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ARAREEE LR, RALEMSE THRKFHELIRY RBELSHER., HBILEMHITBTT
HMA % & B4 iZ Kk B A 49 %5 JE (transmembrane, TM) A BA BRI T B FRIKEHKEG AL PF N
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Abstract: Soil cadmium (Cd) pollution is one of the major environmental problems globally.
Ophiopogon japonicus, a multifunctional plant extensively used in traditional Chinese medicine,
has demonstrated potential in environmental remediation. This study investigated the Cd
accumulation pattern of O. japonicus under cadmium stress and identified the heavy metal
ATPase (HMA) family members in this plant. Our results demonstrated that O. japonicus
exhibited a Cd enrichment factor (EF) of 2.75, demonstrating strong potential for soil Cd
pollution remediation. Nine heavy metal ATPase (HMA) members of P1B-ATPases were
successfully identified from the transcriptome data of O. japonicus, with OjHMA1-OjHMA6
classified as the Zn/Co/Cd/Pb-ATPases and OjJHMA7-OjHMA9 as the Cu/Ag-ATPases. The
expression levels of OJHMAL, OjJHMA2, OjHMAS3, and OJHMA7 were significantly up-regulated
under Cd stress, highlighting their crucial roles in cadmium ion absorption and transport. The
topological analysis revealed that these proteins possessed characteristic transmembrane (TM)
segments of the family, along with functional A, P, and N domains involved in regulating ion
absorption and release. Metal ion-binding sites (M4, M5, and M6) existed on the TM segments.
Based on the number of transmembrane domains and the residues at metal ion-binding sites, the
plant HMA family members were categorized into three subgroups: P1B-1 ATPases, P1B-2
ATPases, and P1B-4 ATPases. Specifically, the P1B-1 ATPase subgroup included the motifs
TM4(CPC), TM5(YN[X]4P), and TM6(M[XX]SS); the P1B-2 ATPase subgroup featured the
motifs TM4(CPC), TM5(K), and TM6(DKTGT); the P1B-4 ATPase subgroup contained the
motifs TM4(SPC) and TM6(HE[X]GT), all of which were critical for protein functions.
Molecular docking results revealed the importance of conserved sequences such as CPC/SPC,
DKTGT, and HE[X]GT in metal ion coordination and stabilization. These findings provide
potential molecular targets for enhancing Cd uptake and tolerance of O. japonicus by genetic
engineering and lay a theoretical foundation for developing new cultivars with high Cd
accumulation capacity.

Keywords: Ophiopogon japonicas; HMA family; cadmium (Cd) stress; enrichment factor (EF);
molecular docking
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e JEAEY), WET (A rz) | 2HRE
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H 4 J& ATP [if(heavy metal ATPase, HMA)
MR P1B-ATPases, JEAHY)H — 2 H Z B2
TR E N, WIS 48 TR h R
OMER . P1B-ATPases HA 6 A% 0 IR e 5 )i
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I HAFFE N s C i il M 4| 455 3l (metal
binding domain, MBD)“Z]O FRYEAS R B9 53 b
#f, P1B-ATPases JEHLH ZHEALI 25075,
KPG8 4 )8 IR Y e 7, P1B-ATPases W]
41°F Zn/Co/Cd/Pb-ATPases (Zn W.28)H1 Cu/Ag-
ATPases (Cu W), X 2 MK EHA EI1-E2
ATPase 1 Hydrolase £5 #4358, i HMA 4514 3]
J& Cu WREFA MUY, Heah, TR B
)P Re SRR P 2 SE R )T 91, P1B-ATPases
AP 4043 H P1B-1 & P1B-7 3% 7 MY, H
HhAEAR ) AU AEAE P1B-1. P1B-2 1 P1B-4 i%
3NN BT, HMA 3 506 CE R I
IKFESE ZRE Y S ok, HAERYAE K
KB B s b oy 3 g 1 v )V FH AL AE 2 R =R
W ig s TR AT . B, AtHMA3 Fl
OsHMA3 BIESLRESE A4 Zn®" L Co™ . Cd**
PO B TFRGE T, AtHMA3 AUFE IS
R RN, R TR ST R R
HEEBEEN . FFE, PIEIT AtHMA2
AtHMA4 DL J KRG OsHMA2 FE A F0KE
Zn* Hl Cd* MARZN % 12 & b B, bk
ik OsHMA3 FI OsHMA2 £ I 2 18 AR i i
Cd* &, WML Cd* 7Ea b Y FR 20
JKAE OsHMA9 5E N 7E B b, FZAEARAT . 0t
F A FRORIE 2 R Rk, A RS Cu™ .
Zo® R CAPVRIE M THm i m, T fR 0 4w B
FHEH AR,

HHT, OCF 5 48 i X i 22 2 52w i i
¢ B B R e AR oY H A B B A5 T, ATER X
Wi 2 A4 SR AIL R B H G S 4 B DR ) e = R
AWHGE o AW 58 DL 22 4 < ZMD ik K
A3 IS AN [ FE (AR 3 Ab B, AT 2 &
Xof 68 1Y) AR AT RS HRAE o 45 A AS IR 3 7 %
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PEATERAL R . R G R L A, fRAFIL)T

B<: cjb@im.ac.cn



774

ISSN 1000-3061 CN 11-1998/Q =4 T #2*44 Chin J Biotech

L o 4 A8 i W N AR AT o FE ISR |
T 5 6 42 55 T 0 A A A 0 56 TR A 2 o s
ERENES LRI VISI DS S P dR NG G N
S5 7 v R T AT i o A 1 B A

1 #MREFH*E
1.1 st

Wi & ZMD Fifi & 4 1 5ZMD-1"k A
WL 2B, LR EIREE i Ak H b+ 15
15 Y RS A AR IEGRAT) ) (GB15618—2018)H7
FILRE R 75 G XU T £ (EL(0.3 mg/kg) MHRifE,
% Cd-CK (0.14 mg/kg). Cd-1 (0.35 mg/kg)Fil
Cd-2 (0.61 mg/kg)ixX 3 FpAS[E] e FE 1Y &R W3 b
HE D, TREHH#FITE—EH, FiH 90 d
JEWCERAR RN A, T4 e AR i B fE
M7E .

AN TR) E 4 J W3 A BT 7 22 A4 A K I (2
PSS 120 d)iff17, f34E Cu. Fe. Mn Fll Zn 5
GIEiie . GBI E N Cu-L (10 mg/kg).
Cu-H (100 mg/kg). Fe-L (2 mg/kg). Fe-H
(20 mg/kg). Mn-L (10 mg/kg). Mn-H (100 mg/kg) .
Zn-L (25 mg/kg). Zn-H (250 mg/kg), HH,
Cu-H. Fe-H. Mn-H il Zn-H & AR ( + 1
I o A R b 338 T G XU A A i G T) )
(GB15618—2018) " #2114y XU G 0 16 18 % 72
Cu-L. Fe-L. Mn-L il Zn-L 45 24391 8 XF 1
HEAJRITENK BER 1/10, 48 baa b B
6dJa, WERMMFHA, ZWARSEET
—80 °CYKAH A% H -

F1 i DR RE KRB

1.2 HEZREEME TR NINE

HUA ()4 28 b BT 1) Wi 22 2 AR RN 7
A K T A BT 20 mmol/L f EDTA
R 15 min, R ERFMEESEE T,
AEAlK e 3, WK e TR T 105 °C
HEF 25T 10 min, ZJ5 80 °CHET ZfaEE, 4t
THORE AT A i 2 )5, SR PR R At
SA Ak S0 A I A P R S S T A B
(inductively coupled plasma mass spectrometry,
ICP-MS)Ill & Cd & &2, AL FRR 3 N T
Y Cd s R RIS REBURIEINT 2
ﬁi‘l‘ﬁ:

& 4 Z 8 (enrichment factor, EF)=Fi 43t I
sl T R Cd & &/ 3 Cd &

32 Z % (translocation factor, TF)=fa#ih
EARr Cd FEARER Cd S i
1.3 OjHMA EFKREKKRLEEMER
FFAES #T

T GSA %¥E )% (https://ngdc.cncb.ac.
cn/gsa/) W AT 58 B A AN [R]85 e B 7K 85 Ak 2L
(Cd_0: 0 mg/L;Cd_M: 1 mg/L #1 Cd_H: 10 mg/L)
Wh 2 4 S B0 (GS A B ¥s & 55
CRA00825H)", X JFU IR Bce A T ad AL 28,
PN SR INE Wi I DN NS I
Wi TG AT F S5 E A, Db S e i )7
FNDFEE UG S, IFHH Corset B8 )7 X 7% s AR it
TRRERE, BREREWTFIWERSH T,
b5, >RHI RSEM ) Bowtie2 ZH0H it
PG W B 5 225 T 50T X, e i

Table 1 Basic physical and chemical properties of the test soil

Soil Cd concentration ~ Moisture content  pH Total nitrogen  Available phosphorus  Available potassium
(mg/kg) (%) (g/kg) (mg/kg) (mg/kg)

Cd-CK  0.14+0.01c¢ 27.73+0.02 6.00+0.14  1.63+0.10 22.00+1.41 112.00+5.89

Cd-1 0.35+0.01b 25.60+0.02 6.03+0.22  1.65+0.06 23.00+2.16 113.51+£3.42

Cd-2 0.61+0.02a 26.98+0.02 6.08+0.10 1.65+0.06 22.75+2.99 111.5242.52

Different letters indicate significant differences at P<0.05 level of different treatments.
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FPh BERALE . SEMUER S , SR Trinity A4
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per kilobase of transcript per million mapped
reads, FPKM), #4173 ik & brifEfl, f)q
i A Y5 B TG e S A7 51 PR A 1
FUFA, AENIGEE A HFA .

i o 400 F o A P ZH B R TAIR  (http://
wwwarabidopsis.org) K BUHI F§ 7F HMA A ¥
G, LAUE R A 105 90 % i 22 2 547 7 8 AR AR 1
(basic local alignment search tool, BLAST)## %
(AL EE>50% . E-value<10'%), [a]i, {3 Pfam
B 2 (http://pfam.xfam.org/) F 2 HMA #H XK
AR S5 B E1-E2_ ATPase (Pfam ¥ )5 %
S5 . PF00122). Hydrolase (Pfam %4f5 /4 & 5%
5. PF00702)F1 HMA (Pfam %¥EF & %5 .
PF00403), F|H k3 /KB KA A (hidden Markov
model, HMM)# 17 [i] I 48 2% (E-value<10),
b 2 AR EEEEIEL TH Smart
(https://smart.embl.de/) AT A5 F AL B, W BR 25
BRI P, LRI W42 4 HMA D
KM o 12 ] ExPASy (https:/www.expasy.org)
A1 TMHMM (https://services.healthtech.dtu.dk/
services/ TMHMM-2.0)i#f i HK B T2 K
AN AR RREE . P RIEOK REC S TR A,
1 5 B VR AE 20 A1, JF 33— 205 Bl Softberry
(http://www.softberry.com/berry.phtml) 75 1 H: iV
YRR . UNEEWT A2 4 HMA S EE AR AN [F]
e AR 30 R ) FPKM H., {ii i TBtools {412
1 HeatMap Z: i A IE], ¥EH Log Scale &
BOHEAT X 45, R A Row Scale #E47IH—1k,
IH—4k 7 3% $% Zero To One, Jf#17 Cluster
Rows 17, HAWSH & N BINE,

14 RGAEMWESKRTEFSH

Fie IR 3R KR A 52 R 48 7€ O 12 Wi 3k K R
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(Oryza sativa) , 114" 5t K (Sedum plumbizincicola) .
14 (Medicago truncatula) . £ K (Zea mays). K
7.(Glycine max) . K# (Hordeumvulgare), j %
(Asparagus officinalis)Fl -1 (Panax notoginseng)
1) HMA 2 52 o R HI MEGA N & 1t Clustal W
FEPXR B4 o . R R R, P
KR HAE. =L Bk KRG RER 1144
HMA & A Fpo i 2 E P b, LLAB4E
(neighbor-joining, NN)EMERFEE B, LK
(bootstrap)fHi%EH 1 0002, HFFF A iTOL
7E 2% T EL (https://itol.embl.de/) 17 4k o i
MEME (https://meme-suite.org) 77 M1 # & 4
HMA 2 RSP, dl5d Pam $10HE 2 b i
JP A3 AR B S A5 S, T 4 A B
TBtools T H.iE47T ATk,
1.5 HiEL HMA ZE8Z&#4700

F|H] SOPMA (https://npsa-prabi.ibcp.fr/cgi-
bin/npsa_automat.pl?page=/NPSA/npsa_sopma.ht
ml)F1 SWISS-MODEL (https://www.swissmodel.

expasy.org/)Zr il HMA & H B e H Al
=258y . M Protein Data Bank #(# /% (https://
www.resb.org/) 3L HMA 1 3 MRS 5
Z4E¥5 P1B-1 ATPases (LpCopA, PDB B B
&5 : 3RFU). P1B-2 ATPases (ZntA, PDB ¥
Wi PR S5 . 4UMW) AT P1B-4 ATPases (CzcP,
PDB #li FE & S5 . 4URVMERS %, i
Pymol #{ rI AL R 1 B 544, i FH P SR i
A AT ST OB R 30 62, L B G el R
2548 5 M HIIAYA-37 /K 252 )7 7 (adaptive Poisson-
Boltzmann solver, APBS) 45 & i it B #v i, fd
H Plugin-Legacy Plugins-Caver i {4 #8 R I 7E 1)
HE P ERY,
1.6 LAPCEEERAEERN T
FIH Trizol 4 RNA $2HUA T £ (TaKaRa
Biotechnology)#& Ui 22 24 it i FIAR = 1) RNA,
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i i Nano-300 & 436G EE T E RNA 1)
Wi, Jf >R A PrimeScript™ RT reagent
kit [ 5] & (TaKaRa Biotechnology) & i,
cDNA. fii By Premier5.0 B/ i1 3L R R S 145 |
Y1(# 2), 1§/ SYBR Green Master Mix i ] &
(Toyobo Co., Ltd.)i#F47SE} 2 e 1 2R A it =
JZ Vi (quantitative reverse transcription-polymerase
chain reaction, qRT-PCR)43#JT, LA RPL35 (GSA %%
B S . Cluster 21637.81227)WENNSILH
W 278 PR PR A SR R AR ek i ),
HIHALE 3 MEY Y ER
1.7 BRELES 2

JIr A 5 B8 SR F Microsoft Excel 1 SPSS
AT G R B R S, Bl DL 3 K
A Wy o 2 1 B (bR 1 22 (mean=SD) £ s, I
K FH B R T 22 50 #7 (one-way  ANOVA)#EF T
AR AL B2 4] 4 5 25 A 23 AT (P<0.05) , e i
Origin #7422 K

2 BER540

21 WELETHEZZFNREETH
$FES

XA 4 ZMD FIli 2 4 1 5 ZMD-1"i##47
SRR FE ARAL BE[0.14 mg/kg (Cd-CK) . 0.35 mg/kg

%2 qRT-PCR HI5|¥155
Table 2 Primer sequences of qRT-PCR

(Cd-1)F1 0.61 mg/kg (Cd-2)], H15% 3 nJ A1, +IE
RS YRR A AR R A S R A R R
WEADC, WA ERIE R B G I, WA AR
W R R B, BREE S EREA
WE TR AR MSFE, Cd-2 KB,
‘ZMD- 1" fh B AR R 5 1 0 2 S T ZMD, i
TEM R IAH R . & 5 RBCE PR HE P X
4 R WO S SR I BB R AR, AF 2 PR
[ BE) Cd A R, <ZMD’F1*ZMD-1° YRS
MU E £ R RT 1. JUHAE Cd-2 4bHig]
Wi, ZMD-1 SR AR R & R R BT I8 2.50,
T ZMD R e B s S R
U"J%‘zﬂ*ﬁfi SR, X 2 DAL EE T Y

DEEROILEEZES, XL 5KiER
éﬂvﬁaé TENE R AL EE TR, ZMD’ & Fi i
MR- 32 RE B3 T ZMDL, £
‘ZMD’ AT 3 i i B i i B g
2.2 HiELZ HMA EERELEERER
B MR

DR F HMA TSI NS %, 5

BLAST F1 HMM J7 ¥ i 6 - 48 58 3K 4% 9 Wi 22
%4 HMA ZGEE M, #ir4 4 OJHMA1-OjHMA9
(E 4. RELBHPERY, 769 MFhrh, W
HEA RGP H HMA R iRk 5332

Gene name Forward primer (5'—3')

Reverse primer (5'—3")

CTTTAGCGACACGGAGGAGG

RPL35 CGCCTCTCTCATCTTGCACT
OjHMA1 TTGGCTTGATGCTAGGTGGG
OjHMA2 GGCGCTCCTCTCTTTGTTCT
OjHMA3 AGGTCTTTCTGCAACACTTT
OjHMA4 TTGTTTTGGCTGCCTGTGAC
OjHMA5 GAAAAAAATCCAGGAAAAGA
OjHMAG TGAACCAAAGCACAAGCAAG
OjHMA7 CTCCTTCACTCCTCCCCAGT
OjHMA8 GGAAACTCATTGCTCCTAAG
OjHMA9 ATGGAGAAGACAATCTAAAA

CTTCTTGACACCGGGACGAA
TCAGAACCAGGCATGTCACC
GTTTTCATGGCTTCCTTTAT
TATCCTTTGAGCGGTATTTG
CAGGACTGAGAGAAAAACCA
GCAATACCAATATCAGCCAA
CTCGGAATTGCCCTTGAGGA
AAAACATCACCTCCTCTAAC
GAAACTACACAAGAGGCACA

http://journals.im.ac.cn/cjben
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Table 3 Cadmium content, enrichment, and transport coefficients of Ophiopogon japonicas under cadmium

stress treatments

Cultivar  Soil Cd content (mg/kg) Enrichment factor Translocation factor
Root Leaf Total Root Leaf Total

ZMD  Cd-CK 0.02+0.00° 0.04+0.00° 0.06£0.00°  0.12+0.01" 0.10£0.01° 0.21£0.00  0.830.13"
Cd-1  0.48+0.02Y 0.30£0.01° 0.79+0.02°  1.14+£0.05% 0.72+0.02° 1.86£0.04°  0.63%0.04°
Cd-2  0.98+0.02° 0.60£0.00° 1.58+0.02° 1.70+0.04"  1.05£0.00° 2.75£0.04*  0.62+0.02°

ZMD-1 Cd-CK  0.03£0.00° 0.01£0.00" 0.05£0.00°  0.19£0.01° 0.07+0.00" 0.26+0.01°  0.35£0.03°
Cd-1  0.57+0.02° 0.09+£0.00" 0.660.02° 1.35+0.04°  0.20£0.01¢ 1.55£0.04°  0.15+0.01°
Cd-2 1.43+0.02" 0.16+0.00° 1.59+0.02° 2.50+0.03"  0.28+0.00° 2.78+0.03" 0.11+0.00¢

Different lowercase letters of superscript indicate significant difference between tissues (P<0.05).

Fz4 HEZHMA ZEEEBUMERS T

Table 4 Physicochemical properties of HMA proteins in Ophiopogon japonicas

Protein name Amino acids (aa) MW (kDa) pl Instability index Gravy Transmembrane Subcellular

domain localization

OjHMA1 1031 113.24 6.22 32.86 0.155 8 Plasma membrane

OjHMA2 934 101.03 495 41.55 0.178 9 Plasma membrane

OjHMA3 837 89.06 8.29 34.73 0.237 4 Chloroplast

OjHMA4 876 94.66 5.07 34.56 0.350 6 Plasma membrane

OjHMAS 1042 114.47 6.12 3037 0.190 10 Endoplasmic reticulum

OjHMAG6 907 99.20 5.65 39.28 0.001 5 Plasma membrane

OjHMA7 1020 111.15 6.30 42.20 0.075 6 Plasma membrane

OjHMAS8 893 95.04 6.28 3442 0.215 3 Chloroplast

OjHMA9 994 107.31 5.58 37.90 0.183 7 Plasma membrane

FEEA A, PORHORG X RKRIE(E 1), &
Gk B WA B HMA FER R R R Zn
WA Cu W, FHBRL 7 s L (1-VID),
Hrpr, W4 9 MERARELE 5 b, A
Ak ¥, OjJHMALl . OjHMA2 . OjHMA4 .
OjHMAS Fil OjJHMAG6 H2EF14r3%, OjHMA3
P FI5r52, JB T Zn W2 ; OjJHMAT7 . OjHMAS
1 OjJHMA9 W 435 FVIL, IVAIVISSZ, J& T
Cu s,

HEARHE ST RVI(ER 4),9 1~ &4 HMA
FEHMKEL 837-1 042 MNEEEMRZME, T
THTE 89.06-114.47 kDa Z[], OjHMA3 [JFF5
B, 1 OjJHMAS MP H i o S5 H a5 T 43
Fres R, % OjJHMAS3 44y HMA 5t (1)

&: 010-64807509

FHEBNF 7, MERMEA, OjHMA3 M
PEEE . Ko A AT E RES/INT 40,
HA OjHMA2 F1 OjJHMA7 ZE05 % b1 1) 2 ith 25
2RI AR RS E o BT AR 03 P2 25 K
FBHHIEME, XERERY b EKEA, B
SRR AR R AN o W40 7 T R
OjHMA1 . OjHMA2, OjHMA4 . OjHMAG .
OjHMA7 il OjJHMA9 & T it [, OjHMA3
1 OjJHMAS 5. T 24K, 1 OjJHMAS 5 i T
WX . TMHMM T & 3 HMA RKiE¥HA
PERELE R IR, 0 H R 3-10,
2.3 HEL HMA ER4E&MEMRTE
5
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Figure 1

Phylogenetic tree of HMA family in Ophiopogon japonicas (Oj), Arabidopsis thaliana (At),

Sedum plumbizincicola (Sp), Asparagus officinalis (Ao), Oryza sativa (Os), Medicago truncatula (Mt),
Panax notoginseng (Pn), Zea mays (Zm), Glycine max (Gm), and Hordeum vulgare (Hv).
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Table 5 Secondary structure of the HMA protein in Ophiopogon japonicas

Protein Metal Alpha helix  Betaturn Extended strand  Random coil ~ Secondary structure element
name specificity (%) (%) (%) (%) distribution

OJHMAL  Zn/Co/Cd/Pb  43.94 747 18.43 30.16 L 800 L U Wik i)
OJHMA2  Zn/Co/Cd/Pb ~ 47.97 482 14.67 32.55 it
OjHMA3  Zn/Co/Cd/Pb  42.17 5.85 16.01 35.96 e R A e A MU
OJHMA4  Zn/Co/Cd/Pb 4178 708 2180 29.34 AL U WL
OjHMAS  Zn/Co/Cd/Pb  43.95 7.01 18.33 30.71 b LU £ U Wil 1 b
OJHMAG  Zn/Co/Cd/Pb  44.65 6.28 15.88 33.19 A
OjHMA7  Cu/Ag 41.08 7.65 18.53 32.75
OJHMAS  Cu/Ag 41.99 6.61 17.02 34.38 L L LI 4 3
OjHMA9  Cu/Ag 40.85 8.65 18.41 32.09 U W, )l e O

http://journals.im.ac.cn/cjben



TEM % | fiEL HMA BERELE RGNS

AtHMAS : I}
AtHMARE : 3

AtHMA7 : 8
AtHMAS :
OsHMA4 :

P1B-1 ATPases
QOsHMAS :

IMA TMB TMI TM2 TM3 TM4 TMS TM6
s e OSHMAG : S
v W OsHMAT : S
M . OsHMAS :
el |[s OSHMAY :

IR =
I/ 9

awo

OjHMAS : s
OjHMAY :
HvHMAZ :
HvHMA4 :
HvHMAS :
HvHMAT :

V6V6é CPCALGLA

CpPC

P1B-2 ATPases

TMA TMB TMI1 TM2 TM3 TMd4 TMS TM6

/]’WJTJ%HW;\

AtHMAZ
AtHMA3
AtHMA4
OsHMAZ2
OsHMA3
HvHMA1l
HVHMA3 A
HvHMALO0 :

P1B-4 ATPases

TMI TM2 TM3 TM4 TM5 TM6

AtHMAL
OsHMA1
CjHMA3
HvHMAGE
HvHMALB :

3 #iEE. METT. KFEMAE HMA EENHAINE

624
: 561
621
511
: 604
644
: 630
: 566
= 505
621
: 649
: 520
t 621
:6lo
t 64l
: 310
376 Hpeiny

: 417
: 414
: 429
: 464
: 282

974
916
985
872
956
993
996
922
865
987
999
881
973
962
: 1007
659
737

403
409
413
407
438
412
452
404

801
799
810
848
608

LGFE6PLWLTVLOHEGGTLEVCLNSER

HEGGT

IMER N IRSTE R

Figure 3 Topology of the HMA protein in Ophiopogon japonicas, Arabidopsis thaliana, Oryza sativa, and
Hordeum vulgare. The red box indicated conserved domains.
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Figure 4  Expression pattern of OjHMA genes in cadmium-stressed hydroponic condition. A:
Transcriptomes and analysis of OjJHMA gene expression trends under cadmium stress. Transcriptome level
expression was normalized by FPKM value. B: Comparison between the gene expression obtained from
RNA-seq and qRT-PCR. Cd_0, Cd_M and Cd_H represent control (0 mg/L), moderate (1 mg/L) and high
(10 mg/L) cadmium stress groups, respectively. qRT-PCR expression was calculated using 2744 method,
using RPL35 as the internal reference. Different letters indicated significant differences between treatments
(P<0.05). C: Correlation coefficient between RNA-seq and qRT-PCR. The x-axis and y-axis represent the

expression levels of genes measured by transcriptome and qRT-PCR, respectively, and R® represents the
correlation coefficients of qRT-PCR and RNA-seq.
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Figure 5 Expression trend of OJHMAL, OjHMA2, OjJHMA3, and OjHMA7 genes in cadmium-stressed soil
culture. Cd-CK, Cd-1, and Cd-2 denote soil cultivation treatments of 0.14 mg/kg, 0.35 mg/kg, and 0.61 mg/kg
Cd. Each assay contained 3 replicates, with different letters indicating significant differences between

treatments (P<0.05).
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Figure 6 Expression changes of OjHMAL, OjHMA2, OjHMAS3, and OjHMA7 genes under heavy metal
treatment. Copper, iron, zinc, and manganese treatment including Cu-L (10 mg/kg), Cu-H (100 mg/kg),
Fe-L (2 mg/kg), Fe-H (20 mg/kg) mg/kg), Mn-L (10 mg/kg), Mn-H (100 mg/kg), Zn-L (25 mg/kg), and
Zn-H (250 mg/kg). Each assay contained 3 replicates, with different letters indicating significant differences

between treatments (P<0.05).
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Figure 8 Key residues of P1B-1 ATPases (A), P1B-2 ATPases (B), and P1B-4 ATPases (C). a: Protein

structure; b: Ion entry; c: lon binding; d: lon release.
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