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=R B 2% & Cytospora piceae £ £ [E LB F & LL i B E 2B 7> 47
B X%, HEW, ke
Tesohll kSRR . A DA R A90% . J% 100083

WE: [ HW ] 79E40)&E (Cytospora) F 14 5 | EE R L2 ARG, B—JE W . 404 IZ kT
W, G RERLTHRR AR SEIN . a4 SR AL 5 A LR P A 2 A3 HT . RIE AN R B RS T 1Y)
SSLRYURAE, TS 75 R BRSO A S R SE R SO R R 22 5k, KA Bl Pl — 2 i m i e
TR A FE AR FHLE], AR AR A SR R [ 51 ] SRIPacBiolll 7 H AR XS = AZ K
J2 95t Cytospora piceaeiF i1 I e FER My MILH%e, it teas SE Al 2 ik, DIERAKE RS 51 i
JEE R0 A AT BE RS G TR (W S IR AL A 22 5, A BT AT A RREA 1 S SO AE DG SR R 5301% . [ 4521 ] C. piceae
FENAIR/NH739.25 Mb, GC i h51.79%. FET P8 I B R RPN R G L BEW R, C. piceae
FjCytospora chrysospermalf)i#fk. 5 Z AL, Valsa malifiValsa pyrill| BEAHIT . FLAR LRI 40 2220 Br 26 8

ARV R BA PSS R AR (RIP)EME, Hb, C. piceaelIRIPIE PEfsR o 5 A3 125 T AH
L, AR KRS IAASTIAAT R G AEC. piceae B 55K, (AR MM CHERFAASZ B ;
C. piceaeFIC. chrysospermaZiPHl2H o S [ A OC B B GH28 FI CEB S TG SE M (1 4 & 5 V. malifiIV. pyrifHiT .

AT RE 5 T B A A B 2 B I MFS  (major facilitator superfamily) 8 5% 1% i iz 8 11 4L /D 19 ABC
(ATP-binding cassette transporter)#i Z 5541z 4, {HC. piceaets A £ZDHA2 ., PDRAIMDRE 45 H .

AT TR 1 23 WA BE T GO 42K 43 1 U g AR TR 7E /K I BTG A , JHErP V. mali & A i 2 8 i 0
K ARt B R ZE oK AL G A R . R A B A AU SR A . AR AR AR AZ O S
H, C. piceaefPKSIEK BH i /FV. maliflV. pyri; 7EC. piceae s A B4 MU AL H, 37K
NRPSHEE [ 4518 ] AFNIE RS TA & A W BoK A5 P0G PG RS FBCE AR, ELARELA B i) SR R
AE T o NIRVES 12995 T A B B T v 2 2 B R A B E 4 DA R A AR A O R 1R Fh NRP S [ 11
Fe VAR RIEIS , R e AR B A B0 K 1R AT AR R T 77 kB b R # 1T ERER .

KRR SRR, SRR, AL A

EEUH: PhImm AR5 3% L5 4:(2018ZY 23)
“BIS{EE. Tel: +86-10-62337118; E-mail: chongjuan_you@126.com
YeFs HEA: 2020-12-09; 1@ HER: 2021-01-27; M4 HARHHEA: 2021-03-09
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F¢ 4210 )% (Cytospora Ehrenb.) ELj# /& — 28
S AT W AR R N AR BT RO
JRIE, AIfRY 80 RFRAAEY), IETLEMA
JE R RV A o, A ™ I R AR R B
7o, BLEEKAFMRMAERMIRN, Hep,
48550 9 440 & (Cytospora chrysosperma Pers. Fr.,
HAPERI S Valsa sordida Nit.)5 | 475 55 12 55
FEFREZRTE . PG AEdb S ORI & A, 1
BURCT T R sk o, AP ARIET . ST,
T E AR N TR RS9 1) 2 93 26 51 18 30%-40%,
L Tl 2 Y fi i A K i — A E U ik
Hh, SESTEEMENA EUETZ, R
¥ (Ailanthus altissima) . 4 (Fraxinus chinensis)
itk (Juglans regia) . # )& (Populus spp.). KA
M J&@ (Salix spp.) F E #
(Styphnolobium japonicum)Z 7 2R [] 25 AW,
5 RS T A , e M A 7 R B
M H S S A 6 22 0% T (Valsa mali Miyabe & G.
Yamada, 5744 : Cytospora mali Grove)3 | %3¢
SRR R G SRR E AR E 2 —, R
PO AT R T SN 1R S NTRAY 7 N AN
PIEF | ETHIEEN B LG T (Valsa pyri)
FEAZ YR o B0 A I RN BT 3 D P o A 4
B, V. mali #1 V. pyri 4351 3 225 Y S R A
R SERARR AT BB V. mali #1 V. pyri 245 fHH
FA T, A EWHEY KFECV. pyri dn] LIZ 3
FURB), 2018 4F, Pan % & H—FA 5 R E R =
#2 (Picea crassifolia Kom.)&z A 95 1 5 16 6 I
Cytospora piceae X.L. Fanl®, JLTITS. LSU,
ACT ., RPB2 ll TEF1-a 55 Z 3 [N R4 & H W4,
WREIR, ZHFh S5 HAE %0 Cytospora 3£ 4%

(Rhus typhina) .

R, HFEEFEESLERFHEYD L.

AR, W FEETR IR G | A MR S 2 kA 7
T ZRARNNR . R TR FRLIEA .
o TR 1 A R A7 L e 3 BTG LA B AH G 350 Ak [
AIZhREMT . 525 AR5 RO RFSE >0, if
FRW, STREME ISR, NG H R
AT EMY, T ERNEBFR K — B
MARIHER, — BRI 558215 6 H &
A ey R fE Sk SR Y BE AR R, AR
JH L R 63 figk it R B 2R 28 ) o PR R BB A 3 4 i
MARBUE 77, —S8ROs & . RAEAREA B C
BE DR DA B 3 U5 B 1 4 M DR o e 0 0 T 4
a o v A T St S R R T A i D 2
S RN S 2 A3 A, BB T HAEE W PR AR G o B AR
R arFHLE, BB T AR B AR A DG SE R R
YR B AR SR8 DRI X g 71 T RN A e i DGR E T, IF
WSE T AR AR S SE R T ok AU 85 R T
(V. pyri) i %% s 4 2 I 0 1 3] — e e e s A
F(VPFSTFL), FIEsEH S5 Eum PR, 5a
TEINREEE N A BT, UE S B FR A5 BUAH S A S A AT
DS HEEY /7 N RSy TN PR, Sl SERNL I WS &S]
P20l

Biti 5 e 8 T P R R B S, TR A A
ERLZH e 270 (0 P 52 18, A PRk 9 D A A 2
AR LIRS E T R SCHAE . 1 RN 4]
SN, REANRIGEGOC R YA B 4 7 8 i T
FLE o b, S FEE YA a P s, T AN
VIR TESE N A 254 . SEN RIS T ) 2[R, ik
T A5 281 S0H A G 25 PR T 5 67« o Dot 7T 2R 9 1
KRS M5 R, KA BTk 5 2 3 sk
VAR 38 P AR DG A 38 P R A, i — 20 B R
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F 0 T A BOR HILAR o o DT 0 A T e S 9
FHXR T4 2% . Borah %5(2018) MR Tk 51
5 EHAER, T ERRE RS 80 2 7L
HI0, ARk, Wb E AR RGO . AT
TR PR IE R B b . AR R 27 004
Pl BB SR 2 2 R LG BB VA R AR A A
15> F LA REEE AR S5 o LB PRI A 5= o3 i
Iy, — SRR Py 5L DR RN 73 WA 500
F A g Xt A B e SR PO Hdn vk gt
SR Tl RT3 17 2 1 2 P AR ¢ 9L T (Colletotrichum
graminicola #1 Colletotrichum sublineola)?& 7 1)
W EREREN TP, XRMAER C. acutatum
4 DARIFER S EERE AT s R iR,
i, JUHOR R E R Ay sk ml s, 5
R 25 T A DA SE A, At e N
5 A gk 2k TA o & R R B Melanopsichium
pennsylvanicum £ JJ5 7 FBkER | 38 L B B R
MY F B NP, HX S IE N R 7R LR R
VIR T iE— 2 ThfE g e o2

HAT, AW e . S R g v A B
J 92 995 T . AH 408 56 B 4 5k DX 41 7 97 7y A 2
R AR, X RAZ R T C. piceae HEAT
TARIERAWY, FF5HAD 3 FhA R Y JE e i 1A
(C. chrysosperma, V. mali F1 V. pyri)ii 47 T FL 53
P20~ 03 A, ARS8 37 A AR 25 EAEY) b s S vl
(A L AL RRAE , o0 br BRI B 0 1) 22 Sk, T
W] 5 2 3 2 450 R0 B0 M R DG e 5 IR g ) R T
(e Py 4 RE RS A il . ISR As BE T . Zr AR T
RO B 1 AN A A 7 ) T 45 ) o A A
SR IR . AT SE OB Ry i — R R S
PRS0 PR () R AN R AR R FE AL L i A R
B 92 95 BT T SR Wk B B Al
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1 AR

1.1 HEXrE bk

ZIERTE C. piceae bk A IS4 1%,
DURTI O B R, IR ORAFAE B AR B A Y T b
{45 B L (CFCC 52841), 76 PDA #3231
afifb 53t .
1.2 ZFE4 DNA F#RE K

F RGP LR 24 DNA $RBUR 7 £
(dbmt, RMAEAFHCABRAR]) S Bt ki
DNA, FAAHRE L BRS: B> St B 45 . R Qubit
% E 7N Nanodrop 2000 40 6% EEHH(EEH
Thermo Fisher Scientific, Carlsbad)if17 DNA &
AR E

4 LR 2H I 5% FH PacBio Sequel (I K)
V-3 . Pacbio M SCH%E . MA g-TUBE KEHLET Wi
DNA # 4 (1 ng)ky 10-15 kb F B, £ I 4 1 77
£ (SMRTbell Template Prep Kit)#47Hi 165 K
s 5 M %R, fdi ] BluePippin Size-Selection
System #47 H Y Bedfik, Il AMpure PB
Tk Bk A7 Al Ak ol s Al R B 18 2R &
(SMRTbell Damage Repair Kit)i#1 7 — ki1
g Bk 2l Ak Wi, I 2E 47 R (Qubit) & R/
(Agilent 2100) ) SCE LA I . R S = AR0)F
V- Pacbio Sequel 47 5L53 7 , Xt Ik B
HATPEAL RS 3 i B T AR R A
4155 5 R PP 20,
1.3 EFEHAMA%E

fdi F Canu (canu-1.7)%F 33 38 i A0 BCHE B A 5 4%
1E. fd ] SMART denovo v1.0 (F% 2% wtzmo

-210-Z 16 -U -1 -m 0.1 -A 1000, wtclp d 3 -k 300
-m 0.1 -FT, wtlay -w 300 -s 200 -m 0.1 -r 0.95 -c 1)
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HEATEHRE , X2 45 R A BUSCO v2.0 (KAE A
Yrdh Y 20 4% DL [F 98 846 )% fungi_odb9 1 h =%
J P4k H v e A2 et . R OcculterCut
Rl B F 2411 GC & ft4rii . i F RIPCALP14)
M 15ES A RZRIP),

1.4 EEWW 5T

Ay SIHEAT LR R L HH AT A T R S S
RNA B

(1) F&F [A] I 00 (homolog) A1 M Sk T (Ab
initio)tH %5 G- iy 7%, FIH Augustus v3.3 (£ %=
$. -genemodel=partial)*"!, SNAP v38926 (Zkilk
ZH028 | GeneMark v4.33 (R IA S 50) P4 51 0F
AT . | EVidenceModeler v1.1 (EVM)
(BRIA S 550 BO7 45 ol 6 i T 00 45 20 4 Ik DR 4R 4
BN AETUAR R . e SRR, AR E
DAL 235 F 00 45 3 g L N4 5 Uniprot®Y | NT
GOPY | NR. PFAME® | eggNOGPY | KEGGR!
LI REEE R T LU (B S5 e<le-5), FKf%
SER A T Re i R .

(2) XFEEJFANAY T, [R]AE R H ] Y5 55
A S Tt A S e o [RIUE FI . JF E A 4]
$d % RepBase®™, fifi il RepeatMasker v1.323 (£
B 58 . -e nchi)PI 1 RepeatProteinMask v1.36 (2k
INSEL), WS © M E PSRBT 51 . Sk
P . i ] RepeatModeler v1.0.8 (F 3%,
-engine nchi)#ft:, E5LH 7 De Novo K 74
%, 57 ] RepeatMasker #4347 50

(3) B4t RNA il : JEF Rfam $#s 720
1 miRBase ##E%E, F-AIH Infenal v1.1 #f7
rRNA snRNA Fl miRNA il ; fif ] tRNAscan-SE
v1.3.1 (FESH: -X 20, -z 8)CIFI KL 4 b i
tRNA.

15 RERTON

Po B B A or B v, o WE RS e R
C. chrysosperma 1% 3& K 41§ >k U5 1 JGI (https://
mycocosm.jgi.doe.gov/Cytch1/Cytchl.home.html) %%
P2, S IRBE I T RN BT JE A2 T ke PR ZH R T
NCBI (https://www.ncbi.nlm.nih.gov/: JUI'Y01000000
Fi1 JU1Z01000000).,

i3t Orthofinder®yE 47 3L P 5 5 % 2, FIA
OrthoMCL s 5 3 [K 41 v (R 5T 14 545 D1 1 2R [
WIEN, it MAFFTHUIEFT Z 80 st , i) A
RAXML v.8.2.10M4% 4, JF iR KR, LU
Lollipopaia minuta fFE R4, HWERGEK TR -
1.6 BrRAKALESYIE I 1T

F1) ] BLASTp 1% 2 Fi113: B¢ C. piceae FlHHAth
3N T L K 2H ) CAZymes, -1 ] dbCAN
M 3k (http://beb.unl.edu/dbCAN2/index.php) K 11
B HMMER 3 #6:2% CAZy (carbohydrate-active
enzyme) %5 4 /%2 (http://www.cazy.org/)*“*%1 . Bt E
{E/N T 1E-05 AYSE RIEATICE
1.7 FHMHXETFHEE

38 B 4 B E (TCDB) [ & % iz R 48
BRI RBEFS) . 2K 45k . DhREREE LG
SO e i a8 7R 1 A P R 18 R A4 R B e
J#(TCDB; http://www.tcdb.org/) 17 %%, E {4
& &y 1E-05, identity {>40%"), fii Fil BLASTp
%} PHI-base v. 4.3 (http://www.phi-base.org/)*®1jk
iR, BE T A CEE
1.8 4rMAEEER. GO 42 K& 1 Bl

FFH SignalP 5.0 I 5 5 ik, SR 5 T
TMHMM 2.0F% e B AR 1, R BRIA 155 ik
BUA B 5 domain RYAE 5T, EAT 200 ER TR

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



3132

Wenxiu Zhou et al. | Acta Microbiologica Sinica, 2021, 61(10)

A FH Wolf Psort Wil & (14 & , #fH EffectorP!
TN . A dcGO: database £l Inter Pro
v66.0 17 GO HEE 3243 HT
1.9 WA E

FIH AntiSMASHS.0.002% 5 v A= AR it A 1
B R R R PR, O e T ) I e A, g
BLASTN 43 #r ik A£G G Bl (= 4% 1E-5, 75%7

W)

2 BERAAT

2.1 TmKEEREE C. picecae EAMMFE. 4
TAZIEE RN TR 4 JE L AL ) B s 45 SR R

AR A5 I A HE B 8469344 kb, K BN
1006526, i HF-IKE 8414 bp, ZH AT
FERHK/NN 39.25 Mb, GC &N 51.79%,

21 /> contigs, N50 fE} 2.94 Mb, il FERE K
210 f% (3 1), BUSCO PEAl KL 4 52 8 JF hy
99.7%, 1jd B I P 2 A1 e 1 e B M AT . JE DR 25K
PE T F4% £ NCBI 2> %45 /% (accession number :

JADMLE000000000).

F 1 CEBEREERARMERFE
Table 1. Genome features of C. piceae

Statistics C. piceae
Total length/bp 39248550
Max contig length/bp 4826502
Number of contigs 21
Number>=2000 bp 21
N50/bp 2935395
Number of proteins 10835
Average gene length/bp 1688.96
Average cds length/bp 1453.52
Average exons per gene 2.78
Average exon length/bp 522.01
Average intron length/bp 132.92

actamicro@im.ac.cn

FEI N 25 R o, SRR A 2] 10835 4~ JE
IR, SEA4K 8l 1688.96 bp . K Fil 5 21 it KL 8 42
A PO RE SR VE T HOXT, 53R o, il
141 B3I Uniprot 58 72 i Sk AT 7217 A~
(7 BRI K Y 66.61%), 3 1 4% R 7 41 I R 2
Uniprot $ic4f 22 i i SR 7076 A (o s 30 5 1A
) 65.31%), GO % e rh i B 3 2L A 7430 4>
(5 BTSN AL K Y 68.57%), KEGG i J4 rh3vE
FERI L 3421 A (i S TN L K ) 31.57%), NR
B E R BRI JE N 10682 A (o B T 2 [
) 98.59%), NT %ds /2 b 3L 3 B3 5L K 3949 4~
(5 BTSN L R Y 36.45%), PFAM i #is 4 rh3iE
BEEIFER 7572 A5 B HUINFE R () 69.88%) ,
eggNOG %k % i BRI LA 1840 /(o B il
T3 [H fY) 16.98%)

Sxof 0 A5 38 %) 35 R 2 1 T A Ty A R AT AR
FPAN TR 0502, 455 IR, C. piceae
DR 2H A5 o 1 a0 2 i e AR 1 R ) R K OK i
FEIFHI(LTR), HEEEAR 4.43%, (HELETR
/L1 DNA B (55 2). XFAEGmtS RNA BB
R ER, C. piceae ZFAH 7 176 4~ tRNAs,
10 1~ rRNAs .33 > snRNAs F1 2 |~ miRNAs (% 3)
UGS RNA BAEIIRE O, (AR
X RNA # AT B2 A 42 D,

DR 2R P A R T RS R, A
Ji B C. piceae 3 R 41K /MK F C. chrysosperma
(36.55 Mb) 1 V. pyri (35.73 Mb)AY LK 41 , & /N T
V. mali (44.73 Mb)I#FEFRIZH o T i) 2 fidh 32 DR 45 e
/0 HoAth 3 FPJE L4955 C. chrysosperma (10847) .
V. mali (11284)F1 V. pyri (10855), H:A: K4 #)-F
BRRKEY V. mali (1592.0 bp)A & V. pyri
(1620.0 bp) AL, P37 4 & 7K Ji (132.92 bp)lig K
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F2 EBEERIIDEFITE
Table 2. Statistics of repeated sequence classification

Class Length/bp Genome/%
DNA 178584 0.46
LINE 338323 0.86
SINE 705 0.00
LTR 1740352 4.43
Unknown 612237 1.56
Other 593567 1.51

DNA: DNA transposon; LINE: long interspersed nuclear
elements; SINE: short interspersed nuclear elements; LTR:
long terminal repeat; Unknown: repeat sequences that cannot
be classified by Repeat Masker; Other: repeated sequences
that can be classified by Repeatable Masker but do not belong
to the above categories.

*3. ERIBRNAGZIHER

Table 3. Statistic of non-coding RNA
Average Total Genome/
Class  Type Copy Iength?bp length/bp %
miRNA miRNA 2 94 188 0.00048
tRNA  tRNA 176  100.51 17690 0.04507
18S 7 451.43 3160 0.00805
rRNA  28S 0 0 0 0
5.8S 3 141 423 0.00108
5S 0 0 0 0
CD-box 19 104.63 1988 0.00507
snRNA HACA-box 2 198.5 397 0.00101
Splicing 12 157.42 1889 0.00481

T V. mali (103.0 bp)#1 V. pyri (102.0 bp). =&
LG C. piceae JEHNAAY GC FHEE T V. mali
(49.35%) F1 V. pyri (51.50%), JL & )54 L. f
(8.69%) /N T ¥ e TH - H AP AN LB, /T
V. mali R4 E 5 751 L6 (14.05%), (HKTF
V. pyri B9 & FEA H(2.93%) . AL V. pyri, &
T4 LA AT 8-S B KRG 5 DR A AR AR Y
e Rl

2.2 HEBEEHAZES

221 RBERBH¥AOW: REKEHMERE
~, Voo mali fl V. pyri (gL RIRIE, H &

A KR/ 2R HAR K, M C. piceae Fl
C. chrysosperma Y iE4k 3¢ Z W AR X 53 o %45
2N R G KT A RARE (F 1),

222 GC ZE4HHM RIP HLK: FZ2E & AT
X S (AT-rich regions) % AF 415 Ji TR 14 366 E5] 20 4T
g M ARG 17E A 45 R (two-speed), B3 PR 2 iy &
M5 1 GC V17 (GC-equilibrated) X 1 3 P 7 i
(0 5 4 & (repeat-rich) X 41 i *®. WFFE 3, #H
P A DX, 67 T A R T DX R R A T
WA G KA BB 2 U AT AR
M2 0, HAE T XCE S RSN AT S
PLAF ERYFEEE A, G R AR A ) )
PESN, TR G 75 F A . PRI, ax e i
B . BP9 3= & 0 DX I e i 17 56 D5 2
IO R A ) 2 DX, AT B D A A D AR
PR 23 EFREEET,

BT A R (RIP, repeat-induced point
mutation) & EL B FEA B BT AEBLE], iR R AR
SEEL A, HIEEL I EE, BIRES
FPA X8 GC & fE, MIMIJE AL AT-rich XI5
RIP A[5I{ C RAEN T, G RAN A, Ml _—#
TR A B EZ L, ik, 7€ AT-rich X3,
TpA. ApT. TpT. ApA MHLBIR &, femedl GC

Cytospora leucostoma

Valsa mali

Valsa pyri

100 100 Cytospora chrysosperma
— 100 Valsa sordida
100 Valsa malicola

Cytospora piceae
Lollipopaia minuta

100 100

=11

Bl BRHENBEREBEEERNRFELEN

Figure 1. Phylogenetic tree based on 4928
single-copy orthologous genes using RAXML. ML
bootstrap support values are shown.
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TR, B, TpA B 2R RIP WEHEW
—NRA SRR bR, 8  RIP $88CH) TpA/ApT
M HL R R RIP IEPEM SRS, HEME, %
RIP 375 1 e o

AR, 4 TN EE R 2 KN 2%
55 AT-rich X1 H ) 2 IE ARG (5 4), Hi, 3%
DR 41 f% KK V. mali B AT-rich X H 43 % 175 (19%)
V. pyri £21%(0.805%) . 1y F AT-rich [X fif 5 5 450

WA 22 S WRXK, V. mali WEHNRZ
(135 1), V. pyri i fi%(0 ).

AW E T AT-rich X ) — 1 R %
(K12), LAB#f AT-rich X (A2 B HEEZ B
() 55 78 (RIP)S: i 455 B, RIP 8% TpA/APT
1£ C. chrysosperma H-f 1.63, 7£ C. piceae H°W
1.73, 7E V. mali 1y 1.62, & V. pyri H14 1.40,
VA 4 Fh B TR ARAETE RIP AL

% 4. Cytosporaspp.f! GC 2 E4#H
Table 4. GC content distribution among Cytospora spp.
Features C. chrysosperma C. piceae V. mali V. pyri
Genome size/Mb 36.6 39.2 44.7 35.7
% AT-rich regions 3.99 5.77 19 0.805
GC peak in AT-rich regions 36 29.2 32.6 21.9
Genes in AT-rich regions 8 1 135 0
Gene density in AT-rich regions 5.49 0.442 15.9 0
Range of GC content in AT-rich regions 0=40.8 0=39.3 0=41.8 0=27.7
2 -
: iI | |
2 | | |
g J : L C. chrysosperma
5 ! 1 C. piceae
o L V. mali
s | V. pyri
=N
2

Dinucleotide

& 2.
Figure 2.
sequences.
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M#EE P AT-rich B ZZEBRINE S B FFELLHNEHTK
Fold change in dinucleotide abundances for AT-rich regions of four fungi compared to their control
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2.2.3  BRKALE i P B (carbohydrate-active
enzymes, CAZymes): f/KALAYITEERE, BPbE
KGN, 2—KHEA AT, SRR
AR B IR DA DG B 1 0 - #e R
SRAFERETT KRG (GH) . B AN(GT) . Zh
ZEEF(PL) . WEERRAG(CE) . 4l BIE M (AA) FIRSOK 1L
HEWEEEBH(CBM) RIS . L 4 R R TR
WKL S YIS PR B, 45 R BN, oKL E
TEPERER B AR 2= I A 23 (C. piceae 583 1,
C. chrysosperma 577 />, V. mali 599 />, V. pyri
590 1), B MFEAHMEE LR 5. ML TH
i 3 FHELE, C. chrysosperma $llA # /01 AA K
WG, AHH AR )R 2= 0 AN B

weoK A G R Y CEL PL. GH %Ki,
M HBPR A AE W) AN D BE A T (plant cell wall
degrading enzyme, PCWDESs), H:7E5 5 # i
ZEE AR Y rE F 0k B R SRR AR
WAL, 1 2296 It B I T 4300 1 Jo T LA R A A 4 2
LRI MBZ, RN AT FHY . [HN™
WS EORIE, A BTG & T 0 B R S i
ML AR AT, PCWDESs R F— 25404y
NEFAERNG . LA LERNG . AR5 RGN R I
o, R4 E 2 IA2EF GH (6, 7, 12, 45).
AA9., CBM1 ZKJik, 21 4 R g 3 24 25T CE
(1, 2, 3, 5, 12, 15, 16)HI GH (10, 11, 26,
27, 31, 35, 36, 43, 53, 54, WKk, KFEEK

®5. WKL EYEMEEER LK

Table 5. Comparison of CAZymes

Species GHs GT CBMs CEs AAs PLs Total
C. piceae 267 92 24 84 100 16 583
C. chrysosperma 268 96 23 86 89 15 577
V. mali 267 92 27 89 111 13 599
V. pyri 268 92 25 90 101 14 590

ity FEBAHTF AA (L, 2, 3, 4,5, 6,7, 8)
KR, Rl F L9425 T GH (28,78, 95, 105)
PL (1, 3, 10)H1 CE8 SR>, it 4y 4n fify ke
e fige Tl ) B R A T FE AT, SR s, DU
SRR, 5 AR AR AR AT DG Bl R B R D

Fi C. chrysosperma 4b, 5 7K 5t 2K [ A AH ¢ 1) il 1)
B mE 2 TR . 2F 2 R 0 A0 1
(&1 3) o iF— 25 T A Wy 44t L R i e Pl A 7 1 SR 25 40
Mr, 48575, C. piceae 5 V. pyri IR LR
T, U BB AT A REARL A ) 24 R R e it (15 4)
1 4 PR, SRS R FEAAHICH) AA3 F
AAT FIRBEY 5K, 7 BIA 24-38 FI 27-32 4
DR, e A1)t 2 0 200 A e I R P
LR EANE S N3 NP
—AAB FE 1 1 il AR A T T 4 B A2 T 110 ik [
R, BRI I BRI AR B A B
B, ANREREMEABTEA O, 4 R ST AR R4S
Rz i hh, C. piceae A 6 M T (CES
FiE), SHA 3 FEESE C. chrysosperma.

V. mali DL V. pyri (338 7 M) BB S . GH28
GRG0 5 ~F S AR A8 1 Tl 1 )i T I e R e ) 2o 7
BB REEMEMD, ARG RER,

C. chrysosperma Zwfih 17 /> GH28 F kKK, H

250 ¢ =Cellulose =Hemicellulose = Pectin = Lignin

=]
(=
<

150

100 F |
Nl B N gL

C. piceae C. chrysosperma V. mali V. pyri

L
==l

Numbers of genes

E 3. [REfFE Y EREEAT LR
Figure 3. Comparison of plant cell wall degrading
enzymes among Cytospora spp..
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Figure 4. Cluster analysis of plant cell wall degrading enzymes.
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6. MMAYMMEABRKUSYEEEEERE

Table 6. CAZymes predicted as effector proteins
Species Protein Family
evm.model.contig20.84 GH3
C. piceae evm.model.contig5.214 GH109
evm.model.contig7.516 GH3
jgi|Cytch1|506968|estExt_fgeneshl pg.C_310006 CE12
C. chrysosperma
jgi|Cytch1|493736|fgeneshl_pm.43_# 2 GH45
) KUI165982.1 Versicolorin B synthase [Valsa mali] AA3
V. mall KUI72195.1 Pectate lyase H [Valsa mali] PL3
) KUI54522.1 putative glycosidase crfl [Valsa mali var. pyri] GH16
v-pyn KUI56461.1 Pectate lyase H [Valsa mali var. pyri] PL3

2.2.4 [EFEZEH (membrane transporter): i
¥z Eﬁfﬁﬁ@%ﬂ%IE’]EfELﬁthﬁ%
HEVE, w30 43R 43 6 9 A P 8 B0 R - (4
A E AR Y 3 AP R ) A A IR Y A
VB AL &SR s . AL I K
ABC (ATP-binding cassette family)#%iz 5 [ %%
F1 MFS (major facilitator superfamily) %, XM~
TN 5 o 2R 1 TE R 0 e D L T Y B0 2o AR
HECHAE . BT SRR, C. piceae A
A& 829 Mtz 1, 5 C. chrysosperma
(792). V. mali (821)F1 V. pyri (827) % &= AHLL .
ol 25 TR AR 5 AT AL 2 B i) MFS #eiz 8
(AR 5/ Fi i ABC Fe iz 8 1 . JE—F 1 ABC
KW (C. piceae 231>, C. chrysosperma 18 1>,
V. mali 25 4>, V. pyri 22 MK =432 —1 MFS
F i (C. piceae 31>, C. chrysosperma 25 -,
V. mali 24 4~, V. pyri 24 NWE5E %K PHI
(pathogen-host interaction database)E X 4 it 25
(7)), X G RREIFEIESS, RIS 8 TR e
HEFHEYEAANSBh LEEEEEN. 1
5, ABC Hil MFS BRI 2 25 5m Ak, AL

BN TEMEBOR I FansE = 5, [RIEE AT OR3P
W2 SN IR DR E, it XX
2 B 5 AR 0T T s D TR B B0 Tk B E AR
PRI A 3 R R AL, C. piceae &
A £ DHA2 (Drug: H+ Antiporter-2), PDR
(pleiotropic drug resistance) fil MDR (multidrug
resistance exporter)ZS £ 244% iz ik, V. mali &5 A
/i) DHAL (Drug: H+ Antiporter-1)25 £ 24 iz
ﬁi(@ 5). PRI, FRATTHEDN , AN [R]85 4205 T4 F] g
37 b ) FH A [] B9 9T 24 A0 OG5 d 2 1 R 4Kt
Klﬁlﬁiﬁ%ﬁﬁi%ﬁ%%}ﬁo

7. Cytospora spp. ABC Rk & MFS R4z &

SRR e

Table 7. The number of ABC family and MFS
family transporters among Cytospora spp.

Species ABC MFS Other Total

C. piceae 47 (23) 88(31) 694 829

C. chrysosperma 36 (18) 78(25) 683 797

V. mali 47 (25) 77(24) 697 821

V. pyri 44 (22) 82(24) 701 827

The numbers in brackets represent the number of proteins
homology to the PHI database.
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Figure 5.

Comparison of membrane transporters among Cytospora spp. transporter families are represented by

their family names according to the Transporter Collection Database.
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4 AR TR R BRI 2 b, A3 T 3 T A A
LA 43 W 2 11 (C. chrysosperma 835 “f~, C. piceae
7134, V. mali 783 14~, V. pyri 755 1), 4504
EHABEN 7.7%. 6.6%. 8.0%F1 7.0%.
NREE LT WoR, BRI R B Y 7
Firf, 2T 36%LL AT GO %ud 12 i 4 T2k
HER(E 6), Hr, /KAEEEIEPE(hydrolase activity,
GO:0016787)J& 4 P B K295 1R 43 WA 81 11 2419
ST INRE(L) b B I A 4.7%) . V. mali 547
T 22 B0 W KRR TS R SE R (20 43 ), T A
3 T R0 TR A A S AR AL I K i T T 1 5
(C. piceae 34 4~. C. chrysosperma 33 />, V. pyri
34 M), #EAL I 1 (catalytic activity, GO: 0003824)
TE 4 PR B hE A TE L SR 1) 3.0%.
MR R R E e M E A SR E R B, H
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activity, GO: 0016491)H43uh 8 11 50w 2 M AL
YRR —2F (5 o W E A EE 1.6%). i,
C. chrysosperma EAZIEERE HH (9 1)
IEAh, ML GO 4325ty g, W EE
TERE R KL & AR #2 (GO 0005975) , U
1 F##(GO: 0008152)., #&[1Fi/Kfi#(GO: 0006508) .
W22IK K F (GO: 0043581). F-Ie /it #(GO:
0045490) FI %A fb i Ji £ #2 (GO : 0055114), T iF B
£ GO MY 4 i 432 51l 1) 32 B2 i if 1 X 38 (GO
0005576) A1 4 J5i (GO 0005783) (K 7).

K, 4 FlE R TR B AE GO Y& 28 71 iy 5
PG ok B B 25 5%, (HHAEmKIL G
R . R BT B e, X
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Figure 6. Number of genes encoding secreted proteins in Cytospora species grouped by GO annotation for the
molecular function domain. The average of all species (average gene>2) is shown. The error bars indicate the
deviation in number of genes between the species.
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2.2.6 WHMRBMXER P ARG Y
(secondary metabolites, SM)X} EL & 15435 & %% 3l
P 4 28 5 H A B0 S, FEAAE R A I 1 )
PR R AR TERY R, RIS
(polyketides) . £ ik (peptides) . iifi 452 (terpenes)
Fng| s 2k 2 My 6 (indole  alkaloids) % 3k % 4E 2% &
20020, s R A AR ) B EE T 4 o
il & B, 439 02 « SR A B (polyketide synthases,
PKS). HE#Z% WK BK-G 5% i (nonribosomal peptide
synthases, NRPS) . iili # & 1l [ (terpene synthases,
TS) Ml £ i B2 — W It 3% % i (dimethylallyl
transferases, DMAT)®5¢71

TE C. chrysosperma.C. piceae.V. mali 1 V. pyri
VU o JE5 422 T ) R DR 4 23 S| M SE 31 T 59, B8,
68 1 71 MURAACH G A D EE . R 8
HATE Y, PKS JE DRI 4 s T 1 A= A DG 26
N it e 2 0 —25, eAh, Vo mali F1 V. pyri &%
AIRZHOE N PKS (2 30 )L, i 4 FhEEE
I B Y NRPS (2 20 /) 5L D A4 #2258 W 35
BV, mali i) TS K& A 25/ F HA 3 i 290 14

T 5 C. piceae IR AACIAZ O IR EY
[, R 4 Tl e i v v A B R e ) 2
PRI (F&] 8). 2 R s« JE e o A i e A= AU A
DLy 32 4, fufE 14 4~ TIPKS, 14> T3PKS,
6 1~ NRPS. 5 4~ NRPS-like. 5 /> terpenes 7l

*8 MRERHPESHZHLER
Table 8. The core genes involved in the biosynthesis
of secondary metabolites

Species PKS NRPS TS Indole Other Total
C. piceae 24 21 11 2 1 59
C. chrysosperma 25 22 10 O 1 58
V. mali 30 20 6 2 10 68
V. pyri 31 15 1 3 11 71

1 4~ other, ./ C. piceae fJ NRPS-like J:[A
(evm.model.contig2.1308) & V. mali # 25T HY
NRPS X VMNRPS12 (VM1G_04745) [ 5 5t
. VMNRPS12 J K] 75 37 SR 5 4255 B 42 e ) 40
PR g W EA R, PR T2 DR DU el TR R 0 B0
B R R [@lmF, £E C. chrysosperma Fi1 V. pyri
Ml AR I B R B TR LR PRI, Al 4N 2 ik
5 B2 9 TR B0 P R G

WAL, FETE R T B U AR AR AZ O S R
NRPS FE[HF1 TS B s H 2 Fe1:, HA 2 52.4%
) NRPS JL[H 1 45.5%01) TS LK N 4 FhE R
W AT o T PKS BRI B PRSP PR 3R, i —2F
(62.5%) K] PKS JER1E 4 FhJE R0 1 777
[, —SeRL OB UAAAE T C. piceae 1, AU
1 /> PKS JL[H(T1PKS: evm.TU.contigl1.850)#l
3 4~ NRPS J:[A(NRPS: evm.TU.contigl1.62 #l
NRPS-like: evm.TU.contig9.6 .evm.TU.contig9.6),
‘B2 C. piceae M4 U AR ACBIRE N . F i,
FRATHED , YA ACAZ 0 FE R 55 AN [R] e 9 T 1Y)
A B YIMG, 1 NRPS KHEE, fEN—2K
HEWBOR A, AT RETE RS0 T 1Y 37 LR
R T EEMER.

3 it

AWFEFIFH PacBio 25 =AM ARN A2 1E
KRR C. piceae HHAT TSI Y A1 RN RS,
456 HAh 3 FE AFFRYEESSEE(C. chrysosperma,
V. mali, V. pyri)4s 3 A5t , i ad b 3k
YL2E0 0T, 9 HOR R 1 42 3 N L HRAE . 25 R 3%
Hl, C. piceae MZEHAKRK/NKFFREEETHE
(T2 3L R 2H K /1NB36.91 Mb)PE, (H/NT V. mali
(44.73 Mb), BERT V. pyri (35.73 Mb)JERZH K
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Figure 8.

Visualization of the presence/absence of the secondary metabolite biosynthetic key genes of C. piceae

in three other Cytospora specie. The inner tracks with coloured blocks represent the presence of the secondary

metabolite biosynthetic key genes for each species.
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FLTR ik, LARAR 1 DNA 5 07 A
KR K C. piceae FENAMELEFIIHAES
FLARABL )RR

5T 1 05 28 748 (RIP) 2 B 1R £ %t 8 5 ¥
B () —Fh I L AL B AL, RIP J1 457 A Bk
(two-speed)JE K 41, 1R Al RE7ER IR I/ 5 3 £ HAR
AR E AR . BRI, 7E AT-rich X
W & BRI RO B 1, Al R AR B R
B, SR RL AT R R BN, DTTAS R
ABT BRI, & A R AR L, Hoh, B
A 2F F B BRI S 04995 S B (1) AT-rich XIRATE B,
Je LA IV A PR RS D AT At
4 FhB R EA RIP IEE, Hrp C. piceae 1Y
RIP & 1 fe i, {H AT-rich [X A9 A1) 5 JH 27 5 5
IRFR, AT T — 2 RASHT .

T A X AN ] JB 2 99 BT 114 e 7K Ak B 0 3 1 Tl
H R NI RE B AT, KK C. piceae 5 HAth
3 TR TR AR BN, Gt A 1 SR % e il 11 B3 ot 1
TR R BRI . BTBIAESERBT, V. mali {2 4
SRR, TF AR Y SR R R, HORE
F14 SR g il 356 R A 45 ek R v 0 1 R Rk T
PR, G SR e 1) o e ik e 0, T R VA PR T
it e R 11 15 2 3 DA BAH G Tl 1 8 T 1 o ek, SR
R TR B GH28 K% AL L BRBF CE8 X 2R
52 Tl o ik b 2 DG BEEVE T, I HLZE V. mali A1 V. pyri
I Ay sk, ARBFSE R, C. piceae Al
C. chrysosperma JEH AP FEIFEEAH S V. mali F
V. pyri AT EE Y GH28 TG SE R (15 S F1 17 1)
1 CE8 ZK I (6 115 4), iX A RE1SLHH C. piceae
1 C. chrysosperma i H. 4 5 1) S B i BE 1 o
A, PR RH BT RE PR ETE 2800
AAL JE, TABESE 4 2 1 v 9 R o

R b AAS IR BRS , T AES TEARE
R A AR JBT S AR DG o WO o e T 114 ) Jo Tl 5
(B9 7 ADYHHIE, H 35D T2 6 R R 5t A 4
Magnaporthe oryzae (19 /~)# Fusarium graminearum
(13 /)M, X AT AE 5 R0 T S AR 4 TR A
A YA

W 5 B VR T IR A B AR R i
HEBEERT, URE LR RS AR L MFS
KB EAME /DK ABC k2 E M, HE,
C. piceae % ¥ £1) DHA2. PDR il MDR 2% %
A, V. mali W5 A7 H /0 DHAL 2R 2 255
B AN [ B R A A DR 2 v 22 2 i AR I e 4
PG ISR, AT REIE L M A FH BT 25 A DG R i
XS P A 2 EAEY) AR RSB RS

XPor AR S 2 GO DR R i i
7, C. piceae 5 Al 3 R4 1 1) 43 b A 1 L
A AL B R S AL, HAERKAL &)
OSSR . RIS Db i w .
ATHED, 5 V. mali F0V. pyri AL, SR R gt 4ot
C. piceae 7£2F FEAH Y I 1) FE A A AE F - LA,
V. mali &7 fe 2 ORI K B BRE PE LR, V. pyri
T BB AT TR AL, T C. piceae AT
e DR AL IR S L R, G 9 SR AT R S B
T HXS AR AF EAEY S N, SR R e
ST WA R S REREA T E— 2P TR IE

Yin £ (2015)%} V. mali #1 V. pyri ¥4 AR5 5L
gL i kB, HAEA R 47 AR
WRENFE T, A7 19 NRAERFES, FHEX
S S S BT e N A A e A . b, NRPS
KGERMERN—KELENEORKE T, R REE T
JE g2 v 1) 2F E D f e o 5 LA 3 B A T A
I, C. piceae YA R 2.0 R 7% i) NRPS 2
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Genomic sequencing analysis of Cytospora piceae associated
with spruce canker disease and comparative genomic analysis of
Cytospora species

Wenxiu Zhou, Chengming Tian, Chongjuan You™
Beijing Key Laboratory of Forest Pest Control, College of Forestry, Beijing Forestry University, Beijing 100083, China

Abstract: [Objective] Cytospora canker diseases are among the most important forest diseases, causing devastating
economic losses and ecological damage. To understand the genome structure and genetic variation of Cytospora
species with different host range, we performed a high-quality genome sequencing of Cytospora piceae and the
corresponding comparative genomic analysis. Our study will provide a stepping stone to indicating the molecular
mechanism of the interaction between Cytospora spp. and their hosts, and controlling the Cytospora canker disease.
[Methods] The draft genome of Cytospora piceae was sequenced by PacBio sequencing technology, and was
annotated. The genomic variation, host range determinants and the unique virulence-related gene families of the four
Cytospora species were analyzed through comparative genomics tools. [Results] The assembled genome size of
C. piceae was 39.25 Mb, with a GC content of 51.79%. The phylogenetic tree based on single-copy orthologue genes
showed that C. piceae was closely related to Cytospora chrysosperma, and Valsa mali and Valsa pyri was in the same
clade. GC content distribution analysis indicated repeat-induced point mutation activity in all Cytospora species, and
C. piceae had the strongest repeat-induced point mutation activity. The carbohydrate active enzymes of all four
Cytospora spp. was similar in number. Among plant cell wall degrading enzymes, the auxiliary activity family 3 and
7 related to lignin degradation expanded significantly, while the auxiliary activity family 5, the key enzymes for lignin
degradation, was absent in Cytospora spp.. The number of genes in the glycoside hydrolase family 28 and 8 of key
enzymes for pectin degradation in the C. piceae and C. chrysosperma genome was similar to that of V. mali and
V. pyri. C. piceae and other three Cytospora species all had more major facilitator superfamily transporters and fewer
ATP-binding cassette family transporters. In addition, C. piceae contained more Drug: H" Antiporter-2, Pleiotropic
Drug Resistance and Multidrug Resistance Exporter transporters, while V. mali contained less Drug: H* Antiporter-1
transporters. Gene Ontology functional classification indicated that the genes of all Cytospora species concentrated on
hydrolase activity, V. mali has the highest number of the genes of this class, and the biological processes were mainly
related to carbohydrate metabolism, pectin catabolic and oxidation reduction processes. Among the secondary
metabolism core genes, C. piceae had fewer polyketide synthases genes than V. mali and V. pyri. Among the four
C. piceae specific secondary metabolites genes, three were nonribosomal peptide synthases genes. [Conclusion] The
carbohydrate active enzymes of four Cytospora species were similar in number, which showed strong pectin
degradation ability. A complex pattern of presence or absence of nonribosomal peptide synthases genes in the
secondary metabolites core genes, and the expanded multidrug transporters of four Cytospora species were observed,
which indicated that they are likely to play an important role in host selection of Cytospora species.

Keywords: Cytospora piceae, whole genome sequencing, comparative genomics
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