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1.2 BELORTB A R ST

TBUAH ] R HA A B A= 7 74158 (g Flptocp 19878 Ak
Fry FIFTFLRSER ORIV R A 256291 em), BERLATA
AAKIGFRMLA, (AR IR ML AT 50~60 Fr 4. 1
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SRNAFEHL L K S % 72 7 PCR (quantitative  real-
time PCR, qRT-PCR)/}MHT. HJik#fActinff NS HEH,
FH R LB TR T, ProCPIJE 235 qRT-
PCRIIZEEIWIFHME B ILEL, PoCPLREFIKSIGUS
FIKAIQRT-PCRAFSES [ W51 f5 B A2,
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2.1 PtoCPINEIRZANRINE LS

R T WEFEPtoCP I3 H 1Y) 3k I8 A5 52 HE L 2 Wi
IR, 73 ANES 2 ABA. MeJA. ACCX T
M EA T AL BE, HA DAMESZE M A Rkt HR . XAk B
() R I AR, R AR ORI 4 R
i, IR A B RNAE i QRT-PCRGN ProCP 15 A
ARG S22 52, 53 BR (B 1(a)), FEALBRZESS
2 di, IrATEEVES T R TG A .
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HUIGEMEIAFIACC. M2 & i E 451 R (K1(b)),
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# 1 PtoCPIEFE qRT-PCRIG I 5|4
Table 1 Primers of ProCP1 gene expression detected by qRT-PCR

L7 B BHYIFFFI(5'—3")
Actin 1 5514 AAACTGTAATGGTCCTCCCTCCG
T3 14 GCATCATCACAATCACTCTCCGA
514 CGCTGTTCTTCCTGAAACG
PtoCP1

U5 1#): CAGTGGTGCTGAAAGTCCAG

%2 GUSEREqRT-PCRIGNAE 3|4
Table 2 Primers of GUS gene expression detected by qRT-PCR

512 SIHIFH1(5'—3")

Actin 2 i3 1¥): CGTATGAGCAAGGAGATCAC
¢ i3 14): CACATCTGTTGGAAGGTGCT
GUS 519 TAACCACAAACCGTTCTACTT

T3 14: ACTGATACTCTTCACTCCACA
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Figure 1 ABA, MeJA, and ACC treatment of Populus tomentosa leaves. (a) Hormone induced wild-type Populus tomentosa leaves. (b) Determination
of chlorophyll content in leaves of wild type Populus tomentosa. (c) qRT-PCR detection of the relative expression level of ProCP1 in leaves of wild type
Populus tomentosa. (d) Hormone induced ptocp! mutant leaves in Populus tomentosa

& HJA B L B AR R e R TS, ) S 6 i
PR-AF B9 5% ProPtoCP1-GUS IS IR I B 3T 4 TABA
MeJAi%E .

i FHABAFIMeJ A% W12 6 A B [ B389 1) 480 7
FFUITE, MESZE MR/ A X BRZH, XA BR6 him A% L
PRI TGUS LA IR, 2R3 4 HUH i ELRNA
i i QRT-PCRAG I GUSHR 45 JE K AR Fe ik K25 5.
GUSH Az R i /R (F3(a)), SXTHEML, ABALLHLS
B R SFGUSH A —EFEE AN, MeJALLHL T 22
IR . QRT-PCRAGIN GUSHEF Fe3k (I3 (b)), 458
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FER KR,

3 gifkbGie

MY E Y E KR B REE, T2 LTS
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. A K R (auxin, TAA)RIES R RAEY 4 K R
T-4(SaARF4)Fk, i FikSad RF4r] AR )5
b, A EARIBDN, TR RPERE Y. K
R (SA)% 575 HIM B (protein kinase, SIPK), #Fx gt
YIa R« BT, A HGE, 4 JEA(CA)FbE FSA
TS /NESIPKSL I 235 IKARGPLATFIPLA2FE R 4351
b4 (0 Z PASOME ICYP78A LI HIRNALS & 11, 14
Pt B AR SRR T . IS R B, A8 R (GA)RAE
PEPLAITPLA2FGR I FEAIIEZ, GAESFPLAIF
PLA273K, GAIMHIFINHIPLAIFIPLA2FED. Pgbl
FPgb3JE—F R YEK R H (phytoglobin, Pgb)JEH,
TERIAIET, GA'So-TEM B [R5 5 Pgb 1 F1Pgb31H)
Kik, MMIERR(ABA)HER T GAX a-1E#3 ilE 5 Pgb 1
Pgb3F R RIAEHEAE Y, 2224500 L 25 1 B8 (mito-
gen-activated protein kinase, MAPKS)ZEFEMIAE KA E
DL R RN R N R AR AR, i MAPK K
W ] B AZ A A% 315 S . Wus NP HEOR T AW



(a) -2270 AATGTGCAATTTGTAAﬂTCATATTATTCTTTTATTGAACTTC TCCTAACAATCTAAAAACAATTATAGGCCTTTATATGTTATATATAGCACCT
-2174  TTAAAATTAAGATCCTCGCACAATAAACTTGGTGTTGATCTTATATTTCAACATTTTGCTTCGAGTGTTCTCAAGATCTATATATTTTTAGCATTA
-2078 TTAATCAATTCCTTTAAGAAGTACATGG_ITIAGGTATAGAGTACCACACTTCTATTTGATATGTAGATTGAGTTGGTCACCTTATTAAACCTACA
-1983  TTAAAATGC AT% GATCAATATTATATCATCATCACTATTATTTATGTTATG TCAA'ITATTAAGATTTTAAAATGGﬂTGAGTATCATCAATA
-1886 AATAGAGCCACTTTTATAAAATAAAAAATGTTATTCTTTAAATAAGATCAAATGTTTAGAAAAACATGACTGCTCAACTAATTTGCACAACTCA
-1792 AAGTTAGATTTCAATGTAGATATAGTTATTTMAYGTA(ﬂ GGGTTAAACCAAAGTGAAGTTGTTGTTCATTGCTTCCATTTCATGAAGTAT

-1698 CAATGCTTTTATATGTAGTTTATACCTGCGTGGACACATTTCCAAACAACTCAAAAGTTTATTTTATCAATTCTATCCTCAATAAAAAATGTCTT
-1603 AACATATTCATCATGGGGTTTCACTAGTTAGTAATTTTTAAGTGTCAATGTCTAATTAATTTTGTTTTCAATGTTTAATCTATTATGGATATTTAGC
-1506 TTAAAAACATTCATATGAGATATTATCGTAACATTCATTTGAGATATTATTATAGCCTCTCATATTTGTTTTTTACCTCCTTTGTTTATATCCTTTTC

-1408 ATCCAACTCTCATCTTTTACACAATATAAACATGAGGTTCAAATCACCATTTGTATAATTAATATCTTTTAGCAATATAAACTCGAGGGGTGTAA
-1313 CTCAACTTGTTAGGTTCTAGGCTTACTCCCTAGAGATCATCAGTTTGAGTCTCACAAACCTTAGAACCAATGAAGGCTTACATGGTCATTAA
-1221 CTTCAGGGCTCATGAGATTAGTCGAAGTAAGTGCAAGTTAGTCCGGACAATTTTTTTTACCATATATTTTAATTTTTTTAATATAATCCACGAG
-1127  ACTTCTTTAATTTCTCTCAACAACCTGGCTAATTTAATTAGAAAAGAACTAATTTAGTTGTCATCACTCAAGATTTATGCAATTCTTTTACCAAA
-1032 TATTTTTAAAAAATCATTAACCTTAATCTCTATTTTTATCTCACAAGTCAAATATAGAACATTGATAATTATGAGGTTAAAATTGTTAAACCTGGC
-936 TTGAAAGGTTGGACTTGAAAAATCTAAATTCTTAAACTTGACCTGAGCTAGGTATTAAGCTAGGTAAACTAGTATAGCCGATTTATGATTTAAT
-842 TGGCCAACCAAACTCTATATGGTATAAAATTTAAGGAAACATTTCTAAGAAAAAAATAGTACCTTTATAATAATAATAGATTGGCCCAGTCCA
-749 GTGCTCCGATTTCTTTTTCATATTAATCTAAAATTTGTTTGTTTTTATGTTTTAAAAATATTTAAAAAAATAAAAATTTTTATTTTTTTTATTTTAAA
-651 TTAATTTTTTTTAGTGTTTTTAGATTATTTTAATATATTAATATCTAAAATAATTTTTTAAAAATAAAAAAAAATATTGTTTTAATTTATTTTTAAATA
-552 AAAAAATATAGGATATTCCTCTACCTATGTGTGTATATATCGCCATGAAATCGACATCTATGATTTGGAAAGTTACAACGACGGGGAACCGTT

-459 AGGCGTCACCATGTGCGTCACAGTAAGCGATAACGGAACTTCCGTGTTCTAGTAGAGGATTCTGTTCCACAAACTTCCACAAAACAATTCA

-368 AGGAAGGAAAGGCCCACCAACAAAACAAAAGATTCTACGGAAAAGGACAATTTGTCGCCCATTTATCAATAAGGTCACCAAACAAAACAA
-278 AATACAAATTGAGCCCCTTAATTATTTAGTATTATCCAATTAACCCTCATCTTATGGCTTTACTATAAATTTTAATAGTGGGATGATGTTTGATTG

-182 GTGAGGACCAATCGGGAGTATATTTTGTTTGGAGACCAAACCTAGAATCACATG

(b)
H——000—00—0-0—0— 0000 0—¢

-2270 -129

Bl 2 ProCPUR ¥ XBAMEHICHSHT. (a) ProCPIRBNF EWANABA. MeJANRAAEHITHBE T . BT RILICEABAR N T
3, BT RILAEMIATR TTHITH. (b) ProCPLRZTMABA. MeJAIZAERATTIHZHIREIE. ZETRARABANIRN T, MilETEACER
Mel AW T

Figure 2 Analysis of cis-elements in PtoCPI promoter region. (a) The base sequence of PtoCPI promoter in response to ABA and MeJA cis-
elements. Single underline represents the ABA response elements sequence, and double underline represents the MeJA response elements sequence. (b)
Schematic diagram of PtoCP1 promoter responding to ABA and MeJA cis-elements. Diamond represents ABA response elements, and oval represents
MelJA response elements
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FAE L E A A fEABA. MeJAFIACC
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FAG I Pro CP 13 R () A X 2 35 K A i R i S
ptocp 1 5B RN i R, K ILPtoCP I I i ABA
BESH5TEARM R EE. BN, XFPtoCPIFEN 5
TIOR8, &I AFAEMel ATo i AR i

ABAR R TG, DR b aE i % 3 I9 400 g OF aF— 2B 4
PtoCP1JRsh FHEATMIN S R AL FE, Fe &85 KW,
ABAT LS5 6 PtoCP R B TR 3L R Yy ek,
FaIXHANF AR RN, 5 R R . (H T
I R B REAY T I MR e, AR S
[ R EE (1 WE PtoCP 12 5 ABAM: F 782 1 EL A
WA TR, P EREAE 235
FEW) 0 £ Bl 2R K M R AR B AR, AREIFSE R L,
PtoCP1Ig 8 bR T T IZAAAEABAE LA, Ak
TEAE K HALE S oeE, iR IZIE R T2 ABAZ K
RiHETIN, B ZHAE SRR TS, Xk seoo bk
— AR KE A B TR R AT i 3 R Y R A
ZAIE ST N it — 25 P A DR PR B S 5 0 A
LR TR T HHE S R
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Figure 3 ABA and MeJA induced ProCP1 promoter. (a) Transgenic Arabidopsis GUS staining. (b) qRT-PCR detection of GUS relative expression
level
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Involvement of cysteine protease PtoCPI gene in plant
hormone-regulated leaf senescence in Populus tomentosa

Hongli Guo, Mengyuan Chen, Yawei Fan, Han Liu, Leiqian Sun, Di Liu, Hui Li, Xin Wang & Hai Lu

National Key Laboratory of Tree Genetics and Breeding, Tree and Ornamental Plant Breeding and Biotechnology Laboratory of National Forestry and
Grassland Administration, College of Biological Sciences and Technology, Beijing Forestry University, Beijing 100083, China
* Corresponding author, E-mail: luhail974@bjfu.edu.cn

Cysteine proteases, an important family of proteases, are expressed in different plant tissues and have various functions.
This study explored the mechanism underlying the involvement of the cysteine protease PfoCP1 gene in leaf senescence of
Populus tomentosa under hormone induction. Initially, poplar leaves were treated with abscisic acid (ABA), methyl
jasmonate (MeJA), and ethylene (ACC) for 0, 6 and 12 h, and 1, 2, or 3 d to observe leaf phenotypes, assess chlorophyll
content, and measure relative expression of the PtoCPI gene. The results demonstrated that hormone-induced leaf
yellowing was accelerated compared with the control group; the most significant leaf yellowing was observed under ABA
treatment, followed by MeJA and ACC treatments. Chlorophyll content was significantly lower in leaves treated with ABA
for 3 d compared with the control group; there was no significant difference in chlorophyll content between MeJA and
ACC treatments. Furthermore, expression of the PtoCPI gene was significantly increased at 6 h, 12 h, and 3 d after
induction with ABA and MeJA; induction with ACC led to a significant increase in PfoCPI gene expression at 12 h.
Therefore, treatment with exogenous hormones (e.g., ABA, MeJA, and ACC) directly or indirectly regulates the
transcription of ProCP1, indicating its involvement in the induction of plant leaf senescence by exogenous hormones. Next,
ptocpl mutant leaves of P. tomentosa were treated with the same concentrations of hormones. The results demonstrated
that the ptocp I mutant exhibited delayed leaf senescence compared with the wild type, indicating that PtoCP1 can directly
or indirectly respond to ABA, MeJA, or ACC induction and participate in leaf senescence in P. tomentosa.

Further analysis of PftoCP1 promoter elements revealed the presence of both MeJA response elements and a large
number of ABA response elements. Therefore, transgenic Arabidopsis seedlings containing ProPtoCPI-GUS-PBI121
recombinant vector were treated with the corresponding ABA and MeJA hormones. Subsequently, GUS histochemical
staining and analysis of the relative expression of the reporter gene GUS were performed to determine whether the
promoter had been induced. ABA treatment led to partial enhancement of GUS staining in Arabidopsis, but no significant
effect was observed with MeJA treatment. Additionally, ABA treatment led to a significant increase in GUS expression,
whereas MeJA treatment did not lead to a significant increase in GUS expression; thus, ABA is directly involved in PtoCP1
gene expression. In conclusion, the PtoCP1 promoter can regulate PtoCPI gene expression in response to ABA, enabling
plants to respond to external stress and initiate leaf senescence. This study enhances the overall understanding of the
mechanism by which plant cysteine proteases regulate hormone-induced leaf senescence.

PtoCPI1 gene, promoter, hormone treatment, functional analysis
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