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Abstract [Objectives] To identify and analyze virulence factor-related full-length transcripts of Ascosphaera apis, a lethal
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fungal pathogen that exclusively infects honeybee larvae causing chalkbrood disease, using previously gained high-quality
long-read sequencing data, thereby providing reference information and a foundation for the functional study of virulence
factor-associated isoforms of this pathogen. [Methods] All full-length transcripts of A. apis mycelium (AaM) and spores
(AaS) were aligned to the Nr database using BLAST tool to identify full-length transcripts relative to virulence factors, such as
chitinase, lipase, hydrolase and protease. Sequences of full-length transcripts in AaM and AaS were aligned to those of known
transcripts annotated in the A. apis reference genome, followed by normalization of the numbers of full-length transcripts
mapped to the reference genome. The expression levels of each virulence factor-related, full-length transcript were then
calculated. A heatmap showing the spatial pattern of transcript expression was drawn using the appropriate tool in BMKCloud
and the structures of partial virulence factor-related full-length transcripts were visualized in IGV browser. [Results] 367
genes and 407 full-length transcripts associated with virulence factors were identified in AaM, of which 12 were
chitinase-related, 48 lipase-related, 289 hydrolase-related and 58 protease-related. 367 genes and 400 full-length transcripts
associated with virulence factors were identified in Aas, of which 14 were chitinase-related, 63 lipase-related, 267
hydrolase-related and 56 protease-related. In addition, there were 0 and 17 unique virulence factor-related, full-length
transcripts( lipase-related and chitinase-related transcripts )in AaM and Aas, respectively, and 60 that were common to mycelia
and spores. Further analysis indicated that part of the virulence factor-related genes can generate several isoforms via
alternative splicing. [Conclusion] A total of 367 genes and 486 full-length transcripts associated with virulence factors, such
as chitinase, lipase, hydrolase and protease were identified. Most full-length transcripts corresponding to virulence
factor-related genes were relatively abundant and had more complex structures. Our findings enrich the annotation of genes

and transcripts relevant to Ascosphaera apis virulence factors, provide a foundation for the functional study of virulence
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factor-associated isoforms and offer potential targets for the prevention and control of chalkbrood in honey-bees.

Key words Ascosphaera apis; mycelium; spore; virulence factor; full-length transcript; third-generation sequencing
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AR YL R A EE B ECTR , Zhang 5% (2010)
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MR G bR (ZRVLL05, 2012 ), IAh, it
TAREE SR TR R TR R TR Y 7 ) PR
PRITE 0 Ji A= G 7 KO 2 e ) v RN e A e 4 s
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AR ] F e s sk R W # N HE R, I

NS TR ETHE FAIE (Tsoform ) B9 IfiE
TS it

1 MRERE

1.1 Nanopore <15 & il FF &5k iR
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Fig. 1 Expression clustering of virulence factor-associated full-length transcriptsin AaM and AaS
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F1 AaM HLTERBEXEKERAHIFEAEE
Table1l Detailed information of full-length transcriptsrelated to chintinasein AaM

SEA 1D §e %A 1D AaM ' CPM fH Nr Bodhe 3 11 R

Gene ID Transcript ID CPM value in AaM Nr database annotation
genel223 ONT.4227.2 22.248 960 Endochitinase 1
genel223 ONT.4227.4 18.251 100 Endochitinase 1
genel466 ONT.4553.2 7.474 260 Chitin-binding, domain 3
genel223 ONT.4227.7 7.474 260 Endochitinase 1
gene4940 ONT.7767.1 7.126 620 Chitin-binding, type 1
gene5143 ONT.1926.1 6.257 520 Chitinase 3
genel223 ONT.4227.5 5.736 060 Chitinase
genel1466 ONT.4553.1 5.388 420 Chitin-binding, domain 3
gene4940 rna4940 2.781 120 Chitin-binding, type 1
genel223 ONT.4227.1 1.912 020 Endochitinase 1
genel223 rnal223 0.521 460 Endochitinase 1
gene5143 rna5143 0.521 460 Chitinase 3

£2 AaM HEAEEBEXNHIERKERFHIFAER

Table2 Detailed information of partial full-length transcriptsrelated to proteasein AaM

FE[A 1D Fs AR ID AaM 1 CPM {H Nr K 78 i R

Gene ID Transcript ID CPM value in AaM Nr database annotation
gene3164 ONT.6150.2 955.140 883 Alkaline serine protease

genel853 ONT.5041.1 184.423 017 Autophagic serine protease Alp2
gene3605 ONT.1206.1 51.276 899 ADAM family of metalloprotease ADM-B
gene6255 ONT.3083.4 49.886 339 268 protease subunit rpt4

gene3867 ONT.6685.1 30.592 319 Acid protease

gene92 ONT.101.1 26.594 460 Aminopeptidase I zinc metalloprotease family protein
gened877 rna4877 25.899 180 Ubiquitin-specific protease

gene3164 rna3164 21.727 500 Alkaline serine protease

gene3062 ONT.6023.1 18.598 740 Ulpl protease familyt

gene2554 ONT.5387.1 15.643 800 ATP-dependent protease La

f13E ONT.5196.1 (¥ IMBEASTHE ) A1 ONT.4536.2
CEIMBERRRG ) 55 5 KIRBEFOCHT 267 2K
SEAR, EL4E ONT.7198.1 (& 5k 2 B £ R K fift
fiti FahA ) 1 ONT.60.1 (WEEL/KABEIE 17 ) 455
B A B K SR AS 56 2%, 44 ONT.6150.2
(BME 22 F BRI ) I ONT.5041.1 ( [ MM
22 FZ IR MG Alp2 ) %5, AaS LT BafgAH ¢
SR SEAR TR B AR 3 BRS040 26 A
GRS SR TR B AR 4 s,

24 BENBEESNEFHXEKERENHE
54T

b — 2 Xt M 5 B R T M S A R B SR
AHLTEHRG T, G5 R s 5 B PR R S5
DI TERE A SRAAH LE , 48 R 28R 1 I8 7 b
BE LR L 4 KA SRR B2, S5 FHL
NE . PIANE R B TR A N DL T i [N

(genel223 ) TESFH AL A P AT RE T 1 -5k %
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#3 AaSHILTREIELS KBERANIEAES
Table3 Detailed information of full-length transcriptsrelated to chintinasein AaS
M D A 1D AaS ' CPM A Nr Zotle e R
Gene ID Transcript ID CPM value in AaS Nr database annotation
genel466 ONT.4553.2 35.014 588 Chitin-binding, domain 3
genel223 ONT.4227.2 28.360 232 Endochitinase 1
gene5143 ONT.1926.1 23.131 809 Chitinase 3
genel223 ONT.4227.4 22.181 187 Endochitinase 1
genel466 ONT.4553.1 16.635 890 Chitin-binding, domain 3
genel223 ONT.4227.7 9.823 097 Endochitinase 1
gene4940 ONT.7767.1 5.386 860 Chitin-binding, type 1
genel223 ONT.4227.5 3.327 178 Chitinase
genel223 rnal223 1.425 933 Endochitinase 1
gene5143 rna5143 1.267 496 Chitinase 3
gene4940 rna4940 1.109 059 Chitin-binding, type 1
genel223 ONT.4227.1 0.316 874 Endochitinase 1
genel223 ONT.4227.6 0.316 874 Endochitinase 1
genel466 rnal466 0.158 437 Chitin-binding, domain 3
R4 AaSSHEHBEXHBISERKERANIFARFE
Table4 Detailed information of partial full-length transcriptsrelated to proteasein AaS
HP 1D A 1D AaS 1 CPM {H Nr $icfi J3E T
Gene ID Transcript ID CPM value in AaS Nr database annotation
gene3164 ONT.6150.2 955.140 883 Alkaline serine protease
genel853 ONT.5041.1 184.423 017 Autophagic serine protease Alp2
gene6255 ONT.3083.4 51.276 899 268 protease subunit rpt4
gene3867 ONT.6685.1 49.886 339 Acid protease
gene3062 ONT.6023.4 30.592 319 Ulpl protease familyt
gene3605 ONT.1206.1 26.594 460 ADAM family of metalloprotease ADM-B
gene92 ONT.101.1 25.899 180 Aminopeptidase I zinc metalloprotease family protein
gene3062 ONT.6023.1 21.727 500 Ulp1 protease familyt
gene5608 ONT.2323.1 18.598 740 268 protease regulatory subunit 6B
genel425 ONT.4493.4 15.643 800 Cysteine protease

A, EAH G S R BEIER ) 6 455k A, Al
5% BN H R AR A e 2 5 (K
2: A); WS D 3L (gene2057 ) TESH N
PP FERESCERE T 1| SR SAS, (AN 4
I 4 SR SEA, ENETH 555 K RNA
W AR AR A 2257 (B 2: B),

3 itig

B W TR TR A O e P AR % e ) U LT
) S (Y RV IR WA A s AN = N L
FIARBE R FE B, {5 Y30 B) 3 1o S5t B 5 0
(18 7 PR 1 A A FH A 5 28 i ML ( Aronstein
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genel223( AZGZ01000014.1:28468_30897)
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Fig. 2 GV browser view of structures of transcripts corresponding to chitinase gene ( A')
and phospholipase D gene ( B ) in Ascosphaera apis
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3'UTR F1 5'UTR ( Shang et al., 2016), A,
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H1], 1 miRNA SN F 2@ 455 UTR (135
SRR . B sEh, EEHNE T —
PRI SR B T 51 LAY 5'UTR il
50 ANJEEY 3'UTR, Ff4 0 2] 373 -8 5L (55
HE, 2019); I X FIH Nanopore K 2B & g
oAl T I PR B S % B A L O R,
IPPNGER T 4 744 F1 4 737 NEEREEA 3'UTR
M S'UTR, FEEEEF] 1558 ASHen (#5724,

2020 ), ONT il P H AR GBS B #7555 A 1) 4
KP4, 424 CDS X, 5'UTR 1 3'UTR ( Senol
etal., 2019 ), JEF LR = i ONT 74K
P, AWFREEE] AaM RS TFAHIET 367
AIEFFN 407 52K 7A, AaS R4
KM 367 LI 486 S KA, Lik%w
S 1 7 1 R AH S35 R RN #% S AR 51 ] R s 22
DIREM ST IR ATT e $ (bR s S At
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6 442 ML, FEASFERIXTR 1 255 SRA, T H
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Fa A, S T R LB AN ) SR AR 45 44 FN ) i 1 2 1
BT, REFEAFSAMP Y6 (Uleetal.,
2019 )o AT AR AR i e By, DAMERS
TS E Y H2 S M AR O MEBE AR K . Nanopore 32
B PR ARAESEE AS F 4155 2 S A (47 1T g
mABae 1, &) M HE A Homo
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FIUFG ST Arabidopsis thaliana 253/ 4 FlivA:
YIHIAHEAF 5T ( Bian et al., 2020; Cui et al., 2020;
Tang et al., 2020 ). ARG, 25 Prfe AIBA
H UG Nanopore I 74 A X0 48 14 R T RN AR
7 2 WA T 1 Nosema ceranae 1193 R I %
ARGERIEAT T IR, 7028 W R Y TR Y T 22 ]
LT 43 S e B 286 T 559 Ik AS i (FEFE
G5, 2021c), TEZRJ7 % MG H gt 7 rh 28 3
5 AS FHBRAERISE,2021 ), /A BEH Nanopore
DT B AR AE 298 BT B2 AR 7 T R DL o A
SR, 5 E IR TS SR 2 R A oR
AAHLE, 48K ZH0RE 7 PR BE DR G iz 1) 4 i s
AT 2, W HE5W s g Kby
YL T Bl (genel223 ) FBENSHF D LA

(gene2057 ) Wlid@AE AS F35i A1 6 Z5H 4 %
By AR, 3 3 HH S WA R T T M AT R A i
BRI PR i AS T B AT W A B 42 5
TR, E T BRI B A R A Y D RE AR
JT o Rl — 77 PR -5 R e S0 B ) AN ) B 2 54
AT 25 0 TR A0 T 1) 4R o R rh o Vi ) LR £ 6
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