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Abstract: Penicillium expansum is an important postharvest pathogenic fungus of fruits and vegetables and is capable of producing the
mycotoxin patulin (PAT), posing a serious threat to food safety. To clarify the role of the APSES family transcription factor Xbp1 in the growth,
development, pathogenicity, and PAT biosynthesis of P. expansum, the PeXbpl gene was identified through whole-genome sequence analysis. A
PeXbpl deletion mutant was constructed by homologous recombination, and its biological functions were characterized through phenotypic
analysis, stress response assays, pathogenicity tests, Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR), and
High-Performance Liquid Chromatography (HPLC). The results showed, compared with the wild-type (WT) strain, the colony diameter,
biomass, and conidial production of the APeXbpl mutant decreased by approximately 5.93%, 16.67%, and 9.29%, respectively, after 7 d of
cultivation. In addition, the spore germination rate of the mutant was approximately 23.47% lower than that of the WT strain at 12 h, while the
expression levels of LaeA and WetA were decreased by 33.33% and 23.34%, respectively (P < 0.05). Under different chemical stress conditions,
the APeXbpl mutant showed no significant differences in tolerance to osmotic stress (NaCl and KCI) or cell wall/membrane stress (CR and SDS)
compared with the WT strain. The lesion diameters caused by the APeXbpl mutant on apple and pear fruits were 12.27% and 30.76% smaller,
respectively, than those caused by the WT strain, at 7 d post-inoculation. Furthermore, PAT contents in infected apple and pear fruits showed
reductions of 22.52% and 33.69%, respectively, and PAT accumulation in liquid culture decreased by 16.94% after 7 d of incubation. Meanwhile,
the expression levels of the key PAT biosynthetic genes PatH and PatJ were down-regulated by 45.11% and 45.80%, respectively (P < 0.05).
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These results indicate that PeXbpl plays an important regulatory role in the growth and development, asexual development, pathogenicity, and
PAT biosynthesis of P. expansum, providing a theoretical basis for the development of environmentally friendly strategies to control P. expansum
and mitigate PAT contamination.
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P eEE (Penicillium expansum) Z&—F 2 A0 T 2R 15 FECRER G BN EZR R Rz —, F
TR RIS S, BIREE SN, HEIH0S M R b e E 2kt P expansum i
RICR G AE U BRIR R RN L, TEE B IEERUK D 4 FIREZ G 59 8, /b 2R eE s
el CWRAREE . F4ERTEE) BRI gN, PR AR LR, T R AR R S 2 BT
FEEHT R R A RSB, [, P expansum BA BRI BIENAE 1, JCHEAEMRIRI A1 T UiRe A KRR 5,
A HAERFE R AR b X LA R ZUER A, P expansum 7E/2 YL FE i il P2 i 1525 (Patulin, PAT)
SERGARTFE,  HE— R B S R 5 A I A A (B S e R T

APSES F G Fe Rt — R AE R RS i O, fEE AN TSRS, B IR &SRR
R FEEEAE Y. APSES & ¥ & {157 f] APSES DNA-binding domain, %4548 5 A B ks 51
HAZ 0 X 254 basic helix-loop-helix (bHLH) ) DNA 454458, mliRSIRFE DNA F8IFER I Tt R
SO 4oy APSES KRB E K A, Xbpl E 2 M H TS SRR, BN LA KR St
fi. CAMIRE, Xopl fFEARIEE T A ZHERThEE, T2 LAMEIATEE . Rasmmn N A KR B .
£ Saccharomyces cerevisiae 1, Xbpl {F AR T AL A0 R, 830 G1 B & #A 85 1 25 B8 (o CLNL,
CLN3) ik IE B4 IR, (Tt N R, [N, Xopl KRR E A FIRES SR EE R K 5
iAo A2, fFlan{E Candida albicans. Aspergillus nidulans A2 Magnaporthe oryzae F1 354 iiE Szsem A4 K 518
Zefig HUSTL Je4h, 7E Pleurotus eryngii 17, PeXbpl X B 424 K A TR B RIEE BEEAEHM. HAT Xbpl fEELE
PR R EONA IR, JCHAER SRR EEE P expansum T I1E FIHLETA FRRNAHT .

AW T B 413 P. expansum FRIESRAE 1A Xbopd FTEEER, FEE 448 PeXbpl. NHfii%3E
RIS IhRE, BT RVEEA R, @A RHEN T (ATMT) 7k, f% PeXbpl FEA R RAGE,
HEMI AT T P expansum EKR B« BN K PAT & RAISEI,  FEt— Al PAT & BHH S<3E R ik f 48
o I FEAMN JG ST P. expansum PAT A=46 BUT) 7r FALHIFR AL T AT SE AR 70 25l toRTRIL B PeXbpl
DRI 7 B .

1RSI

11 FXR. A 5wk

SRR A AL E SE R R AL, 1 E T EH R =B R X KR . GRS AR
—HL KNGS TS AR 1 SO SRR R R R A s Ee ikl TR P. expansum Md8 B H 7RI
KBRS TR G I . FEDK R T 30k pCAMBIAL300-HPH (ErlE R PitEbric) AL IRAT .
KJAT i DH5a J2 A< AT Agrobacterium tumefaciens EHAL05 34 i A 4H K A7 I T2 1 Ta b Joast A%k,
a8

1.2 PeXbpl XEHLEMRHMES L E

HRHE NCBI £i#iE 2 P. expansum Md8 ZE K20 /7515 5., FIH Primer-BLAST 7E4k T A% i PeXbpl K T
TEFIEEY 1514, LLP. expansum Md8 JEKIZ1 DNA AR, 43 l3 3 PeXbpl JEE FiE2 1 kb F1 R4 1 kb
[FJERS B PCR P4 BB EEERR bk s [ElWie 4tifhs, 5404k pCAMBIAL300-HPH 2k fAidid 5 41 i i%
B2, Mg PeXbpl JEPRIRE R 1

W R 5 BT B ZH A\ Agrobacterium tumefaciens BEAR T, SRR R-2I FL B 521032 (Agrobacterium
tumefaciens-mediated transformation, ATMT) K5 X\ P. expansum Md8. 1k /5 FIH &2 2% B (hygromycin B,
HYG) M is R T, SRIMEIEFAL T TREURIEFL T 1R ZH DNA, FIF PeXbpl JEK % 5E 5|
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YA s R PR (HPH) %852 51 W03E4T PCR IGAIE, E Y HIS5 R IA PeXbpl FERIGR G RANL (APeXbpl).
2% ILHARTE AR T I K P RAE, JRET-20 CHRHL.

13 HWEMS FREREMENL

P P. expansum BERRAOA KR BHRFIE, 73R S EIMERIE R 772 (Potato Dextrose Agar, PDA)
ML ERE B 775 (Czapek Yeast Extract Medium, CY) #HT5;7%. (PDA iFRHmiirly: 4% 200 g-L™ .
A 20 gL NS 15 gLt CY WMUASSSRIERC T . BERHZE 5 gL, BERE 30 gL, NaNOs3 gL KHPO,
1g-Lt MgSO, 7H,0 05 gLt KCI0.5 gL Fil FeSO, 7H,0 0.01 g-L™.) Hr, PDA Rtk 5 T BB @A E
Kol KR LA NES: CY AR A E SRR E, "AEERAFF LA KIRBEaMERZME, HHT
PR 22855 5% . AR e AR IR AR =000 . WT BEREAN APeXbpl FEARREISR A M [FI 55 55 3 A% 77 26 Fadt AT 8%
75, DARAIRALEE R R R 2 FokUE T PeXbpl LB, TMAERGFR&ME 25

BEVEAERKIE: KR (WT) J APeXbpl BHkAL 7B (1x10° conidia-mL™) %% 10 uL T PDA 1%
Ik, F 25 CHEESLM TR T do 29T 3. 5. 7 d AP XGENEFEE ER. PRERNE: % WT
F1 APeXbpl FEHARIT PDA [EfAREF:EE, T 25 CREEAM FEFE 7d. A 10mL EHEKG, FLHERAmER
BEPUAERER T, H8E TR RORSEITE SRR, B S0 L - FERod T B0, AR
A RARRA RO B~ TIRINE: HHTHRT PDA KRR (HA5 mm) K, T 25 CH
Fro 1E 3+ 6+ 9 K 12 h BUFEMERE R AB L, DR KR TR A i abnitt, BG4 /bT 200 AT,
TR R R R ZF K. LN AR 7 R %K.

S :lxloo% )
200

KF:

S—JFaTHLE, %

N—F&F 3 K 4.

2o RN E . B 1106 conidia-mL™ #7- B 500 pL B:Ah T 50 mL CY Witk s, T 25 CHE
B9t 7do WHER LR RGBSR E, T 60 CHtT 48 h EfHE, WE@LTE. (M ERKHES 3
).

14 TR A e A0 T B K AT

INE PeXbpl FEAL AR IR, LB AR 755 . 2Rk PDA (WD 153i& S (PDA+L mol-L™
NaCl 5§ KCD. 4Hfuisi/2nffeefiig (PDA+0.2 mg-mL™ IS4 (Congo red, CR Fl PDA+0.2 mg:-mL™ SDS) ¥
WT & APeXbpl il 7&K (1x10° conidiamL™) % 10 uL Bafh TR 3adErh e, T 25 CEmEERF 7d. XA T+FX
XOENE R EAR, AR E 3 MY EE .

1.5 APeXbpl xf 3 R A1 3R S0(= % f Ml

B ISR ANAL, 22 1% NaClO R HEE 3 min 5, HEE/KMBEIE SR T4 . 7EF R AmAL
FRIE A P TC B T FLAS % 3 M5 1, M55 3R 10 L #8753 (1x106 conidia-mL™, WT B APeXbp1).
FERh SR E 20 min (2T IS, FRERIRAE RS ARRES, T 25 °C, HMXHEEE N 85%[1) % & TR 7%,
AT 3. 5. 7 d MIERBEEAHICTRRE, FErERB sy ., Ak 3 MEYYER, BHES 6
ANz, HAREBE Y R AT
Dz — D1

t

V = (2)

NS

V— B rzig &, mmd?

D— A mdmst 42, mm; (0. 3. 5d)
Dy— 3 R ABEHIZ, mm;
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SEREABAL, d.
16 #uEx (PAT) 2 &I

WIS R PAT Er&80I5E: 4% 140° conidia-mL™ WT & APeXbpl fil 2R T 50 mL CYA ki3t
(500 uL/Jff), 25 CHEREIEFE. ££ 3. 5. 7d HU5 mL 8555, 0.22 pm JEHLEUESS T HPLC Z3#fr. il 2614
it Agilent ZORBAX SB-C8, izhiH: 10% M5 CEEREY 90%7K) ik: 1 mL-min™, #:lE: 30 'C. K&l

WK 276 nm.

SEERAIALZH LY PAT P5E: B 10 g JiASZHS, AN 10 mL 7848 /K KX Sl 20 L (BEE 3 000 U-g™h), ik
B EE O . F AR BRI (10 mL>3 K), 1.5% NaHCOsPe IR AL, & IFENUHE T 40 C ik
T, FRHEEH] pH 4.0 ZIR-Z NIRRT, 2022 um JERGTIE T HPLC Al B NbEE 3 NMEY)E®
=

1.7 #FAFa# (RT-gPCR)

KH TRNzol {7 (TIANGEN, 1) #2HE RNA, JHEA TaKaRa FEifii& (TakaRa, H1ED 2
VLA A cDNA. #R4 H bR 74115 RT-gPCR 514, KM TB Green® Premix Ex Taq™ (TaKaRa, &)
AT R IGE B PCR 20, LU BA R S PAT 4416 IURH SR FE R A 7K1 PCR i R 22 3% 20 uL, £04 2<TB
Green Premix 10 pL. _FR#ES14 (10 pmol-L™) % 0.4 uL. cDNA KR 2 uL K o RRHE/K 7.2 pL. 3 HGFERE A
95 CTIAE: 30 s; 95 CAMES5s, 60 CiBK/LEM 30s, FE40 MEH; ¥ IGE N EdH T &, CARIEY
BEEIRRE R . LA g-tubulin A NN SRR, SRAT 22 it SR RIA R . (R EE 3 MRS R,

18 Sita#r

KH IBM SPSS Statistics 27 # /4 (IBM A ] #4778 K = 5 %250 #1 (one-way ANOVA), Bl J5 i@ i &/
3 7215 Tukey 2 H HENET Z RAG S, W ME/KFi e N P<0.05,

2 HERSHSITR

t

2.1 PeXbpl iy 4 415 & 8 2~ 7 A0 B I T AR o A

JEIEX P, expansum Md8 AT AR RN, FRATIREI T 1 N5 HTH APSES 4514938, (48-162aa) M1ExH
(XP_016600960.1), it %y PeXbpl (& 1a) . N 1 #2034 7 PeXbpl H. 1 2 R4 H g4k % &, FIH MEGAL1.0
AR T PeXbpl FIEMIB KR RGER B (K 1b). 75 E (Penicillium) AEHEH & (Aspergillus)
hoEgoe R, KRILS A. udagawae A ) [EIVEE o
P ER L 1 7325, K% PeXbpl mibR o848 #ikk (APeXbpl), JHilid PCR %5E, 45 (1. d) AiR:
1§ FH514) PeXbpl-up F/HPH-F £l PeXbpl-down R/HPH-R #£1T PCR § 14, APeXbpl ¥ b T iif [ERE 1 4%
W, K/NBZI 1000 bp, WT L4kl IbAh, @it RT-qPCR #E—BI6AIE: APeXbpl R SR kA BT .



MR EmBE Modern Food Science and Technology 2027, Vol.43, No.8

a HTH APSES

PeXbp1

XP 014534913.1 APSES transcription factor Xbp1 putative Peniciflium digitatum

46
KAF7523107.1 hypothetical protein PCG10 006872 Penicillium crustosum
100

CRL21204.1 HTH transcriptional regulator APSES-type DNA-binding domain Penicillium camemberti

CDM37706.1 Transcription regulator HTH APSES-type DNA-binding domain Penicillium roqueforti FM164

XP 056803524.1 apses transcription factor Xbp1 Penicillium hispanicum

XP 057051181.1 apses transcription factor Xbp1 Penicilium riverlandense
1 |: XP 001258507.1 APSES transcription factor Xbp1 putative Aspergillus fischeri NRRL 181
100 XP 024683546.1 putative apses transcription factor Xbp1 Aspergillus novofumigatus IBT 16806

| i XP 016600960.1 hypothetical protein PEX2 054350 Penicillium expansum

79 GFF30803.1 transcriptional repi XBP1 Asp
0.1
c
Pexbp1-up-F HPH-F HPH-R PeXbp1-down-R
PHPR Pextet _

Genomic DNA

Genomic DNA

d
1.59
> a
s 1.0+
=]
o
=
2
@
T 0.5
o
X
w
b
0.0 T T
WT  APeXbpl
Strain

El 1 PeXbp? A5 DT REBREMRAVIDE
Fig.1 Bioinformatic Analysis of PeXbpl and Construction of the Deletion Mutant
E: (a) BT (b) BLkia4r; (c) FlREL (d) PCR 4= RT-gPCR %€ APeXbpl, iR Z&EATHEL (SD); FF
NEFHE (a0 b) ATAREFZE (P<0.05). FHFR.

2.2 PeXbpl xR HH W RAEW W

JNERFE PeXbpl Xt P. expansum A KR B IIFEIA, K WT 5 APeXbpl Btk 7207 EF T PDA K753,
T 25 CRREAM MR Td. B, MEEEEHITUE, 4R R (B 2a), APeXbpl Hiks WT W&
BELHEZER, WRI LG A6, Rge. S 0xmk AL riE (B 2b), ¥57E3diwEEE
HAAREA 3, MEFR5dH7dI, APeXbpl BEFEEE VA EARE WT 737 T F#£ 9.53%#H1 5.93% (P<0.05).
Lt FEIE, AN E R (B 20) 27, APeXbpl FAkAEYE A 0.10 mg, K WT (0.12 mg) [£fK2) 16.67%
(P<0.05). Ffif5, XTELMUMEASHTIE (K 2d), 258 WT BbkE 24 KI5, 4> 30 M H4E i
FUN, 17 APeXbpl BEFEE M ISR Sl S EREIR, o XS 2 RE. Bid

5
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ZEHLRIT, PeXbpl BIxt P. expansum B 75 AE K AR B K E 2 A A B .

IR TR, APSES REE N T AHM KK B IHEMKARREE FAEKSREPREEEEH. A
Wi, APeXbpl WARAEREFE RIS WT ZREUN, MRS TR 1 5 I HT2 IH AR A 52 BRI TR 22 25 ) e 6
LR, YW PeXbpl FES HFREME FFAKIREM M . RO REZ MR B OAwRIE, Fla
Aspergillus flavus 71 APSES #H 5% Xl -l 5k S 80 22 K 2 AR 7 1k & 5% 1), Aspergillus fumigatus 7' RgdA %
A 5 S Y R S 2 ), Acremonium chrysogenum 1 APSES i [Fl il 2 5 S0 22 T 45 oo K =
BE I TP, T FIbA B2k [FRE RN 5 22 4 K 512 e g i v A

a b
50
= WT
a
WT E 40- b = APeXxbp1
=3 a
S an_l b
330 a a
8
; S 20
/ 5
APeXbp1 S
P 8 104
0 T T T
3d 5d 7d
Time/d
c d
0.15+ 12h 36h 48h
a SR ) — .
L B = \lehe B
e —
e b = ety \'
=} > S 2 £
T, 0.10+ WT B 3\< g e
£ " N —e
\Q ;{?:.clsc 8 = t‘? it =<
0
1%
©
E 0.057 E’_'\/ I
o APeXbpl &\\ '
0.00 . y \
WT APeXbp1
Strain

[E 2 PeXbp? 3 REBEKFTEMF M
Fig.2 Effects of PeXbpl on the Growth Phenotype of Penicillium expansum
7E: () WT A= APeXbpl 69 E % 4s; (b) WT A= APeXbpl &% AL1%; (¢) WT #= APeXbpl A£4%; (d) WT #= APeXbpl # £
A RBERMIE (40x ), REXETAREE (SD).

2.3 PeXbpl %t & H F T K & M2

it —0 3 H PeXbpl 1E P. expansum JotER & HHIVER, XH = S A58 AR OCR AT TIlE . 45
or (8 3a), APeXbpl bk~ iy 3.81x10° conidia, % WT (4.20x<10° conidia) 4% 9.29%. GiMalgEss
(30> R, WT HEHA TR, 17 APeXbpl BHEH /AT H AN R, FERBAL—,
IFFEREES it S R BRI R . TR TSR (B 3c. d) &R, 7E6. 9112 hiFf, APeXbpl Pkt ik
RO WT [#AIC T 3.59%. 9.01%7F1 23.47%; ZFEKEFEEIT WT. HgACEa R (B3 SR, 5§
WT #HEL, APeXbpl il 14 AR LaeA FiT WetA ik &35 T %) 33.33%411 23.34% (P<0.05).
BEE R, PeXbpl AR5 P expansum [Fr=#ife 1 AT RIS RE. SABFFEE, BriIA-AbaA-WetA
PP AT T TR LR RS, 1T LaeA (A& R HE Tl k B SIRGUREHIIER . 1Ak, Btk
B, APSES %R [TIE T iR el B LR smi i T S 22 34k, 78 Aspergillus flavus H APSES
R T S BT B 2 B, 7R A 2R Acremonium chrysogenum Fi1 Magnaporthe oryzae 2
MBI R,
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: b 3h 6h %h 12h
5_
a b . %
47 /
2 @ @& [a /
£ £ wT @ ) @ i
558”7 ® o ¢
S 2 e e o 9 __
5, 100um ® 100um ¢ 100um €7 fooum
ST
&z =
™ ()
— ® ' Q )
0- APeXbp1 (©) e@ ° (©) & i!)
WT  APeXbp1 @ -, € €
Strain oo e il s
¢ 150 = wr
— = APexbp?
§ a
2100
E a g BriA LaeA WetA
‘,3 - b
E 50
8 a a 159 1.5 1.5+
6h 9h 12h - a . a > a
= a £ £, 4.
d 15 Time/d §1.0— £ 1.0 %10 b
a = WT g_ a- b g_
3 3 APcXbp? 5 s 5
2 S o 2
§ 10 b 80.5- 2 0.5 %05
& g é‘ L%.
5 . 2 s
£ a i o
3 : o I ) 00 ' ; o0 WT  APeXbp?
° ’—}‘I—I-l WT  APeXbp1 WT  APeXbp1 P
y ! , Strain Strain Strain
6h Sh 12h

Time/d

3 PeXbp! M REBRTRENFN
Fig.3 Effects of PeXbpl on Conidiation in Penicillium expansum
72: (a) WT F= APeXbpl #78& (b) WT F= APeXbpl 56T 3 X 4B (40 = ); (¢c) WT F= APeXbpl #-FH & &; (d) WT f=
APeXbpl ¥ &K E; (e) THAMALR KL S, RELRTAREEL (SD).

2.4 PeXbpl At & B 113 Mt i % ey

N THRIE PeXbpl Xt P. expansum JFRETNSZ RS20, 4 WT 5 APeXbpl BRI/ Al Bl o mlehy T &
AR BT PDA 7R ge, T 25 CRERERAMF FREFR 7 d, MK ERE. R ER: 5 WT
FHLG, TEAHHEREAHAEE ppa Fa ) (CR A1 SDS) FIEhia (NaCl. KCI AbFE) Z4F R, BRI B VA A B
rIRERER (K da. b. B 4c  WT FHRAE 4 FiRa s MBEvEEKIIZE, K 4d y APeXbpl T KA
Khsk. BEERFEN RIFER, WT 5 APeXbpl WHRAEAFFME KA NI HETE EAALEEIG R, HN R R R
UL A Kotah (B 4e. d).  FIRGE L], PeXbpl %I P. expansum 2 s/ 2 e 5e 5otk K 537 i 32
RE TR/ o

CAFARRE, ARAEETRMHCERS SMMBE. 0008k 52 B4 RF LB E Mam v . i, 78
Cryptococcus neoformans 41, FFREREALEEIEE CFOL J5, J825FKFE 1.5 M NaCl A1 KCI AbFR T A4 K52 31 ™ 5
it [FI, ACFO1 9e3skkxt SDS Bl e udkit?, 78 Aspergillus fumigatus t1, hogl/sakA JEH B2k
AN SDS 5 T HIZB LR 157 DL fuseE®), Candida albicans #s HOGL it (1 st 25 11t s »
FIRER LN SDS HIFURTERY, 1eah, A. fumigatus hogl FEPEIHk T B CR 75 S (20 B ke o 30 A i
FUBAER®, X Rt iR, RN R BB M R S R R DL S B e S R AR B
YEH . 5_FRREoTss BAHEL, ABTF9T APeXbpl 7E SDS. CR. NaCl 1 KCI AbHH 464 T AR B B 1A K
B, 28 PeXbpl Bdxt P. expansum _E3RIMHEAN 2 HE RIS N o
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a c

PDA NaCL KCL SDS CR

-~ NaCL

£ -- KCL
wT E 30-
H _— — - SDS
3
£ 20- / - CR
; /
/ 2 10—
APeXbp1 ©
0 T T T
3d 5d 7d
Time/d
b 40 d
s a = wT 30—
aa 2 a = APeXbp! _— -~ NaCL

N
o
T

P - KCL
/ -~ SDS
/ - CR

Colony diameter(mm)

>
I
—
Colony diameter(mm)
S
1

o

NaCL  KCL SbS CR PDA I
3d 5d 7d

Stress condition Time/d

[ 4 PeXbp1 337 ELF BRI FZNE
Fig.4 Effects of PeXbpl on Responses to Different Chemical Stresses
7E: () WT A= APeXbpl £ R B M RF 89 £ A (b) WT F= APeXbpl £ R FIGF I8 XA] 69 5 5% AL42; (¢) WT BHARE
BB 6 A A AR RACE; (d) APeXbpl EARRF AR S4E A LA RE,; REAKATIEL (SD).

2.5 PeXbpl xf F 52 FoE M0

JNERFT PeXbpl X P. expansum BUwPEIFANN, K WT 5 APeXbpl HE k5 AR T3 RAFLR L GRsEem,
HAERERE 3. 5 A1 7 dMERREER. 258 ER: 5 WT AL, APeXbpl BERRAE PRl S SE b KRB B AR
%, LRSS (8 5a f15d). 7ESERES F, APeXbpl HHKTE 3. 5 M1 7 d HIRHE B S WT %
18.24%. 11.51%F1 12.27%, JRPLIE LY FEHR 40T MK 12.92%. 5.65%7#11 7.66% (P<0.05) (/& 5b f15¢); fEF!
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Fig.5 Effect of PeXbp1l deletion on the virulence of Penicillium expansum during fruit infection
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