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mechanisms underlying the heavy metal stress response in Populus euphratica. This study investigated the
role of Populus euphratica PEPKR?2 during cadmium (Cd) stress to further elucidate the physiological and
molecular regulatory mechanisms underlying plant responses to Cd toxicity. [Method] The PEPKR2 gene
was cloned from P. euphratica, and the DNAMAN was used for homologous amino acid sequence
alignment, while a phylogenetic tree was constructed using Mega 7 software. Using wild-type (WT), empty
vector control (VC), and PePEPKR2-overexpressing Arabidopsis thaliana lines (PePEPKR2-OEI,
PePEPKR2-OE7, and PePEPKR2-OE11) as experimental materials, plants were subjected to graded
cadmium treatments to investigate the mechanistic role of PePEPKR? in plant responses to Cd stress at both
physiological and molecular levels. [Result] (1) The amino acid sequence of P. euphratica PEPKR2
(PePEPKR?2) exhibited the highest sequence similarity and closest phylogenetic relationship with its
ortholog in Populus trichocarpa. Following cadmium stress treatment, differential expression patterns of
PEPKR?2 were observed across root, stem, and leaf tissues in P. euphratica, with statistically significant
Subcellular localization confirmed the nuclear

alterations in abundance.

compartmentalization of PePEPKR2 protein. (2) Under cadmium stress conditions, PePEPKR2-

transcript assays
overexpressing plants exhibited significantly reduced root elongation, survival rate, and fresh biomass
compared with WT and VC plants, whereas relative electrolyte leakage was markedly elevated. These
phenotypic divergences collectively demonstrated hypersensitivity of PePEPKR2-overexpressing lines to Cd
toxicity. (3) Following cadmium stress exposure, PePEPKR2-overexpressing plants exhibited significantly
accelerated Cd*" influx rates and elevated Cd*" accumulation in root tips compared with WT and VC plants.
Furthermore, under soil-grown conditions, transgenic lines demonstrated markedly higher Cd**
concentrations in both roots and leaves relative to WT and VC plants. (4) Under cadmium stress, the
PePEPKR2-overexpressing plants exhibited smaller increases in superoxide dismutase and catalase
activities, but greater decreases in peroxidase activity compared with WT and VC plants. These changes in
antioxidant enzyme activities were consistent with the transcriptional patterns of their corresponding genes.
Consequently, the PePEPKR2-overexpressing lines accumulated significantly higher levels of H,O, in root
tips than the controls. Under soil culture conditions, after cadmium stress treatment, overexpressed lines
exhibited lower relative chlorophyll content, maximum photochemical efficiency, actual photochemical
efficiency, electron transport rate, net photosynthetic rate, transpiration rate, and stomatal conductance while
higher intercellular CO, concentration than WT and VC lines. [Conclusion] Overexpression of PePEPKR2
enhances Cd*' accumulation in Arabidopsis thaliana, compromises reactive oxygen species (ROS)
scavenging capacity, and subsequently disrupts photosynthetic function, ultimately conferring negative
regulation of Cd tolerance. This study provides theoretical support for genetic engineering approaches to
improve cadmium phytoremediation potential in Populus species.

Key words: Populus euphratica; protein kinase; PePEPKR2; cadmium stress; reactive oxygen species;

photosynthesis; transgenosis
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PePEPKR2-RT-qPCR GCTTGCAGGCATTGCTACTG

GGAGCCAAATTTACCACGCC
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5, IMNEEFK, ZIEHCE 24 h J5 00 € 7R
S, 90N ECL, 7K ¥ 30 min, {5 H AR 57 52 45 it
#a, A H R =G E B35, 100 EC2; i 1)
% PE AR 3 2 (ELDSRSRAE, EL 2 EC1 5 EC2
[ LB 3R LA 100% -

1.64 &%

W 07 1% J5 1 T ARHUN S I & Mk R Fh AT R I
KW, H oy M FEFAE S 0 F 125 pmol/L CdCl,
12MS #5375 |, 4 CRIRER 2 d J5 B TR B
7% 7 do BB REF AT S 35 BEGh Y, TR
K AT TR 2, e, FAHA3IANER.
1.7 #EIFRE Cd* BFRNE

Rk R IUEIIFLE 0 A1 125 pmol/L CdCl, 57573
FAK T dE, BRSO R G A Itk R A
BT EE BARZR 300 um ALARRTHI Cd™ BTt
1.8 IFEIFIRR Cd™ 1 H,0, FENE

B2y A AEKAE 0 AT 125 pmol/L CdCL, [ 1/2MS
B B 7dR &R E 25 H 10 pmol/L
Cd™ R Ve D GIRE VE R, BT B T
H 2 h, AR RILRE BB Cd™ %k, Mk
WK N 522 nm, KEFH KN 578 nm, W& RT 7 H
ddH,O i ¥ 3 I, AR % 58 B i I Imaged 1H 5 .
HHWE 3 NEE . AN 1,0, &8, KaE s
A 10 pmol/L [ HyO, 5 7 MR 58 S PR B 1 ¥ W v i
H 40 ~ 50 min, FURPBKA 488 nm, KHHEKN 510 ~
530 nm.

1.9 #EFTFHRELENFEENERRIEENE

W i e 45 B T3 AN I &k R B FE T
0. 125 pmol/L CdCL, ] 1/2MS }5 97 % |, 4K 7d
JEHL 0.1 g Ff &b, IR EUIEBE Bk A, I e 8 A Ak
Yy AL (superoxide dismutase, SOD). it S Ak & i
(catalase, CAT)FI it 8 1k ¥ ¥ (peroxidase, POD)if
PE. i il TRIzol 3R HUE RNA I [ # 3£ B cDNA,
PAFLRG IF AtACTIN2 £: K9 N %, i id RT-qPCR &
M AtSOD. AtPOD- AtCAT FER I RIE Ko B0 AL
H3IHES, HXIWTFIINE 1.

1.10 $REBME T LIEESR

FE M TAE & ook KR S R HE7E 1/2MS
REEFRIE . 4 CRIBEHAE 2d ER-RBE 2R
BRI ALK 9 d, B IEWEAKESH 4 F il 77
MR E LR R E R EARER A
i1 D4REREE 9% . 25 d Ja Pk 135 v K SR 3T 1 40
T, BARR 3 ANEE, 5 R A S H, )
HRZHIE R BeK, Segn A A & 125 pmol/L CdCl, 1)
TECHAT A3, R BE 2 I, Ab3E 15 d )R, DIE ik
Z Cd™ & AL A BEAR AR, FR30 UL AL AT 5
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FHR AT AR
1.10.1 I diHitk Cd* A& &

VAR 2 FFEURE R, 76 50 C T8 3d )5
BERR AR . B 1 g T REFE SN 25 mL HNO;
A5 mL HCIO,, {5 FH ik v AR AN VM fift 52 4, FRvRE I
JE A8 HUERRR & S5 B TR R GIEAGI E Cd & .
1.102 M dEIr AR A% e

e PR 50 485 2 2 21 A0 58 SR R AR &=,
SPAD fH R /R . ¥4 L85 5 L EE Tr B bR B T R 5%
N AR PR 30 min J5, 58 AR % OB OGN E
2R R RS E, B R IO FE R (FFy) 5L
B A 2 2503 CYTD FIAF X H 4% 36 38 R (ETROPY,
KA A5 48 2O A B A E % bk R ST & 2
e, AR AR (P BB EE (T SILSE
(GO —AALBRIRE (C. VL EJ AT SR
TERNFE I RS FR A EE R AL 3 ~ 5 WK, AR R 3 A4
EVEEE, BCFAE.

1.11 KIGEELS

{# F Excel. MEGA 7.0. DNAMAN. ImageJ 8.0
AF AT S50 B B A EE A G o AfH Graphpad
Prism8 %18 K H] SPSS 25.0 #E47 B[K 2 7 2 4 #rs
BEMAKELNT 0.05,

2 RGN

2.1 PePEPKR2 353 #t

MRS T R PEPKR2 ) CDS J¥ 31, %75
G 469 NEEEMR . K5 WM PEPKR2 221K P45
M (Populus alba) BN (Populus trichocarpa)
NI (Salix purpurea)~ B FK (Ricinus communis)~
TEI5 I ( Hevea brasiliensis )~ WRAM (Jatropha curcas)
Al B (Theobroma cacao)~ [t Hi #f (Gossypium
hirsutum)~ & (Ziziphus jujuba)~ ¥ £ (Malus
domestica)~ I Fg 7+ (Arabidopsis thaliana) T K (Zea
mays)~ /N 2% (Triticum aestivum)F 7K F& (Oryza
sativa) Y] PEPKR2 [A]Y5 &5 H ¥ 17 2 & 7 71 L X 7
#ro #4 PEPKR2 7E 340 72 LA AR =7, 5 HoAth
PoFf i) PEPKR2 [Fl YR 1 R 7R 7E 54.55% ~ 99.15% 2
1A RGUKRE 2 Hras RAEW], 514 PEPKR2
5ERM PEPKR2 R4 K R NEVI(E 1B).
2.2 $REMET PePEPKR2 TE#BHG IR AR

B IR & T PEPKR2 1) 55 & AE AL 0 hOHf
MO B v, Bl 5 A BN TR) 3G 0, 12 5 DR ) 308 & i 3
BEA, FEALEE 12 h AT TR, (B3R T 0 h HRIE
2= (E 2A), M 25 PePEPKR2 3515 & 2 L%
RS ETHE SRS T &S, A 6 h
T Bl i RAE, B2 = TR, 2 48 h Bk & F 4]

WRA, xR EZ R (8 2B).
PePEPKR2 131K & B4k E 256 ETHE TR
e, KhIE 12 h B IA B R ARME, 2K TR, B
REYGE, SRR Z5(E 20,

2.3 PePEPKR2 ®%ERETHIHIESLEE

DNA %5245 B (E 3AER: HI BRI N
1410 bp, BFARI(WTO#EA %71, HABKKRTE 1000 ~
2000 bp 2 [A]H HH—25 . e BERER: 6 4T
KIS R P B H H K BL(200 bp £ 47), AT A bk
RINE TN B IED Atdctin2 Fik—5, H WT
TEVO R A RN 2 B (5K PePEPKR2
)46 (] 3B). RT-qPCR &% i 7R, PePEPKR2 1
OE6 R LEL WTRAREES, EHRSH
PR &R R A B R T (B 30). B E A
7F S5 45 IR, P i B D PR R R T SRk
PePEPKR2 [, £ PePEPKR2-OE1., PePEPKR2-OE7
Hl PePEPKR2-OE11 #k R HFRIE AN H m (K 3D).
BT, LB 3 N RIA R R TR 855
2.4 PePEPKR2 I3l 40 Al E fi

TE LR A AT N W 82 4t € ¢ ' 7 R B T PR 4
JLPA B 23 AT A DL, e 2 8k GFP 4Rt 58 6 7 AT 4E
Y0 A% 5 40 T, T PePEPKR2-GFP it & 25 1 1)
POCAT T AL T A A% s B A WA RS S 2 % O
LT 20 i % 3 4T FR Al 7E & 3%, PePEPKR2-
GFP &t th 75 6 5 DAPI ¥ L e S, ¥t — kW
PePEPKR2 & F &AL T A% 4 (] 4D
2.5 $REME TR RIEFT R ST

Xif HEZH (0 wmol/L CdCl,) %% #& & RS IF AR &
AR R HTEEEZESR, CACL LG, Sk R E
TFARA 327 52 2300 ], 00 Ach T 0 5y, 1 1) B B
B SA). Hp, i %5 PePEPKR2 1t #1055 7+ #k
AP EMRKEYEZE/NT WT A VC, Ui g Rk
PePEPKR2 $Y, 7 77 [ R A= K 52 21 5 fin 5 24 1 #00 i)
(K 5B).

X RZE Sk RIS ST A KR T HS A B =
S, BEAE CACL, Ab PR B B34 I, b A8 /N B B
B, AN FE AW 0 (B SO MALERIRE N
100 pmol/L i, i ik ik £ 47 7% F B8 LT WT
VC, HEA BEMEZ R HAHK A 125 pmol/L
I, 50k R ATIE FA T 5 IR ALRA B N f, (EtRIA
RS WT M VC N2 FAEZE; M BIKE R 150
umol/L i}, WT Fl PePEPKR2-OE1 171 5% 5
K, AR E] 62% Al 53%, VC R AR R
(82%), H AL ALk RIEMCH] 73% ~ 75% (18] 5D).
SR RPIER MG T, I RIA PePEPKR2 )76 7+ #k
FRYI T IATFTE ZRAF NS 52 31 5 Ry 7™ 5 (1] 2] o
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Fig. 1 Multiple sequence alignment of PEPKR2 (A) and phylogenetic analysis (B)

4 A, Jis 2.0 B =% 2.5 C -
1 3 1 1.5 i i > a T
P 7 L5
wﬁz ﬁgl.o ﬁm
b b - Ay
Nl ﬁ ﬂ ﬁﬁﬂ
. ﬁ 0, ] .
12 24 48 12 24 0 3 12 24 48
’%\Q%ﬂiiﬂﬂﬂ“lﬂ/h ;u%%b@ua‘lﬂ/h ’;’Mt%wmlﬂm‘lﬂ/h

ARNG FRRRZER (P <0.05). FH.
B2 HMHE FHIR, 2. it PePEPKR2 RIS KA

Fig.2 Changes of PePEPKR? expression in roots, stems and leaves of Populus euphratica under cadmium stress
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marker WT OE1 OE3 OE5 OE6 OE7 OEll B

WT VC OEl OE3 OES OE6 OE7 OE1l marker

2000 bp S o 250 bp
P o . - - PePEPKR2
1000 bp M 100bp

AtActin2
C o m
a

2500
2000
g
1 1500 D
%% WT VC OEl OE3 OE5 OE6 OE7 OEll
= 1000
junng
= .
500 AtActin2 45.00 kDa
PePEPKR2 52.33 kDa

0!
WT OEl OE3 OE5 OE6 OE7 OEll
ﬂ@ﬁ*ﬁk?

K3 BRI R DNA %5E (A) | F5E i PCR (B) \ %O6E & PCR (C) A [ 4 I (D)
Fig. 3 DNA identification (A), semiquantitative PCR assay (B), RT-qPCR (C) and western blotting (D) of different A. thaliana lines
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Fig. 4 Subcellular localization of PePEPKR2

125 pmol/L CdCl, 4 PRJ5, &Pk RAURE I 40T 1)
i o B B0 R4 W 2E R B, Ho PePEPKR2-OEL,
PePEPKR2-OE7 #l PePEPKR2-OE11 ¥k & ] T [& 52
FERZE =T WT 1 VC, 15 B8R a0 e 77
AR R B R (& 5P .

ZRG UL BER A T &Pk RS2 R BT, K
it R ik PePEPKR2 L B 7 % % il 38 B8 i A0 K,
PePEPKR2 42 40 B 1% 88 () i 52 14
2.6 $RAME TEMREMEITN CE FEM CA™ B
FREOTW

Xt HEZH (0 wmol/L CACl1,) % #k R 4R I AR 2R JL
SERGIAS )5 Y55, 125 pmol/L CACl, A3 J5 R4
Jf H 1 2 e BiR R S 25 3 in, HLisk 3Rk PePEPKR2 &
AP HROCHEE R E ST WT A VCE 6A). B
FRAL T J5 , 1 Fik PePEPKR2 Pk 2 M ARMIAR R T
B2 Cd™ .

X HEZH % PR AR AR B LR A B Cd™ B T
W, ABAE 125 pmol/L CdACl, &b H J& 1) $IL B 7+ AR 8 k6
2B ) Cd* W, BAEXE T WT it ve, i &

1k PePEPKR2 )/ I+ ¥k RAR I Cd™ Py ¥t 4 &2 B
B (K 6B), XK i K I& PePEPKR2 {3 |
Cd™ fEM R IR MBI SR o L BE 5% T &k
AW IR R A AR Cd* S e g Bt — bk
IE T IX—45 (] 6C. D).
2.7 SREME TEHRRIETHERSE H,0, SETWL

X 18 4 (0 pmol/L CACly) FT 45 8L/ 7 bk R AR 2R
1) HyO, 98 M5RFEARIR 59 HIE B3 %2 H . 125 umol/L
CdCl, 4b P 5 85 & bk 2 AR M b 28 5 FE 8 35 T i,
{H i R & PePEPKR2 fk & 1) 7% ok 2 35 = T
WT Fl VC, KA JF, i FRikvk RARA A R
THEZ 1 Hy0,, S A E (& 7).
28 EIMETEKRRMUBEITHRNEUBEERRSE
WEERERIEENTL

X5 HE ZH (0 umol/L CACly) %% F8h 7 7 I 470 S8 AL Ty
WHLEEMEZER, WA )E, WT. VC it Ri&
PePEPKR2 #1757+ #k & () SOD Al CAT i £ 15 £ 3
T, (B3t Rk PePEPKR2 )7 74k & _E T
g 75 W /N WT Al VC; POD I3 1 76 4 i 3 )5
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Fig. 5 Cadmium tolerance of each A. thaliana lines
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Fig. 6 Cd*" fluorescence intensity (A), Cd** flux (B) and Cd** content (C—D) of different 4. thaliana lines under CdCl, stress
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Fig. 7 H,0, fluorescence intensity in different A. thaliana root cells under CdCl, stress
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Fig. 10 Chlorophyll content (A), chlorophyll fluorescence parameters (B—D) and photosynthetic parameters(E—H)
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