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Genome-wide identification of the NHX gene family in cabbage and their

response to methyl salicylate

Li Lushan"?, Chen Jupeng', Zhao Yumei’, Yang Yu'

(1. College of Landscape Architecture and Horticulture, Southwest Forestry University, Kunming 650000, Yunnan, China; 2. Engineer-
ing Technology Research Center of National Forestry and Grassland Administration on Southwest Landscape Architecture, Kunming
650000, Yunnan, China)

Abstract: To elucidate the biological characteristics of the NHX gene family in cabbage and their potential functions in
hormone regulation and stress tolerance metabolism, this study performed genome-wide screening and bioinformatics
analysis to identifiy the NHX gene family in cabbage, and investigated their physicochemical properties, protein structur-
al features, evolution, and hormone regulation mechanisms. The results indicated that a total of 11 BoNHX gene family
members were identified from the cabbage genome, distributed across five chromosomes. Among them, six members
were classified as acidic proteins and five as basic proteins, with most proteins localized to the plasma membrane or vacu-
olar membrane. Phylogenetic analysis showed that the BoNHX family members clustered into three subgroups with NHX
genes from Arabidopsis thaliana, cassava, peach and other species. In terms of the conserved motifs and gene structure,
significant differences were observed among different members in motif composition and intron-exon distribution. Pro-
moter cis-element predication revealed that this family contains various plant hormone-responsive elements and abiotic
stress responsive elements. The qRT-PCR results showed that after 8 hours of methyl jasmonate (MeJA) treatment, seven
genes, including BoNHX2, BoNHX3, BoNHX4, and BoNHX7, were up-regulated in heading cabbage, suggesting their po-
tential roles in growth and development.This study systematically elucidated for the first time the close relationship be-
tween the BONHX gene family in cabbage and hormone regulation of heading cabbage, providing a reference for in-depth
analysis of hormone regulation mechanisms and stress resistance improvement in heading cabbage.
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1.1 MR5EET

PLrRH A — 5 (o [ RO R 24 B 58 S AL T 7T
Frie & 828 2P0 AR kL, T 2024 45 11 AAE
VG R MO K 25 ] AR ] 2525 B 4 P SR B A
JBE IR 0 5 VR AT 85 9%, R B AL X 458 1501
W ARG K B, A RE 3ANER, &
ANEE 20 ¥R, K E 6~7 FFEMI, K H—
LT R E R AEERH W, 0.5 umol - L' SEFTER H
i oF 25 2R H W8 &)y i T AT W AL 2, 8 h R HURE
TEAS/INXHL 3 FRAAE P2 8, BURE Ja 7 R RV
BUHRIFE T80 °C ML

1.2 S HBENHXRERAFESLEE

M TAIR Z(H# FE (https: //www.arabidopsis.org/)
A3 8 MR TT AINHX LK1 741 , 25 (5] SCHRERAS
NHX JE K B Pfam 5415, T NHX R 57 45
Ha 45k CFF %15 - PFO0999) ) e B /K W] R AR AY , 3 it
HMMER 3.0 % X 45 2R H 15 4 5 D8 4 504 12 4
EDCEE e AN i g = s )
(BLASTP) , # 2 H! fi% 1% i) BoNHX % P 5 ik 1
R RBRIUA, 12 BoNHX F: K SR R -
1.3 BoNHX RIEEFE IR B EN K RMIGEH R
R R
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protparam/) 73 A1 45 Bk H ¥ NHX & H i (1 3 4k 14
T, LG P A RS AR 6 43 T R R AR L AR R
S R H AR 28 ™ 3t WoLP PSORT (https: //wolf-
psort.hge.jp/) TN H FH 57 19 W40 € Ar . M4k 45 3k
H % BoNHX 4 tafhfr B A5 5, & 5% http://mg2c.
iask.in/mg2c_v2.0/f4 # FE PR 75 e Ak b4y B ; &
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B B A B =45 fE A SWISS-MODEL # /4
(https://swissmodel.expasy.org) BE 1T I , FF 4 4 =
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) F§ MEGA-11 K Neighbor-Joining (NJ) 23 4
RS, bootstrap B A 1000, 73 1l FRHUALL
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MEGA 11 84T, SR FH 4RI @ BEAL A, 8 B iTOL
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Universal SYBR qPCR Mix 10 pL, IE [f] #1 J2 [ 5
Y) % 0.4 uL, RNase-Free ddH,O 7.2 pL. ¥ 3% #%
FF 5 R THAR PR B BE S E 95 °C, 30 s A8 M By

=1

B E 95°C, 15 s; B KEH T BL X & 60 °C,
30 5,40 DNFIRIT, 28T g S L IR i A
Lk,

BT qRT-PCR K514 8

Table 1 Sequences of primers used for qRT-PCR

GIE/ B 1ER5141(5-3D S 5145530

Primer name Forward primer(5™-3" Reverse primer(5™-3")

BoNHX1 TCGGAGAAGGTGTTGTGAATGATG ATGGTTAAGGTGTGTGAGGTCAAAG
BoNHX2 CAGTCTATTGGAGTGAGTGCGATAC AGAACGAAAGAGGGAACACAAAGG
BoNHX3 ATGACAATGCTGCTGGCTTCTC GATCAGAGGTGGACACGGACAG
BoNHX4 AGCGTCGTTCTCCTCGTCATC AACAAACAAACAAAGAAGCAGCAAAC
BoNHXS5 GGCAAGAGAAGCAGCAGCAAG AATAGAACTTATGACGGCGAAGGAC
BoNHX6 GGCAAGAGAAGCAGCAGCAG ATAATAGAACTTATGGCGGCGAAGG
BoNHX7 TGTTCTTCTGTGGGATTGTGATGTC ACTTGGTAGTGATTCTTGTGCTCTC
BoNHX8 AGGAGGCGACAGGTTCTTCTTC ATACCGAGCACCAGAGACATCC
BoNHX9 TCTTGTATTCGGAGAAGGTGTTGTG GTTAAGGTGGGTGAGGTCAAAGC
BoNHX10 CATCTACGGTTTGACGGCTCTAC CGAGGATTGTGCTTGTGGAGAAG
BoNHX11 GCGATCATGGTCCTAATGGCTTAC TTCTGCCTTAACTGTTGGAGTAATGG

2 RS0

2.1 BoNHXEFEZREMKFAWLEE

FIH Na'/H" exchanger(PF00999) & 3 R 4 57 7
I EEBRHWE off 3 HHAT HXT, I SR IT  AZ M
B NHX S & 53 B 20 B 2 B TU 4, 07 36 2]
11 AMEGE R 52, AR )5 8 Pfam Al SMART %dis J4 %
5E » AN 11 ANEEERH I NHX SRR, I 44
N BONHX1~BoNHX11 (% 2) . HR 5 4t 44 & 17 43
M, 11 ANEEERH I BONHX FE R 90 Tl 0 AR 1E 5 464t
¥ &, BONHX1 fi T 55 2 Jetafk b, BONHX2~BoN-

#2 HHHIE BONHX RERAER
Table 2 Information table of BONHX family members
in cabbage

MAAE ENERT ReGE s
Gene name Gene ID Start position End position location
BoNHXI1  Bo2gl155070 48142792 48145950 2
BoNHX2  Bo5gl43580 44578062 44580999 5
BoNHX3  Bo5gl46760 45330816 45333820 5
BoNHX4  Bo5g019870 6727802 6732858 5
BoNHX5  Bo6g080910 24800515 24807492 6
BoNHX6  Bo6gl124010 39429949 39433902 6
BoNHX7  Bo07g093430 35953808 35956164 7
BoNHXS  Bo9g071470 21527175 21532997 9
BoNHX9  B09g010200 2940449 2943704 9
BoNHX10 Bo09g097320 31509576 31511191 9
BoNHX1I Bo9g120600 38328492 38331304 9
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HX4 (T35 5 Yetafk b, BONHXS Al BoNHX6 fii T
% 6 Jettfk I, BONHX7 £ T3 7 Y4k |, BoN-
HX8~BoNHX11 1 T4 9 Jetofh .
2.2 BoNHXZHIE%mISEHRIIEL MR

M2 3 A %0, 45 Bk H 5 NHX 5% 4 15 85
F 5 2 (B A7 5 W 2 22 5, BoNHX7 & R 50 5, N
885 bp, BONHX5 % [K 5 K, 3837 bp. BoNHX %
IR 5 A FE R B N 294~1278 aa, A 4 F it &=
A 32 588.69~142 213.53 Da, 5 HL i N 5.68~8.36,
Hp, 14 BoNHX2\ BoNHX4+ BoNHXS5 BONHX6
BoNHX8 Fl BONHX10 W55 HL 55 /NT 7, NIRPEER A
JoR oA R A ) AR S K T 7, R B .
BoNHX % [ 52 e £ 1 0 (1) A Fa 2 R E0CH 28.60~
4526, P, BoNHX2.BoNHXS5 Fl BONHX7 A fa
JERBORT 40, J8 T ANFaE & A ot s HoAth Rl 3
FasE A . BoNHX 3 PR 5 8 A 1T 2455 7K
RHUCN 0.087~0.520, KT 0, FHIEK RECNIE
1B H. 2 008 R ) 5 7K PR R 5 , 150 B BoNHX SR R
RYRGKE AR . 40 E A B 45 1 B oK,
AR 3 T .
2.3 BoNHXEFE K&K RAEHRMN ZHKLEN

o-BR e SE SRR ], L B L oA R B 1
IR R Z MR E A i 2 R, i
REEKE AR R N . 2R 4 AT, BoNHX K%
J DA ) o- B e B A i S o EEAE 32.93%~59.70%
KIS HREBBEE . g-¥MZ T HEA
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Table 3 Physicochemical properties and subcellular localization of the encoded protein in NHX family in cabbage

X2 7 FE

HEEAK AR S S RB SRR RS WA E A
R R A HRAK  ZEREE Relative EH . N ;%#{ SERSEKYE R BT TH L 5 £
Full-length Number of Isoelectric Instability ~ Grand average Subcellular
No. Gene name . . molecular . . L. L.
gene/bp amino acids/aa point index of hydropathicity localization
mass/Da
1 BoNHXI 1635 544 60 401.68 7.19 34.89 0.490 JiUlE Plasmalemma
2 BoNHX2 1683 560 62 185.67 6.60 40.11 0.423 W LB Vacuole, plasmalemma
3 BoNHX3 1650 549 60 991.34 7.09 37.27 0.473 J5i % Plasmalemma
4  BoNHX4 2169 722 79 971.74 6.23 28.60 0.265 Jii JE: Plasmalemma
5 BoNHX5 3837 1278 142213.53 5.96 45.26 0.087 JiiJEE Plasmalemma
6 BoNHX6 1614 537 59 745.82 5.72 38.15 0.356 il Plasmalemma
7 BoNHX7 885 294 32 588.69 8.36 42.69 0.271 il Plasmalemma
8 BoNHXS 3420 1139 125 840.25 6.56 38.15 0.356 il Plasmalemma
9  BoNHX9 1608 535 59 343.36 7.19 34.80 0.484 JFifi Plasmalemma
10 BoNHXI0 987 328 36 208.70 5.68 28.77 0.253 H-£¢44k Chloroplast
11 BoNHXIl 1596 531 58 802.69 7.18 35.30 0.520 JF Ji5: Plasmalemma

JRAR I, A8 2 KBS AE M), 0 A A ALk B B s e A
W, B-HE A LI 3.66%~7.59%, & LK H.A%F
A IR R . oG th el e e A H A
T At 25 A8 1] B, 4K 73 A 283 R 1 5 9 S 3R TR
P, RAFEEAR ST EAF . BoNHX KK
F& 3 TG R 2 il B AR 25.21%~45.12% 0 SiE A1
RETE R -t B =, B )2 FES 22 R T 2 1 i e
2 () ZE AL, NHX 5K B R 8 0T 4 A % o LE 7
10.80%~21.09%.

x4 SHHENHX REEAR-FLEHER
Table 4 Information on the secondary structure of
proteins in the NHX family of cabbage %
o %E{ﬁ%*f”\ wlZiE pEES TEHN G e
No. Protein ahelix  foturn Ra.ndom Extended
name coil strand
1 BoNHX1 45.22 441 32.35 18.01
2 BoNHX2 45.89 4.64 32.14 17.32
3 BoNHX3 44.08 4.37 32.79 18.76
4 BoNHX4 59.70 4.29 25.21 10.80
5 BoNHXS 46.17 7.59 26.84 19.41
6 BoNHX6 46.93 3.72 34.08 15.27
7 BoNHX7 37.41 4.42 37.07 21.09
8 BoNHXS8 48.38 4.65 33.01 13.96
9 BoNHX9 43.93 4.49 32.52 19.07
10 BoNHX10 32.93 3.66 45.12 18.29
11 BoNHX11 43.50 4.33 33.33 18.83

2.4 BoNHXZEHBHRZ=FLEHDTHT

)2 25 3 F SWISS-MODEL %t BoNHX X
AR AT T (1) R B, BONHX & i = 2%
CEMGTEHEER. BARE, BEAR 2B

ARG, 05 LA a-tBie, 458 AT WK%
O, T RETE G T I8 5iE I8 o a- 85 e S e B0 G i
ERANEE RS S HAAEE R, BUEE AT
2 [A) G5 46 %% AN AR ], B 1 5T 445 4 1R e B 1 B DI RE
UL H IR EE R
2.5 BoNHXZIEH ARG

RN T MREEERH IS BoNHX 2 F Kk 5 H
fl A Fh AL &R B MEGA-11 85X RG IF
AN FIE I NHX 2% % 52 K H Neighbor-Joining
(NDVEMEE RGO . an & 2 o, B R 5K ]
PA#E 53N 3 ANIEZ % Group 1.Group 2 Al Group 3,
Group 1 "' BoNHX10 I BoNHXI1, } " BoN-
HX11 1 AINHX3 5 % K Rk . Group 2 1 f
BoNHX4 BoNHX5 BoNHX6 1 BONHXS, BONHXS5
BoNHXG6 3545 R, BAT a-M8HE 5 L+ 4%
T « Group 3 "5 BoNHXI. BoNHX2. BoNHX3.
BoNHX7 #1 BONHX9, H: "' BoNHX1 1 BoNHX7 3
GRRBOT . J AR SRUL , 75 S PA R) = BA 8] [R5 1
LS | A B o bl A TN @ VWi S A U 5
2.6 BoNHX ZixHIERE LS

BoNHX 5 Jik Jk 5] 1 25 44 il 18] 3 Fra , A [
MR 135 A 14, K BONHXT . BoNHX3
BoNHX4. BoNHX7 BoNHX8 BoONHX9 I BoNHX11
F: A CDS ¥ 41 A T f A ¥ii » BONHX2\ BoNHXS
BoNHX10 £ CDS 7347 T H1 18] , BONHX6 %: A
CDS JPAAL T BBl i i . AS[FIZER CDS #1 ER
WX IRKEZ R T . BT BoNHX6 4, BT B K ik
B # B A B 8 s BONHX4 BONHXS5 F1 BoN-
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Fig. 1 Tertiary structures of members of the NHX family in cabbage
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Fig. 3 Gene structure of the NHX family in cabbage
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" Binding site of AT-rich DNA binding protein (ATBP-1)
Cis-acting element involved in low-temperature responsiveness

"7 Cis-acting element involved in salicylic acid responsiveness

™ Cis-acting element involved in the abscisic acid responsiveness

™ Cis-acting regulatory element

™ Cis-acting regulatory element essential for the anaerobic induction
Cis-acting regulatory element involved in light responsiveness
Cis-acting regulatory element involved in the MeJA-responsiveness

™ Cis-acting regulatory element involved in zein metabolism regulation
Common cis-acting elementin promoter and enhancer regions

™ Core promoter element around-30 of transcription start

™ Light responsive element

"7 MYB binding site involved in drought-inducibility
MYB binding site involved in light responsiveness

™ MYBHvV! binding site

™ Part of a conserved DNA module involved in light responsiveness

™ Part of a light responsive element

™ Part of a module for light response

™ Cis-acting element involved in dehydration, low-temp, salt stresses

™ Cis-acting element involved in light responsiveness

™ Gibberellin-responsive element

™ Involved in endosperm-specific negative expression

™ Auxin-responsive element

" Part of a light responsive module

™ Cis-acting element involved in defense and stress responsiveness

"™ Cis-acting regulatory element involved in circadian control

"7 Cis-regulatory element involved in endosperm expression

™ Protein binding site

3k HIE NHX REIRRERA T

Fig. 4 Cis-acting elements of the NHX family in cabbage
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Fig. 6 Collinearity analysis of NHX genes between cabbage and cassava
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Fig. 7 Collinearity analysis of VHX genes between cabbage and peach
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