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Abstract: Pore-forming toxins (PFTs) are present in fungi, but their functions remain poorly understood.
In this study, analysis of differentially expressed genes between sclerotia and mycelia of Sclerotinia nivalis
revealed that genes encoding pore-forming toxin proteins were highly expressed in sclerotia. Further
proteomic profiling by mass spectrometry confirmed the abundant accumulation of these proteins in
sclerotia. Sequence and structural analyses indicated that three pore-forming toxin proteins SnCry6Aal,
SnCry6Aa2, and SnCry6Aa3 were encoded by S. nivali Sn'TB1. All of which contain the conserved
ClyA_Cry6Aa-like PFTs domain and exhibit the characteristic three-dimensional structure of a-PFTs. The
recombinant SnCry6Aal and SnCry6Aa2 were successfully expressed and purified using a prokaryotic
system, and their hemolytic activity and nematidal/insecticidal toxicity were subsequently assessed. The
results showed that SnCry6Aal exhibited significant hemolytic activity at concentrations over 6.25 ng/mL
under acidic conditions, whereas no similar activity was detected for SnCry6Aa2. Neither SnCry6Aal nor
SnCry6Aa2 showed notable toxicity against Caenorhabditis elegans, Helicoverpa armigera, Spodoptera
litura, Grapholita molesta, or Bradysia odoriphaga. However, both displayed low but detectable
insecticidal activity against larvae of Pnyxia scabiei, with corrected mortality rates of 14% and 17%,
respectively. This study is the first to identify the presence of ClyA Cry6Aa-like PFTs at high abundance
in the sclerotia of S. nivalis and provides initial insights into their biological roles, laying a foundation for
further functional studies and potential applications of these proteins.

Keywords: Sclerotinia nivalis; sclerotium; ClyA Cry6Aa-like pore-forming toxin protein; erythrocyte
lysis; insecticidal efficiency
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Table 1 Primers used in the study

519 2l

Primer Sequences (5'—3")

PMAL-c6T-SnCry6Aal-F
pPMAL-c6T-SnCry6Aal-R
PMAL-c6T-SnCry6Aa2-F
PMAL-c6T-SnCry6Aa2-R
PMAL-c6T-SnCry6Aa3-F
pMAL-c6T-SnCry6Aa3-R

GCGATATCGTCGACGGATCCATGGCTACTTCAGCTGGCG
CCTGCAGGGAATTCGGATCCTCAAGCTTTAGCCGCATTGGC
GAACCTGTACTTCCAGATGAGTGGTATAACTGACGATCCGG
GCCGCCCATCAGCATTTATTTCTTCTCAAGTTCAGTATTAACCTGCCTG
GAACCTGTACTTCCAGATGTCGTTCGATCCCTCAAGG
GCCGCCCATCAGCATTCAACATCTTCTCGCGACGAAAAC

Yk2i e ZANAME LB PBS B R TEE EIEA
WoRLE N 1E, IRAFLT AR o K £ A0 I A
AR pH () 1 - B 1R 1 3l P S, — -l PR —
FANGE PR IR 129 LLBIRC R pH oA 4.6-8.0 1Y
10%ZL 40 L, B+ 500 pL AS[R] pH ) 10%2L4H
MBI . 400 pL XTI pH 22 ik K 100 pL e
anii A, 7E 37 °COKIB# I E 1 h, T 2 500 r/min
B0 5 min S5 USRS T B0 o PR B K AR
NIE pH BZE 0T, BSA WX BRE ., S
FIRQO0T)H ik WA 5 . i R4 R
M5 VP SEEE H S e il Joy I ; H B RRLT
L BURDTVE HAR G ATOU B .
1.2.6 ERZERLRILEEZXNERT N

%18 Bischof et al. (2006)HRIE , W& 258k
& pMAL-c6T J 41 itk pMAL-c6T-SnCry6Aa
R IAAF B HT 115 23 50 3AP T+ 50 pg/mL 2%
HREREM LB § 773, 37 CIRGHE TR . I H
EEpe S g R AR L5 9E 1 h, A IPTG T
30 °Cif5 3334 3 he M€ ODgoo J5i 5 — VH L BRI
WREZE 2.0 A4 53 5IHC30 pL 28 A% B
3 PR FLBHBIRA T 60 mm ENG “FAi,
25 °Cil g, BEIEH2Y 20 5525010 L4 Lk
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127 ERRERLERILSEZXNRREHSH
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B BRI 3 AN ER, BAERE Y 20 SilR,
DL AR I 2 vRFN BSA SHXTHR, 7E 1-8 d W
SRR AR 5 PP AR T3, 38 o A RE I i 55
R ESETAE DL, AR AR,

FET- 2 (%) =(AbFRFE T A A B4 BR B B 0% 100,

BEAEFET R (%) =(4h BLBE T 56X HABE T 5 )/(1-X Jit
FET%)x100,
1.3 MG o4

K JH GraphPad Prism 9 {174 K, FHA
JH SPSS Statistics #7451 , i LA mean+SD
R, P<0.05,
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FIET 08 A= W) & R (betalain biosynthesis) 55 #H
PSR FE R AZ T E R ERIE . TR A RS A
SR, I AR AL (AN R . AR
FIH Z A IR AE 2 R s o IR (an
EHSRmE . PR 20 A G LI b 8 2R 38 ) AT 34 5
ES Q7S] 3 R B
2.1.2 BiZBEREERKINGE TR

Ry Y 3 TR A R BRI, T AT —
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Fig. 1 Transcriptomic analysis of sclerotia and mycelia in Sclerotinia nivalis. A: Volcano plot of differentially expressed genes
between sclerotia and mycelia; B: KEGG enrichment analysis of upregulated genes in sclerotia.

R2 ERREEE LREENEER
Table 2 Functional annotation of significantly upregulated genes in sclerotia

LR g TPM (Kit%) TPM (%) log, &% HOEP{H kg
Gene ID TPM TPM 254k, P adj Function
(Sclerotium)  (Hypha) log,FC
SnThl_005973  2977.38 0.71 11.06 1.12E-120 oA LMIMEE H
Virulence-associated extracellular membrane protein
SnThl_000527 1598.48 0.61 10.94 8.95E-196 RG22 2 IR i 22 it
Phosphatidylserine decarboxylase
SnThl_006744 1095.97 0.06 13.30 2.75E-119  KflEZR
Pore-forming toxin-like protein
SnThl 011404 1288.80 0.57 10.60 8.36E-118 K NflHE
Pore-forming toxin-like protein
SnThl_ 008171  723.02 2.29 7.76 1.03E-98  Klifl&HE
Pore-forming toxin-like protein
SnThl_ 003450 144323 1.03 9.76 8.47E-80 K1 Unknown
SnThl_ 000525 1861.74 0.70 11.03 1.35E-76 TG — R 435 Fay 3,
Peptidase dimerisation domain
SnThl_ 006429  596.80 0.02 13.85 1.23E-72  Z5%hME 1 Adhesin-like protein
SnThl_ 005038 3270.00 0.42 12.85 2.18E-70 KBRS Ssp2
Development-specific protein Ssp2
SnThl_ 005909  322.66 1.50 7.16 8.74E-67 e A R E|
Proline-rich cell wall protein
SnThl 012547 918.42 0.97 9.24 3.56E-57  RIRERZYEIGE FEE A
Pectate lyase superfamily protein
SnThl_008710  567.49 0.48 9.79 3.00E-47 B E R H A EE A
Cysteine-rich fungal transmembrane protein
SnTbl 008805  686.14 1.67 8.07 5.16E-41 W25 Sugar transporters
SnThl_002061 3 241.40 11.55 7.38 8.28E-33 HERFERT B I EHER

Ricin-type beta-trefoil lectin
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JE SRR . RS R E . B RS
PEEETT Ssp2. B WA AIMEEE 1. &P
o IR L A 1 M 1 A 2 R AR 1 S A T
Rk, BN RESS W NIE A&
Ho AN 22 R AR . KRG .
iR LA I Wz A B 1 A QA DG I DR A T A
Ak, ATRES SRR B AL .
22 ERZEBEEZSFEERLE

LE R AT E®E T SDS-PAGE 43
Mras R 2, g 3 AR ERERE SR T
HAh4H7, Bl KA TEZA 43 kDa, B2
B3 S5 2> TR 204 36 kDa H1 34 kDa, N
T IR 3 AN XL AR 1, FRATIX 3 ANkt 4y
BIHEAT T ISR BT S S5 (R 3). HE TR AR
FHEM iBAQ FUE T LUAIKT, Bl £ %f N T4
7 SnTb1_011404 F1 SnTb1_006744 , #5115
A MALEEZR ; B2 K0 T M SnTbl_
005038, IZ & X W TR ER TS 5 ETFH
Ssp2 H M ; B3 &y XN FA A SnTbl_010643,
ZEE XN R SR S 5k EFM Sspl &
Flo R R G SRR — 3R, R EHR
EAMEFRREOERZ B ERE,
2.3 KRILEZNFTIREHIFIE

AR B8 SnThl 011404, SnThl _
006744 F1 SnTh1_008171 3% 3 M omt2E AL K
B LR A ol e ik, Hgm A 2 (K
IRE > W45 A SnCry6Aal. SnCry6Aa2 Fl
SnCry6Aa3. A% AT & 3 B A g S i

*3 SFEERFHFRIELEESER

7 SnCry6Aal 1 SnCry6Aa2 15 %1% o s 32 B A7
1o RVRIEREE R BoR, =& W FIR 57 2
MM B A oA, S e a5
fie REKREHEERILE 3A, SnCry6Aal 5
SnCry6Aa2 EAT# = 179 R IEE , FESEAERT T
A [E—433Z, i SnCry6Aa3 WML —443
%o FIH InterProScan X ARSFEEMIEIE T4, 4
RER =FH M ClyA_ Cry6Aa-like Z5H438,, Y91
J& T AR I R S5 3B) . i AlphaFold3
T RAS =35 1 = 4EZE R (18] 3C), —F By =3 (Al 45
WAL, H5RABR SRR
Cry6Aa fH{ll(Dementiev et al. 2016),

kDa M 1 2

180 —— e
135 ]
100 —
75 — .

63 —
48 —
35 — e ) B B2
- 53
s — i
2 ERFZEEREIZER SDS-PAGE #34f
Marker; 1: fSiFEIE 10 pl; 2. sSiFEE Sl

Fig. 2 SDS-PAGE analysis of sclerotial proteins from
Sclerotinia nivalis. M: Protein marker; 1: 10 uL; 2: 5 pL.

M: &#H

Table 3 Identification results of high abundance protein bands by mass spectrometry

& EOAHRS
Band Protein ID

TR

iBAQ ¥ufel I
Molecular weight/kDa iBAQ value Function

B1 SnTb1_ 011404 43.04 5.21E+09
SnTbl 006744 43.37 1.11E+09
SnTb1l_009877 43.00 2.79E+08
SnTb1_001633 43.76 2.30E+07

B2  SnTbl_005038 36.51 1.92E+09
SnTb1_009444 36.75 8.29E+08

B3 SnTb1l 010643 34.88 3.39E+09
SnTb1l_ 002438 35.20 1.98E+08
SnTb1_003941 34.52 1.19E+07

K fL#E Pore-forming toxin-like protein

K fLBE Pore-forming toxin-like protein

HEEBE-1-050R 5-W AN Mannitol-1-phosphate 5-dehydrogenase
PR AR EEFE R Cysteine desulfurase-like protein
KERSEER Ssp2  Development-specific protein Ssp2
HhEE-3-BEER I &M Glyceraldehyde-3-phosphate dehydrogenase
KEHEIEER Sspl  Development-specific protein Sspl
YLEBENS Transaldolase

SERTRNLE RS Malate dehydrogenase
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AQA2STPZW6 R ceb s
utstroemia sp.
SnCry6Aal
SnCrybAal Sclerotinia nivalis R i
AO0ABH2ZNG5 Sclerotinia trifoliorum 1 - - - .
ATEZEDY Sclerotinia sclerotiorum
AO0A4SBQR24 Botrytis galanthina ~ Domains
SnCry6Aa2 Sclerotinia nivalis ® ClyA_Cry6Aw-like
100 A0A384J694 Botrvotinia fuckeliana
AO0A1D9Q9Q7 Sclerotinia sclerotiorum
AOA1CTMQT73 Grifola frondosa SHCHEAGD
ATEEI6 Sclerotinia sclerotiorum HEEhOIE
AOATY2XAV4 Daldinia sp. 1 " o " 397
AOASKONKCS Claviceps africana ) )
MI1WBZ3 Claviceps purpurea » Domains
WOCHY6 Selerotinia borealis A CrybAIke
AOASMYJAT1 Monilinia fructicola
AO0A384K0Q3 Botryotinia fuckeliana
AO0A4Z1JIX8 Botrytis elliptica
SnCry6Aa3 Sclerotinia nivalis e SnCry6Aa3
C 1 419
100 200 300 400
~ Domains
ClyA_Cry6Aa-like
SnCry6Aal SnCry6Aa2 SnCry6Aa3 Cry6Aa (5KUD)

Bl 3 XHFLEE SnCry6Aa BWEMIEERF ST A: SnCry6Aa RAEKE/HT; B: SnCry6Aa &AM MT; C:

SnCry6Aa & [ — 4E 454 Tl

Fig. 3 Bioinformatics analysis of pore-forming toxin-like SnCry6Aa proteins. A: Phylogenetic analysis of SnCry6Aa proteins; B:
Domain analysis of SnCry6Aa proteins; C: The predicted three-dimensional structure of SnCry6Aa proteins.

24 XBflEREATREFMGK

T ARAS AT ETERY SnCry6Aa, ANAF5ER A
T MBP @lGFRERS, HilEMdFETRAR
[ Qe e = gl = WU AT IV O S s i A
pMAL-c6T-SnCry6Aal/2 A BL21 Fik, 3435
TE 16 °CH1 25 °Ci1 1155 3K ik . SDS-PAGE 73 #r
2E 0 R (K 4A, 4B), Bil5 & 1 MBP-SnCry6Aal
F1 MBP-SnCry6Aa2 R L] e A TE
H. 16 CCHIZEfPERS = T 25 °Co i@ ad Tk 25 F0)2
Mratifb ), 76 H Uk B3 b on] ILE 20 B 5 i) H bR 2R
4k (B 4C, 55 1 M1 6 iki). BEJERA TEV
R FEYIBR MBP #5345, Jfid ot giit gtk &
BRbRZs, 4345 SnCry6Aal il SnCry6Aa2 &
FI(E 4C, %5 10 Fil 5 JKiA).

2.5 ERILEREREINEINE
2.5.1 SnCry6Aal/2 BIAILE N

VS I A2 240 TRV I 3R SR 1 R A ML FRUARRAE , F
T SnCry6Aal Fl SnCry6Aa2 J& T4 4 i 2
FR, PRI ASIE 5% L JG TR £ 4 2 i kg 4 Ak, 3
R T AN pH T IEMmiEE. 2R ER,
SnCry6Aal {XFE pH 4.6-5.0 & PN B0 H BH i
(7 L5 , 117 SnCry6Aa2 78 il (544> pH 75
FEl P 38 o B R AT A 5 (K 5A). A T iE—
£ Mr SnCry6Aal &A= FE I T 75 IR (IR,
¥ SnCry6Aal 178 M FE I I H 78 2 1
FUETF R MAE S, 2R EIR, 6.25 ng/mL L)
Y SnCry6Aal 5PLH BH T A4 21 40 i 24 f ik
J1(E 5B).
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B4 EmFLEZEHE SnCry6Aal # SnCry6Aa2 BIFKIA. ALK SDS-PAGE 7341 A: ZifL8 % & 1 MBP-SnCry6Aal
9321k [ SDS-PAGE 73p#r, M: #[1 Marker, 1 F15 JiESHr, 2 M6 AiFTia, 307 N Eif, 48 HULHE; B: KK
fL#Z & 1 MBP-SnCry6Aa2 71k} SDS-PAGE 2347, M JZ& [ Marker, 115 i 61, 2 f 6 AESE, 3 M7 M E
i, 408 WULKE; C: FKMfLEEE N SnCry6Aal Fl SnCry6Aa2 (4lift. &% SDS-PAGE 4341, M N1 Marker, 1 16 43
5% MBP-SnCry6Aa2 Fl MBP-SnCry6Aal, 2 Fl 7 43 BIHVIHIE55 ) MBP 47455 SnCry6Aa2 Fl SnCry6Aal (5 i, 3
8 73RBS LIRS RN B, 4 9 SR ECRRRIMTNE, 5 10 2305 ik R15 20 SnCry6Aa2 Fil SnCry6Aal ;
kRS EARALE, THERIR RERAR S I FARE A RO AL

Fig. 4 Expression, purification and SDS-PAGE analysis of the pore-forming toxin-like proteins SnCry6Aal and SnCry6Aa2. A:
Expression and SDS-PAGE analysis of the pore-forming toxin-like protein MBP-SnCry6Aal, M: Protein marker, lanes 1 and 5:
Before induction, lanes 2 and 6: After induction, lanes 3 and 7: Supernatant, lanes 4 and 8: Precipitate; B: Expression and
SDS-PAGE analysis of the pore-forming toxin-like protein MBP-SnCry6Aa2, M: Protein marker, lanes 1 and 5: Before induction,
lanes 2 and 6: After induction, lanes 3 and 7: Supernatant, lanes 4 and 8: Precipitate; C: Purification and SDS-PAGE analysis of
the pore-forming toxin-like proteins SnCry6Aal and SnCry6Aa2, M: Protein marker, lanes 1 and 6: MBP-SnCry6Aa2 and
MBP-SnCry6Aal, respectively; lanes 2 and 7: Total supernatant containing the cleaved MBP tag and SnCry6Aa2/SnCry6Aal,
lanes 3 and 8: Supernatant after centrifugation, lanes 4 and 9: Precipitate after centrifugation, lanes 5 and 10: Purified SnCry6Aa2
and SnCry6Aal, respectively. The arrow indicates the position of the fusion proteins, and the box indicates the position of the
target proteins after the tag is removed.

2.5.2 SnCry6Aal/2/3 ¥tk FE NS

T I NALEE R R SnCry6Aa X4k HUE
GHART), KEAFK pMAL-c6T-SnCry6Aal/
2/3 (SEHAH)FIZAS 3K pMAL-c6T (X BEZH )55
AR HT11S, HiE7iESFEL, SDS-
PAGE & Rtk h e s BHinEE
(K 6A). A E A BARE M HT115 [

A, ARRLRN | R S FOUARFAE -t JC ] 5 X 5]
(1 6B), H. X REZH 1 S5 56 2H ) 2 He A7 3 2R TC B
225 (& 6C).
2.5.3 SnCry6Aal/2 X EHREZ D

i 3 ) S 56 R4S SnCry6Aal/2 2 %)
MR L RHEc ik B4R i R ESER IR BE
W 2Jy PR R T P A B, TR A B B 2R AR )
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BHG, LA S5 BAAATE RYTE 90%  SnCry6Aal AbFRAIAS IESET- K Ny 14%; 1

Pl E, AEHHEFHEZEZIHTA-TD), £ SnCry6Aa2 L PR IEFET- R A 17% (K TE),

SnCry6Aa1/2 EOAX XS B HA &M (B 20 SnCry6Aal/2 5 115 55 FUHR & Ay —
SRR 2 E ORI - R, & RMEAL

A B 5 3
0.%,0,0,%,6,%.0.0 VXA DD $ RV
pHuusahhsbbbbbf\f\f\f\f\% LH FFFE L (ugil)
 AAAARAA
CK-

BSA

w w w w

dunhui_w'bhbuu w w v

SnCry6Aa2 ﬂ

& 5 SnCry6Aa ERMBMLER  A: A pH & FHY SnCry6Aa HITHIEMESEHR; B: MMM FEH 5.0)0 KRR E
SnCry6Aal & [ AT 454

Fig. 5 Hemolysis results of SnCry6Aa protein. A: Hemolysis results of SnCry6Aa protein under different pH conditions; B:
Hemolysis results of different concentrations of SnCry6Aal protein under acidic conditions (pH 5.0).

t-uvb-«uadeoUi’J
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180 s | s
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75 ° ns
63 2 100}
M 8
48 Eg
35 E =
@
0
25 S \ & i
F 10‘2" [ ad
PMAL-c6T SnCry6Aa2 SnCry6Aa3 SnCry6Aal V@, Qc\ Qc‘s Qc‘s
&
K[ﬁ]ﬁﬁﬁjﬂéﬁ!
Different plasmid types
pMAL-c6T SnCry6Aal SnCry6Aa2 SnCry6Aa3

[ 6 SnCry6Aa EEAXMEHRFNSM  A: AR BRI RIZFFE HT1S Bk 28 HrEH; B: 3% 96 h J5 4

HELEETEDL; C: 1W5% 96 h T IMAAE % ns: ZFARE

Fig. 6 Analysis of nematode virulence of SnCry6Aa protein. A: Escherichia coli HT115 strains carrying different plasmids all
contain the target protein; B: Survival of nematodes after 96 h feeding; C: Survival rate of nematodes after 96 h feeding; ns: No
significant difference.

250263-9



Research paper 22 April 2026, 45(4): 250263  Mycosystema ISSN 1672-6472 CN 11-5180/Q
A B C
gloop £ & a 2 gloop a 2 a & S0 & & a4 g
B = 3
5 0r % 590 # 5 90f
S 51N Hl s
E 5 sof Fg 80 K
i 70 + i g 70 E= 33 70
4 0= = o
L2 oot Hs 6 2z 60
= = & E :}Hé =
gso% SR A N & o #7550«5 > &
2 SR i CFFF = CFFE
ey & 8 @ o
SN o e P
D E .
g 2 100 2
3 3
# 3 ME 90
& 3 *H; o B
1 © w S 70
& g = F
< = g |
3 5E
® E . E 50
& ]

& Q;”? Nal
¢ 8
(;J’Q %Q

7 TRIREYHAERRSELXBILERERARENEEE A MBI Helicoverpa armigera BRI REN
kUG 8 d fAER; B: RISk Spodoptera litura WAL FER EAWRIG 8 d f715H; C: AEFBIRTLLL Bradysia
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Fig. 7 Survival rates of different insect larvae after feeding on diets containing pore-forming toxin-like proteins. A: Survival rate
of Helicoverpa armigera after 8 days of feeding on pore-forming toxin-like protein diet; B: Survival rate of Spodoptera litura
after 8 days of feeding on pore-forming toxin-like protein diet; C: Survival rate of Bradysia odoriphaga after 7 days of feeding on
pore-forming toxin-like protein diet; D: Survival rate of Grapholita molesta after 7days of feeding on pore-forming toxin-like
protein diet; E: Survival rate of Pnyxia scabiei after 2 days of feeding on pore-forming toxin-like protein diet. CK: Protein

solubilization buffer; SnCry6Aal, SnCry6Aa2 and BSA: 200 pg/g; Different lowercase letters indicated significant differences
(P<0.05).
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