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A preliminary study of chromosome number in Ophiocordyceps sinensis
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Abstract [Objectives] To investigate the chromosome number of Ophiocordyceps sinensis, an important edible and
medicinal fungi endemic to Tibetan Plateau and surrounding areas of high elevation, and thereby lay a foundation for genome
sequencing and other research on the evolution, genetics and molecular biology of this species, as well as help determine the
chromosome number of other entomogenous fungi. [Methods] A genome assembly using second and third generation
sequencing technology supplemented with Hi-C data, in addition to microscopic observation, was used to determine the
chromosome number of O. sinensis. Strain 1229, the genome of which has been sequenced and assembled to a complete level,
was cultured in insect cell culture medium to acquire blastospores. Blastospores were co-incubated with colchicines, then
treated with lywallzyme to obtain dispersed metaphase chromosomes. Those chromosomes were stained with fluorescent DAPI,
then observed and counted under a laser confocal microscope. [Results] Based on the genome assembly obtained from second
and third generation sequencing and Hi-C data, strain 1229 of O. sinensis was found to possess six chromosomes with a strong
telomere interaction between chromosomes. This number was supported by microscopic observations. [Conclusion] The
genome of O. sinensis possesses six chromosomes. Blastospores are suitable for counting the chromosomes of O. sinensis.
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VS ERUN Ve o naacty/b e TN U o A )
PRTHBUR 20 M35 1%~ BE R R N2, iR
Yo oA 28 o SR AR, W
G WAEE RV AT W B e e fh, i
2, REBHEY G OAREEEER T I (FRE
WERIERAELS, 1984; FREmPHAE, 1989 ). HIAZE
e/ INTEAEY) , By ARARE RS ' A
TSR, 2 R 22 HCEL R W) Rl 11 G €0 (A 5 e it SR
& ( Wieloch, 2006 ).

B G R B AR R B R BT 43 4
2, mAEEIEE (Genetic linkage map ). 6%
WLEEYE . Bk i g BRI R UK 3% (Pulse field gel
electrophoresis, PFGE ) LA & Hi-C ¥ ( High-
throughput chromosome conformation capture )

(U5, 2021 ), jot A B A1 vk i 5 T AN [
FEPR BT T FR i 2 18] B AFD B B b A i B, 7
SR B FhRicEcs RSN T, SRR
AR R AR R R (FERFE, 2014 ), L%
BNV ARG RO AT AR | (BRI i R
Il LR 1) 5 A5 S B P R g S, BRIk A%
J& Neurospora il # )& Aspergillus DEcFh LA
N & Hmw A (Barry, 19965 XI4H5E,
2010; O’Connell etal., 2012), 45 RKEHYF A
o gt A A R

BHONESE M L Gt B . PO Bk
B BOCHRERME . SRS 23
BRI A TP A0 ) e AR AT G 1 WS, TT
BHWRA R AR ECH (Iwano et al., 1997;
Tsuchiya et al., 2004 ; Wanner and Schroederreiter,
2008 )., 5 D1/R#A5E McClintock (1945 ) it
G Ry BIOIER , 7R 1R Ao LRE Dk 7 5
Neurospora crassa J# 4 2 i 4xid 2 . 4R, H
TR CL A (8 SR /N AL T2 S AR 9 4 T A BR
NG, HAXRE, 8w ARMEE R X T A G
A, HIZRORZ QO R | Je (mt a] A # A
FI 544 R 3R B2, A I i 22 OWLER I
R B BRI AE R /1% 2 (Poma et al.,
1998; ZRVKIE, 2014 ), Shirane 55 (1989 ) A7
B9 2 1524 ( Germ tube burst method ) REXS A
2257 A I A Y EAR T b o BB B R b A

| F WL, 76 H B H v 38 k)12 ( Taga and
Murata, 1994; Dai and Taga, 2001; ZRuKiZ,
2014; Piresetal., 2016; 5KJik, 2019 ), B4k,
IR i R il A 38 459 380 i A O AR P A T A
Pt AR AT e R AE (Pomaetal., 1998 ),

PFGE A2 FL L (AT Tk
Schwartz F1 Cantor ( 1984 ) 1 YK H A F iz Rk Yy
ORI e, WIS, AT 2Rk ) 5 T K Y G
ARy Rk B ( Beadle et al., 2003 ), PFGE
IO A oy 24 B R A i, H 55 ZERAS S8 1Y
BN DNA, 7] 53 B g (R — e 10-10 000
kb FYR/NET, K/NFH T A G o AR AR M X 43
(Beadle et al., 2003; Z=J%5%E, 2021), 1MiHA
I T 3L A 5 R

Hi-C 2 —Fh e iR R B, wik1s
DNA FAFERENA EfiEF R, 5 =07
G55 T 2 2 Yt fAR K T 2 5 DK T 2L
R BRI BRI AR (120 Mb) (1)
YiRpah, ReEEEA . AR Hi-C
A%, PRI R AR A EE A 58 A, Rt
WA DU e R gics: . Hi-C 3% B RTRAS =
HE5 Rl gz HABIE MW, A —E M FEW
Pk, B ANy AT Sk

4 1 5 5 Ophiocordyceps sinensis J&— i i
EEemEA AR, hTHRFZHME,
2 3| 4ttt B A9 & 1 ( Holliday and Cleaver, 2008 ),
AR AZ i P RAZ A AR AR 520, BE IR AN KT
Z45 (Yan et al., 2017), FEKAEFEI AH
VAN R B fa i (Wk—25%, 2020 ). EK
C A 258 B BT L R A B AT 1T | 22
MM (Huetal.,2013;Lietal.,2016; Xia et al.,
2017; Liuetal., 2020; Shuetal., 2020 ), {HH
THAAERKEREE T, HEAREY %, HIEH
HR/N (~110 Mb ) s 55 2R E T (30-40 Mb )
1) 3 A5 L, BIESR H = AR, AR MELH 3
P (AR BRI 2075 (Liv etal., 2020; Shu
et al., 2020), HHFIFRMGHHRTEHEIA R E RN
FEHFAE 23 MEER (contig) (Shu et al.,
2020), #EEGEMAKT, HIEARRERIE, T
Puffe ge o IR B0
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ABEFEAE . =AU P 4L AL -, D
Hi-C %, meA A% 6 A0 & Mkl 1 52
B @R BB RN AR AT REAFAE 9 WA
NHEER, VIZFAEAT bR, X4 R R G
EHRHEAT T RS, B uE 25 R
Qe R, A& RO R IR IR AT 2E
7 HEA

1 MREFE

1.1 &

FEDRZEI e B B AOWEE BT A 1229 T AR
I BRI B ARAR , 0 T FH T e AR
AF 2005 4 6 H 21 HREE A H A RIE MBI
AHILS, KELBERIEIRAS CS68. Hiffl s
B SIEL (2010 ).

12 EEANFEAZRE

KPR ZH DNA S Bl ARG TR T 2214
W TG % B P AR T = . =AU Hi-C
W o Z AR 222U Sk 4 A R A R )
SERL, PRI IERIZ] DNA JERIEE 500 bp DNA
CPE, SRH 100 bp XK, P60
Illumina HiSeq 2500 (Lietal., 2016 ), =Ll
( PacBio ) fE RHA YIS F BEARA R ITTAEA F 58
i, P2 DNA $2IUdi ] TIANamp Yeast DNA
i®# & ( TIANGEN Biotech (Beijing) Co., Ltd.,
W), BRE ) UL . JER4] DNA SEH
1% 35 5 0 &8 e r UK A T, - Quibit2.0®
Fluorometer ( Life Technologies, [ ) ik
FERN i ; I 20 kb SCE, 7 PacBio RSIIM
-G C4P6 151 19 4~ SMRT cells Hi-C
WP AE 1V AR DR A FRA R 52 L, SCEY
@ fdi H Dovetail TM Hi-C &5 & ( Dovetail
Genomics, FE[E ), Yok RS AR 2,
FEH Mbo T Y17 ARG A S, KA i A 0 b
LR #NSFERE . RMLJE B DNA 4225 B R 5
4alifb¥TWia~450 bp, F Streptavidin Beads [F]i
A=W EFRICH DNA, PCR 414 J5 44 2 XU s
J¥3CPE, 7€ Illumina Hiseq 4000 &A%, 32K
150 bp,

AR R e FastQC #4 ( Andrews,
2010 ) FEA7 4 4047 , #RJ5 FH Trimmomatic v0.39
WAt (Bolger et al., 2014 ) FBrizL AR &7
S1#55) clean data, —ARI)F 4G EHE e B
3k 8 RGBT & gL, SR )5 A Canu v2.2

( https://github.com/marbl/canu/releases ) #£174]
ACUERN L 2%, 20235 H 1Y) contigs ] Racon v1.4.3
( Vaseretal., 2017 ) 7EERINSELT H PacBio I
FPRE A TR HE, RMERT R AT 3 IR, KLY
contigs FH AR A i Pilon v1.22 4
( Walker et al., 2014 ) FA¢HE 3 . Hi-C ¥
sz 500 E R0y RN REE, H
BWA v0.7.15 #{ (Li and Durbin, 2009 ) 5_I-
WAL RTINS, F 24 HiC-Pro v2.7.8
(Servant et al., 2015), 3D de novo assembly
( Dudchenko et al., 2018 ), ALLHIC ( Zhang
etal., 2019) S Hrin R IEL B contigs i
IRIE . HFFE ), 1S3 RAAHBES R,

13 FEATHEREBELE

A& B ZFAE A F (Blastospore ) il #55
FRONE . BIHE 10%R40E (FEBRE, dbat)
Y Grace's Antheraea 3577 ( Life Technologies
Corporation, FZ[E ) HfiIA 3.3 g FEREKIF1 3.3 ¢
FLEE K@Y, 1 molL”" KOH ¥4 pH =
6.2-6.4, JTUEBRTE, 4 CIAfARH. FELLLREFR
Tk B2 b B i 7 1k Spodoptera frugiperda B 141
Mo S CAEERE, dtnt) MikERR SR, DIZRE
REGFRE 0 SO A S TR WA ARG T 4 1229
WRER R R, 18 CRFERIFR 20 d, W
T PR R AR i, SRR,
PR A A

14 RBEFERUZITH

FE T WP A 0.5% Bk K il &
( Biological Industries , A 551 ), 18 °C .
120 r-min ' JRi555E 48-72 h, BiRULEEEIAG 2
AR EWEM SR EP &, IMA 1 mL
TR £h 2% vk ( Phosphate buffered solution, PBS )
Ve 3R, bl A 2% RERE (T RA R
SRR SET ) ALFE 30 min, BOFE LT,



6 1] o [ LA & R R e R RO I W) ST

JILA 500 uL PBS ZZ i . DAPI ( Gen-View, El
Monte, CA, £ ) Y&f4 10 min, FHEOGILERE
BHEE (Leicasp8, 8 ) 7F 63x¥5 N WEH
2257 4P A AR AE . IR0 R e AR A R
DGR

15 AubvRrEERE (i

S RN TR 2o R R N R VA K =D S ) A e S
RAG RN BRI, B2 0] DU RS R G
. DAPI 55 (o Ge (A A iy X I — Bk o
ORL, DA HI-C J: PR 2H 20 e P& rh o rT 15 21 Ay
A]&E A LR E f7 45 B\ Varoquaux et al., 2015 ),
HhUC R Y G £ R AR R LA B P T TR AiE
REHAE -

2 GREHSH

21 EEHAR

Zeidb = SARIMFHELL Hi-C 438, &l
RN B PN O St Y DR S R N A2 S PO
RS B Wbl P8, I8 E) S8 B EIKF o H
FEH MR/ 111.9 Mb, 6 YL a4k K 2435l
4 Chr 1 25.5 Mb, Chr I 22.8 Mb, Chr III
19.8 Mb, Chr IV 17.8 Mb, Chr V 14.3 Mb, Chr
VI 11.8 Mb, 4 e A s ik i smbr A ([
1), FEW A 3T BT 1) G (PR TE 20 A 1) v 2R
£ MRYE Hi-C $ETIHE 1 6 R iRdcki
M RKEAZE N . Chr T (13.00/25.50=0.51 ), Chr
II (11.00/22.80 = 0.48 ), Chr III ( 8.00/19.80 =
0.40 ). Chr IV ( 7.00/17.80 = 0.39 ). Chr V
(5.30/14.30 = 0.37) Fl Chr VI (2.00/11.80 =
0.17 ),

22 $EENESITH

PRI R WA, WAL T KiE (50
) ZEAEMT A 220 20 I A, R TR
o, AR 3 RO LY A IE T, YL R AR
AEXT BB A B, v 2 s Ah T 225 24T

(Kl2: A, B), 1 sk E2 580 (B 2: C).
ZER R M H R 1229 BHA 6 KUk,
Hrp# 4 4 (Chr I -Chr IV ) APUREEH]huykr,
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Whole genome 180 K
%12-14 Mb
iChr I (25.5
16
% 10-12 Mb 14
Chr I (22.8Mb) 12
10
% 7-9 Mb 8
Chrl[(19:8Mb) 6
% 6-8 Mb 4
ChrlV (1’28 Mb) 2
; 0
<38-10 Mb
ChrV (14.3 Mb)
51-3
ChrVI(11. Nﬂ?
Bins (180 kb per bin)

Bl ZHEFEASBEREAMKERHI-CAERE
Fig. 1 High-through chromosome confor mation
capture (Hi-C) heat map of genome assembly of

Ophiocordyceps sinensis

V] v e €0, PR T s 06 S TR 9y T Dy HE IX A g o
HAR, MLny R B R ORI AL E
The darker rectangular areas on both ends of the

chromosomes represent interactions of telomeres, and the
dotted circles indicate centromeres.

PR ML A R225 (K 2), Chr T4
WS RIZER, Hoso ki I AR S5 5 Chr 1T HO
BLPANER /34T, FBHSRLT 0] BEECK , P
DNA K JFis A 25, Chr [1I7E 3 MM IES
FEE—EMES, WRERMEMEAFIE, |
LRI FIN DNA KA 225 Chr Vi aFF
AR, FR AU 20 B W ek (1A 2
B, C), AW LRAE (K 2: A), AlaEE
AHHIAL TSR S 24 RS Chr V. Chr VIR
TN e SHWS a7 N R T

3 o ) A T R T i € Xk £
K, 158 4 FYE o kbim Kb e
0.44-0.49 Z[a] (£ 1): Chr 1 (0.45), Chr 1I
(0.44), ChrII1 (0.49 ), Chr IV (0.48), 5 Hi-C
PRI T S5 SR A — P 25 57 B i g 2%
Yeta R oA, 45 Chr T (Chr 1T Chr 1T,
Chr IV, ChrV | Chr VI 6 25t A i AL 51k
2.00. 1.86, 1.74. 126, 1.06 #10.78 um*, K/l
#%: Chr I :Chr Il : ChrIIl : Chr IV : ChrV :
Chr V[=2.56:238:2.23 :1.62 : 1.36 : 1.O( 1),
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Chr Il ChrV
Y ChrlV ”»

Ch $Chr [
e ChrVl S

o I'g
Chr VI chry  BCHrI

ChrV *

Chr I Chr I Chr I Chr IV Chr V Chr VI Chr I ChrI Chrll ChrIV ChrV Chr VI Chr I ChrII Chrll ChrIV Chr V Chr VI

3 pm 3 um 3 um

B2 MAHREEHUABRKALECHERATEEREHE
Fig. 2 Fluorescence staining of chromosomes of Ophiocordyceps sinensis observed by laser confocal microscope

A AR B A2ndibll; ¢ 2850 bR
A. Cells of prometaphase; B. Cells of prometaphase; C. Cells of metaphase and anaphase of mitosis.

k1 ZHEFEF6EREEFONEERK/NME
Tablel Localization of centromeresand estimation of chromosomal sizes of Ophiocordyceps sinensis

R B POEHR ()
Yo 1K 4 F Localization of centromeres Area of fluorescence
Chromosome name Y Y
A B c Afffe A B c Afffe
Chr | 0.46 0.48 0.42 0.45 2.00 1.99 1.99 2.00
Chr II 0.41 0.52 0.39 0.44 1.74 1.88 1.95 1.86
Chr III 0.49 0.54 0.45 0.49 1.68 1.66 1.87 1.74
Chr IV 0.51 0.46 0.46 0.48 1.19 1.28 1.31 1.26
Chr V - - - - 1.08 1.10 1.00 1.06
Chr VI - - - - 0.87 0.65 0.81 0.78

FPCREASE T e N Ol A 1 DX et e 8 T R LA . o REAT . AL B C iR A
2 AR R AN R 22 00 R4
The location of centromere is obtained by measuring the longest distance between the fluorescent area on both sides of the

centromere and then calculating the length ratio. — indicates that there is no obvious centromere observed. A, B, C indicate
different mitotic stages of Ophiocordyceps sinensis in Fig. 2.

aestivum A 5-6 YL oA ; OG0 AL,
WB/ANAESE (2014 ) HRIEKAESHEE H Amanita

3 itig

YE R 5 B 2K, Jeaknyg 5 M
B AIEA TR, G YR i
PEALTT R (BREEFNSRE R, 1984 ), L, 4
R H RN BE F I SRR, 765326
MARGE K EFOEPA EE S S PR A
R E 2 2R T B OSSR ik ih 75 Hi Uk . Borbye
(11992 dE 3G WA ISR B /INAE R TR
Erysiphe graminis f.sp. hordei 5 7-8 ZkJe ik ;
Poma 45 (11998 ) i 3 i fOURSR & I B i Tuber

fuliginea JL (A% H 2 10 45, |7 R R ELR
Cordyceps s. L[ Y O A% H A7 —Lefiil, nmd
AR (2000 ) F PFGE #&il45 3 Rak i i K ff 28
i Metarhizium anisopliae var. majus 44 {414 % /1>
N7 S TE/NHEEE (2010 ) SRS BIR B
YR IK AR, BiE 3 BRASTR] A% i B B R
Cordyceps militaris e fk¥k 7 455 FRERCA
(2010 ) RS R Ik b Ik RS, K
i 1475 F5 Paecilomyces tenuipes %t {1420 ¥ 73
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B 8 A5 o AWFFERA HI-C Hiihi — . =L
BE PR 2R 00 7 R 20 2 D S e AOMER B e A4 L
HHH 1229 BRI QOB H o 6 45, 5 HHET
CLRNAY T SO B LR Y 0 IR B KAARAHIE

A FBEE R TS50 R 20K Kb
R S5 EF )7 %) (Long terminal repeat
retrotransposons ), HHLAY . = AR P ok
ey ILN 4 (Huetal., 2013; Lietal.,
2016; Xiaetal., 2017; Liuetal., 2020; Shu
etal., 2020 ), i #h 78 Hi-C W7 &d, 4 m s
TR S D AR B B 6 SR oe R gL ik, SN 4
K/ 1119 Mb, J&HHT GenBank I {RAFAYEE —
KFBEFFEF A, W T A AR F A I R 2
KEJPFP (https://www.ncbi.nlm.nih.gov/genome/
browse#!/eukaryotes/ ), Hi-C HfiBh— . =fCIF
H A BRI R R N A 4 K 2400
kL RibE e PN I N Y = il Sy B SN E|
DUy SR

AT 5T R FROKAN R AR B 2R A 10, AR K
AT 227 24 I AR IR, P2k T RE T Tk 40 i
RE T & T AR AR, 1 e 65 PO G R AR i
BRI TS o ZF A A0 I DL AR AT 7 S g s PR
KRR, BA G &R, A
FAE R RS AT R W 2L i 22, IR
FREACIRAS . &M E B2 AUERK S, R
A AR A R, H ST OB s 2 A4 (i i
AR, 2016 ), MR SESHEL. M EfLTHI
TR IXE DL R 5 AR Ho 2 i R IE R 2214
2 B ) Rl A IR Z 0 R (XIE S
SE, 2003), ATyl AL S B A A% Y D AR
JOTAAR o 25 A A6 2 TR 3 L TR 22 2RI U e
il , —MAEE T8 AR R AT
A CRICHAE, 2011), HA I ZFAE AT 7E
A FlR G B AR AR A L E B
HREW, FAEMTFREAEERFERIE, 7
M b i FEAAAIE X, Y5 KA 54 A i
W, ZEAE TR I R S S BT AR I HF 3
(Lietal., 2020),

M Hi-C FERHLURIAE T DIE , &l
B Y AR ROR R A BAE (] 1), Bk

BA MR E Y ORTE AL N R AR, X
5 B ROREE S AR (B 2), e Erh,
PSSR ENEFEPU AN o @2 R NP LR R g R
RN K53, TR AR RIS, T .
M, IV, V., VI3 ki g X, (HR{UER
oSS, -5 YL R MERf 2 1 40002 2 R
R, RIS T KA, IR FHHERR %
e HA e AR S |, e BRAS [R) 14 40 B H 3447 76 X
— BB YA, FES G A ARG R
PRI/ kL B E R, I 11502 1 4%
AR 2 SRR, A H BT BT Y e (R B T ]
RESE 6 2%, AR 7 %o BIARWIZE , WAL
PR FENSH TR WA R R, TEE
AL, 6 KU RfEENE 2R, TS5 aKT
EARB NMEE, KU TIEABINE Erysiphe
graminisf. sp. hordei "4 Y BEIE 454 ( Borbye
etal., 1992),
AR SO T ) Gt AR i TOW S Oy 3 T T IR
A LR YLt AR TR, E Y A S B SR AT
BEAFTERB A G BRI AT B IR G2 o #h Fo s 28
TEIREH L B 25 R, e KORHR AR L S 4 2R 1
HERYE, HEAh, PFGE 702 i oW g2 i) d 2Eh
7t {H PFGE 125 75 22 ] £ o JoT ot oA R ik 10 e €2 1Ak
DNA, — i ik [ Az o 44 Jin 2 1 Ak 35 i 4
SRIGIEATHLYK 7 ( Beadle et al., 2003 ), 221k
LI 1) TR 22 0 SR AN P Ak 33 R tR 1) SR A T A
AR YL AR DNA 3RS, JEim R e
WECR AR, X W& PEGE % H AR £ 0 HI7E
RN B, AR D AE 22 R B N 9 D A
(Beadle et al., 2003 ), X Fher=4:2F4E 71
Yrff, AT LA K 2R A 47 1T PFGE Bk
JufRBa:, O IR S s B A, g
o AR (R AN BB PEAG AR 25 R ] FE %,
L BELE & 2 M IRA 44 38 4% R ( Fluorescence in situ
hybridization ) 5555 IUREE JE R A9 Y (A 7
A5G Hi-C B IYE P 4H 40 % DL R0
RSO AMEL, B T R R YLt
REE N 6 5% RIBTEEST T —Ff R 2R A 40 72k
il 8 S A BT T g AW g H By ik, W]
e B HAD FC R R IR T SRR A A L A
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O G AR A E KA B TR e
TSI, it — R s A R A o
RH=%,

Bigh . S R B sh WIS I R e BT
h1mm%%%mmﬂﬁﬁﬂﬁ$@¥ﬁﬁﬂ
H R B2 B B A I 5 T it — AF Y B R AR R
LR FR I

Sk (References)

Andrews S, 2010. FastQC: A quality control tool for high throughput
sequence data. http: //www. bioinformatics. babraham. ac.
uk/projects/fastqc/.

Barry EG, 1996. Fungal chromosome. Journal of Genetics, 75(3):
255-263.

Beadle J, Wright M, Mcneely L, Bennett JW, 2003. Electrophoretic
karyotype analysis in fungi. Advances in Applied Microbiology,
53:243-270.

Bolger AM, Lohse M, Usadel B, 2014. Trimmomatic: A flexible
trimmer for Illumina sequence data. Bioinformatics, 30(15):
2114-2120.

Borbye L, Linde-Laursen I, Christiansen SK, Giese H, 1992. The
chromosome complement of Erysiphe graminis f. sp. hordei
analysed by light microscopy and field inversion gel
electrophoresis. Mycological Research, 96(2): 97-102.

Chen RY, Zhang W, WU QA, 1989. Chromosome numbers of some
species in the family magnoliaceae in Yunnan of China. Acta
Botanica Yunnanica, 11(2): 234-238. [BkFiEH, 5K¥E, 422,
1989. ZRIARIIAR ZBHEY YL AR H i, = REAEYITST,
11(2): 234-238.]

Chen YF, Guo JM, 1984. Chromosome studies of mammals.
Zoological Research, 5(S1): 52-63. [FREIE, @R, 1984, If
LG OIRTFTE. SiP2EIESE, 5(S1): 52-63.]

Dai T, Taga M, 2001. Cytological karyotyping of three Cochliobolus
spp. by the germ tube burst method. Phytopathology, 91(4): 354.

Du QZ, 2014. Dissection of allelic variation underlying important
traits in Populus tomentosa Carr by using joint linkage and
linkage disequilibrium mapping. Doctoral dissertation. Beijing:
Beijing Forestry University. [fLP53, 2014, FI S SEHIA
AR E VR IR E A E R RIS A (e 5. L2
g, dbat: bkl k]

Dudchenko O, Shamim MS, Batra SS, Durand NC, Musial NT,
Mostofa R, Pham M, St Hilaire BG, Yao WIJ, Stamenova E,
Hoeger M, Nyquist SK, Korchina V, Pletch K, Flanagan PJ,

Tomaszewicz A, McAloose D, Pérez Estrada C, Novak BJ, Omer
AD, Aiden EL, 2018. The juicebox assembly tools module
facilitates de novo assembly of mammalian genomes with
chromosome-length scaffolds for under $1000. Biorxiv, 254797.

Guo BF, 2014. Karyotype analysis and FISH analysis of infection
related genes in Metarhizium acridum. Master dissertation.
Chonggqing: Chongging University of Technology. [%¥KI,
2014, SR Y O RIL TS BT KRR Y AR DGR 1 FISH 4347
WEAAALR S HR: H R TR ]

Hao XH, Tian LF, Yang X, Tan H, Zhang ZG, Li DP, 2014.
Fruitbody development of Amanita fuliginea and the observation
of nuclear behavior in the basidia. Life Science Research, 18(6):
511-515 [#/NE, WA, A, Wi, Ko, 255,
2014. RAESIRSE i (Amanita fuliginea) 73244k & & M AZ A
2. A BERFST, 18(6): 511-515.]

Holliday JC, Cleaver MP, 2008. Medicinal value of the caterpillar
fungi species of the genus Cordyceps (Fr. ) Link (Ascomycetes).
International Journal of Medicinal Mushrooms, 10(3): 219-234.

Hu X, Zhang YJ, Xiao GH, Zheng P, Xia YL, Zhang XY, St Leger
RJ, Liu XZ, Wang CS, 2013. Genome survey uncovers the
secrets of sex and lifestyle in caterpillar fungus. Chinese Science
Bulletin, 58(23): 2846-2854.

Hu XD, Li Y, Ren SY, Yao YJ, 2016. Fluorescent staining of septa
and nuclei in Ophiocordyceps sinensis and Cordyceps militaris.
Mycosystema, 35(9): 1099-1105. [#iERE, 2248, T8, Ph—
#, 2016. A HUIR, WHHCR R 22 BRI AN PO (. B
1247, 35(9): 1099-1105.]

Iwano M, Fukui K, Takaichi S, Isogai A, 1997. Globular and fibrous
structure in barley chromosomes revealed by high-resolution
scanning electron microscopy. Chromosome Research, 5(5):
341-349.

Jiao L, 2010. Phylogeographic study on Ophiocordyceps sinensis.
Doctoral dissertation. Beijing: University of Chinese Academy of
Sciences. [£E7#, 2010. &M H RS A T AII5E. A

FOEIC. JEat: PEBEEBEDIE A B

Li B, Yan LH, Shi BH, 2021. Overview and prospect of the methods
for fungal karyotype analysis. Fujian Agricultural Science and
Technology, 51(1): 68-73. [Z=, Mk, MEZ4r, 2021, ELH
BRI AR 5 R, R RAHE, 51(1): 68-73.]

Li H, Durbin R, 2009. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics, 25(14): 1754-1760.

Li WJ, Xia JM, Li QP, Zhang ZY, Zhang WW, Dong CH, Wei JC,
Liu XZ, 2020. Developmental recording of the ghost-moth larvae
after ex situ infection by Ophiocordyceps sinensis. Science China

Life Sciences, 63(7): 1093-1095.



6 1] o [ LA & R R e R RO I W) ST

+ 1337 -

Li Y, Hsiang T, Yang RH, Hu XD, Wang K, Wang WJ, Wang XL,
Jiao L, Yao YJ, 2016. Comparison of different sequencing and
assembly strategies for a repeat-rich fungal genome,
Ophiocordyceps sinensis. Journal of Microbiological Methods,
128: 1-6.

LiuJ, Guo LN, Li ZW, Zhou Z, Li Z, Li Q, Bo XC, Wang SQ, Wang
JL, Ma SC, Zheng J, Yang Y, 2020. Genomic analyses reveal
evolutionary and geologic context for the plateau fungus
Ophiocordyceps sinensis. Chinese Medicine, 15(1): 1-12.

Liu W, Xiao Y, Bian YB, 2010. Research advance of molecular
genetic linkage map in macrofungi. Mycosystema, 29(5):
629-635. [XIffi, ¥, MARPE, 2010, KAIETH I T84 49
FEBT LB, TYI~AAR, 29(5): 629-635.]

Liu ZY, Liang ZQ, Liu AY, 2003. Investigation on microcycle
conidiation of ascospores and conidiogenous structures of
anamorph of Cordyceps sinensis. Guizhou Agricultural Sciences,
31(1): 3-5. [XMES), BoREr, XIZDE, 2003, 4 B B4
TR M FTCHIINEE. SO RLE, 31(1): 3-5.]

McClintock B, 1945. Neurospora. 1. Preliminary observations of the
chromosomes of Neurospora crassa. American Journal of
Botany, 32: 671-678.

O'Connell RJ, Thon MR, Hacquard S, Amyotte G, Kleemann J,
Torres MF, Damm U, Buiate EA , Epstein L, Alkan N, Altmiiller
J, Alvarado-Balderrama L, Bauser CA, Becker C, Birren BW,
Chen ZH, Choi JY, Crouch JA, Duvick JP, Farman MA, Gan P,
Heiman D, Henrissat B, Howard RJ, Kabbage M, Koch C,
Kracher B, Kubo Y, Law AD, Lebrun MH, Lee YH, Miyara I,
Moore N, Neumann U, Nordstrom K, Panaccione DG, Panstruga
R, Place M, Proctor RH, Prusky D, Rech G, Reinhardt R, Rollins
JA, Rounsley S, Schardl CL, Schwartz DC, Shenoy N, Shirasu K,
Sikhakolli UR, Stiiber K, Sukno SA, Sweigard JA, Takano Y,
Takahara H, Trail F, Does HCVD, M Voll L, Will I, Young S,
Zeng QD, Zhang JZ, Zhou SG, Dickman MB, Schulze-Lefert P,
Themaat EVLV, Ma LJ, Vaillancourt LJ, 2012. Lifestyle
transitions in plant pathogenic Colletotrichum fungi deciphered
by genome and transcriptome analyses. Nature Genetics, 44:
1060-1065.

Pires AS, Azinheira HG, Cabral A, Tavares S, Tavares D, Castro M,
Varzea V, Silva MC, Abranches R, Loureiro J, Talhinhas P, 2016.
Cytogenomic characterization of Colletotrichum kahawae, the
causal agent of coffee berry disease, reveals diversity in
minichromosome profiles and genome size expansion. Plant
Pathology, 65(6): 968-977.

Poma A, Pacioni G, Ranalli R, Miranda M, 1998. Ploidy and

chromosomal number in Tuber aestivum. FEMS Microbiology

Letters, 167(1): 101-105.

Rong YW, Li CR, Fan MZ, Li ZZ, 2010. The karyotype analysis of
the entomopathogenic fungi Paecilomyces spp. by CHEF
electrophoresis. Mycosystema, 29(3): 373-378. [ZRERC, 22411,
BEY, SR, 2010. 5 E R FE AR o Lk gy
Mr. BEWEAAR, 29(3): 373-378.]

Schwartz DC, Cantor CR, 1984. Separation of yeast
chromosome-sized DNAs by pulsed field gradient gel
electrophoresis. Cell, 37(1): 67-75.

Servant N, Varoquaux N, Lajoie BR, Viara E, Chen CJ, Vert JP,
Heard E, Dekker J, Barillot E, 2015. HiC-Pro: An optimized and
flexible pipeline for Hi-C data processing. Genome Biology,
16(12): 259.

Shi LG, 2000. Studies on the protoplasts and karyotype of
Metarhizium anisopliae var. majus an entomogenous fungus.
Journal of Agricultural Biotechnology, 8(3): 271-274. [B#AR,
2000. AR T AR A S A= BT A B H G (A AR BB ST, Al
AR R, 8 (3): 271-274]

Shirane N, Masuko M, Hayashi Y, 1989. Light microscopic
observation of nuclei and mitotic chromosomes of botrytis
species. Phytopathology, 79: 728-730.

Shu R, Zhang J, Meng Q, Zhang H, Zhou GL, Li MM, Wu PP, Zhao
YN, Chem C, Qin QL, 2020. A new high-quality draft genome
assembly of the Chinese cordyceps Ophiocordyceps sinensis.
Genome Biology and Evolution, 12(7): 1074-1079.

Song W1J, Liu ZB, Zhu H, Huang B, Li ZZ, 2011. Morphogenesis of
blastospores of ten species of entomopathogenic fungi.
Mycosystema, 30(4): 572-579. [AR3CHE, XUPRIF, Aeir, #8h,
R, 2011, TR R BRI SRR T RIB S KA.
FYIR, 30(4): 572-579.]

Taga M, Murata M, 1994. Visualization of mitotic chromosomes in
filamentous fungi by fluorescence staining and fluorescence in
situ hybridization. Chromosoma, 103(6): 408—413.

Tsuchiya D, Koga H, Taga M, 2004. Scanning electron microscopy
of mitotic nuclei and chromosomes in filamentous fungi.
Mycologia, 96(2): 208-210.

Varoquaux N, Liachko I, Ay F, Burton JN, Shendure J, Dunham MJ,
Vert JP, Noble SW, 2015. Accurate identification of centromere
locations in yeast genomes using Hi-C. Nucleic Acids Research,
43(11): 5331-5339.

Vaser R, Sovi¢ I, Nagarajan N, Siki¢ M, 2017. Fast and accurate de
novo genome assembly from long uncorrected reads. Genome
Research, 27(5): 737-746.

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S,
Cuomo CA, Zeng QD, Wortman J, Young SK, Earl AM, 2014.



+ 1338 -

o B 3244 Chinese Journal of Applied Entomology 58 &

Pilon: An integrated tool for comprehensive microbial variant
detection and genome assembly improvement. PLOS ONE, 9(11):
e112963.

Wang XY, Rong YW, Xu L, Zhang NS, Li CR, Fan MZ, 2010.
Electrophoretic karyotype analysis of Paecilomyces militaris, the
anamorph of Cordyceps militaris. Journal of Anhui Agricultural
University, 37(4): 716-719. [TE/MHE, ZRERSC, #RAT, % REME,
ZHRW, HELE, 2010. WL E IO IR 5 00 % B
TEAT. RA R AR, 37(4): 716-719.]

Wanner G, Schroederreiter E, 2008. Scanning electron microscopy
of chromosomes. Methods in Cell Biology, 88(8): 451.

Wieloch W, 2006. Chromosome visualization in filamentous fungi.
Journal of Microbiological Methods, 67(1): 1-8.

Xia EH, Yang DR, Jiang JJ, Zhang QJ, Liu Y, Liu YL, Zhang Y,
Zhang HB, Shi C, Tong Y, Kim C, Chen H, Peng YQ, Yu Y,
Zhang WE, Eichler E, Gao LZ, 2017. The caterpillar fungus,
Ophiocordyceps sinensis, genome provides insights into highland

adaptation of fungal pathogenicity. Scientific Reports, 7(1): 1806.

Yan Y, Li Y, Wang WJ, He JS, Yang RH, Wu HJ, Wang XL, Jiao L,
Tang Z, Yao YJ, 2017. Range shifts in response to climate
change of Ophiocordyceps sinensis, a fungus endemic to the
Tibetan Plateau. Biological Conservation, 206: 143—150.

Yao YJ, Wei JC, Zhuang WY, Cai L, Liu DM, Li JS, Wei TZ, Li Y,
Wang K, Wu HJ, 2020. Development of red list assessment of
macrofungi in China. Biodiversity Science, 28(1): 4-10. [#k—&2,
BULA, HESCH, 253, XM, 2RE, B, 28, £
B R, 2020, PEKBEELOAFITFHIITEIERE. 4
YIZREHE, 28(1): 4-10]

Zhang X, 2019. Correlation between minichromosome and
pathogenicity differentiation of Colletortrichum fructicola.
Master dissertation. Xian: Northwest A&F University. [5KJik,
2019. /NG (A SR A 0 £ A B0 0 IR M A . A
OB, V4% PHALRMABHE ]

Zhang X, Zhang S, Zhao Q, Ming R, Tang HB, 2019. Assembly of
allele-aware, chromosomal-scale autopolyploid genomes based

on Hi-C data. Nature Plants, 5: 833-845.



