and 2 are indicated by red arrows in
Fig. S1. The predicted structure of HKT1;5 contains
four transmembrane-P loop-transmembrane (MPM)
motifs analogous to Ktr/Trk in bacteria/fungi (Su et al,
2015). A homology based 3D model for OsHKT1;5
has been proposed, with a similar MPM mode of
organization (Cotsaftis et al, 2012). The S-G-G-G
motif that constitutes the sodium SF in OsHKT1;5
(SF;, VSSM; SF,, NCGF; SF;, HSGE; SF,, NVGF)
are absolutely conserved in all Oryza HKT1;5 examined
(Cotsaftis et al, 2012; Waters et al, 2013; Su et al,
2015). Exon 1 of Oryza HKTI;5 encodes three pore
helices (PH,—PHj3) and three selectivity filters (SFi—

SF;), while Exon 2 encodes PH, and Exon 3 encodes
SF,;. In the fourth MPM domain, two conserved
cysteine residues close to SF, have been predicted to
control dimerization (Su et al, 2015) while adjacent
arginine and lysine residues have been implicated in
controlling free cation permeation (Kato et al, 2007).
The four amino acid residues following SF, are
absolutely conserved in all Oryza HKT1;5 sequences.

Oryza HKTI;5 sequences are organized into four
main clades, in which Oryza HKT1;5 sequences from
Oryza AA genome cluster together in subclade 1
(Clade 1), while Oryza HKT1;5 sequences belonging
to BB, BBCC and CC genome clusters in subclade 2
(Clade 1). O. alta (CCDD), O. brachyantha (FF) and O.
coarctata (KKLL) HKTI1;5 sequences form three
distinct clades (Fig. S2-A). Within Oryza AA genome,
0. glaberrima and O. barthii HKT1;5 sequences show
the highest degree of relatedness (0.00480) while O.
coarctata HKT1;5 shows the highest genetic distance
from other Oryza HKT1;5 sequences examined (Fig.
S2-B).

Ka/Ks (ratio of non-synonymous and synonymous
substitutions) was computed for three HKT'1;5 exonic
regions. Ka/Ks is less than one for the Ist exonic
region for all pairwise combinations across Oryza
species, indicative of purifying selection (Fig. S2-C).
Negative Tajima’s D and Fu and Li’s D statistical
scores for Exon 1 (Table S2) indicate low frequency
polymorphisms in this region, reflective of the
presence of highly conserved amino acid residues. For
the 2nd and 3rd exons, 10 pairwise combinations of
Oryza AA genome HKTI;5 sequences show non-
synonymous substitutions (Ks = 0; Fig. S2-D and -E).
For these AA Oryza genome species, non-synonymous
substitutions are indicative of positive selection.

Signatures of SNP conservation in HK71;5 ORF
are evident across Oryza species

Lineage specific SNPs and insertions are evident in
Oryza HKTI;5 ORF sequences. Thus, all Oryza AA
genomes show the presence of a characteristic 9-bp
insertion (resulting in the addition of consecutive three
amino acid residues ‘YSS’ as shown in Fig. S1). Also,
only Oryza AA genome shows the presence of a
‘CTGATC’ sequence that codes for ‘LI’ (amino acid
positions 320-321 for O. sativa, O. rufipogon and O.
nivara; 321-322 for O. barthii and O. glaberrima).
Other Oryza HKTI;5 sequences examined show the
presence of ‘CGGCGG’ at the same position, which
codes for ‘RR’. Both the ‘YSS’ insertion and the ‘LI’
change are seen in Oryza AA genome HKTI:5
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sequences occur in the region immediately following
the MPM domains 1 and 2 (Exon 1), respectively.

HKTI;5 ORFs from African cultivated rice O.
glaberrima and its progenitor species O. barthii, show
distinct SNP conservation patterns from other Oryza
AA species (O. sativa and O. nivara). These include:
four non-synonymous variations [S365 (AGC), R144
(CGC), P338 (CCG) and S508 (TCC)], three
synonymous substitutions [T187 (ACT), A238 (GCA)
and P298 (CCA)] and an insertion (GAC; coding for
T204) (Fig. S3). This insertion of a codon results in
one extra amino acid residue in the O. glaberrima and
O. barthii HKT1;5 sequences vis-a-vis O. sativa ssp.
indicaljaponica and O. nivara HKT1;5 sequences.
The SNPs appear to be lineage specific based on our
data and are also observed in O. glaberrima and O.
barthi HKTI;5 sequences reported at NCBI (nr and
wgs databases; Table S3). Non-synonymous variations
mostly occur in the intervening regions between the
MPM domains or within structurally undefined
regions within a given MPM domain (R144, R184 and
S508). However, a few non-synonymous variations
occur in structurally defined regions within a given
MPM domain (T204, P338 and S365).

Rice Science, Vol. 29, No. 1, 2022

Negrdo et al (2013) reported both synonymous and
non-synonymous variations in OsHKTI,;5 sequences.
We also examined non-Oryza AA genome HKTI;5
ORF sequences for presence or absence of non-
synonymous SNPs in Oryza species (Table 1). Oryza BB
genome HKTI;5 sequences [O. punctata (BB)/O. minuta
(BBCC)] share three non-synonymous substitutions
G121 (GGT), R160 (CGC) and A305 (GCG), and the
amino acid residues of G121 and R160 lie between
helices Dym, and D,m;,, while A305 occurs in the
Dsm; helical region.

HKTI;5 expression under salinity treatment

With the exception of O. nivara and O. glaberrima, all
Oryza AA genome species showed upregulation of
HKTI,;5 expression in leaf tissues under salinity. In O.
brachyantha leaf tissue, HKTI;5 expression levels
were downregulated under salinity, and in O.
australiensis leaves, HKTI;5 expression levels were
upregulated under salinity (Fig. 1). HKT1;5 expression
was significantly upregulated only in root tissues of O.
barthii, O. glaberrima, O. minuta and O. officinalis. In
O. punctata, HKTI;5 expression in both leaf and root
tissues appeared to be unaltered under salinity.

Table 1. Non-synonymous amino acid substitutions in O. sativa HKT1;5 sequences reported by Negrio et al (2013) and comparison with those

from Oryza species.

O. sativa O. sativa
(Negrdo et al, 2013) ! 2 3 4 > 6 7 8 i 10 1 (Platten et al, 2013)
S2N S S S S S S S S S S S JQ695816: N
F66L F F F F F F F F F F F F
T67K T T T T T T T T T T T T
A123P A A A A A G G A A A T JQ695818: P
DI128N D D D D D - - H H - H JQ695815: N
S134N S S S S S - - - - S - JQ695818: N
*P140A P A P P P P P P JQ695815, JQ695814, JQ695812,
JQ695817: A
P144R P P P R R T T T T P L P
V162L v Vv F \ \Y% \Y% \Y% \% \Y% I N \%
*R184H R H R R R S S S G S S JQ695814, JQ695812, JQ695817: H
S197p S S S S S - - - - - - JQ695818
L231v L L L L L L L L L L L L
A233V A A A A A \Y% \Y% I \Y% \Y% I JQ695818
*H332D H D D D D D D D D D D JQ695814, JQ695812, JQ695817,
JQ695816, JQ695818: D
S338P S S S P P A A S S S S S
V349M vV Vv v \Y% \Y% \Y% \Y% v v v v \%
G364S G G G S S A Y Y G G G G
*L395V L Vv v v \Y% \Y% \Y% v \Y% \Y% \Y% AllV
P508S P P P S S P P P P P P P
L531F L L L L L L L L L L L L
Q429K Q Q K Q Q Q Q Q Q Q Q JQ695818, JQ695816: K

1, O. sativa ssp. japonica (AA); 2, O. sativa ssp. indica (AA); 3, O. nivara (AA); 4, O. glaberrima (AA); 5, O. barthii (AA); 6, O. punctate (BB); 7,
0. minuta (BBCC); 8, O. officinalis (CC); 9, O. alta (CCDD); 10, O. brachyantha (FF); 11, O. coarctata (KKLL).

Blue, green or yellow colours indicate conserved amino acid residues in related Oryza species. Corresponding amino acid residues in O. sativa
HKTI;5 sequences (landraces/varieties) reported by Platten et al (2013) are indicated in the last column. Amino acid changes highlighted in purple
were identified in the 3K-rice genomes dataset. * indicates amino acid differences in OsHKT1;5 sequences reported by Ren et al (2005). ‘-’ indicates

absence of the residue in specified Oryza species.
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Fig. 1. HKTI;5 expression in Oryza species in leaf and root tissues under control and salinity treated conditions (incremental salinity application).
Data are Mean + SE for two biological replicates (each biological replicate was analyzed by qRT-PCR twice, each time in triplicate). Gene expression
was quantified using the comparative CT (2"*2“") quantitation method with values representing ‘n’-fold difference relative to the housekeeping control
gene fS-Actin. Significance was calculated using the Student’s #-test. **, P <0.01, *** P <0.001 and **** P <0.0001.

O. coarctata BAC clone Oc_Ba_0043B0S sequencing
and annotation, and comparison of OcHKT1;5-K
and -L orthologous regions

Shotgun sequencing of O. coarctata BAC clone
Oc_Ba 0043B05 produced 56 223 high quality reads,
with a mean read length of 603 nucleotides and
maximum modal read length of 772 bp (Table S4).
About 98% of reads were assembled into 4 contigs,
with the largest contig being 151 038 bp. Contig
sequence was vector trimmed and the remaining 143 522
bp sequences were repeat masked (37.2%; 53 390 bp).
RepeatMasker annotation predicted 46 retroelements
(31.2%; 1 L1/Cin4, 18 Tyl/Copia and 27 Gypsy/DIRS1)
and 37 DNA transposons (5.1%) (Table S5). Of the 26
predicted gene models (12 gene models on the coding
strand and 14 on the non-coding strand) analyzed
using BLASTN, 18 (77.0%) genes that had no any
significant hits to cDNAs, expressed sequence tags or
known proteins and were not conserved in other
reported Oryza genomes were eliminated. Among the
eight remaining gene models, five are known to be
present in japonica on chromosome 1. Exon/intron

structures of the five genes were manually refined (Fig.

2). Of these, two gene models were supported by O.
coarctata transcriptome data (unpublished), while
exon/intron structure of the third (OcHKTI;5) was
verified by gRT-PCR and cDNA cloning. The
remaining three gene models are retrotransposons with
similar organization reported from maize, Saccharum
and spinach. MYB-P to OcHKTI;5 in the annotated O.
coarctata BAC DNA clone (11 377-117 064 bp) was
compared with an analogous region (coordinates
11 350 487—-11 463 437 on chromosome 1) from O.
sativa (japonica). O. sativa (japonica) contains an
additional insertion of 7 263 bp, which includes two
extra genes (Os01g0306200 between elF4BI1 and
DOGI; Os01g0306800 between DOGI and DUF789),
suggesting insertion/deletion events have occurred in
this region of chromosomal DNA during Oryza
speciation.

A single syntenic block between the O. sativa
(Saltol) locus (9.02 Mb—-15.38 Mb) and 143 kb BAC
Oc_Ba_ 0043B05 sequence can be identified (Fig. S4).
The exons 1 and 3 of OcHKTI,5-L and OcHKTI,5-K
are roughly similar in length while the exon 2 differs
in size (Fig. 3-A). OcHKT1;5-L (535 amino acid
residues) is 14 amino acids longer than OcHKT1;5-K
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Fig. 2. O. coarctata BAC clone Oc_Ba_0043B05
sequencing and annotation.

36
B BAC Oc_Ba_0043B05 (O. coarctata)
143 522 bp
MYB-P elF4B1 DOG1 DUF789 OcHKT1;5

A, Genomic alignment of O. -coarctata
Oc_Ba 0043B05 sequence with orthologous
region of O. sativa (japonica) on chromosome 1.
Predicted FGNESH gene models are indicated
by pink boxes while retrotransposon gene models
are indicated by grey boxes. Red arrows indicate

11 463 437

\% V
11 350 487 . .
OsO1\(]03059800190306 0o 50190306400/ \ Os01g0306900 050190307500
(OsHKT1,5)
—_—
OsO1g0306200 0s0190306800
B

Myb-related

protein P (MYB-P) -/\-

Single exon
DOG1-like proteun

Eukaryotic translation
mmatlon factor 4B1
(elF DUF789 M

OGHKT1:5 -/\di

.Gene.Retrotransposon . 375" UTR . Exon

Myb-related protein P * XM_015772678.1

Eukaryotic translation

initiation factor 4B1 e 2 Sl 915790683.1
DOG1-like protein 669 1 XM_015787632.1
DUF789 " 1056 6 XM_015790183.1
OcHKT1;5-K* 1563 XM_015832875.1

(521 amino acid residues), of which a nine amino acid
residue insertion occurs between the 3rd and 4th SFs
(Fig. 3-B). OcHKTI;5-L and -K homoeologous
sequences show 81.2% identity and are more similar
at their C-terminal ends.

Comparative homology modeling of OcHKT1;5-L

The OcHKT1;5-L model has four domain repeat structures,
similar to the previously reported OcHKT1;5-K and
OsHKTT;5 models (Cotsaftis et al, 2012; Somasundaram
et al, 2020). Of the four key amino acid changes in
OcHKTT1;5-K occurring loops on the extracellular side,
a positively charged residue near the ion pore entrance,
K239, accounts for its lower affinity and higher Na"
conductance vis-a-vis OsHKT1;5-Ni (Somasundaram
et al, 2020). In comparison, O. sativa OsHKT1;5-Ni
has a negatively charged amino acid residue at the
same position, conferring 16-fold higher affinity
transport. Hence, amino acid residue level differences
between OcHKT1;5-K and -L type models within a
2-nm radius of the pore region as well as transporter
surface electrostatics were compared to understand

gene orientation. Orthologous region in japonica
is indicated by a green line. Gene models -V
are present. In addition, two gene insertions are
also present in the japonica sequence that are
absent in the assembled O. coarctata BAC
sequence.

B, Predicted exon/intron organizations of gene
models (I-V) for O. coarctata Oc_Ba 0043B05
sequence are conserved in japonica rice.

C, Predicted protein lengths of models I-V and
accession numbers of corresponding japonica
transcript orthologs. Asterisks indicate gene
models validated in O. coarctata transcriptome
or by qRT-PCR (unpublished).

their potential effects on ion
conductance/affinity (Fig. 4). Key
=ngiiiag amino acid residues at the entrance

317 such as E81, E83, G215, K216 and

204 R217 are conserved Dbetween
- OcHKTl.;S-K .and .-L. However,
= other residues including K239 and
5 D314 in OcHKT1;5-K were found

to be replaced by E242 and R338 in
OcHKT1;5-L (Fig. 4-A and -B).
This ‘swapping’ of oppositely charged residues would
potentially ‘expand/increase’ the ion pore entrance,
thereby enhancing its affinity for Na™ transport. In
addition, surface electrostatics suggested that the
region around the pore entrance in OcHKT1;5-L was
enriched in positively charged amino acid residues,
while a similar region in OcHKT1;5-L was not so
enriched in positively charged residues (including
R338). This difference in surface electrostatics may
have a regulatory role in controlling ion ‘approach’
(Fig. 4-C and -D).

HKTI;5 diversity in 3K-RG dataset

Seventy-six bi-allelic SNPs were identified in the
OsHKTI;5 sequence across 3K-RG dataset reported
by Wang L et al (2018). Of these, eight are non-
synonymous substitutions (Fig. 5). Seven non-
synonymous substitutions occur in Exon 1 and one in
Exon 2. Introns 1 and 2 show 46 and 12 SNPs,
respectively. Non-synonymous SNPs result in the
following amino acid changes in OsHKTI;5 sequence:
(i) rs11463271C/T (Ser2Asn), (ii) rs11462894C/T
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Fig. 3. Alignment of O. coarctata HKT1;5 homoeologous genomic and protein sequences.

A, Dot plots showing four aligned regions of O. coarctata Oc_Ba_0043B05 sequence (143 522 bp) and OcHKT1;5-L genome (2 746 bp) sequences.
BAC clone coordinates corresponding to four regions of homology (encompassing OcHKT1,;5-K) with OcHKTI;5-L are indicated: (i) 115 810 to
117 107 (88% identity), (ii) 112 615 to 113 365 (87% identity), (iii) 115 067 to 115 333 (84% identity), and (iv) 113 686 to 114 009 (81% identity).

B, Alignment of OcHKT1;5-K (521 amino acid residues) and OcHKT1;5-L (535 amino acid residues) translated open reading fragments. The
selectivity filter residues ‘S-G-G-G’ are marked by red asterisks while the selectivity filters are boxed in red. Conserved amino acid residues near the
ion pore entrance crucial to ion transport are marked by a red dot. Amino acid residues indicated by red, green, dark blue or purple dots occur near the
ion pore entrance and are the same in OcHKT1;5-K and OcHKT1;5-L. Resides marked by pink and light blue dots near the ion pore entrance show
opposite charges in OcHKT1;5-K and OcHKT1;5-L. Pink asterisks indicate residues that are part of an extracellular putative cation coordination site.
Black asterisks indicate residues that differ between OcHKT1;5-K and OcHKT1;5-L and either occur in transmembrane segments or in loops oriented
towards the ion pore entrance.

(Asp128Asn), (iii) rs11462858G/C (Prol40Ala), (iv) rs11462093G/C (Leu395Val), and (viii) rs11460344G/T
rs11462792C/T (Vall62lle), (v) rs11462725C/T (GIn429Lys) (Fig. S5). The eight non-synonymous
(Argl84His), (vi) rs11462282G/C (His332Asp), (vii) SNPs identified are highlighted in Table 1.

3K-RG accessions have been
A ! OcHKT1;5K B OcHKT\;;S-L classified into nine main and three
1 admixed sub-populations (Wang W
S et al, 2018). We mapped each
non-synonymous SNP to the 12 sub-
populations (Fig. S5). SNPs rs11463271
and 1rs11462894 are both C—-T

. Fig. 4. Homology models and electrostatic
maps of OcHKT1;5-K and OcHKT1;5-L
proteins.

A and B, Model monomers of OcHKT1;5-K (A)
and OcHKT1;5-L (B). Key residues at the pore
entrance are highlighted as spheres, and the
length between residues has been measured.
Extracellular cation coordination sites (magenta)
and residue differences within 2 nm from the
pore region of both model (blue) are highlighted.

C and D, Comparative electrostatic maps of
model generated for OcHKT1;5-K (C) and
OcHKTI;5-L (D). Blue color indicates towards
positive charge, while red color denotes
negative charge. Majority of the residues at the
pore region are negatively charged residues.
Key amino acid residues or changes at the pore
entrance have been marked.
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Fig. 5. SNPs identified in OsHKTI;5 in 3K-rice genomes (3K-RG).
A, Distribution of SNPs in the OsHKTI;5 genomic sequence in
3K-RG. SYN SNP, Synonymous substitutions in exonic regions (EI,
E2 and E3); Non-SYN SNP, Non-synonymous substitutions in exonic
regions; SNP (NC), SNPs in intronic regions (I1 and 12).

B, Circus based representation of SNPs and respective positions in
OsHKTI;5 genomic sequence. SNP numbering as per IRGSP 1.0
(Chromosome 1). Outermost track represents SNPs and their respective
positions (blue box at the top of the figure signifies the first
polymorphic position; non-synonymous SNPs are indicated by orange
boxes). Starting from outside, the second, third, fourth and fifth tracks
represent the nucleotides adenine (red), thymine (blue), guanine
(orange) and cytosine (green), respectively, with the height of each bar
representing its frequency in the 3K-RG.

transversions, with the major ‘C’ allele (Ser2 and
Asp128) distributed across all the 12 sub-populations,
and the minor ‘T’ allele (Asn2 and Asnl28)
predominates in Ind (XI) and Aus (cA) (rs11463271)
and Ind (XI) (rs11462894) categories, respectively.
For SNP rs11462858, ‘G’ (Pro140) and ‘C’ (Alal40)
alleles occur at almost equal frequencies in the 3K-RG
population, with the ‘G’ allele occurring in the GJ,
XI-3 and XI-adm sub-populations, and the ‘C’ allele
occurring in the complementary XI, cA and cB sub-
populations. The ‘C’ (Vall62) allele is predominant
across all the sub-populations for SNP rs11462792,
and the extremely rare ‘T’ (Ile162) allele occurs only
in the XI-3 and XI-adm categories (1.7% of 3K-RG
population). For SNP rs11462725, the major ‘C’
(Argl84) allele occurs in all the sub-populations while
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the minor ‘T’ (His184) allele (20% of 3K-RG
population) occurs near exclusively in the XI, cB and
cA sub-populations. The minor ‘G’ allele for SNPs
rs11462282 (Asp332) and rs11462093 (Val395)
occurs primarily in the GJ accessions, while the major
‘C’ allele for SNPs rs11462282 (His332) and
rs11462093 (Leu395) occurs in the XI, cA and cB
sub-populations. For SNP rs11460344, the major ‘G’
(GIn429) allele is present in all the sub-populations
while the minor ‘T* (Lys429) allele occurs only in
some XI and cA accessions.

Cultivated rice HKT1;5 sequences (Wang L et al,
2018) were sorted into haplotypes for the eight
predicted amino acid changes (Fig. 6-A and -B).
Based on the 8 predicted amino acid changes in the
OsHKT1;5 sequence, 10 haplotypes were identified
that constitute 95% of the sequences analyzed (Fig.
6-B). The remaining OsHKTI;5 sequences are
heterozygous at one or more SNP positions in 3K-RG.
Haplotypes 2 and 10 correspond to HKT1;5 sequences
seen in the salt sensitive genotype Koshihikari (also
Nipponbare, IRGSP 1.0) and salt tolerant genotype
Nona Bokra (Ren et al, 2005), respectively, and differ
from one another at four amino acid residues (P140A,
R184H, H332D and V395L) (Fig. 6-B and -C).
Haplotypes 2 and 8 show maximum number of
accessions. Haplotypes 3 and 6 have the least number
of accessions (three each). Haplotype 6 differs from
Haplotype 10 at one amino acid residue (P140A),
while Haplotypes 5 (P140A and R184H) and 8 (D128N
and R184H) differ at two amino acid residues.
Haplotypes 1 (P140A, V1621 and R184H) and 3
(P140A, R184H and Q429K) differ at three amino
acid residues from Haplotype 10. Haplotypes 4 (S2N,
P140A, R184H and Q429K) and 9 (D128N, R184H,
H332D and V395L) differ at four amino acid residues
from Haplotype 10. Haplotype 7 differs from Haplotype
2 only at one amino acid residue. If Haplotypes 2 and
10 are considered as templates for ‘sensitive’ and
‘tolerant’ HKT1;5 sequences, then only Haplotype 7
groups with Haplotype 2 while Haplotypes 1, 3, 4, 5,
6, 8 and 9 group with Haplotype 10. Haplotypes 1 and
6 share the R184H amino acid residue change while
the S2N amino acid residue change occurs only in
Haplotype 4 and the Q429K amino acid residue change
is seen in Haplotypes 3 and 4. P140A is seen in
Haplotypes 8, 9 and 10. Consistent with the available
population structure information, ‘salt sensitive
HKT1;5” Haplotype 2 (and related Haplotype 7) occur
predominantly in the GJ (japonica) accessions while
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the ‘salt tolerant HKT1;5” Haplotype 10 occurs in the
XI (indica) accessions as well as in the cA and cB
groups. Haplotypes 1, 4, 5, 8 and 9 show a population
distribution similar to Haplotype 10. Haplotype 1 is
exclusively associated with the XI-3 sub-population.
XI accessions occur majorly in Haplotype 8.
Combining wild rice and cultivated rice HKTI;5
sequences for haplotyping analysis showed that wild
rice HKT1;5 haplotypes occur in multiple nodes with
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Fig. 6. Haplotyping of HKT1;5 in
wild and cultivated rice.
A, Only a subset of haplotypes seen
in progenitor wild rice species (O.
rufipogon and O. nivara) is seen in
3K-rice genomes (3K-RG).
B, Haplotypes recognized with
reference to 8 non-synonymous amino
acid residue changes in OsHKTI;5
sequence and their distribution in 12
sub-populations (Wang W S et al,
2018) within 3K-RG [Amino acid
changes indicted in bold are also
referenced in Ren et al (2005)].
Haplotypes 2 (blue) and 10 (red)
correspond to HKTI;5 sequences
seen in salt sensitive genotype
Koshihikari (also Nipponbare, IRGSP
e 1.0) and salt tolerant genotype Nona
e Bokra (Ren et al, 2005), respectively,
and differ from one another in four
amino acid residues indicated above.
Occurrence of rare amino acid
substitution in each haplotype is
indicated in yellow. Haplotypes 11—
15 are heterozygous at one or more
amino acid residue positions.
C, Haplotype network inferred for
OsHKTI;5 for the 3K-RG dataset.
Each circle represents a haplotype.
and the size of each circle is
proportional to haplotype frequency
in the population.

sativa (indica)
sativa (japonica)
sativa (aus)

sativa (admixed)
rufipogon/Q. nivara
barthii/O. glaberrima

cultivated rice accessions
(Fig. 6-A). However, more
importantly, there also occur
nodes that are specific only
for wild rice. This suggested
that only a fraction of the
wider wild rice HKTI;5
diversity has been passed
onto cultivated rice.

DISCUSSION

Wild relatives of cultivated
rice constitute an important
reservoir for crop improve-
ment as they are adapted to
different biogeographic ranges as well as to a wide
variety of biotic and abiotic conditions (Stein et al,
2018). While the sequence diversity of the sodium
transporter HKT1;5 has been examined in cultivated
rice O. sativa (Negrao et al, 2013; Platten et al, 2013), its
diversity in Oryza species has been examined to a
limited extent (Mishra et al, 2016). The present study
filled this gap. The present data reported additional
HKTI;5 sequences from one diploid (O. officinalis)

= GJ-adm
u Admix
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and three tetraploid Oryza species (O. minuta, O. alta
and O. coarctata). Among these, O. coarcata is
halophytic and saline tolerant (Bal and Dutt, 1986;
Sengupta and Majumder, 2009; Rajakani et al, 2019).

Expansion of HKT1;5 ORF during Oryza evolution

The HKTI;5 ORF appears to have undergone an
expansion during the course of Oryza genome
evolution, with two regions of the HKT1,;5 ORF being
sites of sequence insertions. The first major region in
exon 1, comprising of multiple non-contiguous sequence
blocks, occurs between regions coding for the first
two MPM domains (between D;m, and D,m;,) (Fig.
S1) and occurs exclusively in Oryza AA genome
HKTI;5 sequences. This region is predicted to be
intracellular and shows a serine rich tract that may be
subject to post-translational modifications (Negrdo et al,
2013). Similarly, the second minor region with
sequence insertion occurs in exon 2 and precedes the
region coding for the fourth MPM domain. This
second region occurs in Oryza BB, CC and BBCC
genomes and is absent from Oryza AA genome
HKTI;5 sequences. On the other hand, stretches
coding for HKTI1;5 MPM domains are relatively
conserved. Exon 1 in Oryza HKTI;5 codes for three
of four MPM domains and sequence stretches that
occur between the MPM domain coding regions are
sites of insertions or deletions. These include the nine
nucleotide insertions (coding for ‘YSS’) in exon 1 of
Oryza HKTI,;5 sequences, a 6-bp change (CTGATC)
in exon 2 of Oryza AA genomes. In addition, lineage
specific changes in African cultivated rice, O.
glaberrima and its progenitor species, O. barthii, also
occur in the intervening regions between the MPM
domains or within structurally undefined regions
within a given MPM domain.

HKTI;5 expression in Oryza species under salinity

Root-specific upregulation of HKTI;5 is associated
with salinity tolerance in O. sativa (Ren et al, 2005;
Prusty et al, 2018). Our data suggested that HKTI,5
expression in roots is upregulated in O. sativa (FL478;
salinity tolerant), O. sativa (japonica), O. barthii, O.
glaberrima, O. minuta and O. officinalis while down-
regulated in O. sativa (Nona Bokra), O. alta under
salinity. Prusty et al (2018) reported root-specific
upregulation of HKTI;5 expression in both salinity
tolerant and sensitive O. sativa cultivars as well as
Oryza CCDD species under salinity. Our data suggested
that root-specific HKT1;5 expression in the sensitive
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O. sativa (IR28) is unchanged under salinity and
reduced in O. alta (CCDD). The salinity regime
utilized in this study was planned to account for the
ionic effect of Na” on HKTI;5 expression. OsHKTI;5
is expressed in phloem of diffuse vascular bundles in
basal nodes of Dongjin rice and prevent Na' transfer
to young leaf blades, thereby protecting leaf blades from
salt stress injury in the growing phase (Kobayashi et al,
2017). The expression data here, upregulation of
HKT1I;5 expression in leaf blades of most Oryza AA
species that may have an additional role in the Oryza
species and is worth exploring further.

Genomic regions encompassing OcHKT1;5-K show
additional genes in more evolved Oryza genomes

HKTI;5 homoeologous sequences from allotetraploid
halophytic wild rice O. coarctata (KKLL) are reported
here. Both OcHKT1I,;5 translated ORFs (Homeologs K
and L; Fig. 3) show closer identity to O. brachyantha
HKTI;5 (81%—87%). O. brachyantha is a more ancestral
species (Mondal et al, 2018; Stein et al, 2018) that
diverged from O. coarctata around 10 millions years
ago (MYA). Closer identity of both homoeologous O.
coarctata HKTI;5 sequences with O. brachyantha
HKTI,;5 is consistent with this. The Oryza HKT1;5
evolutionary tree places O. alta HKTI;5 sequence
intermediate between O. coarctata and other members
of the O. officinalis complex (O. punctata, O. minuta
and O. officinalis). Oryza B-C genome split occurred
about 4.8 MYA, with CCDD tetraploids arising 0.9
MYA and BBCC tetraploids arising 0.3-0.6 MYA
(Wang et al, 2009). Annotation of the 143 kb BAC
clone (with the O. coarctata HKT1;5-K homoeolog)
and comparison with corresponding O. sativa ssp.
Jjaponica (IRGSP 1.0) sequence suggested that two
additional genes are present in japonica, resulting in
an additional 7 263 bp sequence insertion. Analysis
(https://plants.ensembl.org/) suggested that the two
insertion/deletion events have occurred independently
in time and in different lineages during Oryza genome
evolution. Thus, Os01g0306200 orthologs occur in all
Oryza AA genomes examined and also in O. punctata
(BB genome) on chromosome 1, but not in O.
brachyantha (FF). Nevertheless, Os01g0306800 orthologs
occur only in Oryza AA genome on chromosome 1,
suggesting that this gene insertion/deletion event is
relatively recent and probably originates prior to
diversification of Oryza AA genome from other
ancestral Oryza species. In other Oryza genomes [O.
nivara (AA), O. punctata (BB) and O. brachyantha
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(FF)], the closest homolog is present on chromosome
8 (ONIVA08G11000, OPUNC08G09620 and OB08G-
18970; https://plants.ensembl.org/).

Comparative homology models for OcHKT1;5-K
and -L identify complementary amino acid residues
in OcHKT1;5-L that potentially enhance affinity
for Na" transport

Modeling of homoeologous OcHKT1;5 structures
suggested that OcHKT1;5-L may have a higher
affinity for Na™ transport, compared to the previously
characterized OcHKT1;5-K that attributes to ‘swapping’
of positive and negatively charged amino acid residues
at the ion pore entrance. In addition, a cluster of
positively charged residues in the vicinity of the pore
entrance in OcHKT1;5-L may constitute one of the
many regions that ions pass through before entering
the pore. A positively charged surface in the vicinity
of the ion pore may have a ‘repelling’ effect on Na"
ions, directing them towards the ion pore. This differs
from the negatively extracellular cation coordination
site identified in OsHKT2;2 that appears to modify
ion transport kinetics by sequestering ions briefly
before movement towards the ion pore (Riedelsberger
et al, 2019). Further mutagenesis of amino acid
residues identified in OcHKT1;5-L coupled with
transport studies will have to be carried out to confirm
their importance in controlling affinity for Na" and/or
kinetics of transport.

Jjaponica rice shows lesser HKT1;5 diversity
compared to indica rice

Ten HKT1;5 haplotypic groups have been identified in
the 3K-RG dataset on the basis of non-synonymous
substitutions. Among these, Haplotypes 2 and 10
correspond to HKT1;5 sequences in the salt sensitive
genotype Koshihikari and salt tolerant genotype Nona
Bokra, respectively. Both these haplotypes constitute a
significant fraction of the 3K-RG dataset and appear
to occur in mutually exclusive GJ (japonica) and XI
(indica) accessions, respectively. In addition, Haplotype
10 also has a significant number of aus (cA) and
aromatic (cB) accessions. Further, Haplotype 8 that
constitutes another significant number in the 3K-RG
dataset differs from Haplotype 10 at two amino acid
residues. Haplotype 8 also occurs in indica accessions
(Fig. 6-B). Analysis of data for 529 accessions
reported by Yang et al (2018) shows a similar
distribution of japonica (Haplotype 2 in this study)

and indica accessions (Haplotypes 10 and 8 in this
study). Finally, Haplotype 10 differs from Haplotypes
6,5, 8, 1 and 3 at 1-3 amino acid residues and all
haplotypes occur in predominantly indica accessions.
However, only Haplotype 7 differs from Haplotype 2
and both occur predominantly only in japonica
accessions. Reduced haplotypic diversity of HKTI;5
in japonica rice pools in this analysis as well as that by
Yang et al (2018) are indicative of reduced diversity
within the founding wild rice pools that contribute to
their origin. At any rate, increased HKT1;5 haplotype
diversity in indica/aus/aromatic accessions would
have been derived independently during multiple
domestication events involving geographically distinct
wild rice pools originally containing the diverse
haplotypes, similar to the Rc and LABAI genes in O.
rufipogon accessions (Civan and Brown, 2017; Wang
W S et al, 2018).

The geographical provenances of Haplotypes 10
and 2 are partially overlapping (Fig. S6). Multiple
independent domestications of Asian rice O. sativa
have contributed to japonica, indica and aus sub-
populations (Huang et al, 2012; Civan et al, 2015;
Wang W S et al, 2018). Evidence suggests that
aromatic rice is a result of hybridization between
Jjaponica and aus, with tropical and temperate versions
of japonica constituting later adaptations of one crop
(Civan et al, 2019). Presence of Haplotype 2 in both
temperate and tropical japonica sub-populations suggests
that the haplotype occurred prior to diversification of
Japonica sub-population. Sensitive and tolerant HKT1;5
Haplotypes 2 and 10 have evolved independently in
japonica as well as indica and aus accessions,
respectively. Haplotype 10 may have been transferred
into the aromatic sub-population from an aus
sub-population, based on the proposed origin of the
aromatic rice sub-population (Civan et al, 2019). The
predominance of specific HKT1;5 haplotypes in the
3K-RG dataset suggested a possible ecophysiological
advantage conferred in a given climatic, edaphic and
geographical context by a given HKT1;5 haplotypic
combination analogous to Arabidopsis AtHKTI™® and
AtHKTI™ alleles (Busoms et al, 2018).

Mishra et al (2016) explored only wild rice within a
defined geographical area of the Indian subcontinent.
A more comprehensive exploration of HKT1;5 diversity
in more geographically diverse areas may identify
additional HKT1;5 haplotypes that can be future
determinants of salt tolerance.
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METHODS
Plant materials and genomic DNA extraction

Eight wild Oryza species (one accession per species) along
with African cultivated rice (O. glaberrima) were selected,
representative of seven genome types (Table S1). Propagules of
halophytic rice O. coarctata were obtained from Pichavaram,
Tamil Nadu, India. Genomic DNA was isolated from leaves of
Oryza species using the CTAB method (Doyle and Doyle,
1987), quantified using Multiskan™ GO Microplate
Spectrophotometer v.3.2 (Thermo Scientific, USA) and also
checked by agarose gel electrophoresis.

PCR amplification and sequencing

Primers (Table S6, primer pairs 1-6) corresponding to the three
exonic regions of OsHKTI;5 were designed to amplify DNA
fragments from genomic DNA regions of Oryza species listed
in Table S1 using proof reading DNA polymerase. PCR
reactions were carried out in a reaction volume of 20 puL with
appropriate genomic DNA (50 ng), 0.5 umol/L each of specific
forward and reverse primers, 2.5 mmol/L dNTPs, proof reading
PrimeSTAR GXL DNA Polymerase (2.5 U) (TaKaRa, USA).
PCR cycling conditions were as follows: 30 cycles of DNA
denaturation (98 °C, 10 s), annealing (60 °C, 15 s), extension
(68 °C, 1-2 min). Amplified products were analyzed by agarose
gel electrophoresis, purified by gel extraction (NucleoSpin Gel
and PCR Cleanup, Macherey-Nagel, USA). Eluted PCR
products were sequenced (Eurofins, India) using both forward
and reverse gene specific primers (Table S6). Subsequently,
specific primers were designed to obtain complete HKTI;5
genomic information for the Oryza species listed above as
overlapping fragments (Table S7).

Sequence analysis

Chromatogram reads (for PCR products) were verified manually
and analyzed by BLAST. The ORF within each assembled
Oryza HKTI;5 sequence was identified based on alignment
with HKTI;5 sequences reported in the NCBI database.
HKT1;5 ORFs were translated using EXPASY (Gasteiger et al,
2003) and aligned using ConSurf (Ashkenazy et al, 2016).
MEGA-X (Kumar et al, 2018) was used to assess pairwise
distances and determine phylogenetic relatedness among the 11
HKT1;5 sequences while DnaSP v 5.0 (Librado and Rozas,
2009) was used to estimate nucleotide diversity.

O. coarctata BAC clone Oc_Ba_0043B05: Sequencing and
annotation

O. coarctata HKTI;5 sequence fragments were isolated by
PCR from O. coarctata genomic DNA (primers used are listed
in Table S6). Based on PCR fragment sequences, 92 O.
coarctata. BAC DNA clones were obtained from Arizona
Genomics Institute, USA [an extended O. sativa genomic
region (+ 250 kb) centered around OsHKTI;5 was used for
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comparison], representing orthologous regions of interest for
each of the O. coarctata allotetraploid sub-genomes (KKLL).
PCR analysis was used to identify one clone for each of the O.
coarctata sub-genomes (KK and LL) that contained the complete
HKTI,;5 orthologous region (L sub-genome Oc_Ba 0027013/
A9 and K sub-genome Oc_Ba 0043B05/B1). Oc_Ba 0027013/
A9 BAC DNA was isolated and using specifically designed
PCR primers (generating overlapping fragments), the
OcHKTI,;5-L homoeolog was PCR amplified as overlapping
fragments from Oc_Ba 0027013/A9 BAC DNA using a proof
reading polymerase and sequenced (Table S6). The sequence of
the largest contig was analyzed by MegaBLAST to trim vector
sequence (pAGIBAC) (Ammiraju et al, 2006).

The assembled O. coarctata BAC DNA sequence
(Oc_Ba 0043B05) was repeat masked with an inbuilt Dfam
curated O. sativa TE library (RepeatMasker 4.0.6). The repeat
masked sequence was annotated using ab initio prediction
program FGENESH 2.6. O. sativa ssp. indica Group was used
as a reference (Solovyev et al, 2006). Annotated and predicted
candidate genes were assigned based on presence of a defined
functional domain and availability of a homolog outside of
Oryza. The annotated Oc_Ba 0043B05 sequence (143 522 bp)
is deposited at NCBI.

O. coarctata BAC clone Oc_Ba_0043B05: Synteny analysis

MegaBLAST and BLASTN were used to align O. coarctata
HKTI,;5-L and -K homoeologous sequences. OcHKTI;5-L (2 746
bp) was queried against OcHKTI;5-K (143 522 bp) using
default parameters by BLASTN. Synteny analysis was
performed using SYMAP (Soderlund et al, 2011). IRGSP 1.0
was used as a reference with default parameters.

Homology modeling of OcHKT1;5-L

OcHKT1;5-K structure has been modeled previously using
crystal structures reported for bacterial potassium transporters
KtrAB from Bacillus subtilis (PDB ID: 4]J7C) and TrkH from
Vibrio parahaemolyticus (PDB ID: 3PJZ) (Somasundaram et al,
2020). The same templates were used to model homoeologous
OcHKT1;5-L. Secondary structures of KtrAB, TrkH and
OcHKT1;5-L sequences were aligned using PsiPred (Jones,
1999). OcHKT1;5-L showed 20.3% identity with TrkH and was
used to model the N- and C-terminal regions, while KtrAB
showing 19.6% sequence identity was used to construct the
core regions of the query protein using Modeller v9.12 (Sali
and Blundell, 1993). Twenty models were generated with five
loop refinement runs per model. The model with the lowest
Discrete Optimized Protein Energy score was selected for
energy minimization using the Optimized Potentials for Liquid
Simulations force field. The modeled structure was validated
using MolProbity for Ramachandran allowed conformations
(Williams et al, 2018) and ProSA (Wiederstein and Sippl, 2007).
Quality checks using the Ramachandran Map showed 93.7% of
the residues were in the allowed regions and 79.7% in
favorable regions (Fig. S7-A). Quality of the model was also
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confirmed using ProSA (Fig. S7-B). The output model was
structurally superimposed on the previously generated OcHKT1;5-K
model (Somasundaram et al, 2020). Electrostatic potential
differences were calculated using Adaptive Poisson-Boltzmann
Solver (Baker et al, 2000) and visualized using Pymol (DeLano,
2002). The previously modeled OcHKT1;5-K and the currently
reported OcHKT1;5-L model showed a good degree of
agreement, based on a root mean square deviation value of
0.233.

RNA isolation and qRT-PCR expression

Seeds of O. sativa ssp. indica cvs. Pokkali, Nona Bokra, FL478
(salt tolerant), IR28 (salt sensitive), O. sativa ssp. japonica, O.
nivara, O. rufipogon, O. barthii, O. glaberrima, O. punctata, O.
alta, O. officinalis, O. brachyantha, O. minuta and O.
australiensis were incubated at 50 °C for 5 d and incubated at
28 °C in dark conditions for germination (5-10 d). Germinated
seeds were transferred to Yoshida medium for one month and
subjected to incremental salinity treatment (25, 50, 75 and 100
mmol/L NaCl) at a 3-d interval. Leaf and root tissues were
frozen for RNA isolation. Total RNA was isolated using
RNAiso Plus (TaKaRa, USA). cDNA was synthesized from 1
ng of DNasel treated Oryza leaf and root total RNA.

First strand cDNA synthesis was performed in a 20 pL
reaction volume with 1 pg of total RNA and Superscript III
(Invitrogen, USA) at 42 °C for 60 min, followed by heat
inactivation at 70 °C for 10 min. Primer pair HKT8 W9 Fwd/
HKT8 W9 Rev (5-ATTCTGGCTCCAACTGCTGTACT-3'/
5-GTGAAGATCAGGTCCAAGTCCAT-3") was used for all
Oryza species except O. sativa ssp. japonica. For the latter,
primer pair HKT8 JP Fwd/HKT8 JP Rev (5-TCTGGATGCC
ACTACTCCTAGATATG-3"/5-AAACCCAAGAGGGAGATGA
AGAG-3") was used, and S-Actin was used as an internal
control. qRT-PCR (Quant Studio 6; Thermo Fisher, USA) was
carried out in a reaction volume of 10 pL [1 pL of cDNA, 5 uL
of 2x TB Green™ Primix Ex Tag™ II (TaKaRa, USA), 0.5 uL
each of a given primer pair with final concentration of 250
nmol/L] under the following cycling conditions: 95 °C (30 s),
40 cycles of denaturation at 95 °C (5 s), annealing and
extension at 60 °C (30 s) in a 96-well optical reaction plate
(Thermo Fisher, USA). Each qRT-PCR reaction was performed
in triplicate to evaluate data reproducibility for two biological
replicates. Amplicon specificity was verified by melt curve
analysis (60 °C-95 °C at 40 cycles). Gene expression was

quantified using the comparative CT (22°T) quantitation
method with values representing ‘n’-fold difference relative to

housekeeping control S-Actin.

OsHKT1I;5 diversity in progenitor wild rice, 3K-RG and
haplotyping

HKTI;5 gene sequences from progenitor wild rice species
(Mishra et al, 2016) and O. sativa (Platten et al, 2013) were
mapped onto a Nipponbare chrQ1 reference (IRGSP-1.0) using
Geneious R6 (https:/geneious.com). The resulting alignment

containing the OsHKTI;5 gene was extracted and highly
diverged sequences were removed, keeping only O. sativa, O.
nivara and O. rufipogon sequences together with O. barthii
(MN150526.1) and O. glaberrima (MN164536.1) HKTI;5
sequences as an outgroup for further analysis. This alignment
was complemented with diversity data from the 3K-RG project
(https://snp-seek.irri.org/_snp.zul) as follows. First, the SNP-
seek database was queried with the IRGSP-1.0 genomic
coordinates of the HKT1;5 gene (chrO1: 11 458 954—11 463 442),
using the ‘3Kall” SNP set, which yielded 322 polymorphic sites.
Then, using the genomic coordinates of the reference, the
alignment of the gene sequences and the SNP data were merged,
retaining all polymorphic positions found in the coding
sequence of the gene. Positions polymorphic in the gene
alignment but absent from the 3K-RG SNP matrix were
retained and assumed to carry the reference variant in all
3K-RG accessions. Subsequently, positions with singletons
were removed, and all accessions with ambiguous calls
(indicating heterozygotes) were deleted, giving a dataset with
40 polymorphic sites within 2 877 accessions. These data were
used to construct a Median-Joining network using Network 5
(Bandelt et al, 1999). For analysis of non-synonymous SNPs
with OsHKTI;5, bi-allelic non-synonymous SNPs were
downloaded from the SNP-seek database. Heterozygotic
genotypes were excluded from 3K-RG dataset and remaining
genotypes sorted into haplotypic groups (using Java version 1.7
based script) and the haplotyping network inferred manually.
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substitutions) are partially overlapping.

Fig. S7. OcHKTT1;5-L structure quality validation.
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Table SS. Transposable elements present in assembled and
vector trimmed O. coarctata BAC clone Oc_Ba 0043B05.
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