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The high-affinity potassium transporter (HKT) genes are essential for plant salt stress
tolerance. However, there were limited studies on HKTs in maize (Zea mays), and it is
basically unknown whether natural sequence variations in these genes are associated
with the phenotypic variability of salt tolerance. Here, the characterization of ZmHKT1;5
was reported. Under salt stress, ZmHKT1,;5 expression increased strongly in salt-
tolerant inbred lines, which accompanied a better-balanced Na™/K™ ratio and preferable
plant growth. The association between sequence variations in ZmHKT1;5 and salt
tolerance was evaluated in a diverse population comprising 54 maize varieties from
different maize production regions of China. Two SNPs (A134G and A511G) in the
coding region of ZmHKT1;5 were significantly associated with different salt tolerance
levels in maize varieties. In addition, the favorable allele of ZmHKT1; 5 identified in salt
tolerant maize varieties effectively endowed plant salt tolerance. Transgenic tobacco
plants of overexpressing the favorable allele displayed enhanced tolerance to salt
stress better than overexpressing the wild type ZmHKT1;5. Our research showed that
ZmHKT1,5 expression could effectively enhance salt tolerance by maintaining an optimal
Na™/K* balance and increasing the antioxidant activity that keeps reactive oxygen
species (ROS) at a low accumulation level. Especially, the two SNPs in ZmHKT1,5 might
be related with new amino acid residues to confer salt tolerance in maize.

Key Message: Two SNPs of ZmHKT1,;5 related with salt tolerance were identified by
association analysis. Overexpressing ZmHKT1;5 in tobaccos showed that the SNPs
might enhance its ability to regulating Na*/K* homeostasis.

Keywords: high-affinity potassium transporter (HKT), natural variation, stress-associated gene, salt tolerance,
maize (Zea mays)

INTRODUCTION

Soil salinity is a serious abiotic stress restricting crop productivity severely, as more than 800
million hectares of land have been salt-affected in the world. Furthermore, the amount is still rising.
Salinity has become a growing threat to sustainability of agricultural (Zhu, 2001; Munns, 2005;
Munns and Tester, 2008). One effective approach to this problem is to breed salt-tolerant crop
cultivars to improve the productivity of salt-stressed soils (Yamaguchi and Blumwald, 2005).

Abbreviations: CAT, catalase; HKT, High-affinity potassium transporter; MDA, malondialdehyde; POD, peroxidase; ROS,
reactive oxygen species; SOD, superoxide dismutase; VC, vector control.
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Two types of stress are often imposed by high salinity to
plants: ionic toxicity and osmotic shock (Zhu, 2001; Munns,
2005; Munns and Tester, 2008). Plants have developed a series
of mechanisms to respond salt stress, such us regulating Na*/K*
homeostasis and NaT exclusion (Ren et al, 2005; Munns
and Tester, 2008). Many genes associated with enhanced salt-
tolerance have been identified in different plant species. The
high-affinity potassium transporter (HKT) genes, belonging to
the Trk/Ktr (K™ transporter)/HKT transporter family, are known
to be responsible for regulating transportation of Na' and
K" in higher plants (Munns and Tester, 2008; Horie et al.,
2009; Corratge-Faillie et al., 2010). The TaHKT2;1 gene from
wheat (Triticum aestivum) was the first HKT gene found in
plants (Schachtman and Schroeder, 1994). Recent research has
indicated that members of HKT family should be involved in
the exclusion of Na™ from leaves in crops (Very and Sentenac,
2003; Rodriguez-Navarro and Rubio, 2006; Huang et al., 2008;
Haro et al.,, 2010). In rice (Oryza sativa), SKCI, a quantitative
trait locus controlling rice salt tolerance was identified to encode
OsHKTIL;5 (Ren et al,, 2005). Similarly, HKT is also essential
for salt tolerance in durum wheat (Triticum durum). Naxl and
Nax2, which were identified as TmHKT1;4-A2 and TmHKT1;5-
A, restrict the accumulation of Na™ in wheat leaves and have the
potential to enhance salt tolerance (James et al., 2011). In barley
(Hordeum vulgare L.), association analysis disclosed that Nat and
KT transport was mainly controlled by HYHKTI and HvHKT2
(Qiu et al, 2011). In Sorghum bicolor, SbHKTI1;4 expression
maintained a better balanced Na®/K™ ratio in salt-tolerant
accessions under salt stress (Wang et al., 2014). Consequently,
HKT family is involved in Na*/K™ homeostasis and is expected
to show broad importance in salinity tolerance.

Although HKT is very important, it is basically unknown
whether natural variation in HKT genes is associated with levels
of salt tolerance in maize and whether some favorable alleles of
HKT genes can be identified and utilized to breed salt-tolerant
crop varieties.

Maize not only is an important crop in the world, but also
is selected for some association studies (Wisser et al., 2011;
Yan et al, 2011; Riedelsheimer et al., 2012). Candidate gene
association analysis has been successfully applied to discover
allelic variety in genes controlling aluminum tolerance, drought
tolerance, b-carotene content, kernel size, and fatty acid content
in maize with proper statistical models (Krill et al., 2010; Li et al.,
2010a,b, 2011; Yan et al., 2010; Liu et al., 2013;Mao et al., 2015;
Wang et al., 2016; Xiang et al., 2016). More salt-resistant maize
varieties are being screened out, although maize is generally
regarded as a salt-sensitive crop (Cramer, 1992; Geilfus et al,
2010; Shahzad et al., 2015; Zorb et al., 2015). In consequence,
inspecting the association between the genetic variation in maize
HKT genes and salt tolerant performance in maize varieties
will help to not only promote the genetic improvement of salt
tolerance but also to broaden our understanding of HKT gene
family.

In this study, ZmHKTIL;5 was cloned and analyzed to
determine its phylogenetic relationships to other HKTs and
its expression pattern under the salt stress. Importantly, the
association between the genetic variation in ZmHKT1;5 and salt

tolerance was evaluated using a diverse population comprising
54 maize varieties from different maize production regions of
China. A significant association between ZmHKTI;5 variation
and salt-tolerance at the seedling stage was discovered. Moreover,
a favorable allele of ZmHKTL5 in response to salt stress was
tested, and transgenic tobacco plants were generated to verify
its function. The results showed that this favorable allele of
ZmHKT1;5 mediated physiological processes that were involved
in salt stress tolerance.

MATERIALS AND METHODS

Phylogenetic Tree Construction

Full-length amino acid sequences of 40 HKTs identified in 28
kinds of plant (Supplementary Table S1), including maize, rice,
wheat, barley, sorghum and Arabidopsis, were aligned using
the ClustalX 1.83 with default pairwise and multiple alignment
parameters. The phylogenetic tree was constructed based on this
alignment using the neighbour joining (NJ) method in MEGA
version 5' with the following parameters: Poisson correction,
pairwise deletion, uniform rates, and bootstrap (1000 replicates).
The ZmHKT proteins were named according to their placement
in the phylogenetic tree.

Plant Growth and Salt Treatment

Fifty-four inbred lines originating from different eco-geographic
regions were obtained from the Jilin Academy of Agricultural
Sciences (Supplementary Table S2). Maize seeds were surface-
sterilized with 70% alcohol for 1 min and then 3% NaClO for
10 min, thoroughly rinsed with distilled water and germinated
on filter paper wetted with distilled water in plates at 28°C
for 3 days. Twelve germinated seeds of each genotype were
transplanted to enriched soil (turf and vermiculite in a ratio of
1:1) pots. The seedlings were grown in a growth chamber. The
temperature was maintained at 22°C during the day and 20°C at
night, while the daily photoperiod was set at 14 h. Light intensity
was set at 70 pwmol/m?s. A salinity treatment was applied to
the soil-grown plants at the 3-leaf seedling stage by watering
with 200 mL 100 mM NaCl every day. The time point for salt
tolerance evaluation was determined by the characterization of
salt tolerance among all the genotypes, e.g., the wilting rate.
Typically, leaves of most inbred lines should be wilted after about
7 days salt treatment. Watering was then resumed in order to
recover the surviving plants. After rehydration for 3 days, the
survival rate of each genotype was assessed. The phenotypic
data for salt treatments were obtained from no less than three
independent replicated experiments.

ZmHKT1;5 Gene Sequence and
Association Analysis With Salt Tolerance

among 54 Maize Inbred Lines
The full-length of ZmHKTIL;5 gene, including the 5 and 3’
untranslated regions (UTR) sequences, was amplified in different

'http://www.megasoftware.net/
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maize inbred lines. The primers were designed using Primer3
web version 4.0.0 (FW: 5-ACGCTCCCCACAGAAACTAA,
REV: 5-GAGTGAGCGACGAGAACCTA) by using the B73
genome sequence as a reference (MaizeGDB). All the amplified
sequences were aligned using MEGA version 5'. Nucleotide
polymorphisms, including SNPs and InDels, were identified
(MAF > 0.05). The significance of each DNA polymorphism
associated with maize salt tolerance was calculated by Tassel 3.0
(Bradbury et al., 2007).

Expression Analysis of ZmHKT1;5

Leaf samples for gene expression analyses were collected after
7 days of salt treatment. The responsiveness of ZmHKT1;5 gene
expression to salt stress was analyzed by qRT-PCR. Total RNA
was isolated using RNAiso Plus reagent (TaKaRa) from no less
than 3 seedlings. To remove genomic DNA contamination,
total RNA was treated with the TURBO DNA-free™ Kit
(Ambion). The concentration of total RNA was determined
using a Nanodrop2000c (Thermo Scientific, United States).
One microgram of total RNA was used to synthesize cDNA
with the TransScript All-in-One First-Strand cDNA Synthesis
SuperMix for qPCR kit (Transgen Biotech). Actin was used as
an endogenous standard to normalize the expression data of
ZmHKT1;5. The primers used for quantitative PCR amplification
were actin Fw: 5-CTGAGGTTCTATTCCAGCCATCC, actin
Rev: 5-CCACCACTGAGGACAACATTACC, qHKT Fw:
5-TCAACTTCAGCGTCCTCAACA, and qHKT Rev: 5'-
GAATCCCACGTTGCCATACG. The SYBR Prime Script
RT-PCR Kit (TaKaRa) was used for quantitative RT-PCR.
Three replications were performed for each sample. Data were
quantified using the comparative CT method (2742¢T method)
(Livak and Schmittgen, 2001).

Tobacco Transformation

The coding region of the ZmHKTI;5 cDNA was synthesized
in accordance with the sequence of the maize B73 inbred line
(1404 bp) and named as ZmHKT1;5 AA, the other ZmHKTL;5
cDNA with two substituted sites, A134G and A433G (the
location of the initiation codon (ATG) is marked as + 1)
according to the association analysis results, was named as
ZmHKT1;5 GG. The synthesized sequences were inserted into
the pCAMBIA3301 vector and driven by 35S promoter. And
then the constructed vectors and empty vector were transformed
into Agrobacterium tumefaciens, respectively. Tobacco (Nicotiana
tabacum cv. Petite Havana SRI) was transformed as described
(Wei et al., 2016). Using phosphinothricin selection, we obtained
several independent T3 transgenic lines, and the expression of
ZmHKT1;5 was confirmed by RT-PCR in these lines.

Salt Tolerance Assay in Transgenic

Plants

To compare the germination rate between the vector control
(VC) and the transgenic under salt stress, seeds were surface-
sterilized with 70% alcohol for 1 min and 3% NaClO (v/v)

Zhttp://www.maizegdb.org/

for 10 min, washed at least three times with sterile water, and
germinated on 1/2 MS + 100 mM NaCl medium supplemented
with 1% sucrose and 0.8% agar. Three replications were
performed.

To assess the salt tolerance of transgenic plants in different
growth stages, the seeds were sowed in pots filled with enriched
soil and cultured at 22°C and 70% relative humidity under a
day/night cycle of 16 h/8 h using artificial light. Fifteen-day-
old seedlings were watered with 100 mM NacCl solution every
2 days. The salt treatment was sustained for 15 days, and then the
survival rate was calculated. Fifty-day-old seedlings were treated
with 200 mM NaCl solution. After 3 days of treatment, the
phenotype data was recorded. Three replications were performed.

Malondialdehyde (MDA) and H,O, content and the activities
of peroxidase (POD), superoxide dismutase (SOD), and catalase
(CAT) in leaves were assayed using detection kits (MDA-1-
Y, H,0,-1-Y, POD-1-Y, SOD-1-Y, and CAT-1-Y) from Suzhou
Comin Biotechnology Co. Ltd., following the manufacturer’s
instructions. Meanwhile, we also detected the Nat and K*
contents of shoots by atomic absorption spectrophotometry (Lin
et al., 2004). At least 30 plants of each line were compared with
VC in each test, and statistical data were obtained from three
independent experiments. All values were the means of three
assays carried out for each value. Data considered significant at
p-values < 0.05.

RESULTS

Identification of ZmHKT Genes in Maize

We used the Arabidopsis AtHKTI1;1 (AtHKTI) amino acid
sequence to identify orthologues of HKT genes in the B73
maize genome database. Two highly orthologous sequences,
NM_001175105 and XM_008646809, were discovered.
According to the community nomenclature standard and
the alignment results of plant HKT proteins (Platten et al., 2006),
these two genes were named ZmHKT1;5 (NM_001175105) and
ZmHKT2;1 (XM_008646809), respectively. The full lengths
were 1,404 bp for ZmHKT1;5 and 1,668 bp for ZmHKT2;1. The
translated amino acid sequences were highly homologous to the
corresponding sorghum proteins, SbHKT1;5 and SbHKT2;1, and
the similarity was 89% and 82%, respectively (Wang et al., 2014).
Figure 1 shows other plant HKT-type proteins aligned with the
two ZmHKT proteins. All maize HKT transporters contained
four membrane-pore-membrane (MPM) motifs as same as other
known plant HKT proteins. The key serine or glycine residues in
maize HKT proteins were also highly conserved (marked with #
in Figure 1).

To understand more about the phylogenetic relationships of
maize HKT proteins to orthologues in other species, standard
protein-protein BLAST searches in the GenBank and Phytozome
databases were carried out, and 40 entries were retrieved
(cut-off E-value at 0.001) for HKT-like proteins from plants.
Using these publicly available HKT proteins, a phylogenetic
tree was constructed. And the results showed that there were
two major clades in the HKT families (Figure 2). Depending
on the key amino acid residues positioned at the first P-Loop
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19 20 30 40 50 60 70 160
1. AHKT1;1 DRVVAKIAKIRSQLTKLRSL — FFLYFIYPIFPSFIFLA!EImPRTT—sRPHIFIFmISﬂIBSIS]IDIVPSNT-IMIIF-IFISFINIWSY
2. BdHKT KHSR: VATKLSSFAKSGQQSMKYS CQRECQT  NPLFEQBTYF TLESFAGYEABKVBKS QDK——SNTVKDLDBBFTSVSA'S TVSSHATVEMBEDFS. A 1M 1 GSBVF TS THGH!HFMR
3. HVHKT1;5 SLHVSGS TTTQHSRV QRA YQLLFFHVE-PFWPRELYFVSESFFGFVMERABPVK TN——— MPTRLDHETFTSVSA TTVSSHQAVEMES PSN LT F’ls- Y
4. SbHKT L — ———HSPVAFLRKLQTSS~———~~~——-SS LATELIS FSKYAQKSMKYS WQRECQNN ~PLFIQV TYF TLESFAGYAABKI IKPRDEQ——DTLKD I DEBFTSVSA'S TVSSHA TVIEMEDFS: BT FTSHE]
5. SbHKT' IAGAHKFAGFLQHLRRCSAAVLDSAMSLVCSVSKAYAHHQVMIRVARSRRTLRCSAGMWRRAADVMRLN sLLVvaYFVMCVIWGLlDAIEVRAPs—GREPRGIHFFTAEHA]SSISA-VPSHGILIT F FLSLVIASKW
6. SHHKT: KSHESV ———PRPSALDBVFTSVS] IVA-SFSNS-LLMT—F'I‘S_I
7. OsHKT1;1 IHPPSLVLDTLKRIKLYIAMKLLLPNSEVPRIYWEKAQHLCGFLSMKLISRABCVASSVKQSYbFLVCKSN PLYV VBV YEV THSFAGFLABRNBRPQGK P—— GP]GL.F’ISETL’IESI@’I- DR QI | MR\ GGV -Y'FNN
8. OsHKT1;3 ICLVVSHKKLQTFR TFAASKFSSFTKSAQKS IKYS FQREVQN ~ NPLEVHVAYRALESFAGY GSBKVBKPRDKS—NTLKDLDY BETSVSAS TVSSMATVIEMEDFS SA-\_TI-I- THRVR
9. OsHKT1:4 I"ISRRELAG(W[S VHVAYREAES CHG Y GLEGV BRVR! EPG—AAPRRIIZFFTAB&ABSIS_V -VIW—FVSLH‘{%(T\:

10. OsHKT1;5 SLDATTPRY DEFKR T YHLFLFAR-PFWL@BLYFEFESLEGFL VKA BPVKTS \—V PR P\DLDE IFTSVSA TIVSSHVAVEMES FSNSQEL L. | TEEMBEGGEVETS
11. TmHKT1;4-A1 BAGARHKV G~ LLRHARRRSTAALDKALSLLSSPSWSYVQHHVVKERIKRWRMLAGRFWRRFGSILVHVAYP‘EVSW.YLLI‘\C!RFRAG DGTRRPRG I DHFFTAVSAA TVSSHS TVIEMEV FSN GOV VTV

12. TaHKT1;5-81 iG GSLHVS IILI TTVS
13. TaHKT1;5-B2

14. TaHKT1;5-D MV AVIEMES FSN PQE L TEEMBNGGEV!
15. ZmMHKT1;5 PVKSS S—VPRPSAL DEBFTSVSATTVSSH IAVIEMES FSNA QB! L\ TEEMBEGGEVF TS
16. OsHKT2;1 TS T YHDFIHNK II‘AFEPSN PGYIDVBFLSTSALTLSSL. [T IBMEVLSSSQ [V [ THEMBEGGEVFY:
17. OsHKT2;2 TSTYQEFIHTK > YFI
18. OsHKT2;3 PIR
19. OsHKT2:4 PIR I TFYSSARIATNSSAL T CREEAFH S-PLLIHESYFE 0DV BV
20. HVHKT2;1 WVKRF YQDFIH IK BHSFCR ISRYVVIDS IAFV YRFVALHVE-PFWIQES YFRATA 1 HGSV NP——DFSPPY]
21. SbHKT2;1 PIR LASAARHAVSSSVLV CRLEAYHLT-] PLLLHITYmVDL- 'LARVLBKPSNPG-— YRPRYI AQHY
22. TaHKT2;1 G———————————————-RVKRFYQDF IH IK-——————————[BHSFCR ISGYVVIDS IAFV YRFVALHVH-PFWIQES YFEANA [ BGSV LEVS BKI iPD-——FSPPYIIMIFLS‘IS&L’IEGLSTI'I-ISSSIIV-'_
23. ZmHKT2;1 PVR IBHVAS TARHAASSSALV FRLVAFR LT- PLL[HISYF“DL-FIAIILIRRSSPAAGAYRPRYV TSAVTVTGLA TVIEMED SASQEY
—#.
PD 1
170 190 210 220 230 240 250 3]\7 3;
1. AtHKT1;1 FTKFVFP—HNKIRHILGSYNSDSSIEDRCDV ET‘ITDYREGL IKIDER K(lvs-smumLVEVIwY—VNIIKTERlISKmPLTFSIFTm TNENH [
2. BAHKT VKF-] NTEKPAI\KSDRSSHIDISINAENFDPSPSQGTEVTV*”**PSSQLC LANKEHV DPK TKFEGTVVMAYLL T INLGS LIBRIY IY-BKLYPDAQEVIEKRKGEGN FLESVFTA ISSVANCGE TPV NENMV
3.HVHKT1;5  VESKKKE-AQAPHDDGAKV KPAPSS LELTAAS ICMDDGTAQD MEQGFKBQPR YGRAIITR-I FIVVGYHAVVEPAGY SEVV Y- BSVVES GAR TVIBA GKGIES M TFSVET VS TRANCGEMPNNEGHA
4. SbHKT ATS-ITK-GSSNRKGYSWYMDNBSIH TSAMSV PNNTQD TV T\ PLSELL LEEKKQV EPK I TESHGHALBVYLLMSNLGSSHV 1YLY-BISVPDAQGYBKRKGIGFV TFSVFTAVSSVANCGF TPVNENMI
5. SbHKT: SKMRKQ I-MNRSRRVESHDDDDIELETTTAA EADSRS ITTAV———-——TEEND————DDIPVDAIWIRR—-——N--——--———ARSIFFI-I LLYVEVV GAVAVAAY-V YAAPGARQTERREALNV WIFSVFT TVS TFS S CGFVP:
6. SbHKT1;5 'FKFIMR—IIFHSNNNSLHGNINGPAFEAPSSLEHGHRRRPM“‘*-EMB&QAMVQMELAIFNNIDQR*-*-*—-D»—A ~FAS TARVF IVBGYLSVVHLAGY TH 11 Y- BSVVGS AREVIRV GKRIES LS TRSVETVNS TRANCGFVP TNEGHA
7. OsHKT1;1 ANA-NRN-BNSQRSLPSTS LDIBFNSPANNGDHKI TECGQSE ETMSQ QVQQNKS T-=TYNPCAVEVR I TGYFVA TV ISSSV I T1T¥~FWIDS DARNVBKSKEENM YTFC IFTAVSSFANCGF TP NSNHQ
8. 0sHKT1;3  AEF-GTK-BSVS TRDHSPC IDIBSHTS TKFGPSTQGTKVTVS FSELRIL "l(;nv:r:\ TIKFBGFYWIMGYLL I TNLGGSHB I YLY-BNLYPSAHK [BKRKGEG I [VFSVIFTA [SSVGNCGFTPVNENMI
9,0sHKT1:4  SKL-RSD-AMDRSRRVESHGDVALA DIDGGDV ENPTSS GBEA ASRRRP- MDABTLR ‘EAIFYIIAIFA-VIAVAIAAY—VLASPGWRRIIGDBSLHTWTFAIFT]ISTFSWGFWM
10.0sHKT1;5  AKY-SSK-MIATLPDDDDHGGSGKPPPPTTS PSSTLV ELBLAPPMDVVVVNPTTTA TTHDEV ELILGRRNSRGCTCTTTHTSSSSSASKTTTTR- YHAVVHVAGY TA IVV Y- BSAVGGAGAWVA GRGESAHTFA IFTVYS TFANCGFVIP TNE
11. TmHKT1;4-A1 SKLRKQTVHKSSRRVDSHDMPELEMPPV DAA TELDNP TSMTS—=———TV DDEMS DHFBDTR— L lFF-AILLA-LISGAIVAWIHASPAMRMDEMMWTF lFTm FS SCGYMP TNENMI
12. TaHKT1;5-B1 TKSKKKE-APHDHGDGGGKMEPAPSSLELPA TTEMDDS TAQN-————————QME~ RA SEVELY-ESWS  TFANGGFVPNNEGHVI
13. TaHKT1;5-B2 LKSKTKE-AQAPHEHDDADKGKPAPSSSLQL TATTCMDDVNR: DRAII’IRILFI-YHV- SIWY—GWML m FVPNNEEHV
14. TaHKT1;5-D  VKSKKKE-AQAPHDHDDGDKGKPAPSSSLELAV TTGMDDV D RAFETRIBELE [ VIEGYHV VVHLAGY SEVEV Y- BSVVS LHT] VNS TFANCGFVPNNEGH I
15.ZmHKT1;5  TKLRNKR-BTPHNNLHGNS LEQSRRRHRPMEMEAQAAAV QUE—— —ASVARIBVF [VIBGY [ LVVH [AGY AR Il 1 Y- BSWVGS LSTFSWETVVSSFANCGFVP TNEGHVI

16. OsHKT2;1 NHK-HN P-BFSGDKVSSWP IELDTINSAS TV ISCEEL QLBAA- F
17. OsHKT2;2 KHKHN P-BFSGDRVSSYP IELDTHEPTRTV MSSEEL Q IBAA: APDVP-
18.0sHKT2;3  SKQ-NKH-DPENRRVSSWTMCKQSQLEEATPQTPSMNS IDI

VI THVV FANGGLYP TNENHA
LK YRV EVVABAYMI I 1LV TGSIBIV FMY- [AHVSS ARDVIETRKSENKALES ISV TWSSFTNGGLLP TNES MVl

19.0sHKT2;4  SKQ-NKH-DPENRRVSSWTVCEQSHLEEA [PQTPSMNST D TKR- CHK YV FYNBAYMI T 11N TGSHBVFMY- TAHYVSS ARDVTRESINKALFS 1SV TVSSFTNGGLLPTNESHA
20. HVHKT2;1  NHQ-DMP-DLPRVKISSVPVELEEEDI ANSMALSDES QLBEA THAIT- PKKCTGIBRR SRSVK CBGYVV.FGYFAV TH 1 LGFIMBVFLY- T TRVPTASAPEN KKGIN TV LESLSV THAS TANGGLVIP TNENMV
21.SbHKT2;1  SRNRRQQ-QRDH QDHDSRV MAAAAVRDEPDLEEANGPAAAPS \DSSG :-DRNRxE S SROVRSIALVMSAYVAA 1LYV GS VIVFAY-VA TUPTARDVIB\RKRLS AR LFSVIFA TUSSFTNGGLLPTNES A
22.TaHKT2;1  NHQ-DMQ-DLPSVKISSWPMELBELDLPNSMALCDESQLBEA CTEBKR RSVK CBGYWW FGYFAM IHY LGFIBBV FLY- I THVPTASAPEN KKGINTVLFSLSV TVAS LYP
23.ZmHKT2;1  SRQQRQQRGQSRRQDHAGRW IRPSSV THAVR DEPDLEEAGNN————— INSCMPPSSSEDS SG]]DNI[ KER——————C————————RAVRSBALVLSAYVAAWLVAGS VEVFAY- VA TVPA AR DVEA RKR LGARLFSSA HSSFTNQLLPHISM
PD2

330 340 350 410 420 430 440 450 460 470 480
1. AtHKT1;1 TFRKNS Gl I WIEIIPQV BVGN THEPCFEVELEW MGYS HIBESVR - LCMLEGV TVILGF 1.1 TQLL FFCAFBWTS ES BEGMSS YEKIV GS HFQVVNS RH TGHT T VIDIES T1S PAIVIRF 1 LI
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FIGURE 1 | Characteristics of high-affinity potassium transporters in maize. A sequence alignment of the four-putative selectivity pore-forming regions (PD1 to PD4)
of HKT proteins in higher plants. “#” indicates amino acid positions where glycine and serine residues are conserved. Amino acids marked with * are known to
confer salt tolerance in plants.

region, ZmHKTL;5 belongs to Subfamily 1, with a serine conserved in the two amino acid residues (marked with *
residue in the first filter at the 32nd site, whereas ZmHKT2;1 in Figure 1) which are the key residues to effect the salt-
belongs to Subfamily 2, with a glycine residue at the 83rd tolerant trait in plants (Diatloff et al., 1998; Rubio et al.,
site (Maser et al., 2002). Furthermore, ZmHKT1;5 is highly 1999). Thus, this study is focused on the characterization of
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FIGURE 2 | An unrooted phylogenetic tree of protein sequences of HKT homologs. Accession numbers for gene names are listed in Supplementary Table S1.

ZmHKT1;5, and further research on ZmHKT2;1 will be reported
elsewhere.

Association Analysis of ZmHKT1;5

Natural Variation With Salt Tolerance

A collection of 54 maize inbred lines from diverse geographical
origins were investigated to assess the genetic diversity associated
with salt tolerance. We selected the leaf relative water content as
a main parameter, and the phenotype variation was also recorded
following 7 days of 100 mM NaCl salt stress (Supplementary
Table S1). Two of the inbred lines, Zheng58 and Ye478, showed
the most extreme phenotypes in the assay (Zheng58: tolerant;
Ye478: sensitive), and were used to analyze Na™/K* ratio. The
results showed that the Nat/K* ratio of Zheng58 grew much
better than Ye478 after the salt treatment, although neither of
these two lines grew well like the control (Figure 3A).

To a large extent, the growth difference between Zheng58 and
Ye478 was attributable to the Na™/K™ ratio in plant tissues. Na™*
content in shoots and roots of control plants was in the range
of 3-6 mg/g and was not obviously different between the two
inbred lines. However, a salt treatment resulted in a distinctly

Na™ accumulation and K reduction. Compared with Zheng58,
Ye478 was similar to Zheng58 in the accumulation of Na™ in both
the shoots and roots, but the more K decrease was detected in
the shoots and roots (Figures 3B,C). A lower Na*/K™ ratio was
consequently observed in the salt-tolerant inbred line, Zheng58
(P < 0.05) (Figure 3D). These results implied that the salt-
tolerant line, Zheng58, maintained a better Na™/K™ balance in
tissues than the salt-sensitive one, Ye478. Under the salt stress,
maintaining a proper Na*/K™ ratio, especially in roots, may be
an important strategy for improving the maize salt-tolerance.

To identify the DNA polymorphisms of ZmHKT1;5 in maize,
we sequenced the ZmHKT1I;5 gene in the 54 maize inbred lines.
A 2.5 kb genomic DNA fragment was amplified and sequenced,
which included the ZmHKT1;5 coding region and both the 5’
and 3’ UTRs. Totally, 61 SNPs and 12 insertions or deletions
(InDels) were identified in the entire sequence of ZmHKTI;5.
In the coding region, none of the amino acid alterations were
observed in the conserved regions that were identified by Uozumi
et al. (2000), and also no changes were detected at the first serine
residue of PD1 that has been involved in the Na™ specificity
(Maser et al., 2002).
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Results indicated that two newly identified polymorphisms
(SNPs 134 and 511), which were located downstream of the start
codon (ATG site) of ZmHKT1;5, were in strong LD (r? > 0.8)
and were significantly associated with phenotypic variation under
salt stress (P = 1.50 x 10-3 and P = 1.81 x 10-3, respectively),
contributing 5.01% of the phenotypic variation in the natural
population. Additionally, the two SNPs (SNPs 134 and 511) are
non-synonymous; SNP 134 resulted in an amino acid residue
change of Glutamine (Gln, CAG) to Arginine (Arg, CGG), and
SNP511 resulted in an alteration of Serine (Ser, AGC) to Glycine
(Gly, GGC) (Figure 4A and Supplementary Figure S1).

According to the topological model of the Arabidopsis
HKT, ZmHKT1;5 protein may also contain eight similar
transmembrane domains (TMDs) (Kato et al., 2001). One
variation (SNP A134G, amino-acid: Q45R) in ZmHKT1;5 lay in
the loop between TMD1 and TMD2, and the other (SNP A511G,
amino-acid: S145G) was located in the loop between TMD2
and TMD3 (Supplementary Figure Sla). These two amino-acid
substitutions may be associated with the functional differences of
HKT1;5 in different maize inbred lines.

To determine whether differences in gene expression
contributed to salt tolerance, we examined the expression
patterns of ZmHKTL;5 in the two inbred lines (Zheng58 and
Ye478), firstly. As shown in Figure 4B, the expression of
ZmHKT1;5 was relatively more abundant in the root, sheath,
and leaf of the salt-tolerant inbred line Zheng58. In addition,
the mRNA levels of ZmHKT1;5 under salt stress were quantified
in all 54 lines. Results showed that ZmHKT1;5 expression was

positively correlated with increased survival rate under salt stress
(100 mM NaCl for 7 days) (Figure 4C). The results demonstrated
that ZmHKT1;5 expression level was important for the survival
of maize seedlings under salt stress.

Overexpression of ZmHKT1;5 Enhances
Salt Tolerance in Transgenic Tobacco

Plants

Because ZmHKTI1;5 was upregulated by NaCl treatment,
transgenic tobacco plants expressing ZmHKT1;5 were generated
to examine the role of ZmHKT1I;5 in salt stress response. In total,
four putative ZmHKT1;5 overexpressing lines were confirmed by
PCR. Results showed that ZmHKT1;5 was detected in transgenic
plants but not in VC. NtActin was used as an endogenous control
for RT-PCR analysis (Figure 5A). T3 lines (ZmHKT1;5 AA-OEI,
ZmHKT1;5 AA-OE2, ZmHKTI1;5 GG-OE4, and ZmHKTI1;5 GG-
OE6) had a nearly 100% germination rate on MS medium
containing 100 mg/L of kanamycin and were therefore thought
to be homozygous transgenic lines for further analysis.

To test the effects of ZmHKTI;5 overexpression in the
response to salt stress, the germination of ZmHKTI;5-
overexpressing seeds was firstly examined. The seed-germinating
rate was no obvious difference between VC and transgenic
plants under the normal condition. Under the 100 mM NaCl
condition, 82.43% of the ZmHKTI;5-overexpressing seeds
germinated in comparison with 13.29% of VC seeds. In addition,
the germination rate of the two ZmHKT1;5 GG-overexpressing
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lines was obviously higher than that of the two ZmHKTI;5
WT-overexpressing lines (Figure 5B).

To test the effect of ZmHKTIL;5 overexpression on salt
tolerance in the seedling stage, 15-day-old T3 homozygous
transgenic and VC seedlings were treated with 100 mM NaCl.
After 15 days, all VC seedlings had died, but most of the
ZmHKTI1;5 overexpressing seedlings were still growing and
appeared healthy (Figure 5C). Then, fifty-day-old transgenic
and VC seedlings were watered with 200 mM NaCl for 3 days
to compare the difference in salt tolerance between transgenic
and VC seedlings. The results showed that slight dehydration
was observed in ZmHKT1;5 AA OE-1 transgenic seedlings and
severe dehydration was observed in VC seedlings, by contrast,
no obvious phenotypic changes showed in the ZmHKT1;5 GG
OE-6 transgenic seedlings (Figure 5D). These results indicated
that the overexpression of ZmHKT1;5 improved salt tolerance
in transgenic tobacco, and overexpressing ZmHKTIL5 GG
performed better than overexpressing ZmHKT1;5 AA.

Overexpression of ZmHKT1;5 Decreases
MDA and Na*/K* Ratio Under Salt

Stress

These indications that the overexpression of ZmHKTIL;5
enhanced salt tolerance led us to detect the changes of the
physiological status induced by ZmHKTI;5 overexpressing.
Thirty-day-old T3 homozygous transgenic plants were treated
with 150 mM NaCl for 24 h. Following the treatment, MDA
content in VC plants increased up to 117.8 mg/g, whereas only
96.07 mg/g and 95.96 mg/g was observed in the ZmHKT1;5 AA
and ZmHKT1;5 GG transgenic plants, respectively. The MDA
content of the transgenic plants was significantly lower than
that of VC plants (Figure 6A), indicating that VC plants were
subjected to more severe oxidative membrane damage after
salt stress. The capacity of plants to maintain a low Nat/K*
ratio is another key role of plant salt tolerance. In this study,
the Na*/K™ ratio was also obviously lower in the transgenic
plants (Figure 6B). These results indicated that ZmHKTI;5
overexpressing lines possessed more powerful resistance to salt
stress. It is noteworthy that the Na™/K™ ratio of overexpressing
ZmHKT1;5 GG plants was significantly lower than that of
overexpressing ZmHKT1;5 AA plants. This result indicated
that two SNP might affect the ability of ZmHKT protein to
transport Na™.

Overexpression of ZmHKT1;5 Increases
Antioxidant Enzyme Activity and
Decreases H>0, Content Under Salt
Stress

Because enzymatic antioxidants can affect cellular reactive
oxygen species (ROS) levels, we also detected the activity of SOD,
POD and CAT in the leaves of VC and transgenic plants to
further analyze the relationships between enzymatic antioxidants
and the influence of ZmHKTI;5 overexpression on salt-stress
tolerance. The results showed that after salt treatment, the SOD,
POD, and CAT activities in transgenic plants were significantly
higher than those in VC plants; meanwhile, the H,O, levels

were lower in the transgenic plants (Figures 6C-F). These results
indicated that overexpression of ZmHKT1;5 reduced ROS levels
by increasing the activity of some antioxidant enzymes (e.g.,
SOD, POD, and CAT) under salt stress. We also found SOD
activity in overexpressing ZmHKT1;5 GG plants was significantly
higher than those in overexpressing ZmHKTI;5 AA plants,
while the same difference was not detected in CAT and POD
analysis. The difference of SOD activity might be a reason for the
obvious difference of H,O, levels in the two kinds of ZmHKT1;5
overexpressing plants.

DISCUSSION

Agricultural production is seriously threatened by increasing soil
salinity. Some Na™ transporters in plants play an important role
in the response to salt stress. Amongst all Na™ transporters, HKT
has been demonstrated to have a vital role in many species of
plants in the salt-tolerance.

In this study, we examined the correlation between HKT genes
and salt tolerance in maize. Two HKT gene family members were
identified, and we just focused on the analysis of ZmHKTI;5
in this study. A range of heterogeneous expression experiments
suggested that ZmHKT1;5 had a remarkable ability to maintain
optimal Na™/K* balance and plant growth under the salt stress,
which is similar to the effects of HKT genes normally identified
in some halophytic plants.

HKT genes have been given a nomenclature according to
biophysical transport and phylogenetic analyses and divided into
two groups based on amino acid sequence (Maser et al., 2002;
Platten et al., 2006). A Gly/Ser residue located in the first pore
loop differs between group 1 and group 2 HKTs. A Ser could
be found in all Group 1 HKT transporters; this may make them
more selective for Na © (Uozumi et al, 2000; Horie et al.,
2001; Maser et al.,, 2002; Garciadeblas et al., 2003; Ren et al,,
2005; Sunarpi et al., 2005; Platten et al., 2006). Most of Group
2 HKT transporters show a larger K™ permeability and Na™
permeability (Horie et al., 2001, 2009; Golldack et al., 2002; Haro
et al,, 2005; Almeida et al., 2013). The phylogenetic analysis
placed the maize HKT sequences amongst the sequences of
Arabidopsis, cereals and halophytes. In addition, the results of
the multiple sequence alignment showed that the ZmHKT1;5
protein shares the Group 1 similarity with HKT1;5 proteins such
as OsHKT1;5, which encodes a member of the HKT1 subfamily in
the Trk/Ktr/HKT transporter family, suggesting that ZmHKT1;5
may share a similar function with OsHKTL5. OsHKTIL5 is
expressed in rice xylem parenchyma cells and reduces Na™ levels
in the xylem sap; in addition, OsHKTI;5 encodes a Na™-selective
transporter and can exclude Na* from shoots under the salt
stress protecting leaves from Na't toxicity (Ren et al., 2005;
Sunarpi et al., 2005; Rus et al., 2006). The Nat/K™' ratio was
detected in the transgenic tobacco study, which showed that the
ZmHKTI;5-overexpressing plants had higher Kt content and a
better-balanced Na™/K* ratio to reduce salt-stress symptoms.
Recently, some HKT genes have been identified in sorghum and
were also shown to contribute to salt tolerance by enabling K+
uptake under salt stress (Oomen et al., 2012; Wang et al., 2014).
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FIGURE 6 | Analysis of MDA content, Na*/K™ ratio, three antioxidant enzyme activities and HoO» accumulation in VC and transgenic plants under salt stress.
30-day-old seedlings were treated with 150mM NaCl for 72 h, then the leaves were sampled to assess the MDA content (A), Na* content (B), K™ content
(C), Nat/K* ratio (D), HoO, content (E), CAT activity (F), POD activity (G), and SOD activity (H). Data are the means + SD calculated from three replicates.
* and ** indicate that the value in transgenic plants are significantly different (P < 0.05) and extremely significantly different (P < 0.01) from that of VC plants,
respectively. Three biological replications produced similar results.

All these studies indicated that HKTs in glycophytic crops could
play a similar role to those in halophytes.

Natural variations or alleles of genetic loci are believed to
be useful in breeding. Recently, candidate gene association
analysis has been developed to dissect natural variations or
alleles of certain genes contributing to complex traits. Using
this method, researchers have successfully identified favorable
variations/alleles of ZmDREB2.7, ZmNACI111, ZmPP2C-A, and
ZmVPP1 for enhancing maize abiotic stress tolerance (Liu et al.,
2013; Mao et al.,, 2015; Wang et al., 2016; Xiang et al., 2017).
In this study, we detected favorable variations/alleles (SNPs
A134G and A511G) of ZmHKTI;5 in the same method. These
two SNPs does not change the amino acid residues that are
known to confer salt tolerance in wheat (Rubio et al., 1995,
1999). Thus, the affinity to Na®™ of ZmHKT1;5 is probably
conferred by these conserved amino acid residues. However,
further experiments are required to validate the effect of these
two SNPs on K' uptake. Moreover, it is noteworthy that
polymorphisms of cis-regulators was significantly correlated
with HKT expression and salt tolerance in some genome
wide association studies of Arabidopsis (Baxter et al., 2010;
Julkowska et al., 2017). In our study, we also detected associations
with ZmHKT1;5 in the promoter region, but no significant
correlation sites were identified (data not showed). The results
showed that SNP in the coding region of ZmHKTI;5 could
affect the function of genes which was similar to those of
OsGA20x6 and GA20x9A (Lo et al,, 2017; Ford et al., 2018).
Although it is still unclear how the SNPs 134G and 511G

of ZmHKTI;5 leads to functional differences, they should
be favorable because the most of the salt-tolerant maize
inbred lines tended to contain this allele, while the most
of the salt-susceptible lines tended to have SNP 134A and
511A. SNPs A134G, and A511G could be used in breeding
programs as candidate markers to screen salt-tolerant lines in
maize.

To understand the role of ZmHKT1;5 in plant salt tolerance
further, ZmHKT1;5 was transformed into tobacco in the forms
of gene sequence with SNPs 134A and 511A (ZmHKTI;5 AA)
and with SNPs 134G and 511G (ZmHKT1;5 GG). Under normal
conditions, ZmHKTI;5 transgenic plants were similar to VC
plants in terms of germination, biomass and antioxidant enzyme
activities. However, when exposed to NaCl stress, the transgenic
tobacco seedlings displayed better performance in many respects
than VC seedlings, including higher germination rate as well
as SOD, CAT and POD activities. In addition, Na*t/K™ ratio,
MDA content, and HO; accumulation in the transgenic plants
were less than those in VC plants. Especially, the overexpressing
ZmHKTI1;5 GG plants were more tolerant than overexpressing
ZmHKTI1;5 AA under salt stress. These results implied that
overexpression of ZmHKTI;5 could effectively improve plant
salt tolerance and SNPs A134G and A511G of ZmHKTIL5
might be the important candidate sites to affect the function
of ZmHKT protein. The mechanism should be studied in the
future.

Abiotic stress always damages cell membrane systems, inhibits
photosynthesis, and limits plant productivity, which is due
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to accumulate more ROS (Negi et al., 2015). In this study,
ZmHKT1;5 overexpression plants showed less ROS accumulation
when they were exposed to salt stress (Figure 6), suggesting that
the regulation of salt response processes by ZmHKT1;5 involved
ROS metabolism, similar to other stress response-related genes.
One hypothesis to explain Na™ level changes in plants is that
ROS might stimulate HKT expression or activity. Alterations in
ROS levels in plants may be a crucial determinant of transporter
activity (Almeida et al., 2013). According to our results, this
hypothesis could be improved. First, ROS accumulation might
be induced under salt stress. Next, ROS would activate the
expression of ZmHKT1;5. ZmHKT1;5 could regulate the Na*/K*
ratio to repress ROS accumulation and preserve plant growth
under salt stress. The regulation pathway by which ROS activates
the expression of ZmHKT1;5 should be identified in the further
studies. Some studies have found that DREB transcript levels were
coupled with the accumulation of ROS under salt stress (Yan
et al., 2014; Yang et al., 2017), indicating the possible regulation
of DREB by ROS accumulation. Therefore, transcription factors
such as DREB and WRKY represent possible candidate genes for
involvement in this process.

CONCLUSION

HKTs are important salt-stress response-related proteins, and
some studies of HKT involvement in salt stress tolerance
have been reported in glycophytic plants. However, there have
been few studies on stress responses involving HKT in maize.
In the current study, an HKT gene was cloned from maize
and named ZmHKTI1;5. ZmHKTL5 belongs to the HKTI
subfamily. Two SNPs of ZmHKT1;5 were significantly associated
with phenotypic variation in salt tolerance and thus represent
candidate markers for screening salt-tolerant maize lines.
A rapid induction of ZmHKTI;5 gene expression in response
to salt stress was important in enhancing plant salt-stress
tolerance. Overexpressing ZmHKT1;5 can improve salt tolerance
in transgenic plants. The ZmHKTI;5 overexpression tobacco
seedlings showed enhanced germination rate as well as CAT,
SOD, and POD activities in comparison with VC seedlings. The
content of MDA and H, O, that were generated in VC plants were
all greater than they were in ZmHKT1;5 overexpression plants
when exposed to salt stress, which indicated that ZmHKTI;5
overexpression improved plant tolerance to NaCl. These results
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