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Transcriptomic Analysis of Triticum aestivum under Salt Stress Reveals Change of
Gene Expression

Donghyun Jeon"' , Yoonho Lim* Yuna Kang®, Chulsoo Park®, Donghoon Lee®, Junchan Park®, Uchan Choi’,
Kyeonghoon Kim® , and Changsoo Kim"'

ABSTRACT As a cultivar of Korean wheat, ‘Keumgang’ wheat variety has a fast growth period and can be grown stably.
Hexaploid wheat (Triticum aestivum) has moderately high salt tolerance compared to tetraploid wheat (7riticum turgidum L.).
However, the molecular mechanisms related to salt tolerance of hexaploid wheat have not been elucidated yet. In this study, the
candidate genes related to salt tolerance were identified by investigating the genes that are differently expressed in Keumgang
variety and examining salt tolerant mutation ‘2020-s1340.’. A total of 85,771,537 reads were obtained after quality filtering using
NextSeq 500 Illumina sequencing technology. A total of 23,634,438 reads were aligned with the NCBI Campala Lr22a
pseudomolecule v5 reference genome (7riticum aestivum). A total of 282 differentially expressed genes (DEGs) were identified
in the two Triticum aestivum materials. These DEGs have functions, including salt tolerance related traits such as ‘wall-associated
receptor kinase-like 8, ‘cytochrome P450°, ‘6-phosphofructokinase 2’. In addition, the identified DEGs were classified into three
categories, including biological process, molecular function, cellular component using gene ontology analysis. These DEGs were
enriched significantly for terms such as the ‘copper ion transport’, ‘oxidation-reduction process’, ‘alternative oxidase activity’.
These results, which were obtained using RNA-seq analysis, will improve our understanding of salt tolerance of wheat. Moreover,
this study will be a useful resource for breeding wheat varieties with improved salt tolerance using molecular breeding technology.

Keywords : candidate gene, differentially expressed gene, gene ontology, salt tolerance, wheat
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Table 1. Filtered reads and alignment results of QuantSeq data.

Sample  Processed read Mapped read Mapping rate
KCT 23,591,928 7,331,269 31.08%
K200 15,306,095 3,975,735 25.87%
SCT 23,465,577 7,074,570 30.15%
S200 23,407,937 5,252,864 22.44%

sequencingS R345to] & 87]19) sequencing datas AYAHS}H
ot 1 & AYAHE sequencing data =, BBdukS& A8-3}¢]
phred Quality Score”} Q20 ©]A}Ql readsTt AM&35H4ch I
E]d H reads= Bowtie2 & ©]-85}9] reference genome (NCBI
CH Campala Lr22a Pseudomolecule v5)©] alignmentE 213§

stk 2748 A2 F19] processed reads= 23,634,438 7
7} A= 31 mapping® reads®= 7,331,26971 2 31.08% 2]
mapping rateS 7[R ch E3F 270 G A 2|79 processed
reads= 25,306,0957117} AJ4t=] 9] © ™ mapping¥ reads=
3,975,7347) 2 25.97%2] mapping rate7} U-th 2020-s1340
A2 49] processed reads= 23,465,5777l| 0|1 mapping
% reads+= 7,074,5707l, mapping rate+= 30.15%% 7}&It}.
ulx]ak o g 2020-s13402] 4 AEH A A2 F2] processed
reads+= 23,407,9377 0| mapping® reads+ 5,252,864 7]
2 22.44%9] mapping rate2 7}ZITtHTable 1).

DEGs®| Er5i QrAl 2AY

DEGs9] 93 Hjw= &7) 200 mM NaClg A 2/a37+ &
Z2](K200/KCT), 2020-s1340 200 mM NaCl<g # 2]/2020-
s1340 F-2](S200/SCT), 2020-s1340 200 mM NaCl& =]/
w7 200 mM $ A 2](S200/K200) 37HA] H]|-E Faf 2Fels)
Hth(Fig. 1A). DEGs A4k fold change; 2.00, normalized
data (log2); 4.00, p-value (0.005) 7|&o 2 H3Ystuct 1
A3} K200/KCTo| A= A3k & H DEGs7t 7770, sh3F
& ¥ DEGs7} 378 % 11479 DEGs7} &Fol %] ¢lth(Table
2). S200/SCT H|IL 3o A= 457]9] AFF uF8l ¥l DEGs,
19719] s}eF @aH DEGs, & 64712 DEGs7} 2l it
(Table 3). TpA]ELO. @ $200/K200 H]i Z3Ho]| AL 46749
Ak 28 DEGs, 587119 31 2d % DEGs 12]1l &
10471 2] DEGs7} &<1%]|¢lth(Table 4). Venn diagram © &
Al B3l 23] DEGsE 1%t A, Al vjal 2o A &
Ex08 4aE= DEGs: 3FlE %] 9FoFr}. S200/K200
7} K200/KCT H|io| A= 92 17]9] AFsF urel s DEGsTF
ZEAOo 2 g E 9t} $200/SCTT S200/K2009] H] 72
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Fig. 1. (A) Differentially expressed genes (DEGs) analyzed for
three comparative combinations (K200/KCT, S200/SCT,
S200/K200) of Keumgang and 2020-s1340 in leaves
under salt stress condition and control. (B) Venn diagram
showing the distribution of overlapping or unique genes.
K200; Keumgang 200 mM NaCl, KCT; Keumgang
Control, S200; 2020-s1340 200 mM NaCl, SCT; 2020-
s1340 Control.
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Table 2. Differentially expressed genes of K200/KCT with NCBI description.

Gene symbol

NCBI accession

CAMPLR22A2D _LOCUS158

CAMPLR22A2D_LOCUS601

CAMPLR22A2D_LOCUS2984
CAMPLR22A2D LOCUS2615
CAMPLR22A2D_LOCUS3409
CAMPLR22A2D LOCUS2963
CAMPLR22A2D LOCUS4092
CAMPLR22A2D_LOCUS2161
CAMPLR22A2D _LOCUS5392
CAMPLR22A2D _LOCUS3332
CAMPLR22A2D LOCUS2165
CAMPLR22A2D _LOCUS3844
CAMPLR22A2D_LOCUS1004
CAMPLR22A2D_LOCUS2110
CAMPLR22A2D LOCUSS5572
CAMPLR22A2D _LOCUS3721
CAMPLR22A2D_LOCUS263

CAMPLR22A2D _LOCUS2312

CAMPLR22A2D_LOCUS3514

CAMPLR22A2D LOCUS3502
CAMPLR22A2D_LOCUS942
CAMPLR22A2D_LOCUS3663
CAMPLR22A2D_LOCUS320
CAMPLR22A2D _LOCUSI1126
CAMPLR22A2D LOCUS845
CAMPLR22A2D_LOCUS34
CAMPLR22A2D _LOCUS2811
CAMPLR22A2D_LOCUS212

XP_020162712.1
XP_020151908.1
XP_020195752.1
XP_020154852.1
KAES811428.1
XP_020167693.1
AUK50719.1
XP_020194864.1
EMS68757.1
EMS66256.1
TVU38974.1
XP_020180236.1
XP_020188526.1
XP_020190784.1
XP_020149510.1
XP_020146898.1
XP_020188277.1
XP_020173468.1

XP_020150526.1

XP_020186273.1
XP_020180073.1
XP_020163906.1
XP_020185273.1
ACV44213.1
XP_020189382.1
XP_020166186.1
XP_020196530.1
TKW74648.1

EAN 2 Lo QA WH 0| 45
Description Expression

putrescine hydroxycinnamoyltransferase 3 Up
UDP-glucosyltransferase UGT13248 Up
serine decarboxylase 1 Up
quinone-oxidoreductase QR2 Up
Peptide methionine sulfoxide reductase A2-1 Up
non-specific lipid-transfer protein 4 Up
MYC protein Up
L-ascorbate oxidase homolog Up
hypothetical protein TRIUR3 22446 Up
hypothetical protein TRIUR3 19444 Up
hypothetical protein EJB05 12371 Up
hsp70-Hsp90 organizing protein Up
heavy metal-associated isoprenylated plant protein 35 Up
glucose-6-phosphate/phosphate translocator 2, chloroplastic-like Up
fructan 6-exohydrolase Up
expansin-B17 isoform X4 Up
cytochrome P450 99A2 Up
cytochrome P450 76M5-like Up
cytochrome b561 and DOMON domain-containing protein Up
At3g07570

chitinase 5 Up
CBL-interacting protein kinase 2 Up
ammonium transporter 1 member 1 Up
I-aminocyclopropane-1-carboxylate oxidase homolog 1-like Up
WALI7 Down
probable F-box protein At4g22165 Down
noroxomaritidine synthase 2-like Down
F-box protein At5g50450 Down
DUF4218 domain-containing protein Down

AdE 5 {fHARE0] ¢ %
Al DEGs = blastX 23 =

2 I % CAMPLR22A2D LOCUS1545+= "6;} H

2 o=t 200/SCT0ﬂ

=W RLKS| e 2

e B4 A 71T o

7lb°1 SRIE A= 1674 9 7He Aol ZHAE AL ABAOf gt RIZH=TF SR
*?i% 4 < ®oltta Bt Zhao ef al., 2013). CAMPLR22A2D

=
Z} = UDP-glucosyltransferase (UGTs)E ZH 5= §21%}0]
t}h. UGTs+= ofj7]1& ol 4] anthocyanin &£24-& £3] 4 AE
g2, 7He AEEA, A2 AEg Ao A Fofditial
BUHECKLI ef al., 2017). CAMPLR22A2D LOCUSI128+=
receptor kinase-like protein Xa2l& FY3t= FHAAZR
Receptor-like kinase (RLK) protein< abscisic acid (ABA),

salicylic acid, methyl jasmonate, 7}&, =& HLof 2J3f

LOCUS338+= Lectin receptor-like kinases (LecRLKs)S F
33} LecRLKs+= RLK sub-family2 2|2 A& 2 9

HAEH 9 QBT Adse) ggt wgolH Fagt

AUL S0 AT FAS Yolsht /5L AHIntn 9

ATHSun et al., 2020). CAMPLR22A2D LOCUS4890+=

cytochrome P450 76T249] 7]5%

(CYP)= NADPH % O, &J&A sto] =543} whg-of o]
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Table 3. Differentially expressed genes of S200/SCT with NCBI description.

Gene symbol NCBI accession Description Expression
CAMPLR22A2D LOCUS5065 XP_020200321.1 wall-associated receptor kinase-like 8 Up
CAMPLR22A2D LOCUS1545 XP_020172794.1 UDP-glucosyltransferase UGT13248 Up
CAMPLR22A2D LOCUS4447 XP_020167864.1 ubiquinol oxidase 1b, mitochondrial-like Up
CAMPLR22A2D LOCUSI1975 XP_020200236.1 TIR-only protein-like Up
CAMPLR22A2D LOCUSI128  XP_020155302.1 receptor kinase-like protein Xa2l Up
CAMPLR22A2D LOCUS947  XP 020179741.1 peroxidase 2-like Up
CAMPLR22A2D LOCUS338  XP 020192677.1 L-type lectin-domain containing receptor kinase SIT2 Up
CAMPLR22A2D _LOCUS2110 XP_020190784.1 glucose-6-phosphate/phosphate translocator 2, chloroplastic-like Up
CAMPLR22A2D LOCUS3817 XP_020173646.1 disease resistance protein RPS2 isoform X2 Up
CAMPLR22A2D LOCUS1377 WP _146159905.1 DDE-type integrase/transposase/recombinase Up
CAMPLR22A2D LOCUS4890 XP 020169384.1 cytochrome P450 76T24 Up
CAMPLR22A2D LOCUS4379 EMSS51809.1  Alternative oxidase la, mitochondrial Up
CAMPLR22A2D LOCUS3327 EMS53637.1  6-phosphofructokinase 2 Up
CAMPLR22A2D LOCUS875  XP_020161181.1 probable pectinesterase 53 isoform X1 Down
CAMPLR22A2D LOCUSS5514 XP _020148696.1 probable esterase PIR7A Down
CAMPLR22A2D_LOCUS5844 ASD34425.1  NADH-plastoquinone oxidoreductase subunit K Down

Table 4. Differentially expressed genes of S200/K200 with NCBI description.

Gene symbol NCBI accession Description Expression
CAMPLR22A2D LOCUS237  XP 020166955.1 probable amidase At4g34880 Up
CAMPLR22A2D LOCUS291 AAC49287.1 thiol protease Up
CAMPLR22A2D LOCUS3197 XP_020175646.1 sugar transport protein MST1 Up
CAMPLR22A2D LOCUS340 WP_146159909.1 retropepsin-like aspartic protease family protein Up
CAMPLR22A2D _LOCUS3696 XP_020156820.1 protein FARI-RELATED SEQUENCE 9 Up
CAMPLR22A2D LOCUS4563 XP 020191278.1 probable L-type lectin-domain containing receptor kinase S.5 Up
CAMPLR22A2D LOCUS2617 XP_020154853.1 probable disease resistance protein At5g45490 Up
CAMPLR22A2D LOCUS5593 AAV80394.1 polyprotein Up
CAMPLR22A2D _LOCUS3267 XP_020168413.1 NAC domain-containing protein 92 Up
CAMPLR22A2D LOCUS2399 XP 0201830041 mediator of RNA polymerase II transcription subunit 33A Up

- - isoform X2

CAMPLR22A2D LOCUS1852 EMS61037.1 E3 ubiquitin-protein ligase RNF14 Up

CAMPLR22A2D LOCUS4172 XP_020172789.1 auxin-responsive protein SAUR71-like Up

CAMPLR22A2D LOCUS3987 XP_020189679.1 subtilisin-like protease SBT1.3 Down
CAMPLR22A2D LOCUS1660 XP_020182025.1 nuclear transport factor 2 Down
CAMPLR22A2D LOCUS3844 XP_020180236.1 hsp70-Hsp90 organizing protein Down
CAMPLR22A2D LOCUS1912 XP 020200232.1 scarecrow-like protein 23 isoform X1 Down
CAMPLR22A2D LOCUS949  XP 020183801.1 peroxidase Down
CAMPLR22A2D LOCUSI7S  XP 020171698.1 ;1-1113( eﬁnger BED domain-containing protein RICESLEEPER Down
CAMPLR22A2D _LOCUS948 KAE8772909.1  Peroxidase 2 Down
CAMPLR22A2D LOCUS4925 EMS49539.1 hypothetical protein TRIUR3 24597 Down
CAMPLR22A2D LOCUS1389 TKW74807.1 hypothetical protein DI610 05720 Down

CAMPLR22A2D LOCUSI1228 XP_020163313.1 alpha-humulene synthase-like isoform X2 Down
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CAMPLR22A20_L0CUS3409 Peptide methionine sulfoxide reductase A2-1
CAMPLR22A20_L0CUS3844 hsp70-Hsp90 organizing protein
CAMPLRZZAZD_LOCUS&?QQ hypothetical protein TRIUR3_22446
CAMPLR22A2D_LOCUSS572 fructan 6-exohydrolase
CN\(PLR22AZD:LOCU33332 hypothetical protein TRIUR3_19444
CAMPLR22A20_LOCUS2110 glucose-6-phosphate/phosphate translocator 2, chloroplastic-like
CAMPLR22A20_LOCUS601 UDP-glucosyltransferase UGT13248
CANPLR22A2D_LOCUS3502 chitinase S
CAIPLR22A2D_LOCUS26 15 quinone-oxidoreductase QR2
CAMPLR22A2D_LOCUS263  cytochrome P450 99A2
CAMPLR22A20_LOCUS2165 hypothetical protein EJB0S_12371
CANPLR22A2D_LOCUS3663 ammonium transporter 1 member 1

LOCUS942  cBL-interacting protein kinase 2
CAMPLR22A2D_LOCUS158  putrescine hydroxycinnamoytransferase 3
CANPLR22A2D_LOCUS320  1-aminocyclopropane-1-carboxylate oxidase homolog 1-like
CAMPLR22A2D_LOCUS2963 non-specific lipid-transfer protein 4
LOCUS4092 14vC protein
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CAIPLR22AZD_L0CS29B4 serine decarboxyiase
CAMPLRZZAZU_LULUSSO 14 cytochrome bS61 and DOMON domain-containing protein At3g07570
CAMPLR22A2D_LOCUS2312 cytochrome P450 7615-like

CAMPLR22A20_L0CUS2161 L-ascorbate oxidase homolog
CAMPLR22A2D_LOCUS3721 expansin-B17 isoform X4

CAMPLR22A20_LOCUS1004 heavy metal-associated isoprenylated plant protein 35
CAMPLR22A2D_LOCUS845  probable F-box protein At4g22165
CAMPLR22A2D_LOCUS212 DUF4218 domain-containing protein
CAMPLR22A2D_LOCUS34  noroxomaritidine synthase 2-like
CAMPLR22A20_LOCUS 1126 WALI7

CAMPLR22A20_LOCUS2811 F-box protein At5g50450

5200

063555276

018222362

CAMPLR22A2D_L0OCUS 1545 UDP-glucosyltransferase UGT13248
CAMPLR22A2D_LOCUS 128  receptor kinase-like protein Xa21
CAMPLR22A2D_LOCUS338 L-type lectin-domain containing receptor kinase SIT2
CAMPLRZQAQD_L()CUS 1377 DDE-type integrase/transposase/recombinase
CAMPLRQQAQ[):I_()CU33817 disease resistance protein RPS2 isoform X2
CAMPLR22A2D_L0CUS4890 cytochrome P450 76T24
CAMPLR22A2D_L0CUS5065 wall-associated receptor kinase-like 8
CAMPLR22A2D_LOCUS 1975 TIR-only protein-like

CAMPLR22A2D_L0CUS3327 6-phosphofructokinase 2
CAMPLR22A2D_LOCUS2110 glucose-6-phosphate/phosphate translocator 2, chloroplastic-like
CAMPLR22A2D_LOCUS4379 Alternative oxidase 1a, mitochondrial
CAMPLRQQAQD:LOCUS4447 ubiquinol oxidase 1b, mitochondrial-like
CAMPLR22A2D_LOCUS947  peroxidase 2-like

CAMPLR22A2D_LOCUS875  probable pectinesterase 53 isoform X1
CAMPLR22A2D_L0CUS5844 NADH-plastoquinone oxidoreductase subunit K
CAMPLR22A2D_L0OCUS5514 probable esterase PIR7A

©

071469685

014285168

CAMPLR22A2D_LOCUS340 retropepsin-like aspartic protease family protein
CAMPLR22A20_LOCUS5593 polyprotein

CAMPLR22A20_LOCUS3 197 sugar transport protein MST1

CAMPLR22A2D_L0CUS2399 mediator of RNA polymerase Il transcription subunit 33A isoform X2
CAMPLR22A2D_L0CUS3696 protein FAR1-RELATED SEQUENCE 9
CAMPLR22A2D_L0CUS26 17 probable disease resistance protein At5g45490
CAMPLR22A2D_L0CUS237 probable amidase At4g34880

CAMPLR22A2D_L0CUS3267 NAC domain-containing protein 92
CAMPLR22A2D_LOCUS4172 auxin-responsive protein SAUR71-like
CAMPLR22A2D_LLOCUS 1852 E3 ubiquitin-protein ligase RNF14
CAMPLR22A2D_LOCUS4563 probable L-type lectin-domain containing receptor kinase S.5
CAMPLR22A2D_LOCUS291  thiol protease

CAMPLR22A2D_L0CUS3844 hsp70-Hsp90 organizing protein
CAMPLR22A2D_LOCUS47 12 putative disease resistance protein RGA4
CAMPLRZZAZD_LOCU33987 subtilisin-like protease SBT1.3

CAMPLR22A2D_LOCUS 1912 scarecrow-like protein 23 isoform X1
CAMPLR22A2D_LOCUS 1660 nuclear transport factor 2

CAMPLR22A2D_LOCUS4925 hypothetical protein TRIUR3_24597
CAMPLR22A2D_LOCUS948 ~ peroxidase 2

CAMPLR22A2D_LOCUS949  peroxidase

CAMPLR22A2D_LLOCUS 175 zinc finger BED domain-containing protein RICESLEEPER 2-like
CAMPLR22A20_LLOCUS 1389 hypothetical protein DI610_05720

CAMPLR22A2D_L0CUS 1228 alpha-humulene synthase-like isoform X2

Fig. 2. Heatmap analysis of the expression difference between the two wheat genotypes (Keumkang and 2020-s1340) under
salt stress conditions of (A) K200/KCT, (B) S200/SCT, and (C) S200/K200.
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CAMPLR22A2D LOCUS5065+ wall-associated receptor
kinase-like 8& I Y3dl= §A A= wall-associated kinase
(WAK) multigene family= 21549 thefeh Az apgap A
Ef& dhgoA 83 Jag sk Aoz dEA AT
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LOCUS3327+ 6-phosphofructokinase 29| 7|52 714
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Efa WAde SR g2 A 2 oy A 35S AR
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ZE= AAY 2B A WS 23ske] ohefet Aol A
et 7154 Adds gtk Ao Y5E Ut Mustroph er
al., 2013). Alternative oxidase (AOS)= AEH A HES-0
Al obdld Al 24, 5y A <l &g 4HA(ROS) B4 Fax0
ol 4= qlom AOS7F B E of 7| 4= W& ROS
P4, M AFE 2 AEAY Na' hart o] Fofxict
31 B3 SHTK(Smith ef al., 2009). & #3A] 2020-s13409]
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Gene ontology (GO) M 4 HZI terms E&7
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GOE42 AgriGo v2.0& ©]-83l|l SEAE F3ff X3stich
G029 HF+= 34 ‘Biological process’, ‘Molecular function’,
‘Cellular component” 37} = L o] #t} K200/KCT, S200/
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s A E= 429 GO Y5 ERRIsksith K200/KCT
DEGso|| A= 212} 345719] GO termE°] A2 %3 S200/
SCTofl+= 1807}, S200/K2000 4= 298712] GO term=9]
ghol =9l 37019 DEGs X% biological processof A=
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Q1514 Tt Molecular function®)| 4= catalytic activity (GO:
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FAA= 5 biological

organism metabolic process (GO:0044710), oxidation-reduction
process (GO:0055114), copper ion transport (GO:0006825),
copper ion transmembrane transport (GO:0035434)2} Z+2
A2 Q1 GO termof| A 2440 #A 1= ek Fel=
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Fig. 3. Gene ontology (GO) annotations of differentially expressed genes (DEGs) between two wheats genotypes (Keumkang and
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