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Abstract: [Objective] Salt stress is an adverse environmental factor affecting plant growth and
development. As an important component of plant salt overly sensitive signal transduction pathway, protein
kinase PKS5 plays an important regulatory role in plant response to salt stress. The aim of this study was to
investigate the regulation mechanism of PePKS5 gene in plant tolerance to salt stress at physiological and
molecular levels. [Method] The PePKS5 gene from Populus euphratica was cloned and overexpressed in
Arabidopsis thaliana to obtain a T; generation transgenic 4. thaliana homozygous. We observed the salt
tolerance phenotype of transgenic A. thaliana lines under salt stress, measured their peroxidase (POD),
catalase (CAT), and superoxide dismutase activities, as well as the expression levels of salt stress responsive
genes. Non-invasive micro measurement technology was used to measure the dynamic ion flow of Na"and
K" in the root tips of transgenic A. thaliana lines, and the Na”and H,O, contents in the root tips of transgenic
A. thaliana lines were observed using laser confocal microscopy. We measured the physiological indicators
such as chlorophyll fluorescence parameters and photosynthetic parameters of transgenic A. thaliana
seedlings cultured in soil after salt treatment, and revealed the physiological regulatory effect of PePKS5
gene on A. thaliana under salt stress. A subcellular localization vector was constructed and the subcellular
localization of PePKS5 protein was observed by transient transformation of tobacco. [Result] (1) The CDS
sequence of PePKS5 gene encoded 417 amino acids, and the amino acid sequence of PePKS5 was the most
similar to PtPKS5 of Populus tomentosa. (2) PePKS5 was localized in cytoplasm and nucleus. (3) The
expression of PePKS5 gene in leaves of P. euphratica was up-regulated after 6 h of NaCl treatment, and
gradually recovered to normal level after 72 h. (4) Under salt stress, the survival rate and root length of
PePKSS gene overexpressing A. thaliana lines (PePKS5-OE10 and PePKS5-OE15) were significantly higher
than those of wild-type (WT) and vector control (VC) lines. (5) Compared with WT and VC lines, the
activity of POD and CAT and the expression of APX1 and CAT2 in PePKS5-OE10 and PePKS5-OE15 lines
were increased. (6) Under salt stress, the Na' efflux and K* influx of PePKS5-OE10 and PePKS5-OE15 lines
were significantly higher than those of WT and VC lines, and the accumulated Na" and H,O, concentration
in roots tips were significantly lower than those of WT and VC lines. (7) Under salt stress, the relative
chlorophyll content, maximum photoquantum efficiency of PSII, actual photosynthetic quantum yield and
relative electron transport rate of PePKS5-OE10 and PePKS5-OE1S5 lines were higher than those of WT and
VC lines. (8) Under salt stress, the net photosynthetic of PePKS5-OE10 and PePKS5-OE15 lines was higher
than that of WT and VC lines, while the intercellular CO, concentration, stomatal conductance and
transpiration rate were lower than those of WT and VC lines. [Conclusion] Overexpression of PePKS5
gene in P. euphratica can enhance the Na* efflux ability of 4. thaliana, maintain the balance of reactive
oxygen species and relatively stable photosynthetic capacity, thus improving the salt stress tolerance in A.
thaliana.

Key words: Populus euphratica; protein kinase; salt stress; PKS5; ion homeostasis; reactive oxygen (ROS)
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Tab. 1 Primer sequence used in this study
ElE/EX N LTS3 TESI(5—3)

Primer name Forward primer (5'-3") Reverse primer (5'-3")
PeActinl ATTGGCCTTGGGGTTAAGAG CACACTGGAGTGATGGTTGG
AtActin2 GGTAACATTGTGCTCAGTGGTGG AACGACCTTAATCTTCATGCTGC
AtSOD1 AAGGAGAAACAAATCTTCAT GAGTTTGGTCCAGTAAGAGG
AtCAT2 AGGATCAAACTTTGAGGGGTAG CTTGTGGTTCCTGGAATCTACT
AtAPX1 AGTTTTGGATTTGATCTGTGCGTT GACGCCATCAACAACGAGTC
PePKS5 ATGCCGGAGATCGAAAGTGTATCGG CTAAGTAGCCATAATCCAGGCTTA

PePKS5-RT-qPCR

CTGCTTATGTTGCTCCTGAG

TCCTTGTCTCCGGATTCGTA
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Fig. 1 Amino acid sequence alignment of PePKSS5 in Populus euphratica (A) and construction of evolutionary tree (B)

cd od d

PePKS5 AR Fik 1w
Relative expression of PePKS5

0 3 6 12 24 48 72
NaCl 4b 3B [H]
Time of NaCl treatment/h

ANFRNG FRRRZ R EF P <0.05). T [F. Different letters
represent significant differences at P < 0.05. The same below.

2 #:HE (100 mmol/L NaCD F #I# M} Ht PePKSS
H R R IL B AL
Fig.2 Changes of PePKS5 gene expression in leaves of Populus
euphratica under salt stress (100 mmol/L NaCl)

PRCVO IR T AEF A R (W TSR FFIH 1 RNA,
HEAT 9Ot € & PCR -5 & PCR il 45 R EIR:
BR RTINS EE A Atdctin2 Fik—3, I H 6
AN ELRI PR R 598 H H B9 B (200 bp), WT F1 VC
PR R AR E] H LR PePKSS HIZRIE(E 3A).
IEFRAHRT FRIE T I 2 ML IR R (PePKS5-OE10
Al PePKS5-OE15) 147 fa 825256 (] 3B).
2.4 PePKSS5 BIF 4 B 7E {it

WG4 GFP 25 1 55 41 38 4 5% el 5% Ak 5 4R
o, WL SRR AE AN A R A AR D . S5 R BOR
PePKSS 5 GFP [yl & 8 [ i 7 T 41 M 5 5 40 i A%

o
NNC AU SENR. SEENNC G
&KL

A &% & & & FFE

PePKS5 ——— -

w
o

0
a

>
(=
T

40t

PePKS5 Fi%t ik
S

Relative expression of PePKS5
D
o

(=)

WURITHR R

Line of Arabidopsis thaliana

WT. BB R VC. e 8k R OF. #E R R . FTH. WT, wild

type; VC, empty vector line; OE, transgenic line.The same below.
3 PePKS5 ¥H IR IR RN E(A) 5 PePKSS
RIEENE(B)
Fig. 3  Screening of PePKSS transgenic lines of Arabidopsis thaliana
(A) and determination of PePKSS5 expression (B)

W N T EE— 2B E PePKSS K E {7, K PePKSS 5
GFP Hifit & 2 F1 5 ABA 152 & PYR1-mCherry [
R 7 00 5 40 B o B N 2R 8 . PYR1-mCherry 5E 7 F
Y1 L 5 5 4 i A% Hh ), PePKS5-GFP 4k (7 6 5
PYRI1-mCherry 216475 8 S, $iH] PePKSS5 5& fif
T4 R S Ar Az R (A 4D



68 1t

O AN

546 4

2.5 PePKS5 it RiZABTTHR R EL R EL O #7

LR FREE b, BRI KB Z AKX,
2234 NaCl AR5, &k R4 T I AR KI5 52 24,
SR %% JE R bk £ (PePKS5-OE10 A1 PePKS5-OE15)
M FER I EKTHARWD 52 HAVOKR
(K 5A, B), 7 H. PePKS5-OE10 £ PePKS5-OE15 £
AW AETEERN 81.51% ~ 83.54%, T WT(60.5%)
F VC(58%)Fk % ( 5C, D), #Eill PePKS5 3 [H fiE
B3 v A e T R T ER 1

GFP

mCherry

2.6 EhAME THEIEFFRE Na" S EMNE

J& NaCl &b BB, WT Fl VC #k & 5 PePKSS5-
OE10 F1 PePKS5-OE15 #k &R Na™ & m K H
BEEF . & NaCl /o HL 5, &Mk 50 0 5 3 5,
{H PePKS5-OE10 11 PePKS5-OE15 ¥k % [ %< ) o B
BEMT WT fil VCHR R, Ui NaCl &b B j5, %3
DRIk R AR 20 AR SR ) Na 522 (8] 6D
2.7 EEME TIEITFIRR H,0, 2 ERE

7¢ NaCl 4bFERS, WT 1 VC ¥k & 5 PePKS5-OE10

Bright

Merge

K4 PePKS5 I IEAHAR & L
Fig. 4 Subcellular localization of PePKS5

A
Xt R
Control
100 mmol/L NaCl
B
10 mm WT
mm VC
8 mmm PePKS5-OE10

mmm PePKS5-OE15

LilSIN
Root length/cm

0 100
AT B

Concentration of NaCl/(mmol-L™)

WT ‘VC

PcPKSS-OE10| PePKSS-OELS

.. POl
.. -
: 100 mmol/L NaCl
b §
mm WT
120 - mm VC
mmm PePKS5-OE10
100 | mmm PePKS5-OE15
S b
. 2 8ot
s
ﬁ B
£ 40|
wn
20t
0
0 100
FAER R

Concentration of NaCl/(mmol-L™")

A. NaCl ¥R RAEK IR BAR RAK /34T C. NaCl X4l i 2E A7 2 M 52 ; D4 AEAF R G173 #T . A, effects of NaCl on root growth; B,

statistical analysis of root growth; C, effects of NaCl on seedling survival rate; D, statistical analysis of seedling survival rate.

5 NaCl AbBES R I+ &I B A2 A7 F AR AL 52

Fig. 5 Effects of NaCl treatment on seedling survival rate and root growth of Arabidopsis thaliana



E R

&

B, 5 RIE W PePKSS 2 R I £h v 69

vC

o R
Control

250 pm

e b LR
. .
FREEN TR

100 mmol/L NaCl &

PePKSS5-OE10 PePKSS5-OE15

250 um

250 um

250 um

250 um

Bl 6 NaCl AbBEXS U R FFAR SR Na 5 3 B2 (1

Fig. 6 Effects of NaCl treatment on Na" fluorescence intensity in root tip cells of Arabidopsis thaliana

Fil PePKS5-OE15 #k R#ARK H,0, & i E AR H G %
%R, & NaCl AL 5, &Pk RO R E 58, H
PePKS5-OE10 Il PePKS5-OE15 #k & 194 )t 58 & i
ZAKT WT M VC #R &, U8 NaCl &3 f5, # 5L
PR AR AR 221 H,0, K D
2.8 EHEME THIETFRABFRUE

Na Vil %€ 45 1 278 : J6 NaCl b # R, %Pk &
AR IF AR A Na R I B2 AN, HMZEA K. &
NaCl 435, %Pk &R Na' b B3 KR B4 &, I
H. PePKS5-OE10 Al PePKS5-OE15 £ % [f) Na'#h it
W T WT Rl VC Bk &, BB PePKSS fig i
ZHEE L T/ HE Na I AE 1 (- 8A)

K9l 58 25 1 27 : 6 NaCl AR BERS, %k 29
MR KRB BEHMAR, BMHEAK. &
NaCl 2 # 5, Stk R KPP R 0 538 58, ¢ H
PePKS5-OE10 1 PePKS5-OE15 #k & 1 KN iR I 4
FONHI, YW PePKSS R ji /b 4L 7T AR 98 K
J (& 8B

WT vC

payiist
Control

250 um 250 um

100 mmol/L NaCl £

250 um 250 um

29 #HEMETHIEFNREUBEERERRIELE
K24k

POD. CAT F1 SOD 3 4l 52 45 2. 7R: 4 NaCl
QPR S, PePKSS5-OE10 11 PePKS5-OE15 £ &[] POD
W R BT, T OWT M VC Bk &R R T B
(B 9A); WT #1 VC Bk & 1) CAT ¥ 1 6 B B 4k,
{H PePKS5-OE10 fil PePKS5-OE15 #k & ) CAT i
PER T = (B 9B); WT Ml VC #R &R 11 SOD %76
i 42 1k, {H PePKS5-OE10 fil PePKS5-OE15 #k &
) SOD &SR R 9C) o APX1. CAT2 F1SOD1
FEPH FaR m W e 45 R B oR: 4 NaCl &b ¥ f5, WT i
VC HR R ) APX1 Rl CAT2 F: IR ik B LW 52381k,
{H PePKS5-OE10 f1 PePKS5-OE15 #k % ) APX1 Al
CAT2 B A £k & W E 7w (& 9D, E); WT Al VC
P A& SOD1 3L N FKIE R R T, {H PePKS5-OE10
F1 PePKS5-OE15 #k & (1) SOD1 K ik 2 BE 5 T
B OF) o DA 25 B B i BE DR bk R i 8 AL e )
Bk, v LAEBR AN I 2 (1 H,0,.

PePKS5-OE10 PePKS5-OE15

250 um 250 um

250 pm
K7 NaCl ALBEXTUFE TR0 HyO, 5038 I 52

Fig. 7 Effects of NaCl treatment on H,O, fluorescence intensity in root tip cells of Arabidopsis thaliana

250 um



70 b ® Mok K % %R 546
A 6000 mmWT B 200¢
T | = VC 2100}
.;'n 5000 == PePKS5-OE10 ks 0 100
g 4000 = PePKS5-OE15 ‘g 0
HE 3000 23 1007
B 5 g B -200 |
s 2 2000} Ty
Z = ] mm WT
; 1 000 } 5] =300} VvC
] B _400| == PePKS5-OE10
F 0 c ¢C ¢ ¢ = | = PePKS5-OE15
= 0 100 {2 =500
-1000t Sk e 600 SR

Concentration of NaCl/(mmol-L™") Concentration of NaCl/(mmol-L™")

YA FR IEE R NI, FUEFR R Positive values on the vertical coordinate represent efflux, while negative values represent influx.
8 NaCl AFEXH R SFAR AR Na™(A)FI K (B) &5 ¥t 50
Fig. 8 Effects of NaCl treatment on Na" (A) and K* (B) fluxes in root tips of Arabidopsis thaliana

A 150 B 60 ﬁCAIOO-
o0 f £ e B2 o go | 3
22 22 40 1S b
Z3 90 E3 2360t c B g
K% G xE o <l g
5 60 =5 5 40f
%2 S0 = 2
=g 30 m g ® 8 20}

~ ©) R »

0 0 0
0 100 0 100 0 100
Sk Afeave Sk
Concentration of NaCl/(mmol-L™) Concentration of NaCl/(mmol-L™") Concentration of NaCl/(mmol-L™")

D E F =

g2s5¢ % 60 § 3r
i o i I 2
X 2 2 2 oz
RS w840t .2
=7 =7 =1
£ E g ol
= 5 o 5 201 ] ©
] =2 IS
= O 5 Yz

5 5 0 <

Q Q

& 0 100 = 0 100 ~ 0 100

AL S S

Concentration of NaCl/(mmol-L™")
mmm WT mmm VC mmm PePKS5-OE10 mmm PePKS5-OE15

P9 NaCl Ak HEx 0L R 7470 S P BT 1k B A 5 2[R 2 a2k i R S

Fig. 9 Effects of NaCl treatment on the activity of antioxidant enzyme and the expression of related genes in Arabidopsis thaliana

Concentration of NaCl/(mmol-L™)

Concentration of NaCl/(mmol-L™)

2.10 EHEME TFMEFHRERAESHMNMEEHE
WNEEETWN

K 10 &7~, & NaCl AbFER, kK R4 IF i
SZRRICSERAWEER . 4 NaCl &2 154 )5,

PePKS5-OE10 A1 PePKS5-OE15 ¥k & I S2brot & &
Fregm T WT M VC PR R, U B 7% 5 KR & 1l
G 5 G RAE B IE N R AR BEAR KT BN, SRR
NSRS S, BRI 0 TR R &R 1) e BB B

BHRAMB IR KRN BT R TRES, H BREUN.
A o8, B1oy . Ci1s5¢
a a 4a

0.6} 08f Ll 0l
— 0.6 o
= 04} =

02} 02

0 0 100 0 0 100 0 0 100
AL AL AL

Concentration of NaCl/(mmol-L™)
mm WT mmm VC = PePKS5-OE10 mmm PePKS5-OE15

Concentration of NaCl/(mmol-L™") Concentration of NaCl/(mmol-L™")

YII. SEBR BB Tre&E; F/F,. PSIHix KGR T RCR; ETR. MXT P43 3 . YI, actual photosynthetic quantum yield; F,/F,,, maximum
photochemical quantum efficiency of PS Il ; ETR, relative electron transfer rate.
10 NaCl AL BRI+ M4 3 6 S B 52
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