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B OE: [80] REAERATXIRARRUBAR GG, Hit—FH A8 RBRAE
(histidine kinases, HKs)#8 X A B At m E A A KR F B md2 oo Tas E e i, [
B AR SR BARME . AR RAT B A5 49 5 18 (Agrobactirium tumfaczence—medlated transformant,
ATMT). PCR A qPCR BB R KAF BcHK9I A HF R R IR, B HELAK., AR R, T
FEEARME., BTHLE. WERLSBZEAHRE. 8RN, @RS @B T AR T
WHATM R, WERRZARE B REREA B05S.10 69 %0, M8 # BcHKII ¢ %%, [4 R]
R IKAF 2 A BcHK91 LB 3R REAR, oAl % 4 ABcHK9I-A 5 ABcHK9I-B. RA 54T LI,
599 4 A AR B05.10 A= 4% 46 N\ & #k (ectopic transformants, ET)48 bt, BcHK91 # B 3R R E AR TR
FEBAE, RTRE%SE, PR, RTHLE, WERERE., REBVRERLRAAYT
M, WK 4o SDS #9# M A 5. #H RNA sequencing (RNA-seq) 3 K3t 5 4 & i #hf= R T AR
ABCcHK9I 9% AT A o #7, 4 R R EA 1533 A £ 7+ & 1L 3K F (differentially expressed
genes, DEGs), £+ 1017 M E LiE, 516 NEE FiE. KB AK4K(gene ontology, GO)#F= A % R R
# (cluster of orthologous group, COG) /£ # 4~ #7 % 8, DEGs £ & g % /& 4 4 it 42 (biological
processes) ¥ 9 2@ Jitr, iL 42 (cell process) & X # i #2 (metabolic process); %@ AL 28 &, (cellular components)
E Z 5 A 1 R 4 M) 4K (cellular anatomical entity) A= 48 i, A (intracellular); 4> -F 3 % (molecular
functions) £ & g & /& M 1L 7% M (catalytic activity). & & /i 4 4 (binding) #= 4% iZ /& 4 (transporter
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activity). Kyoto encyclopedia of genes and genomes (KEGG)i# % o #7 & 81, DEGs £ %F & £ 8 /K
Wiz iy . oA ARG L. 22 3R F L& & B (mitogen-activated protein kinase, MAPK)
BIKBR e RftidE % £, A5 AR EAREAR SR A, £FKEKRY insilico » B =, 17
MNEBETE A LA BOS.10 AR A H . BALZ B, @GBS R, @RETEHE. BT R
Hymbtt, qPCR ISIEL R A, 13 ANAE 49 gPCR R A K-F 545 K400 B R AT 69 BB % — 3L,
K ZEERABETREERSG. (48] RERBA Y BcHKI] £ 2B KL MER . J 3 RE 3R
AR MRt AR Y R EFZEA .

KR REREB; XIE A RBEH, BcHKII;, it i; x4

Functions charecterization of the group XI histidine kinase gene
BcHKDI1 in Botrytis cinerea
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Abstract: [Objective] To explore the functions of type XI histidine kinase genes in Botrytis
cinerea, thereby establishing a foundation for further elucidation of the molecular mechanisms
involving histidine kinase-related genes in the growth, development, and pathogenic processes of
plant pathogenic fungi. [Methods] Through knockout vector construction, ATMT transformation,
and PCR/gqPCR validation, we obtained the mutant ABcHK9I. The colony growth, sclerotium
formation, conidial production and morphology, conidial germination rate, appressorium and
infection cushion formation rates, pathogenicity, cell wall/membrane integrity assays and
transcriptome profiling were conducted to evaluate the effect of BcHK91 knockout on B. cinerea
strain B05.10, thereby elucidating the biological function of this gene. [Results] Two BcHK91
knockout mutants were successfully obtained and designated as ABcHK91-4 and ABcHK91-B. The
phenotypic analysis revealed that the knockout of BcHK91 reduced the conidial length, conidial
production, conidial germination rate, appressorium formation rate, infection cushion formation
rate, and pathogenicity. Moreover, the mutant formed no sclerotium and showed increased
sensitivity to Congo red and SDS compared with the wild-type strain B05.10 and the ectopic
insertion strain ET. To reveal the transcription mechanisms of BcHK9I, we compared the
transcriptomes of B05.10 and ABcHK91 by RNA-seq. A total of 1 533 differentially expressed
genes (DEGs) were predicted in ABcHK91, including 1 017 genes with up-regulated expression
and 516 genes with down-regulated expression. Gene ontology (GO) and clusters of orthologous
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groups (COG) annotation showed that the DEGs were mainly involved in cell process and
metabolic process of biological processes, cellular anatomical entity and intracellular of cellular
components, and catalytic activity, binding, and transporter activity of molecular functions. The
Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis showed that the DEGs were
mainly involved in carbohydrate transport and metabolism, starch and sucrose metabolism, and
mitogen-activated protein kinase (MAPK) cascade response and other physiological metabolic
pathways related to the phenotype and pathogenicity of ABcHK91. In silico analysis of the DEGs
suggested that 17 DEGs were related to the growth and development, oxidative stress, cell wall
biosynthesis, cell membrane integrity, sclerotial initials, and pathogenicity. The results of qPCR
demonstrated that the expression levels of 13 genes matched the trends observed in RNA-seq data,
confirming the high reliability of the transcriptome analysis. [Conclusion| In B. cinerea, BcHK91
plays critical roles in asexual development, environmental stress responses, and pathogenicity.

Keywords: Botrytis cinerea; group XI histidine kinase; BcHK91; functional research; transcriptome

JREGEW IR BRI B NG 3 . KR A -
AN E, AR KRR Mz i Fe rh el
e, — BRI 20%-40%, 7 R P ATk
90% VA b, KPR E . JRiE, St
B FR IR TR T e R K AE 1 B
B IREER IR IR A R B B, A SR
& A 4 f 8L [Botryotinia fuckeliana (de Bary)
Whetzel.], J&FRE1HEAE; JorES K
%461 (Botrytis cinerea Pers. ex. Fr.), J&HIE IS
A R, W4l 4315 5 & 4t (two-component
signaling system) & — |2 77 7 T 40 7 Fl EL TR
TS AL AL, TR 3 Ak A 5
AP FE AT, WA E S RGN
2R AL B IRE, KRB AH 3 K EY
3851« 1R BRIl (histidine kinases, HKSs)
Mo W W B W % bl K (histidine
phosphotransfer protein, HPt) A1 M i ¥ 5 &5 H
(response regulator protein, RR)™ . It £ 4t b ()
HKs f 7% 4 # HKs (hybrid histidine kinase), B
HAAG 5 5 A5 M ik, L C Rumid
A HT R E 5k F (aspartic acid residue, Asp)
Y I8 35k (receiver domain); 1] HPt 1 A Wi iR 1%
L AT, 8 ORI
HKs AL RBEIR LT, FEMRE AL 28 2 RR LA
6 NUHE S . RSP FEREHIECT HK 9%
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His) kA= ABEIR AL, 2R 5L W5 e 7% 2= HK
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(¥ His R HEL50 2 RR 20N Asp 5R3E, fix
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HK JE WA MF 5 RE B+, BOG s
RE Ao i T 0 25 M RS A o AR R B . AR
Feh HKs AUVEIAEAE 22 5% . fE40TE T HK fiE
FRRIFm AN ISR, Al P vk &
LML R BEIRAEN; R T HK BT
NI ZWIRE, TRV 2 YRR B R 2 5
W2 E . ERET . 2Rt BEn .
EEa . AR RN RS s, R
FLIE T HKs R8s D se A i A ] . )
an, BRI EERE (Saccharomyces cerevisiae) ™ 2 %
fio— A Sl RO R M W OBE
(Schizosaccharomyces pombe) P A 3 4>, HERIR
%5 W (Gibberella moniliformis)H A 16 1>, el
& T (Cochliobolus heterostrophus)'F A3 21 1>, #4
IR B (Magnaporthe oryzae) A 11 4, KEEIR
P (B. cinerea) ™47 20 A1, FL T ) 3 S 3 [A]
RPEEE A FR 538 11 28, PR £ H) HKs
AN MRS VIR, TR B e — (1) HKs
] Sinl J& T VI, SR E5IESBERH
7 (high-osmolarity glycerol, HOG) IEREP X Er s
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WO, SEUARNHIMAR RS 2 mAeT; FE A
W MoSin 1 55 58 28 AR 21 g B e 550 < =C A
0RO S N I (DO =W A7) ST -9 = 1 STER 1B
TR USE B TE, HEUR 3%k RN
t VI HKs 5 FgSinl e JE A2 S 80 5
BT, (S22 B0, BomtE TR I
TEIRBEM AT BeSinl wilbR 5 5 250w R A K o %
g P . RS AR AL AN
AW, BASH5RESRM . BE P Xt
A% T B SRR O LR ok i B (Newrospora
crassa) " 111 Y HKs FE K NeNIK-1/0S-1 25 4
WA . IS AR R (G5 R R
W NE) W BT H W BE A% B (Alternaria
brassicicola) ™" AbNIK1 F& R it 58 A5 R 350 11
e, Bl sosrE B, X T R R M
ARSI FOR TR B oR , HEHRAERKRAZ
SR KB B BOSI K: A 4w % 1 %Y HK,
BOSI WR 5 235 W R AR 53 AR 18 1 7 A8 B0k
7, I 23 HE 5 TR RG24 20 1) R B X R
b L N L R B N OE 1K O E
A2 G B AR I AR 3 it N crassa
FEAE 1 ASXIES HKs SEH DCC-1, 2 554
flFr-a . FRTRFMIHE PRIER; FEE
I o R RRAEAE 1 S XI HKs £ MoHik3, %
S PR SR T R TR A AR K BRI B0 1 G
FRm, WASHBEWAIL R, KE
S TR H XTR HK s 2D B D RE i AR 2 88 . ALk,
AHIE 5 FEAIL I BUCH Hh— > XIS HKs 2P #1712
BEHT, FEARAS BeHK91 FEPR bR 58 A8 AR () 2k
Bl 6P iz HE R AT R AL M SR Ao, AT B
BcHK91 HEPRITE RN XA SN | ik e AE K B
o R Thae, ISR KB IA BcHK91
FER A e

1 M5

1.1 i ER A IERE
1t 5 B BR R K B e B EF AE R BR UE B RR

B05.10, 541574 (complete medium, CM)2
AR 22 CCHAF T AT R . W RO A T
4 e RHA, KIRAF T-80 °C.
1.2 BcHKI1 £YMERFE D

1E NCBI (https://www.ncbi.nlm.nih.gov/) % iifj
AR B BeHKO1 9 & & ;P 51, i i NCBI
BLASTp F#R[A & 1. FIH] GeneDoc A Xf
Behk91 K [Rl IR H B &R P 91 04T LURT,
T A MEGA 11 W RGE KB
Pfam (http://pfam-legacy.xfam.org/) % 3 Fi i & [
SRR, HHAE DOG B4 E T4 .
1.3 BcHK91 EERIMR R FIIE

W IR TR R Rl TR e e s g B, #hl
T 22 °CHEFRA P RIE B R 3 d ISR R 22 A
JHEC B 4 DNA PR 3 B0 & [ A4 AR
TR (b i) Ay A BIR 2 w14 JBOMK e 9 T T 22 Bk
N4 DNA. JET AU B4R, Jlad K 7 B
PCR §" 4 R 8 BcHK9T L m bR #dAc . LU
SR DNA Jg#itie, J3 5 b i [6) 958 51 9
(UP-F/UP-R) #1 T i [A] ¥ B 7| #) (DN-F/DN-R) 3"
14 BcHK91 H& N Y bl i BL(UP) 5 K iiiF Jr Bt
(DN). PCR JZ Jif & & (50 pL): 2xPhanta Max
Buffer 25 uL, dNTP Mix (10 mmol/L each) 1 uL,
. FUFESI¥(10 pmol/L)4% 2 pL, Phanta Max
Super-Fidelity DNA Polymerase (74 & b5 ME %8 4= 4
PR By A PR 2 7)1 ul, DNA AR 1 pL,
ddH,O 18 pL. PCR Jz I 45 : 95°C i 4% 1
3min; 95°C 4 15s, 60°Cilk 155, 72°C
FEAH 2 min, 3£ 35 AMEFR; 72 °C ZSEA 5 min.
QU NS RS i o |
(hygromycin resistance gene, hph) ) m bR 24K
I H AR 98 R AT A T 1§ Ak (Agrobactirium
tumfacience-mediated transformant, ATMT) ¥ i 5
AR AR ET A RUK R T B05.10 1, AR45 AT
REMFEAL FAE I & R B (B %K 200 pg/mL)
(A= T AR TR (BT ey A IR R i 58 4 K 5
FoVHr bk T g g atifl . 28 PCR Sk (S
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TR ZR SR AFIRITY), e RS SR 2 A8 AR A e ot
H 4 575 K (ectopic transformants, ET), Fifi 11 1%
BCH A 2 A28 78 R ABcHK91-A FI ABcHK91-B
# 1T RT-qPCR 39 UF A J5 2250 595 o 1) H L B AR
RNA g4 R & [ 2F T4 9 TR H i) Befy
AR A HEBURE & A RNA, L1 pg RNA A
¥, & H HiScript® Il All-in-one RT SuperMix
Perfect for qPCR 1271 5 (e 5t i MEHE A W) R4 i
®1 AARERBOSIY

Table 1 Primers used in this study

3 A BRZA 7)) A 8 cDNA; i@ 1 qPCR X R 45
S TRIE, LINZHIA UCE (ubiquitin conjugating
enzyme) SR, SR 27 YA TE T AL R Y
X RR K RIS E 3 KAEYFEREE ., A
DI HBND I LR 1, A 513 N A5 e
AR A IR A FLA A
14 EZ£EKEEZZENE

5 B05.10, ABcHK91-A. ABcHK91-B #l

Primers name

Primer sequences (5—3")

UP-F GCCAAGCTTGCATGCCTGCAGATTTGTGAGTAATTTCAGTGCTCC
UP-R CCAGGATCCTCTAGAGTCGACTATCTCCACACAATGGAGTTTGTT
DN-F CCGGGTACCGAGCTCGAATTCTTTCAACGATATCAAGGATTACAA
DN-R ATTATTATGGAGAAACTCGAGACTTTTAACGAGAGACGAATGAAG
HPH-F TTCGCCCTTCCTCCCTTTATTTCA

HPH-R GCTTCTGCGGGCGATTTGTGTACG

BcHK91-F ACTCAGTGCGGATCGGGACATTCT

BcHKO91-R GAAGGGTGTACCATTGTTCCGCGA

BcHK91-UP AGCTACCAGAGGAAAGTTGTACTC

BcHK91-DN TGAATGGTGTTGAGTGTAGGCAAC

HPH-UP ACTGCTACAAGTGGGGCTGATCTG

HPH-DN CTGGACCGATGGCTGTGTAGAAGT

QBcHK91-F ATGAGGCCTGGACAAGAATCACAGGTGG

QBcHK91-R AAGGGTGTACCATTGTTCCGCGACAAATT

UCE-F ACCGGAGGTGTCTTCTTCCTCGCC

UCE-R ATGCTTCCGTTGGAGTTGATGTTTGGGT

BCIN_07g06780-F
BCIN_07g06780-R
BCIN_15g02270-F
BCIN_15g02270-R
BCIN_02g07770-F
BCIN_02g07770-R
BCIN_05g00730-F
BCIN 05g00730-R
BCIN_05g04650-F
BCIN_05g04650-R
BCIN_07g01120-F
BCIN_07g01120-R
BCIN 07g07130-F
BCIN_07g07130-R
BCIN_13g02170-F
BCIN_13g02170-R
BCIN_14g05360-F
BCIN_14g05360-R
BCIN_15g02380-F
BCIN_15g02380-R
BCIN_02g08760-F
BCIN_02g08760-R
BCIN_07g01270-F
BCIN_07g01270-R
BCIN_01g11450-F
BCIN 01g11450-R

CCGGTGACAACGCTACCTGCAATG
AGTCATGTTGTGGCCATCGATTGCG
GCGTGGTTCTTGGGAGAGTTCGTC
GCATCCACGTCAAACCACTGCAAG
TCCGATGCCGTTGTAGGATTTGCC
GTTGGTGACAAACCACCACCTGTG
CGTCTTCGATCTCACCCACGTCTGG
GGAGGGTTCGAGTCCTGGTACCAAG
TCACGCTCCGGATAATAGTGAGCT
TTCCAAGGACAGTCATTGGCAACG
AAGGTTCAATCATCGGGCCAGCAT
ATAGCAGTCGAGAGCTTTGCGAGT
CCATCCACTAGCCAAATATCCCGGT
GTCCATGCTTCGGGTGTGATGAAT
GTGCACAGTCAGATGTTGAGACCT
CTTCCCTGCATTGGGCCCATTAAC
GGATCGGCTTTCTTTGGCTGTTGG
ACTTTGCGAAAGCTCCTCCGATAG
AAGTTCTCCACTGTCGCTGCTACCG
GGAAGTGTAACCAGTGCCGACGAG
ACCGAGCCACACAAACGTAAAGCC
CGACCGTTAACCGTTGGAACACCA
TTACCGCAGCTCCTAGCGATAACT
CGGTGGCGCTGTTTGTACTTAGAT
GCTTCAGCCTCTCGTTCTGTCACT
TCCGGGCTGATATATGCGATGGCG
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ET Bk HER T o2 2R 953k [, 16 22 °Cl%
FREAP RS 2 d I, FATELAR 7 45 BRI Bk
NGATHUEAR N 5 mm AR 228, B FHY ¢
ERFFRFAER L, A T 22 °CHFRAE T A B
F£2. 3. 5. 7. 9d JEHARIE G F R 22 A4 KA
O, FIBTTH A R AR R B PR S P AE T TR AR 2 d 1Y
FEXTAE R, B85 3R 3 d A TR E T 4 °CIk
FREFE 22d I, FARRIC SR A S A, il
FH Tmagel {4355 B — TR A% T RS B A S 4K
TAHRE 3 RAEY¥ER, BMEY¥ER
HEAT 4 IREARFEE R
1.5 BFEERFESUE

¥ 5 3% 9 d B B05.10. ABcHK9I-A.
ABcHK91-B Fl ET TR KR FH U A B ~F- A 1 19
758 B I = 2 e 40T D A 7, 8 i
BROF BN G831 R TR R AR B P A, SERR IR 3
WEE . WA O B R AL 1x10° 4~/mL, B
20 pL T BB R oA A B AR A T 19 KA
oo MW EIWRAY¥ER, BELZT 34
FARBIT(100 41 7/55T).
1.6 TATFIEAERKMERFRENE

I 20 uL 2k 2 mmol/L 5 B e il 19 &
1x10° A~/mL ¥ 045 B BR300, TR INAE 57 7K
JEF, BT 22 °CHII>95% RH PRI H IR 1;
o Ml FHFEE 2. 4. 6. 8, 10, 12, 24,
48 h 1E WA T LS Ge i1 45 AR 198 7 1 &
. T 8. 10, 12, 24, 48 h B[R WEI45
T4 BRI P B, G133 B
R, BEES 3 NHAFIC00 /#F/5.50).
1.7 REBRZRENE

B oe i gRst FRIR 9 d 1A TR RR A T e
A% 20 uL 5x10* A~/mL (il F B 5, 4 HI%Fh
BB R MR R L, BT 22 CHIES IR 3R
FEThIERE . 7E 24 h 1 48 h ALY AR YL
TE RS B BGE SR, Geit R 3B TE iR .
TEVEAF M ISR 30 h e, LI A B s
Peta R YL AT Y S, IFE AR T

g, RN E 3 WAEYEEE
FARBIT(100 #1F/5%00).
1.8 HUmIIME

oK A 22 S Al PR BOR I 2 o K
MG RE . Bt i Jorks . /N AR S
BT 22 CCRIFFM IR IR 3 d I, HIEIFA
H Image) tHAERBERIF . R E 3 IRAEY
HE, BEES 3 MEARNIC,
1.9 ZmBEEEF0LHAEAZERMBE N E

$ 22 °C B 3246 vh 55 9% 3 d B9 B05.10.
ABcHK9I-A. ABcHK91-B Fll ET BtkITE H&Ih
WMLZHFTFLEHTHCEAS A 5 mm (FIEEBE, 4>
AP T A RE A8 R 0.3 mg/mL WISRZLAN
AL AR T 0.05 mg/mL SDS AY5E4 R 5
Ml o 22 °CHEFRE 3 d JR BT HAR, LISEaeh:
FRFAEARAE R X RRAL, T4 BRI R B 22 A KAl
Fo IR E 3 RAEY¥ERE, BEES 440
REIT,
1.10 RNA-seq JF

O3 5K B A2 R AR BOS.10 1258 28 1K B Ak
ABcHK91-A TERARSELRE SR I 1535 4 d, Wk
WL 22, BT WA PR, R
YR A BRA A T RNA-seq T 43#T
1.11 EFERERESTE

B A= A B MR B05.10 F1 58 AF 4K T bk
ABcHK91-A FEA R 3R K A7 A8 i 3 22 S 1 5k
R 2k 22 7 33K KL A (different ially expressed
genes, DEGs). i1 25 5 3R 43 B 345 1) 5k (R 4
B VE2 SRR B, AR P (AR S 2 ] 2%
RACE AR S22 5, Rk FE v R ok b
YA 3L A (up-regulated gene) Al T~ I & [A (down-
regulated gene). F)H FPKM J5 ki1 FE K =ik
i Al edgeR #1443 A1 B AR AU A28 A R
ABcHK9I W2 53Rk 16 0L . LA log, fold change=
2, FDR<0.01 {ER 25 RR BN Wi 4500, X
1% DEGs #17 GO Fl KEGG Hhfig & 4507,
#EN DEGs [0 FZAYA e S 5 0

BEEST 3
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1.12 ¢PCR EIFERFRIAEER

J T B UE RNA-seq I 5 45 R B MR ME, 4
W LLBEF AR BB R B05.10 FI9€ 7B 4K T AR
ABcHK91-A 1) RNA At , it qPCR ME T
13 4~ DEGs W& iEKF. I HBIER ID K%
NCBI GenBank £#5 2 KB H AR EE A 751, S8
Ja s H DS X ¥4, f#i A Primer 5.0 #{4-1%
HalY, HAE GenBank $HE R T4 T A
qPCR 5 0L3% 1.
1.13 ERENRS5EGS

{5 FH . 3808E (Olympus 2 7)WL= 1l T 12
S MR M E R KRG
ImageView 4 H T % . HAPLJEEZ 7))
HIRFEWIES . B UG ES . Fra
14354 . Adobe Photoshop 2020 #474b B

2 BER5AHM

2.1 BcHKI1 BRI REMERFESH
W FJE T HI L, 35T NCBI Bl R4 e
K T 6 T KL [ Be 12791 (B %5 4 BCIN_
15g04540), K5 HAx4 & BcHK91, BcHK91 HYFF
B EHER: 2 359 bp, A5 2 MMAMEFHT A
T, i 752 NEER . REKEWMMEN
[ P51 L X 455 SR 26 B BcHKO1 F [ Y 25 1 A7
T HAMER Y, H5 Monilinia firucticola
(KAG4026253.1) 19 [7] 95 M i =, AH AL BE
70.2% (K1 1A, 1B). i Pfam KX} BcHK91
()8R S5 IR EA T 100 & B, BeHKO1 &R A&
period-ARNT-single-minded (PAS).
histidine kinase A (HisKA) Fll histidine kinase-like
ATPase (HATPase_c)45t 5l (/& 1C), 45HRERM,
BcHKO1 W AF7E T HAL F I H 5 H R E
R RS
2.2 BcHK91 EFERPRIETIRAIRS
ARGE BcHK91 BRI TE K559 1 H B DI RE
I Tv] 05 o 2 A D B A T e o 2 A4 (BT 2A)
T ATMT 977 R R R Bl A B A= B TR ik

domain
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W, IEXS BB FETT DNA B9$2H, PCR
£j qRT-PCR B1IE(&] 2B, 2C). KEAHLBEH 2 ~%
ARK ABcHK91-A. ABcHK91-B Fl 5314 A ET
MR TR S252 560 .
2.3 BcHK91 £E£ 5 1E R ERERE
BT B

RIRSY BeHK91 X IR 50w T B 22 4 K 1 5
i , %f B05.10. ABcHK9I-A. ABcHK9I1-B Fil
ET R K 2-8 d AL HEAT T 0885 7 Hr (K]
3A). ZER K IAER IR 2 d W, ABcHK9I-A .
ABcHK9I-B (W 54K HAE 5 B05.10 #1 ET 4
G 3 25 5 (I 3B). MbAh, BEAE N IKER
AR G AL IR IR GE 4, HOR B RE ) 3%
2 T DA TR 1) A A P . AR R AL b &
P, FERESE 20 d B B05.10 F1 ET Wtk A H %,
M ABcHK9I-A F1 ABcHK91-B I 7k 58 4 2 2 7
WRE (K] 3C), S533KM, BcHKII K AZS
S22 A K B, (E R K A TR A A
AR, ERIEAZAIE
24 BcHK91 £E£5FERERE
FRESREE

FIWEGE BeHK91 F PR R B 0 i+ B 28 ) 52
M, fE BB T4t T B05.10. ABcHK9I-A .
ABcHK91-B Fll ET Wik FRYKERMEE, &
. ABcHK91-A . ABcHK9I-B {E K B E/NT
B05.10 A1 ET B Pk, W7E % 1 JG I i 25 5
( 4A. 4B). 253 3RW, BcHK91 N A6k
WD T TR Ak, SARRERSE 9 d 1=
fi 4 B /N T B05.10 Al ET B R (K 4C)., 4%
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Figure 1 Bioinformatics analysis of BcCHK91. A: Alignment of homologous protein sequences of BcCHK91 and
other related fungal species; B: Phylogenetic tree of homologous proteins of BcCHK91 [The numbers at the nodes
represent bootstrap support values (based on 1 000 replicate tests), and the scale bar indicates that the average
number of substitutions per amino acid site is 0.20]; C: Domain architecture of BcHK91.
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Figure 2 BcHK91 gene knockout and verification. A: Diagram of HPH replacement in the coding region of
BcHK91 (P1 and P2 represent HPH-F/HPH-R; P3 and P4 represent BcHK91-F/BcHK91-R; P5 and P6 represent
BcHK91-UP/HPH-UP; P7 and P8 represent BcHK91-DN/HPH-DN); B: PCR verification; C: qRT-PCR

verification. **: P<0.01.
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Figure 3  The impact of BcHK91 knockout on hyphal growth and sclerotia formation in Botrytis cinerea. A:
Mycelial growth of wild-type B05.10, ABcHK91-A, ABcHK91-B, and ET (ectopic transformants) strains cultured

on CM plates for 2-8 d and sclerotia formation at 20 d; B: Strain diameter measured at 2 d of incubation on CM

plates; C: Number of sclerotia were measured after 20 d of incubation on CM plates. **: P<0.01.
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Figure 4 The impact of BcHK91 knockout on spore morphology and production in Botrytis cinerea. A:
Microscopic observation of spore morphology; B: Length and width of spore; C: Spore production of strains
cultured on CM plates for 9 d. *: P<0.05; **: P<0.01.
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Figure 5 The effect of BcHK91 knockout on spore germination rate and appressorium formation rate in Botrytis
cinerea. A: Spore germination rate of each strain at 2, 4, 6, 8, 10, 12, 24, 48 h; B: Appressoria formation rate of
each strain at 8, 10, 12, 24, 48 h. **: P<0.01.
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Figure 6 The effect of BcHK91 knockout on infection cushion formation in Botrytis cinerea. A: Formation of

infection cushions at 24 h and 48 h on slides; B: Quantification of the numbers of infection cushions produced by

the indicated strains on an inductive surface; C: Quantification of the sizes of infection cushions produced by the

indicated strains on an inductive surface; D: Formation of infection cushions at 30 h on the onion epidermis; E:

Relative number of infection cushions. **: P<0.01.
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Figure 7 The effect of BcHK91 knockout on pathogenicity of Botrytis cinerea. A: Size of lesions formed by the
indicated strains on soybean leaves; B: Quantification of the lesion sizes caused by the indicated strains on soybean

Relative lesion size (%)

leaves at 3 d post-inoculation; C: Size of lesions formed by the indicated strains on tomato leaves; D: Quantification
of the lesion sizes caused by the indicated strains on tomato leaves at 3 d post-inoculation; E: Size of lesions formed
by the indicated strains on strawberries; F: Quantification of the lesion sizes caused by the indicated strains on
strawberries at 3 d post-inoculation; G: Size of lesions formed by the indicated strains on tomatoes; H:
Quantification of the lesion sizes caused by the indicated strains on tomatoes at 3 d post-inoculation. **: P<(.01.
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Figure 8 Effect of BcHK91 knockout on susceptibility to cell wall- and membrane-targeting stress agents in

Botrytis cinerea. A: The tolerance of the indicated strains to Congo red and SDS was observed after 3 d of
cultivation on CM plate; B: Inhibition of strain growth on plates supplemented with the cell wall stress factor

Congo red; C: Inhibition of strain growth on plates supplemented with the cell membrane stress factor SDS.

**: P<0.01.
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Figure 9

Analysis of Botrytis cinerea gene differential expression after BcHKY9! gene knockout. A:

Transcriptome analysis of BcHK91 knockout mutant; B: gene ontology (GO) enrichment analysis; C: KEGG
(Kyoto encyclopedia of genes and genomes) enrichment analysis.
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Table 2 Genes related to the response of BcHK9I knockout to physiological phenotypic changes and
pathogenicity
Accession Gene Main function Expression fold ~ Regulation Reference
number name change
(log, fold change)
BCIN_15g05270 Bcpie2  Cell membrane integrity 4.49 Up-regulated [22]
BCIN_01g01450 BcatrO  Cell membrane integrity, oxidative stress 4.37 Up-regulated [23]
response
BCIN 16200450 Bceswfl  Cell membrane integrity 2.38 Up-regulated [24]
BCIN_07g06780 Bclcc9  melanin biosynthesis -2.09 Down-regulated  [25]
BCIN 15203440 BcCHS7 Hyphal growth, sexual reproduction, -1.16 Down-regulated ~ [26]
pathogenicity
BCIN_03g08050 Bcpksl13 Melanin synthesis, vegetative growth and -3.23 Down-regulated  [27]
virulence
BCIN 04g04800 Bcbrnl  Melanin biosynthesis and virulence -2.73 Down-regulated  [28]
BCIN 07g01120 Bcergd  Melanin synthesis and defense response, cell 1.29 Up-regulated [29]
membrane integrity
BCIN 02g08760 Bcsmrl  Melanin synthesis, sclerotial development 1.81 Up-regulated [30]

BCIN_03g08110  Bescdl
wall integrity

Melanin synthesis, sclerotial development, cell -1.48

Down-regulated [31]

BCIN _06g00510 Bhp3 Sclerotial development -3.61 Down-regulated  [32]
BCIN_05g00730 Bccat4  Oxidative stress response 1.89 Up-regulated [33]
BCIN 06201180 Bccat4A  Oxidative stress response 1.30 Up-regulated [34]
BCIN _09g04550 Bcswel  MAPK cascade signaling 1.41 Up-regulated [35]
BCIN_02g03050 Bcsinl ~ Hyphal growth, conidiation, sexual -1.38 Down-regulated  [13]
reproduction, osmotic stress response,
pathogenicity
BCIN 03g01490 Bclgal  Pathogenicity, virulence -2.96 Down-regulated  [36]
BCIN_15g02380 Bcacpl  cell wall-degrading enzymes, pathogenicity 2.74 Up-regulated [37]
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13 genes in ABcHKYI and verification of RNA-seq
data.

3 W55/

TR A 5 A7 AE HLE R AR SE B MAPK %
il (5 30 [ SRR g 1o 45 Fp AR A B A5 o LA
3R b FR G 2 i A7 T MAPKKK-MAPKK-
MAPK #4284 b3 R 10 AR X6 K B0 1
WLy 2407 XT B HKs £:[H BecHK91 #4717 1)
REAHT o 3BREXT BcHK91 FE R Rl 23 AR (A (1) Dy g
AT AT R B, IR FE AR A S T A R
B TR T AR DL AR Y S Y
WMo BEHN, BcHK9I A2 40 i BE RN A it 5 57 4
P K B AE T T R

BcHK91 & X1 % HKs, TE45H FAH e H R
ELF 5T 1A K 2555 T T 26 0 VI AU Y HKs K &2 —
A PAS S5 PAS S5 IR 2 O AE 545
PSRRI 0 —F 0, W RES S HIBI 1456 Al
AR A AR RS, B EERE T SLNT J2
ME— Ry HKs P, %3 BB 2 5 B 1R 5t
TP SRMTE KB TR P BeHK 91 FE B AS
S FEUKTR A BO, HEW] 68 JE A K &
FHE 20 24> HKs JEHAESSHFITIRE L AFAE 3

P4 actamicro@im.ac.cn, 7% 010-64807516

X4

FEIRBEIR PN SR BeHK91 i BSRASTE A 1A
PRI A K HR, (HEARRIE R .. W% 2 K
o D TE AN R PR 58 v 2R ARG 46 1) B 2450, TR
W RIE S B A RIS B UTA DG, R
S TRl A AE R R ) T A RESI T
B8 ARSI L, BeHK71 RBR IR Wbk
fi = m BT R, O E Y RS ik i A
X1 % HKs 3B DCC-1 @b Ja il 7= & 3
VO XT A HKs X 2L 7= f i 52 M 77 25 510,
WAL, AHIF 5T e B0 A8 VR R BT A R A A K/
fPAE2e5, KW BeHKII 16 KBEIRW  l RERL %
AeFr il FIEASREN o flF 2 KB 08 T AL 17 A1
Ry F2 720, 87 B e B 2
HBUwE . FetH 52y R W, RAK ABcHKII
W Besedl . BeBhp3 5j Besinl BYFEDRI R 1R 7K1
TR, HiX 3 AHEE 025 R A BB R
Ao R R | 7 AN o < 1 S T
BcHK91 W] REE T 4% 55 K EE 0 18 A PR AR 5 A 6
FUFEDR RS2 MR BOS.10 BYBURTE. AN, Beleed,
Bcpks13. Bcbrnl. Bcerg5. Bcesmrl, Besced 5
Besinl R ¥E AR B AR E, HEREREY
FARK, A BcHK91 % H (5 3R 1) 52 i i 75 2L 1
—0r M

BcHK91 FEPR AR 10 S B0 11l RN
MIE BCRREAR, S T BB 1 B a9 4= 4
RE T o = YL BRI IR A0 T 6L TR A e A 1Y
HELER, BeHK91 HEH Bk S 30 R YL AE A
A B3 FHELR , b — AR A T HEOw T
IEBURELE KT, BcHKIT FER BRI AR R Y
BRI A T RRER Ak . i, 7E/h
7% INFEIAN B (Fusarium graminearum)™P Fhkl 5 H
0, & ER # (Candida albicans)™' Cphl FEH A E
g5 AR D T A B PED 0 R g SRR
XS HKs HE PO AIL ] o X A 13 B

V12 HKs JEHTE(E S5 b A H SR,
VA AR A FRBE R RS BeHK9T [l
el A5 5 AR AT 24 R 0 A4 i R Jofp a0 PR 19 i e



EIF S | BUEYSER, 2025, 65(11)

5071

PEEFA, X5 HALE R T HKs FEH DI REAH{
4N, NIKI FErE RS bk e b i i 2% 2352 i H 6
B 35 N RE 1Y, e HKs R 7E H
INBSEZN 17 SEREEY & it R (S N O S he 712
B, RAFUR ABcHK91 W Bepie2., BeatrO. Beswfl
5 Besedl WFR A T UL, X JLASHERA
wapi BBUE il LI ER R e o = B i | B e o4
DL R it WS 1 A 5 45 200 R 1) S0 B ok
PER AN RS A AR e 222430 M BeHK 91 7 g
il #f Besedl . Beacpl . Bcepie2. BcatrO. Besdl
SRR R B P 200 R 4 LB ) 5 i

2% LTk, HKs JEH BeHK91 1F K89 1A
AR . BB ABURET AEEEZAEN. 1
iR S BOR AL F 7 A | RGP R
I R DL BORT 2 B R 248 S 3 R ) R
B, 385 HA B HKs JE DAY AR DA
TRAMIRSE BcHK91 WD RE M HAE B A
Y . XSS T AR B AR 0 DG
MR T HIR A, ARAYAE S AT LU — 20
PRIt BcHK91 TEAF 5 i 5 A W) S i v iy B
B

16 STk = A

SR BERER KT, Bk, 2R
W, WEGICE; TN ke, BdEair,
Bk, SEMUEBL, REICE; W BdRik
e Lortrs QW . ik, 85, FEik. &
Pl A e B EHom. JRAE
W, wb s R RIS, RECEE, BiH
R, PROETTIR.

B A 25wk RATF A

VR P A AEAT AR AT B8 2 52 M AR SC P4
o AR E AT 1 s AR

B33

[1] DEAN R, van KAN JAL, PRETORIUS ZA,
HAMMOND-KOSACK KE, Di PIETRO A, SPANU PD,
RUDD 1JJ, DICKMAN M, KAHMANN R, ELLIS J,

FOSTER GD. The top 10 fungal pathogens in molecular
plant pathology[J]. Molecular Plant Pathology, 2012,
13(4): 414-430.

[2] #%W02 . JK A % 60 1R (Botrytis cinerea) 55 4 12 i 1

HUHEASCHEH BeSinl Fl BeSho W E# DIRERFFE[D].
5 RUROR A, 2017,
YANG YL. Biological function of the two genes, BcSinl
and BcShol, related to mode of action about fludioxonil
in Botrytis cinerea[D]. Nanjing: Nanjing Agricultural
University, 2017 (in Chinese).

[3] CAPRA EJ, LAUB MT. Evolution of two-component
signal transduction systems[J]. Annual Review of
Microbiology, 2012, 66: 325-347.

[4] IKNER A, SHIOZAKI K. Yeast signaling pathways in the
oxidative stress response[J]. Mutation Research/
Fundamental and  Molecular = Mechanisms  of
Mutagenesis, 2005, 569(1/2): 13-27.

[5] APPLEBY JL, PARKINSON JS, BOURRET RB. Signal
transduction via the multi-step phosphorelay: not
necessarily a road less traveled[J]. Cell, 1996, 86(6):
845-848.

[6] CATLETT NL, YODER OC, TURGEON BG. Whole-
genome analysis of two-component signal transduction
genes in fungal pathogens[J]. Eukaryotic Cell, 2003, 2(6):
1151-1161.

[7] WURGLER-MURPHY SM, SAITO H. Two-component
signal transducers and MAPK cascades[J]. Trends in
Biochemical Sciences, 1997, 22(5): 172-176.

[8] MASCHER T, HELMANN JD, UNDEN G. Stimulus
perception in bacterial signal-transducing histidine
kinases[J]. Microbiology and Molecular Biology
Reviews, 2006, 70(4): 910-938.

[9] RISPAIL N, SOANES DM, ANT C, CZAJKOWSKI R,
GRUNLER A, HUGUET R, PEREZ-NADALES E,
POLI A, SARTOREL E, VALIANTE V, YANG M,
BEFFA R, BRAKHAGE AA, GOW NAR, KAHMANN
R, LEBRUN MH, LENASI H, PEREZ-MARTIN J,
TALBOT NJ, WENDLAND J, et al. Comparative
genomics of MAP kinase and calcium-calcineurin
signalling components in plant and human pathogenic
fungi[J]. Fungal Genetics and Biology, 2009, 46(4):
287-298.

[10] POSAS F, WURGLER-MURPHY SM, MAEDA T,
WITTEN EA, THAI TC, SAITO H. Yeast HOG1 MAP
kinase cascade is regulated by a multistep phosphorelay
mechanism in the SLN1-YPD1-SSK1 “two-component”
osmosensor[J]. Cell, 1996, 86(6): 865-875.

[11] ZHANG HF, LIU KY, ZHANG X, SONG WW, ZHAO
Q, DONG YH, GUO M, ZHENG XB, ZHANG ZG. A
two-component histidine kinase, MoSLN1, is required
for cell wall integrity and pathogenicity of the rice blast
fungus, Magnaporthe oryzae[J]. Current Genetics, 2010,
56(6): 517-528.

[12] PEREZ-NADALES E, di PIETRO A. The
transmembrane protein Shol cooperates with the mucin
Msb2 to regulate invasive growth and plant infection in
Fusarium oxysporum[J]. Molecular Plant Pathology,

http://journals.im.ac.cn/actamicrocn



5072

JIN Keyu et al. | Acta Microbiologica Sinica, 2025, 65(11)

2015, 16(6): 593-603.

[13] REN WC, LIU N, YANG YL, YANG QQ, CHEN CIJ,
GAO QL. The sensor proteins BcShol and BceSInl are
involved in, though not essential to, vegetative
differentiation, pathogenicity and osmotic stress tolerance
in Botrytis cinerea[l]]. Frontiers in Microbiology, 2019,
10: 328.

[14] OCHIAI N, FUIIMURA M, MOTOYAMA T, ICHIISHI
A, USAMI R, HORIKOSHI K, YAMAGUCHI L
Characterization of mutations in the two-component
histidine kinase gene that confer fludioxonil resistance
and osmotic sensitivity in the Os-1 mutants of
Neurospora crassa[J]. Pest Management Science, 2001,
57(5): 437-442.

[15] AVENOT H, SIMONEAU P, IACOMI-VASILESCU B,
BATAILLE-SIMONEAU N. Characterization of mutations
in the two-component histidine kinase gene ADbNIKI1
from  Alternaria  brassicicola that confer high
dicarboximide and phenylpyrrole resistance[J]. Current
Genetics, 2005, 47(4): 234-243.

[16] DONGO A, BATAILLE-SIMONEAU N, CAMPION C,
GUILLEMETTE T, HAMON B, TACOMI-VASILESCU
B, KATZ L, SIMONEAU P. The group III two-
component histidine kinase of filamentous fungi is
involved in the fungicidal activity of the bacterial
polyketide ambruticin[J]. Applied and Environmental
Microbiology, 2009, 75(1): 127-134.

[17] YIN XR, LI PF, WANG ZW, WANG J, FANG AF, TIAN
BN, YANG YH, YU Y, BI CW. Binding mode and
molecular mechanism of the two-component histidine
kinase Bosl of Botrytis cinerea to fludioxonil and
iprodione[J]. Phytopathology, 2024, 114(4): 770-779.

[18] BARBA-OSTRIA C, LLEDIAS F, GEORGELLIS D.
The Neurospora crassa DCC-1 protein, a putative
histidine kinase, is required for normal sexual and
asexual development and carotenogenesis[J]. Eukaryotic
Cell, 2011, 10(12): 1733-1739.

(191 1555 K. FEIELI T AU 7321 R R 5 ) Mo Hik2 il
MoHik3 HIREWFFE[D]. i AR, 2015,
FENG QF. Functional study of two-component histidine
kinase genes MoHik2 and MoHik3 from Magnaporthe
oryzae[D]. Fuzhou: Fujian Agriculture and Forestry
University, 2015 (in Chinese).

[20] REN WC, LIU N, SANG CW, SHI DY, ZHOU MG,
CHEN CJ, QIN QM, CHEN WC. The autophagy gene
BcATGS regulates the vegetative differentiation and
pathogenicity of Botrytis cinerea[J]. Applied and
Environmental Microbiology, 2018, 84(11): e02455-17.

[21] WANG H, HWANG SF, CHANG KF, TURNBULL GD,
HOWARD RI. Characterization of Ascochyta isolates and
susceptibility of pea cultivars to the Ascochyta disease
complex in Alberta[J]. Plant Pathology, 2000, 49(5):
540-545.

[22] ZHANG H, JI HL, LIU CY. Antifungal metabolites of
biocontrol stain LB-1 and their inhibition mechanism
against Botrytis cinerea[]]. Frontiers in Microbiology,

>4 actamicro@im.ac.cn, 7 010-64807516

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

2024, 15: 1444996.

LIU M, PENG JB, WANG XC, ZHANG W, ZHOU Y,
WANG H, LI XH, YAN JY, DUAN LS. Transcriptomic
analysis of resistant and wild-type Botrytis cinerea
isolates revealed fludioxonil-resistance mechanisms[J].
International Journal of Molecular Sciences, 2023,
24(2): 988.

GONZALEZ MONTORO A, QUIROGA R, MACCIONI
HIJF, VALDEZ TAUBAS J. A novel motif at the C-
terminus of palmitoyltransferases is essential for Swfl
and Pfa3 function in vivo[J]. Biochemical Journal, 2009,
419(2): 301-308.

LI H, SHEN XM, WU WIJ, ZHANG WY, WANG YS.
Ras2 is responsible for the environmental responses,
melanin metabolism, and virulence of Botrytis cinerealJ].
Journal of Fungi, 2023, 9(4): 432.

CUI ZF, WANG YH, LEI N, WANG K, ZHU TH.
Botrytis cinerea chitin synthase BcChsVI is required for
normal growth and pathogenicity[J]. Current Genetics,
2013, 59(3): 119-128.

ZHANG CH, HE YF, ZHU PK, CHEN L, WANG YW,
NI B, XU L. Loss of bebrnl and bepksl3 in Botrytis
cinerea not only blocks melanization but also increases
vegetative growth and virulence[J]. Molecular Plant-
Microbe Interactions, 2015, 28(10): 1091-1101.

ZHANG HH, LI YR, DICKMAN MB, WANG ZH.
Cytoprotective co-chaperone BcBAGI1 is a component
for fungal development, virulence, and unfolded protein
response (UPR) of Botrytis cinerea[l]]. Frontiers in
Microbiology, 2019, 10: 685.

YUAN XJ, YANG FG, WANG YM, LI SX, ZHANG
DM, LIANG WX, YANG QQ. Scopoletin negatively
regulates the HOG pathway and exerts antifungal activity
against Botrytis cinerea by interfering with infection
structures, cell wall, and cell membrane formation[J].
Phytopathology Research, 2024, 6(1): 1.

ZHOU YJ, YANG L, WU MD, CHEN WD, LI GQ,
ZHANG J. A single-nucleotide deletion in the
transcription factor gene bcsmrl causes sclerotial-
melanogenesis deficiency in Botrytis cinerea[J]. Frontiers
in Microbiology, 2017, 8: 2492.

ZHOU YJ, SONG JJ, WANG YC, YANG L, WU MD, LI
GQ, ZHANG J. Biological characterization of the
melanin biosynthesis gene Besedl in the plant pathogenic
fungus Botrytis cinerea[J]. Fungal Genetics and Biology,
2022, 160: 103693.

TERHEM RB, HAHN M, van KANJAL. The role of
hydrophobins in sexual development of Botrytis cinerea[C].
In 27th Fungal Genetics Conference, 2013: 148. DOLI:
10.4148/1941-4765.1008.

MIAO ZG, WANG GY, SHEN H, WANG X, GABRIEL
DW, LIANG WX. BcMettl4-mediated DNA adenine N°-
methylation is critical for virulence of Botrytis cinerealJ].
Frontiers in Microbiology, 2022, 13: 925868.

FAN L, WEI'YY, CHEN Y, OUAZIZ M, JIANG S, XU F,
WANG HF, SHAO XF. Transcriptome analysis reveals



EIF S | BUEYSER, 2025, 65(11)

5073

the mechanism of antifungal peptide epinecidin-1 against
Botrytis  cinerea by mitochondrial dysfunction and
oxidative  stress[J].  Pesticide  Biochemistry and
Physiology, 2024, 202: 105932.

[35] LIU H, WANG YC. The function and regulation of

budding yeast Swel in response to interrupted DNA
synthesis[J]. Molecular Biology of the Cell, 2006, 17(6):
2746-2756.

[36] ZHANG L, STASSEN JHM, CHATTERJEE S,

CORNELISSEN M, VAN KANJAL. The regulation of D-
galacturonic acid utilization in Botrytis cinerea[C]. 27th
Fungal Genetics Conference, Asilomar, Pacific Grove,
California, USA, 2013: 12-17. DOIL: 10.4148/1941-
4765.1008.

[37] ROLLAND S, BRUEL C, RASCLE C, GIRARD V,

BILLON-GRAND G, POUSSEREAU N. pH controls

both transcription and post-translational processing of the
protease BcACP1 in the phytopathogenic fungus Botrytis
cinerea[J]. Microbiology, 2009, 155(Pt 6): 2097-2105.

[38] CHEUNG J, HENDRICKSON WA. Sensor domains of

two-component regulatory systems[J]. Current Opinion
in Microbiology, 2010, 13(2): 116-123.

[39] RISPAIL N, Di PIETRO A. The two-component histidine

kinase Fhk1 controls stress adaptation and virulence of
Fusarium oxysporum[J]. Molecular Plant Pathology,
2010, 11(3): 395-407.

[40] RAMIREZ-ZAVALA B, WEYLER M, GILDOR T,

SCHMAUCH C, KORNITZER D, ARKOWITZ R,
MORSCHHAUSER J. Activation of the Cphl-dependent
MAP kinase signaling pathway induces white-opaque
switching in Candida albicans[J]. PLoS Pathogens, 2013,
9(10): E1003696.

http://journals.im.ac.cn/actamicrocn



