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HEE: (B RV IGRF ¥ K T EMYR & 5 M B & vh D ae O sy, (B AL R 544 o 1) 70 7 0E F MR IR Sk il . AT
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Cloning of PtoGRF9 from Populus tomentosa and functional characterization of
its role in drought tolerance
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(1. College of Forestry, Shandong Agricultural University, Taian 271017, Shangdong, China;
2. College of Agriculture / Tree Peony, Henan University of Science and Technology, Luoyang 471023, Henan, China)

Abstract: [Objective] GRF transcription factors play conserved roles in plant development and stress
responses, yet their molecular contributions to drought tolerance in poplar remain unclear. Here, we
functionally characterize PtoGRF9 in Populus tomentosa, elucidate its role in the growth-defence balance
and provide a target for molecular breeding of drought resistant poplar. [Method] We first cloned PtoGRF9

from Populus tomentosa, performed phylogenetic, structural, promoter and expression analyses; then,
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Agrobacterium-mediated leaf-disc transformation was employed to generate both over-expression (PtoGRF9-
OE) and RNAi-silenced (PtoGRF9-RNAI) 84K poplar lines, which were then subjected to drought stress to
evaluate photosynthetic performance and antioxidant enzyme activities. Finally, DNA affinity purification
sequencing (DAP-seq) data were integrated to identify and preliminarily validate the downstream target
genes of PtoGRF9. [Result] (1) PtoGRF9 encodes a protein of 457 amino acids that contains one QLQ
domain and two WRC domains. (2) The PtoGRF9 promoter contains multiple cis-acting elements involved
in plant growth and development, stress signaling, and biotic/abiotic stress responses. Reverse transcription-
quantitative PCR (RT-qPCR) assays showed that ProGRF9 has a relatively high expression level in
developing leaves and is significantly induced by drought stress. (3) Under short-term drought, PtoGRF9-
OE lines exhibited significantly higher photosynthetic performance and peroxidase activities than WT,
whereas PtoGRF9-RNAI lines displayed the opposite trend. (4) DNA affinity purification sequencing (DAP-
seq) and RT-qPCR analyses identified the wax-biosynthesis and stomatal-development genes SHN1, ERD7,
ERECTA and PIP1 as potential PtoGRF9 targets. [Conclusion] PtoGRF9 is a transcription factor that
positively regulates drought tolerance in poplar and plays a key role in maintaining the balance between leaf
development and stress resistance. Our findings not only provide new insights into the molecular

mechanisms underlying poplar growth, development, and stress tolerance but also identify a key candidate

gene for drought-tolerant molecular breeding.

Key words: Populus tomentosa; PtoGRF9; drought tolerance; leaf development; transcription factor

Wit (Populus ) 72 3% | 55 22 1 18 A A A AR 253
PRB Fofr, 0 MR AR 7= AR S PR B S e R A
YER o JRTT, T 54 A 3R A o3 3t 1 E A2 4
hiaz —, EEHIZ) TR A K EE
o B, N R R 555 AL 288 55
B S BE DR, 6E T i s AR 2 R 3 B T K B AL
RPN S

A K185 K1 (growth-regulating factor, GRF) /&
—RMEYIFA R R, Ry 250 8. Bl
RE VLR A K S50l P b g s ocs el m A
GRF B[R E/KFE R I, ZEEH N R ER BT
22K MR GRF B AL S P e BE DR 51 1)
i3k N i) QLQ S5 FI A 2 BE% (Glutamine)
5 2 1R (Leucine) Fl 73 24 It % (Glutamine) 41 i, H
T & B HAE; Cim i WRC 45 #4380 i 2 & TR
(Tryptophan). #& & R (Arginine) 1 = it & &
(Cysteine) L 1%, 71515 DNA N5 &, IR EE
£715 5 [X (nuclear localization signal, NLS)™, 4R,
GRF Z R i 7 A7 AE D e 70 Ak, HOAVRR () 8 B 454
R PE TR I AEYF TIRE .

FHER T HABIE R K, GRF KBRS, 154
ML 19 AR M. & D) RE A N A K
KA KRBTSR T £, ik PpnGRF3-1
— 77 THUIE S 3G 4 i 25 B 5 T AR A I R,
S I, TN R SR R SRR E, OF
E 27 38 7 T 1 i S B PR R 1 Rk PagGRF11
RiEHFZMAKE, HRHEEKBELT, FRE

GRF15 IS A% 0§ R ik 3 /s HL ik 58 KM, A )
LRI AP (1) GRF9 AR T Hfth e a2 2 — A
WRC gE#38, BAEHEA I &R b5 FHAh 5% 5 53R %
o™, SUFF IR, AtGRFO 3B % OBP3-
RESPONSIVE GENE 3CORG3) 221k, #i -} %
BRGNS T . MR PoGRF9 HIZhfE 5 U0
FETFRABL, A0 R B ARG T . (HTE R
AR b — 4638 %, Bl PtoGRF9 i@ it 4% ProHB21
A1 ProLD F2ik st & 8% 64k, AtGRF9 7]
82 5900 RE I 107 e de o 52 U, 3R ) 42 356 R 7 ~F i
AR E S iam T gE ke — e 1E . (H T
B PtoGRF9 M o7 = A& 47 oy 3 0 o2 - 5 e RO 72
U=

T AR SR R 2 (MBI AL B, GRF 5 R 03 7
A A ) 55 A 3 3o R P R R R S B
H o iR IE PopGRF3 ¥k 70 [ £ ¢ JH B 1) B0 1
BAARG, A3 I 9 BAE T AR 2 3 0/, B B 30 T i
Xof M A 5 IE T BN, 5 2R ik PagGRF15 Al 0%
P RS, R R ME N B TR R, T
ot 2R 8 TR 52 EUY . PAbGRF 33 323 5 25 PR AR
TS EAEMA SR, A T PR ERE T
TR & &, R T M £ e RS2 P e Ah,
¥ GRF15 mRNA #t5< miR396a #4741, RILH L
W A= R R PR B S A TR B BE D RO A R T R
GRF FIGAEAE AR e B2 T e C RN
o, BT H S 52 5 5 HLH1 R BE AT i
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RNADE R RIMR R, AR5 e T, KRG
L R M AR S B AR AR B RV L i A P e
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1.1 GRFY #LRitaE 5 & B EHE N

7E PlantTFDB (https://planttfdb.gao-lab.org/) Al
Phytozome(https://phytozome-next.jgi.doe.gov/) F ¥
Hh LG X 3R 15 B ¥ PtoGRF9 7E #1457+ (Arabidopsis
thaliana)~ R (Populus trichocarpa) 21 Wi ( Salix
purpurea)~ ¥ R (Malus domestica) % % (Vitis
vinifera)« 7K & (Oryza sativa)~ /)N 7 (Thinopyrum
intermedium) 1 &K (Zea mays)H 1 [F] Y5 JE K] o &5
4 SMART https://smart.embl.de/) ¥ %573 #1 GRF9 ]
E AL T MEGA #AEN, R A 2051 1
AEYFE] GRFO I RGL K B W .
1.2 PtoGRF9 EBZEMERIFHH

i FH Expasy M3k Chttps://www.expasy.org/) 73 Ht
PtoGRF9 & H BAL 5t ; K F 2 T 5 41 Bt 1 5 A1
W R R S5 K T 75 1 (sel f-optimized prediction
method with alignment, SOPMA) Tiilill] PtoGRF9 %& [
k&5 k). fH A AlphaFold3 Chttps://link.zhihu.com/?
target=https%3 A//alphafoldserver.com/) Fiil] PtoGRF9
A = 4k 45 s A PlantCARE W %4 Chttps://
bioinformatics.psb.ugent.be/webtools/plantcare/html/)
T PtoGRF9 2 5 1 X 38 (ATG L% 2 000 bp) T
Fm A F e
1.3 RNA 2B 2 EFNF

K H L RNA $2 B & (DP419, RARA AR}
£, 650, BB BEA AR AR BT,
) 5 6 FAR 2 EL RNA. {# F Tllumina Hiseq 2500
A REAT IR . H HISAT 2 ok il 5 4
LT 2B A S5 B A
14 RERWALTEER PCR

K H i RNA 2 BUA 77 £ (DP419, RARAE AL
£, A 50, H U B MWK F A 2 I RNA.
§ F§ SYBR Premix Dimer Eraser(Perfect Real Time)
(TaKaRa) i 7| & #E AT S 4% 3 2Ot € & PCR(reverse

transcription-quantitative PCR, RT-qPCR), HA% 75 7%
Z D72 B A o A 27880 ) 3 R Rk 3k AT e
&, H 1, PtoGRF9 ¥ 7£ T Uiff # 3 [l (ProERECTA-
PtoPIP1. PtoSHN1. PtoERDT)I] 52 & 51 W1 5 5 N
PtoERECTA & F % 1F 7] 5| #) : CAACTGACGGG
GAAGATTCC, R #ii )2 7] 5| ¥ : GGGATGGATCCA
GTCAGCTG; PtoPIP1 3£ [H F Uiy 51 #): CGCAGGAG
TTGTTCAGGATG, R ¥ij 5| # : CATCCAAGCCCA
GAATCCTG; PtoSHN1 % [A F ¥ 51 #) : CTGAGA
TCCTCCATGCTAAGC, R ¥ii5|4#): TCTCTGTCCAA
GCTGCACTC; PtoERD7 3 [X F i 5] %) : CAGAA
GCCATTTCTGCCACT, R ¥ 51 #): CTTCTTCACG
GGGTTCAGAG.

1.5 HEEGNKES

PAE F1# cDNA AR, b PloGRF9 CDS J¥
5|, 18 1E Xbal W V1AL 5% 2 3 pBN121-EGFP-1 %
& b, ¥ 355::PtoGRF9-pBI121-EGFP-1 H % Jii
K. MK ProGRF9 [f) RNAL # 44, anmg A FriR!™,
¥ PtoGRF9 [1) 173 /™ ik 5 X Fr B v % 21 pBI121-
EGFP-1 H A&, 35 NAKRAT 1 EHAL05 1, FAkJ7
LSSk [19]. AV Z ) BRTE RSG5 & 84K 19
HHIUTERIE M, K5 84K A3 D 41 PO3E AT E Xt
SRR, S BAERTE 2 8 5 IR P 4]
—E1H 100%) .

FI A AT B (EHA105) 4 5 (1 i 547 4+ 84K
Bt o Bty B B0 R B R A B & /N RE S e KR,
FEZ ODgyo 1A E] 0.8, B50 J5 18 F WPM VA4 B 77 5
(& ASYETF, Yt A 10 min, i 5 7E3LR 775 L
WG % 2 d, e IR BRI IR 2 b, B9 ) 4R ARG 97
—W. L1 HJE, FEEHESKE, B2 of s
FRIL, M RACR TR 41 M H G, B E M
KIE IR, f 25 AR G B AR IR A, 5597
FERCTT ROPEARERAE W OCHR [21].

1.6 ARETFEEXNSKELE

030 d Ml BE1, BT Vg Ve e 1
Visye = 11101 (IAER D, FERF R E P HR 3 AN H 16 h
YR /8 h BEHE, L 20 ~ 25 °C, B 40% ~ 50%) .
B J5 B A5 A% 3 BR T TG0 AR 28 em. /1 38 em. Ji
WEAR 18 em AL H T o 76T 2 AL H AT, 45 A it
B 1% 1 L E M > (Hoagland) & 77, FFE2HANH o

BER AN FER B EABET 3/ L8
%} 7K & (relative soil moisture content, RSMC)FF &
(70% ~ 75%-~ 50% ~ 55%- 35% ~ 40%, % 6 #£) T 4b
HE 45 d, & H #b /K 4k F5 % € K P o X IR AR RE
RSMC 2K 70% ~ 75%, M AHRE YA K 1 B dE S 55
fEH 6 MY AR KA HZ K E, IFERE RSMC
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TR FRI & LA TR IR R K 4 B, 45 d Ja, BEFRAb
HEEUH R % 6 B3 AR B iR A S, AR
RIRAF

1.7 SHTFRLRE

B30 d WM 25 1, 24T 48— A& (10 cm x
10 ecm x 10 emD ) £ 2 # « WT. PtoGRF9-OE J&
PtoGRF9-RNAI 3 Fft JE [R] B [1) 4% 55 [R bk & 75 B 6 #k
ERAEYEE, B TRFRNET A 45 d &R
PEBEFR (16 h YL E/8 h ZE1E, IEE 20 ~ 25 °C, B/F
40% ~ 50%) -

&N APERE IR SR, BEAT N 7 d A T R ia
WA . Xf B2 RSMC 4R 24 4E 7 1E 70% (3K Z)
~0.30 MPa), T FAb R 20 M5 (A7, 1k 387K 7 A
70% HRT 5. EFIEHKEREE 5 R, AFEH -
3 RSMC [& & %) 40%( 13 /K % £1-0.83 MPa), ik
BT R EIRAS: T RES 7 R R,
I 4k 2 2H - 38 RSMC B 22 2 30% (-3 K A 4
~1.11 MPa), ik FI 8 B F S RAS . 338K A6 H
%[5 WESCOR #E#)7K A4 Psypro I 7E
1.8 AIBIEHRE

8 Li-6 400 {545 006 61 H R Gl & 0 %
HE1EHSEL L WT. PtoGRF9-OE J% PtoGRF9-
RNAi B /R IS5 3 5 5 B . K IR 5 &
A AR IR 43 ) 15 5E 9 800 pmol/(m?*+s) T 400
pmol/mol, M 08: 00—10: 00 I & M F¥% e & il %
(P~ SEAL S E (G FIZEBIEZR (T,

K H i E A WD (peroxidase, POD) FIHE S AL W)
1 AL (superoxide dismutase, SOD)AH A= (LR &
M 5 g PE (5245 43 3 2 BC0095 Fl BC5165, b3t
FHRFERHARAFD .

1.9 SitEH[HFAE

% H Microsoft Excel 2010(Microsoft Corp,
Redmond, WA)HE AT £ 45 % # . K F SPSS(version
25, IBM Corporation, Armonk, NY, USA) #4741t 4>
T, K LSD ¥2: b AA [A) A 8 () 3548 1) 22 7 (23R
P < 0.05, **P<<0.01, one-way ANOVA),

2 HERE

2.1 PtoGRF9 ERE L HHr

AT TRV, GRF R A KB E S5 2
& — QLQ Al—A> WRC 45418, 1] GRF9 #: A%
W, Fo C o b HA AL 51 2 14> WRC 25 #3810
Vbl A= et R R E I RS o O 1 B e S DE A
XF, %9E T REZ MM E PtoGRF9 AR 5w i
I Y5 3 D], AL 4G I 2 F (B SR M 0 B D« X1
28 S PP Cln S 5L & R 9T LS AR A Cn

IKFE AN TKD . RERKEM TR, BRIl rETT
H ) AT2G45480 7, HoAth £ [ 5 PtoGRF9 1) & H
J7 5 [R5 1 BB A o0 433 20 B AR, SR IR TE M IR
WAL O B B, 8 T AR A T R A R R R
(B 1a). #—L 8 A 45 380k I, PtoGRF9 78
R R R FR SRR, L C ot 2 — AN e B
WRC Z5t638k; (HZIRAE SR P I R (B 1),
2.2 PtoGRF9 EHLEHMHHT

PtoGRF9 3 [X] 4 i 457 N KR, Z5 /1 N
8.99, B R BN 44.4, RWZE ALERA AT e
R fit . FIFH ExPASy 7E2k T. 27 #T PtoGRF9 % [ 1)
SRR, 25 BB R KK R KAE N 2.067(5 53
PR IEER), Fe/MEN—3.233C5 27 W& IER), T
K RBON-0.15(F 2a) . Hr, QLQ L5 #3 bt ilr H
L SR B K BN, X AT RE S xS 5 E
HHAEA K. SOPMA Tl 45 R & W], PtoGRF9 HH
TR AR SR A & 90.81%, T o-BE E o5
5.69% (%] 2b). AlphaFold3 =2} Z5# il 45 5 5 oR,
PtoGRF9 7£ QLQ Al WRC 5 ¥ 38 it it 1) B 15 JiF #%¢
e (&L 2¢4 dD, H5 )52 H QLQ S5 My o- 42 Jie 45 1)
5 R SR TS5 R — (B 200,
2.3 PtoGRP BaFRFRIEENX S

FEHL PotGRF9 FE[K (L 2 kb X)) )5 2 F
JF 4, AT AR F oA 0 25 3R B, i X
BEZNSEMAEKRE . B0 R 8 AR
KHRAAE FH ot (& 3a). Herr, 19 MEK KB H
KITHW FOGIR . A KRR E R E TR~ 15
AN ol 3L ST A AL B T TR SRR AT IR
ST A a5 N AR . i3E— M PtoGRF9 1A
P RIBA I, SRR BN B3
e B SRR, MAE R (38 7 B 4
EHALE R RIS BRI 3b). RT-gPCR 3 #1#
B, fEA R LS K E %4, KE M PoGRF9
[ 2RIk KPR AR B2 AR A FEET 70% ~ 75% AHXT
FOKE MR, IR EH KRR 50% ~
55% I, PtoGRF9 Kik & By 1.1 £ 2 HIEA X
K E T %3 35% ~ 40% W}, PloGRF9 #ik & i
21 2.7 f5 (B 3¢ ik g5 KB, ProGRF9 " iE S
S WA - pun sl ioR ey S E v
2.4 ERE PtoGRP EEHEM

RN T PtoGRF9 1E WM K B 585 1E M
HHIhRE, AHETCAE 84K MR M T PtoGRF9 it
FARNPTERIR 2R, 70 0 3R 45 1 R IA Mk R (ProGRF9-
OE7 1 PtoGRF9-OE8) FIYTEAPE 5 (PtoGRF9-RNAI3
F PtoGRF9-RNAI23), JEREAT T 6 3T 5 18 b 21
(K 4a), TFAFEE 5K, PloGRF9-RNAI # & I
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