HRVEWEM 2026,46(8):1082—1092
Journal of Triticeae Crops doi: 10.7606/5.issn.1009-1041.2026.08.09

%) £t hig B[] = 2026-04-10
[ 24 1 R AL < hetps: //link. enki. net/urlid/61. 1359, S. 20260409, 1319. 014

FRRE T BR &l i A B ) R EG SR 2H 43 B
S 3R

(5 W RS /95 WA RMBL 22 B / [ G AR A W b 5 B R A2 003 32 . 7 8 05 7 810016)

W B ARRTERY G R e AL 5 F o B A L oA F A FRA R ZYM1795,.Z2YM3130 fo R
w2 FARAE T ZYM2239 A, KA 50,150,250 mmol ¢ L' NaCl & & vA B R AR K (38 18 347 4 32, ] &
FRMG B ¥R ZBE(MDA) T 38 (SS) 48 A AT Ak &85 (CAT) 4 AL 4 B AL B (SOD) A= iE &
W B (POD) B S A R 3547, 5 b 5P BB A2 250 mmol » L1 NaCl &2 ¢h vt 7 sti746Fam 5, &R &9,
[ 3R 69 I Z & 3 A A 69 MDA 48 2R3 5 B A %, SOD.POD.CAT #F & &4k 286 A% ,SS &

TEEREZ.AATRAESTHFRANALGHEALGASERAT YW RA LT H MG, BdiFEHH, XL T H
3343 AT HE S M*F'Tiia%ééi%%&ii}%ﬁl Z B E &AW % \#fr,;n&xvﬁ 5 A ARIEHFTEME
WMEEREE, - HRFIO0IABEFEMELR, 2GOFTEIN XX A AT HE E TREAE A

4&%4@\&%457%%,ﬁuﬂa%ﬁw@ﬂﬁé%&w)ﬂ#ﬁ%ﬂa&kﬁéo Hob, itk 20 AXEAR, AT ARALY
BB EEEASRMACEAR AR/ FRREFOUBLAFNRABCHEZEFOARN, XA REERAFTR . E
FERY BT PREZERN.ENETRY GBI R AL A0 2L KA R Ak AR S

KB F R G i A FIRAT S A AR B 3 R R AT

FE 4 FES:S512. 3;S330 X EkFRIZAD : A X EHS:1009-1041(2026)08-1082-11

Physiological Response and Transcriptome Analysis of
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Abstract: In order to explore the physiological and molecular response mechanism of highland barley
seedlings to salt stress, ZYM1795, ZYM3130 and ZYMZ2239 highland barley seedlings were used as
materials. The seedlings were treated with 50, 150, and 250 mmol « L' NaCl solution and distilled
water (control). The contents of malondialdehyde(MDA), total soluble sugar(SS) and the activities
of catalase(CAT), superoxide dismutase(SOD), and peroxidase(POD) in the leaves of highland bar-
ley were determined. Transcriptome sequencing was performed on the leaves of the control and 250
mmol » L™" NaCl treatment. The results showed that with the increase of salt concentration, the
MDA content of salt-tolerant materials increased first and then decreased; the activities of SOD, POD
and CAT increased first and then decreased; and the SS content accumulated significantly, indicating
that highland barley responded to salt stress by activating antioxidant defense system and osmotic ad-
justment substances. Through transcriptome analysis, a total of 3 343 differentially expressed genes
that may be related to salt tolerance were identified. Through weighted gene co-expression network

analysis, yellow modules significantly related to all physiological indicators were screened, and 1 801
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potential salt tolerance-related genes were further obtained. GO enrichment analysis showed that

these genes were mainly enriched in stress response, antioxidant defense, hormone signal transduc-

tion, such as abscisic acid response, enzyme activity regulation and other related pathways. Among

them, 20 key genes were screened, including peroxidase gene, trehalose phosphorylase gene, serine/

threonine protein kinase gene, and ABC transporter gene. These genes play an important role in ac-

tive oxygen scavenging, osmotic regulation, and signal transduction. It is speculated that highland

barley seedlings enhance salt tolerance by synergistically regulating physiological response and key

gene expression.

Keywords: Highland barley seedlings; Salt stress; Physiologic index; Transcriptome; Weighted gene

co-expression network analysis

- R A 4 BRI A 7 T I Y 32 2R AR
Yilit z — Em R I S 5 RAE W B B W
RN IR AT O 187 NS TSR S R A
R HEBAEREFIFSBR- BT, I
AR L B A sk e 7 Ak 5 R Ak T A A ) it BT
VEY R it 8 53 F HLE © 8k B 58 880 otk Jr w
AR BIF 5 FCSR X T 5 7 T R B B ORE DR B A RO
ZEHFERE N, BB (Hordeum vulgare L.,
var. nudum Hook. {.)@ERARKE & —4F
AN s 32 B A T e T R R S X R R R
2 B RRORLAS b, B T SE Lt 5L T SR 6 T 2R
T8 VP R AR A SR R A B 0 B A bRl
MBS B . AL FFRRE N B RIES Y, B
A EFEAEE IR, I R R,
PRI ) 8 38 X 55 BR 4 i 2R PR 1 5 40 7
FEAL 052 W0, % T BRI R R B B A AR
AR b 5% 5T A LA B HE Bl 7 BRI AR 2P R T
HAEEME,

Bl fE R i T /NE R FEZFAEY R A4
B O A5 AT HRE L B Sk I R B
BRE <X (27 POE-N) SEN S A= HE VIS LS BU R (2 e
TRPR I A2 5 5 S 20 D e BOR oy A4S & L R 8 4
B N (7 B S R S VAN S ERERE T BS
BEDR AT B T A AR 0 o 07 R TR 38 RS S 1 AL A A
T V7 6P O R s I 4% o e el S A
Xof Y P S A AT AR BRAR AR I A2 & LR A R
TS S 40 e g R TR 3 % OC B I, L 45 5 R ok
P45 R AT KEGG &£ &4 17 H
M 17 6 IR 368 1) 0GB A 53 B 5 48 LR B T
R DB AE e AW P T RS o T
AN TR R PR /N 22 i o xsd 5 30 04 o 7 2% S, A
/NZE T DATE o e A5 A B IR A A O B T Y

FEIRORARPUER W ; B N AR Aoy R L R i
KA 5 A M orr2 Bk F2 4 Y BT AL I P A
ROS W Frpe e B/ M g 2 48 &, N Z %
(MDA) 7 1 b 25 BRI, 40 B 450 5 72 B T B, Tf 321
PR P 5 5 00 4 A B S AR OC B R (Os-
Fe-SOD ,OsAPXa ,OsGPX4 F1OsPEXID) H %,
H AR5 s 41 2% T 75 BRI SR 1R D 52 1Y) i 1 A XF
HAVEY %/, Panrong Ren Z1 254 16S rRNA
HVEe S 2 o3 e s 1 3 BRORD T R 07 & 19 23 1 L
il o AEL 0 TN AR T S Y B P A R T R A
PGS T,

AHI ST AE BT AT 313 40 5 R AN b L 32E 17 i
Ve BL Al b DA 3 1 A7 7 B 2% S5 00 7 BR AL RL
NS DO S TN 1 S R I oS CUs N R
MDA & f DA N i %8 A0 AUl (CAT) | A AL W) 1
A (SOD) Al AL ¥ il (POD) 1 14 19 42 4k, IF:
Xt 0,250 mmol » L' NaCl Zb¥ T iy /7 - e s 5%
LT o AT 25 S 3R TR DR B A G AR T 3 i LA
Sy 1) B 5 AR e 7 kA 2 7 23— B3 K O A T R R
PR 5% 5 S AL 2 2 AR A0

1 ## 57 &*

1.1 RIes Rl 5 EhEhiB 4b 12

AR 2H TS0 3 e % ok I A A W R B B
U503 R 313 3 75 BRAD BT M4 B E A7 0 3 L AR 15
F R A B ZYM1795 1 ZYM3130 LK A Tiid
MR ZYM2239, A sl 50 398 UK /N 24— 0K 16 1t
FJCBE 451 19 ZYM1795, ZYM3130 il ZYM2239
Pl 4 50 ki, A1 5% YR SR M ¥ 10 min,
MK R vk 3 ARG TN T4 B8 A W2
R E THE YRR R A
KIEHE 12 h @ 25 °C, B EK 12 h B E 20



. 1084 # K F W

EE %46 &

C LR A FEZE K LR FR IR 400 . 7 4 &
HFEMH—.O0 W, B 50,150,250 mmol « Lt
NaCl W 53 %F 3 473 75 BRob R 47 465 Wy 36 4k 24
DA ZE TR K Ak B ) 75 BRAE AR 6T BR Sy dkE S 4 1
R HE IO 2R FH 2 2B 1S NaCl v B ) 7 %
Bi4E 12 h A 50 mmol « L' NaCl ¥ B 2 i i3 18
HL % NaCl ¥ B S BT 75 We B2, JF AR UE & K i 3
e I8 4 R Ak T DA AR IR R B N . AR AL B 3
WEE BRELZEE 3 &, WA EFRIANE
FEW )2 H Hoagland BEH 15200 L 51 7 B e
8 JH e Pl 20 Ak AL ) G S R R A O vk
AT Frds 89 NaCl, AbBE 1 F8 5 BORE M A
HIR G LA — 80 °C VK AR P~ A7 » I A= BELAS b
FE B RNA SR S )
1.2 AZEB(MDA)SE. A EEESENN
S EEE RN E

fie e & A4 TR A BRA W MDA & &
R ) & (AKFA013M) | ] i M ol & i 4G I
W & CAKPL00SC) Ut B 5 43 31 I 22 75 R 0 F
MDA FI AT % Pk BB & &=, 8 R 1k W 1L
(SOD) it i & AL ¥ i (POD) 7 #4331 4% B b 52
&FE T AR R A A & (AKAO001C-508
1 AKAO001C-50) B T 45 47 M a5 1 4 b &=
fitt CCAT) I Pk ¥ BUZ 2\ o A Ak & g il R &
(AKAO003-2C) it BT 5 4TI 5E .
1.3 RNARE.XEME

X} 0,250 mmol « L' NaCl 4b B AY ZYM1795,
ZYM3130 Fil ZYM2239 4y 47 BUkE . =46 M
SLi A ) A R 4N A 4% bR ofE AR Chttps://
www. genedenovo. com/about/) 7€ i, RNA £
B, SC P2 #e) A U L MK B Tllumina Novaseq X
Plus 47 RNA CE s &, A fastp dE47 50
FE U HISAT 2 548 0 45 21 4 7 81 X
F| % I K 2H (Ensembl_release59) .,
1.4 ERREEAMIE

WA K LA H . 78 R J fd ] DESeq2 4k
fF, DA B B reads count 1H b i A B IE , DA
|log, FC| =1 H FDR<20. 05 A fifi & 4 14 . %} read
count fHFFAT b5 A, AR 95 450 70 A7 M35 4G 06 ME
RIYTHA, R G HE 1T £ RO A 5K OE, 153 5
FDR {H (8 15 & BL%) a4 e iR 41 i 25 5
FEIR I FH T M S B A 7 5 $R 4G TR
25 T 45 LA 21 2 S 3R 5K B R TR e s IR
T T B0 I Ik %) S B S

1.5 fAEE R IE M%7

IASCRE PR 3 3R 3K 9 25 3 BT (WGCNA) RE W 5
RORE 5 FEARRAEAH DG IR 9 B PR A i e, A
58K 2% Ak P 20 &)y B v 22 S 0 3 A AR BEAR B
VENFEARFAE(E B FH WGCNA Jy 12 0 32 45 i 361
T 5 sk S A R AR A AL A DG Y L R Bl
b i A AR B i I 5 22 S 3R Gk ik R E AT 5 1B )
B o B B0 2 1) AT B DAL, I A R v e 1 7 R
i AH G LA
1.6 GOEB&EDH

DAV 75 T 26 AH OC B B o X 4, BT H GO
term 7 B, H ARG IR IR 81 GO term X
1R 5 DR 91 9 K ik DX B H 5 B IS SR e L ART 23 A5 7
HAE P H, Uik A G EE I B E W
GO term (LRI P A0 #5 5%L Of er vy P <<
0.05), ¥ GO & HE Mg, g Rich fac-
tor JFDR 1 X & £ 3% GO term I A9 3 FH 4%
KA E EREE . H g, Rich factor {H & K, 37 H
FEHTEZ GO term H Y & 4 2 B B R s FDR {H
() B Y B3 5 o 0~ 1, HfH B 423 0, R K%
GO term [ & 5 & PEBR IR
1.7 BESH

] IBM SPSS22. 0 B %8 75 BR A i it i A=
PREE bR 45 R AEAT B K R Uy 22 03 e 8 Tukey £
HIL R 25 B EM, ) GraphPad Prism
10. O FRA A L0 Hs ) A AR e s

2 HREAMN

2.1 #hEME TAREM SRR £ BEIR TN
2.1.1 38T H4 MDA &3 %4k

Bifi NaCl & J32 r 3 i 56 75 Bbh R ZYMIL795
ZYM3130 FIASTH £ B4 K ZYM2239 B9 MDA % &
WE T B, 50 mmol « L' NaCl 4k
PR MDA & (8 1D, R Ma T .5
A4 5 2o AR A K 8 T
2.1.2  #Hphia T FARREACHE KT AL

fifi NaCl ¥ J& i 34 mn, ZYM1795, ZYM3130 Fi
ZYM2239 1 3 Bt A AL (SOD.POD Fl CAT )
PESR 25 TR B 0 H R ZYMI795 1Y
SOD,POD ¥ & ZYM3130 i POD i 1 25 1k 5
R 2) 5 Uk B R 38 2 36 5 75 B T 4E A0 B S
PE A B 15 BRI 2 0 0 PR AR a0 X A i 3 A
M5 . HeAh . 5 P9 03 i £5 AR AH L, 3R Bk aE 5 A
fif R #4KE ZYM2239 5 POD,CAT %1 B A 125 .



B I A - TR B0 TR T RR 40 i AR B 7 SR

2 Hr « 1085

55 8 1]
00D ZYMIT95 BZYM3130 WZYM2239
a
I
o 80}
3
iﬂgg 60 _}’_b b
s ‘g 40 b chb
S c
< dc
0

0 50 150 250
NaCHf &
NaCl concentration/(mmol « L™)

FIAE E AR /NG 7B R AR R b B E 72 0. 05 7K F 22 57
F. K2 3 e,

Different letters above the columns indicate significant differ-
ences among the different treatments at 0. 05 level. The same in
figure 2 and figure 3.
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Fig.1 Changes of MDA content in different highland
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Table 1 Basic statistics of 18 RNA-Seq libraries
R Raw data Clean data/ % eyl Clean reads GC/% N/Y%
CK1-1 39 838 636 99. 83 98. 74 94.70 53.27 0. 06
CK1-2 44 786 442 99. 81 98.78 94.78 53.11 0.09
CK1-3 37 271 658 99. 83 97.30 92.92 52.77 0.07
CK2-1 40 104 480 99. 82 98. 66 94. 26 53.50 0.08
CK2-2 38 288 912 99. 82 98. 63 94.13 53.83 0.07
CK2-3 42 459 684 99.79 98.75 94.70 53.58 0.10
CK3-1 36 492 908 99. 84 97.35 93.00 53.27 0. 04
CK3-2 36 770 252 99. 83 97.15 92.61 53.15 0.05
CK3-3 36 885 104 99. 80 98. 31 93. 66 53. 60 0.09
T1-1 40 173 516 99. 86 97.24 92.87 53.82 0.03
T1-2 37 389 636 99. 85 97.10 92.45 53. 88 0. 04
T1-3 37 498 748 99. 87 97.40 93.10 53.83 0.03
T2-1 38 360 508 99. 80 98. 65 94.15 54.62 0.10
T2-2 44 222 704 99. 82 97.27 92.57 54.43 0.07
T2-3 44 626 882 99. 80 97.09 92.17 54.25 0.08
T3-1 42 994 380 99. 81 98.56 93.83 54.79 0.08
T3-2 41 761 908 99. 81 98.61 94.03 54.59 0.08
T3-3 39 825 224 99. 80 98. 63 94.19 54.58 0.09

CK1:2YM2239 (% #; CK2: ZYM1795 1% CK3: ZYM3130 % #; T1. Z2YM2239 &k W38 &b B T2. ZYM1795 &5 ¥y 6 b 345
T3:ZYM3130 st 4b B, AL BE 3 A2k, FIH.
CK1: Control of ZYM2239; CK2: Control of ZYM1795; CK3: Control of ZYM3130; T1: Salt stress treatment of ZYM2239; T2:
Salt stress treatment of ZYM1795; T3: Salt stress treatment of ZYM3130. Three biological replicates were involved in each treatment.
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Fig. 4 Sample correlation of different highland barley materials
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A: Weighted gene co-expression network analysis based on
different physiologic indices, each row in the figure represents a
gene module, and each column corresponds to a physiological
trait; The number above the grid indicates the correlation coeffi-
cient between the module and the corresponding trait, and the
corresponding P value is in the brackets; B: This figure shows
the overlapping relationship between the differentially expressed
genes screened between different treatments and the salt-tolerant
related yellow module genes.
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Fig.7 Screening of salt tolerance-related genes
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Fig. 8 GO enrichment analysis of salt tolerance-related genes
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Fig. 9 Relative expression level and functional annotation

of genes in significantly enriched GO terms
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Table 2 GO terms enriched by genes in yellow module
GO 1D E LN H R H AT F PR i P {&
Significantly enriched term Term type Gene number P value
G0O:0050896 Xﬂrﬂimfzﬂﬁﬁﬂj BF 2013 0.000 1
Response to stimulus
GO:0006950 RS I JEL 6 1 BP 1 266 0.033 1
Response to stress
by
GO:0016829 I Pl 17 fi . MF 427 0.013 6
_yase activity
G0:0009628 AR A R 9 9 5 BP 400 0.000 1
Response to abiotic stimulus
G0:0009605 RIS S RS9 i BP 325 0.003 3
Response to external stimulus
G0:0048583 SRS B9 7 55 BP 258 0.000 1
Regulation of response to stimulus
o
G0:1901661  FRACH R BP 249 0.065 4
Quinone metabolic process
o AL W BT
GO:1901700 R SR 01 T BP 220 0.017 0
Response to oxygen-containing compound
G0:0050790 BEACTEPER IS BP 161 0.000 1
Regulation of catalytic activity
P
GO:0015994 o MR AU R BP 161 0.051 8
Chlorophyll metabolic process
T
G0:0005996 AN BP 148 0.082 2
Monosaccharide metabolic process
Vs [1
G0:0009941 AR cc 123 0.001 1
Chloroplast envelope
[
G0:0019867 PN cC 119 0.010 3
Outer membrane
Jhily
GO:0071496 . WARLSM SR BP 83 0.001 7
Cellular response to external stimulus
> ) 3
G0:0031668 . ARSI BP 82 0.002 4
Cellular response to extracellular stimulus
e [ i P
G0O:0006694 2 B A WD BP 82 0.078 4
Steroid biosynthetic process
G0:0009737 X#ﬂﬁ/{}&ﬂ’]ﬂﬂﬂ . BP 73 0.061 0
Response to abscisic acid
G0:0042710 EIIBIE BP 62 0.000 6
Biofilm formation
. Z Wi is =
G0O:0015774 Polysaccharide transport BP 51 0.000 1
oWk aF Rl
GO:0051606 LAY K BP 30 0.009 9

Detection of stimulus

BF: W% D68 ; BP . AE W2 725 CC 4 ML 4 43 s MF . 4> F Ui fig

BF: Biological function; BP:Biological process; CC:Cellular component; MF: Molecular function.
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Table 3 Functional annotation of GOfunction enrichment pathway related genes for differential genes

HH 1D R R = % GO 45 JiT ) 2 7Y
Gene 1D Description Genesymbol Encoding GO ID Type of belonging
Alpha,alpha-
. T R TR 1k
. . Alpha, . G0:0006950 ” i
HORVU. MOREX. r3. 4HG0395220 alpha-trehalose-phosphate synthase IPS6 G0O:0009628 Alpha. alpha
glucosylphosphate
phosphatase
| . . GO:0006950
HORVU. MOREX. r3. IHG0021710 Peroxidase A2-like PER22 GO.0050896
. . . G0O:0006950
HORVU. MOREX. r3. 2HG0112660 Peroxidase 2-like PRX112 GO.0050896
: > idase 2-like G0O:0006950
HORVU. MOREX. r3. 2HG0112720 Peroxidase 2-like PRX112 GO.0050896
. it E AL
HORVU. MOREX. r3. 2HG0173960 Peroxidase 31-like PER41 GO:0006950 Peroxidase
: T ) G0:0050896
HORVU. MOREX. r3. 4HG0412640 Peroxidase 5-like GSVIVT00037159001 GO:0006950
HORVU. MOREX. r3. 5HG0488200 Peroxidase 17 PER17 GO:0006950
HORVU. MOREX. r3. 6HG0546340 Peroxidase 70-like PER70 GO:0006950
HORVU. MOREX. r3. 6HG0614870 Peroxidase 72-like PER72 G0O:0006950
G0:0050896
. Violaxanthin de-epoxidase, GO:0006950
HORVU. MOREX. r3. 2HG0161380 chloroplastic VDE1 GO.0009628
GO:0015994
. 2-Cysperoxiredoxin GO:0050896 NN ]
HORVU. MOREX. r3. 2HG0167220 BASTI . chloroplastic BAS1 GO.0006950 AL EUR T
HORVU. MOREX. r3. 4HG0334630 Ferredoxin C 2, FDC2 GO:0050896 Oxidation-reduction -
chloroplastic reaction in chloroplasts

G0:0050896
Short-chain dehydrogenase . GO:0006950
TIC 32, chloroplastic-like GO:0009605
G0O:0015994
G0:0050896
G0O:0006950
G0O:0009605
HORVU. MOREX. r3. 2HG0109850  Serine/threonine-protein kinase TIO TIO GO:0048583
GO:1901700
GO:0071496

GO:0031668 44 5 e/ v i 2 1

Protein serine-

HORVU. MOREX. r3. 2HG0185660 Serine/ threonine-protein 050620291600  GO:0050896 threonine kinase
kinase D6PKI.1

HORVU. MOREX. r3. 4HG0347650

HORVU. MOREX. r3. 3HG0218320 Serine/ threonine/ tyrosine- HT1 G0:0050896
protein kinase HT1-like

HORVU. MOREX. r3. 3HG0239920 Serine/threonine protein phosphatase BKAPPA GO:0050896

. ABC transporter G Sp GO:0005996
HORVU. MOREX. r3. 3HG0224260 family member 7 ABCG7 GO.0050896

G0:0050896

GO:0006950

G0:0009628 -
ABC transporter A family ABCA7 G0O:0009605 %Eﬁl\ﬁ%?ﬁﬁﬁﬁ F
member 8-like isoform X1 G0:0048583 tran <e ane

G0:1901700 ansport protein

G0:0050790

G0O:0009737

HORVU. MOREX. r3. 6HG0578800

GO:1901661
G0O:0050896

ABC transporter A

HORVU. MOREX. r3. 7THG0715330 . .
family member 8-like

ABCA4
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