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Evident presence of heteroplasmy in the mitochondrial
genomes of the nematode-trapping fungus Arthrobotrys
oligospora
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1 State Key Laboratory for Conservation and Utilization of Bio-Resources in Yunnan, Yunnan University, Kunming
650091, Yunan, China
2 School of Life Sciences, Yunnan University, Kunming 650091, Yunnan, China

Abstract: The nematode-trapping Arthrobotrys oligospora is a carnivorous ascomycetous fungus,
with mycelia can transformable to a variety of finely trapping devices to capture nematodes. The
fungus can be used as model samples in adaptative evolution researches and as biological control
agents against parasitic nematodes. The use of the mitochondrial gene, cytochrome ¢ oxidase
subunit I gene (COX1), as molecular marker for species identification in the kingdom Fungi was
debated for a long time. In order to explore the degree and range of heterogeneity in each
generation of the same strain, the COX/ gene of 4. oligospora YMF1.03037 different single spore
isolates was amplified and compared. The results showed that the SNPs existed inter- and intra-
generations and inter- and intra- lineages, but genetic variance among generations is greater than
that among lineages. Most private alleles are found in F3, which have not been found in the
parental generation, indicating that there might be potential other genotypes that we haven’t
explored. During subsequent amplification, new genotypes that were not previously amplified
might appear. Recombinant analysis showed that recombination events among SNP sites were of
frequent occurrence, providing the first robust evidence of heteroplasmy in the mitochondrial
genomes of the nematode-trapping fungus A. oligospora. In addition, heterogeneity may be
caused by gene recombination and multiple copy nature of COXI gene. This study provides a
scientific basis for further revealing the role of COXI gene in the evolution of nematode-trapping
hyphomycetes and evaluating the effect of mitochondrial gene in the molecular identification of
filamentous fungi.
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) 7 5R AU IE S FEAE ] (Zhang et al. 2020).

LA PRI R (mtDNA) HLAT 8 A 485 1) 17 20| 3
AEERFEE A BRI AR NS S S i, R
i A TR TR iC R A8 % UITAH Gy 73 2K
£ (Hebert ef al. 2003; Waugh 2007), H mtDNA
Gt ) —FP S B 1 —— A AR o AALETE
FL T Z K (cytochrome ¢ oxidase subunit I gene,
COXNE BN T 3% DNA ZIEH IS
(Charles et al. 2004; Waugh 2007). {H &% HHi
A1k, COXT FENTE FC R Ff 45 5 H 14 L ik 3
AR5, AR THRE MR, a1tk
EAFRMHR PG RA— HINTES%ER
Penicillium . ¥ H & Leohumicola. {5 )&
£ 4 J& Cladosporium 1 Bj
Oomycetes H1 7] 17 ¥ 5 (Seifert er al. 2007 ;
Nguyen & Seifert 2008; Molitor et al. 2010;
Robideau et al. 2011), {BE1EHEE)E Aspergillus
MR Fusarium HHIRIMIE 2 (Geiser et al.
2007; Gilmore et al. 2010), WA WFFEIRIE COXI
HRF A 1R T RING T, B FXEens
FAEE AR, PRt Ry g 56 DR 4 383 SR AR K
XEFE (Seena et al. 2018); ZHLH 1Y N & F A7 4EM
FR LUK 38, 1 i b Z ]R8 R N &
FA5 5 (Nadimi et al. 2012; Beaudet et al. 2013a);
TN T A R I S AN AT RR IR ITS —#F
i cox1 @MY, mHAYH Cox1 Hi Bt
2 B E A PCR, ALY HE &R H 75 %
K R HERR R 5 | 140 A6 55 (Dentinger e al.
2011; Schoch et al. 2012), XL [a] WA F]F COXI
((SEENIESIATE

SRR FAZ AN B A A s , PRk A
M e (= BERR IR ) IS5 2 M 4 g1 72 (Rong
etal 2021), EMTERFETA H WGP M
RN R, TN RBHUE, 2 RTRH
IR AN (Wilson & Xu 2012), X AP A
TR FEIEPECR 28NS AR A REA R

Mortierella .

2ok ALK 2H ) (Breton & Stewart 2015), [A]HHFH
WA . i, JEACUHARME S o (4 b
LR AT R R Z AR VRS A | RIS R A A N A7 7R
A B 255 5 ) mtDNA) A BLS (Leducq et al.
2017) #R 1M, A4 mDNA (1) 245 DU (5
UM SA Z DA FFSI) mtDNA) (Seena et
al. 2018), XCEmfE . L RIME . RAMELE
KR 2B TR & AR (Kvist er al. 2003

Albertin et al. 2013 ; Rodriguez-Pena et al. 2020),
I HA WA , Ll A B B R A h 2
R PR H IR , IX S S PIAUR AR A ST 2 b
i, WA ATE B SRR T (Beaudet et al. 2013b;

Fritsch et al. 2014). 5 4h, AW HGE B IE A
7E mtDNA S PER IS, el 22IRITR K
%) fl Botrytis cinerea . # < IR ] £ 5
Colletotrichum gloeosporioides FlT3EH [1 X %
HHEFE Podosphaera leucotricha W) mtDNA 2 fifd
0,2 b F[H (Cytochrome b, cyt b)Y, 1% PLEF
A TR RN 58 AR G A6 HE [ (1) L A7 (Lesemann et al.
2006; Ishii et al. 2007 ; Deising et al. 2008 ; White
et al. 2008 ; Villani & Cox 2014; Hashimoto et al.
2015; Mosquera et al. 2019), iXLefif#8 H 25
o X 25 i S i A B 5T . Hauswirth & Laipis
(1982) 8 th AR N Iy S ik 22ad 20 AUZ Al LA
PRIZ IR T, F¢H] mtDNA SR REE 1, A
K AFETE . Doublet et al. (2008)7ERiA: %5 & 25 H
STEYIT SR R B T RRE 1 B R s 8 1 SR
PG, R B PE AT L B R L e R AU 1%
. XT mtDNA St 2 5 BEVR &2 5] o e 77
AEH 1 35t 1 7 U7 S AP RS A T A Bl Y
BR, ARBHEZMBX TEEP LA T
COXT BN 1 5 et ATR]— 7 s 547 2 Fhe il
H R N & 1o FEAE, X
EERRE NSRS R UNINER R TR LN iy I DA S it
& BYIESE (Wang et al. 2017) . [R) B 7E [R) 3o A4 45 i
P AR B AR & B T R 2 IEHE (Zhang et al.
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2021), Lh ATP6 JEDY 5598728 0 FHARHIE, &
E AT H SRR AR LR A S 5T PR AN AE A
LG A

TARGEZH i 0 B S b AR LR 28 R Bt NTF
#1417 DNA FIEMIRCRI RS K T it K2,
COXI RERK BT MBRKIRALHE, #H—
I KRB A. oligospora ) COX1 FERAFHER K
Bl 25 57, oK 2 Rt e 8 1 K R FE A I EL TR
RN E] A28 S o BE TR A 238 | A
LA S B AL 50T, FEHEBR B RRAZL L 7 91 [
ANE LRI REYESG R B, A. oligospora IZERIIA
COX1 FEFAFTES Bt . itl, ABFSY 2 AR
R K, M A. oligospora LB =4 B4
2, 70T A. oligospora W COX1 FER 53 5P it F
FEVEFE  AAAE AL, DLATREMEIA, iE—2 4
TN FLTER B 4 22 TR b B R R AS 2
KK DNA 7EiZ28 B o0 %8 P aiceR

1 RS

1.1 E#REIKIR

ARG FTHK A. oligospora BHREICIET )
b, M3y 183, fRAE T = K il at
AR A IR DR S I [ S R S A
FERFEC Ly, 258 YMF1.03037,
1.2 S7RIHkER

e E AT bR YMF1.03037 4551 th4% 2445
WL (potato dextrose agar, PDA)EFFEEE I,
28 CHEFR, — M 6-8 d i)l . PREL—/ N ™1t
FI IR BB E) PDA M b, 78 WA T g,
FREERD PRI 7 B B, Pk B R 2,
A L R EURHAE ACETHY PDA ik, =
LRI R R AT B AR A BB
iR — R EDRRIEERA 51, 5 (F2)
254, HAARENA 125 4, WEIEE kS
PRHC 8 MERAAESN F1; FEA F1 B SAFLREFR A A
H MR 5 N3 40 ME F25 DL F2
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FIERER 200 N BAFEAE R F3, X 3 MMURS T
L1-L5 5 MR AR,
1.3 E[X%H DNA $2EUF1 PCR ¥ 1

HR i ol K9 75 e 3k = H L IR b 8% (CTAB)
Jiik, M PDA KRSt b s 2y h R A
2 (K4 H mtDNA (Zhang et al. 2016). [ Primer5
% coxl = PCR Bt tkg 19, 4514
5-GACAAGAAAGGTGATTTTTATCTTC-3', 5'-
GGTAATGATAATAATAATAATACAGC-3'; 5|
¥ 5'-ATGCTAAAGACATTGGTA-3', 5'-ACGTAT
ACCTGGACTTCT-3', #15 |9 e 7E YMF1.03037
LR A IE R 407 55, 132 824 F01 133 434 ZJ],
NS YDA B AR A5 132 774 #1133 384 ZJa], 9~
WK A 610 bp, PCR ¥ 1A (25 uL): ANTP
mixture 4 uL, 10xLA PCR ZZ M1 2.5 uL, LA Taq
0.3 uL, EFHFSI#(10 umol/L)45 1 uL, ddH,O
15.2 uL, #iHr(150-250 ng/pL) 1 puL. AM514R
N &&f: 95 °C 5min; 94 °C 40s, 37 C 55s 4t
2-3 MEH; 50 °C 55, 72 °C 1 min, 3£ 30 MF
By 72 CHEMf 10 min, 4 CIRAE. MBIV S
;95 °C 5min; 94 °C 40's, 55-50.5 “CiZMWFEML
0.5 °C, 3t 11 MEH; 1B JGEE 50 °C,72 °C 1 min,
325 MEF; 72 ‘CHEf 10 min, 4 CIRfF.
1.4 MR

FE S ARG R RN Y S, K&
1% 3 B8 e R VRS £ S oy 2 75 2, BHE S
B 22 sl AL I 43 0 FH IE S 1) Ra) 5 | 403284 T XL 1)
Wy, EERHEY A BRA /T
1.5 HiELIERMD
1.5.1 LRSI

H T 4. oligospora W) COX1 FEH &G B L2 1)
W& T B ARG, I SE I R FR oy
HRCRAIRIFE S AT T 23K PCR. 15X —IK
PCR ZRAyRLENEE . R0 5 i 7 geit, Haik
X ZRUEFIC AR FE S A 1 2 K S LA | PCR Y3,
HGETH A A5 . X B —IR PCR 51021
SRS G B RAE BRI 2 NS P 1



H5RieX

22 April 2022, 41(4): 529-545

Mycosystema ISSN1672-6472 CN11-5180/Q

g &, B 2 %5 PCR ¥ 14 34 b 1y i) 45 SRt
MH—U PCR,
152 S2EE SRR SN

Wk b USRI RS COXT
LR P, H Clustal 2.0 #A4SEA XA HES], SR
J& F 138 24K 1F (Thompson et al. 1997)., iS5
#7451, {8 FH DnaSP 6 # 4 x — A B A B bk iy 5
s 7R 50 fe (h) R0 A — A B TR R B9 A% R 2 4 1
(Pi)i#47144 (Librado & Rozas 2009).
153 BEFHRIEESHEM

i JH GenAlEx 6.501 ¥4 1 JeifbA 753 T i %
47 ¥7 (analysis of molecular variance, AMOVA)
(Peakall & Smouse 2010), 437l DAL R T R %
FAL TR 2 AR R B REAR, B R TEREAOK
SEPEAR AR S DTER AR o SR T B T BP0 TR bR ] ) a5t
TR B kT T = AL BR 434 (principal co-ordinates
analysis, PCoA) (Zhou et al. 2021), Fil5E T H
00 B KR 4 35t 4% 22 A 14 45 %X (Peakall & Smouse
2010), G FIAEE N FEEE(Na) . FIH R
S5 HE R #(Ne) . Shannon’s ZAME(E B85 .
T 2 KL% (No. Private Alleles) I Z K (h).

154 RGXESH
i |l MrBAYES 3.1.2 344X HEA] dig- F) il ik

Fr AT R G & & 43T (Huelsenbeck & Ronquist
2001). 7E MrModeltest 2.3 F2/¥HFiz il AIC iz %
(Nylander 2004), i€ i F T3 B e A T Oy
GTR+I+F, D44 i Bzt AU 150 1R,
BT BV AR R ZE 18T 0.01 Pk,
1.55 EHSH

fdi F§ MULTILOCUS #1500 R 65 14,
RGEAMENE PrC, I M rBarD {H#FTRME, H
(A DA A i (8] 2 A A7 A6 SE R FE 2 (Brown et al.
1980).

2 HEREHM

2.1 PCR¥BERGIT

PRI g 22 0 B SR e R BRI 196
A E IR T A. oligospora B COXT Re[H %
BREZMNE 33 PCR ¥ HISCRRI%, Frl)
XFEE—¥K PCR 714 H IR 4= 06 RN 0 451 I AE i i
T TR LA E PCR 38, i s Rgit G
RIY HERCRKIH B A K] 100%, HETA
6L AT AR 14 0 45 S P AT R B 43 R 8 4 2
WG (£ 1, £ 2). FEELIPHITFIEE, N
TR 2R WS FE B S COXT HE R S 5 P A A 1Y)
I VB 0 B b AR Y S b, N BR T A oE 4

1 —RPCRFIHIBLERGI
Table 1 The result of once PCR amplification
% Pk ik PCR KBt Seslilg ity Haode ToHA A YRR PN R
No. of No. of selected The times  Pure peak 2R 5 H No peak Amplification Amplification
generation single spore of PCR ratio Double peak ratio ratio efficiency (%) success rate (%)
Fl1 5 5 2/5 1/5 2/5 60.00 40.00
F2 26 26 2/26 1/26 23/26 11.54 7.69
F3 164 125 39/125 8/125 78/125 37.60 31.20
%2 FRELLE PCR FHl 84 R kit
Table 2 The result of twice or more PCR amplifications
A PIR LA PCR UKL S8l bl 3 mses: T PHRER )RS
No. of Two or more Pure peak 2= 5 H No peak Amplification ~ Amplification
generation  times of PCR ratio Double peak ratio  ratio efficiency (%)  success rate (%)
F1 4 3/4 1/4 0/4 100.00 75.00
F2 30 17/30 6/30 7/30 76.67 56.67
F3 157 64/157 22/157 71/157 56.05 40.76
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ZRIE RS, HAREE 110 4558 24l iy E5I4E R
JE SRS AT, X 110 P58 T F1-F3 3
MUREMLI-L5 5 MERE 1),

2.2 HBWEk COXI FHIELX 9
JEIG TR YMF1.03037 HRHRE A9 BRI B Ak

PUSE—AR F1 FIZE = & L3 M|, FHlanme
i AR 1R E T T U3 037 R I B ik

AR SRV S
Original strain / ‘/

112 113 114 118
131 135 136 137 138
151 153 157 158

165 167
171172173 174 178

243 247 249
252253 254

L1 L2

1 110 FFHSHF A RS REXR

P ? 9
m

ORI S), BT A EbRE COXT 2R B
5 GenBank 15 % & Penicillium H' P. levitum
P. crustosum 55 Fl#H % J& Aspergillus H A.
pseudoglaucus . A. tubingensis %5 JL > Fj 1)
COXI JEPRARMLEE N 96%—100%, I HFF A i
PRI R (B FIZE R N SNPs J& B2 € £ 7E 1)
( 2A, 2B).

|

612613

421 424 425 427 428

432433 435437 439 621 622 623 624
443 445 448 632 634 635
462 464 465 466 467 641 643 644 647

491 492 493 494 495 671 673 674 675

L4 L5

Fig. 1 Codes corresponding to 110 sequences and relationship between sequences.

A hhkhk hk hhkhhkhhhhk AAhkhAhdd Ak Akkkdk Ak Ak kA hhAh Ak Ak k AkA A Ak hk Ah Ak A A kA kA Ak Ak d AR A Ak AR A A Ak k ok Ahkhkhkhhk dhhkk  Ahkkkhhk

B Wk kk kk kkk ok kk kkkkk wdkkk kk ok ko kAR RkRk ok kd ok kk kk kk KRR ARRK ok kkkkk kk KRR RR kRARRRKK Rk kkkkk

2 F1RRAF L3 RAMB) R ERBERZE COXT ERBIFHIELIS 5347
Fig. 2 Alignment of COXI sequences from different single-spore strains of the F1 generation (A) and the L3

lineage (B).
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23 ZREBEAEREESHEE. FUER
pEYSE A E 2R R A e

231 =REBBERES SN RFAEEL

i3 DnaSP 6 Fx—f R S R H Se 1T
Ji, KRBLF1, F2 1 F3 Y SNPs 537102 76, 104
115, FEERBIE I, PRSI R 2L
(Na), FIEREEI RS (Ne) . Shannon’s Z2%
PEAS BRI ZRENE(ARFERE R, By LA S {E
1E F3 Ay, F3 A9 Na=2.347, Ne=1.529,
1=0.469, h=0.292., H F1 %A A ZEMIER,
F3 MRAE &R 1 F2 £, KW F3 mysfl
ZFEVE R (GR 3). B AUEE N, 24
PE(h) 2 BT, AT IR 2 Pk A6 AR Y 1

i cox1 B B E S A A A 3).
232 HERSHEMTUNE

F1 f1 F2, F1 #1 F3 Z[aHRE L E
LS L B A AR A e — 2 25 5%, (B Ik
WP AE IR Z FEVERRAEAE F2 F0 F3 Z Al T —
H(Kl 4).
24 BEASHIEEELTH
24.1 BRERSH

F1.F2 #l F3 = BACHE — P R A s
R, XRPERAERIAER R L2 (I — /N3 2. 25,
252 i1 253 HRIBSAEAE(FR 4), B DAMEWT RS R A]
PLIE ) By AR R GG (R e AR R S g v
RIS AR A0, DR A LA R 2 I AT
PRIRRERI SO0 R B0 F1HA 1 Aot g 2a

R3 ZREBERIRRAEESHEETUNE
Table 3 Summary of genetic diversity among different generations
w4 PV BRI BT RS FIARSE Shannon’s 27 ZRHE AN
No. of No. of T BA %4 [ICEZTN P EERIEL P FE %L PEMR B4 Diversity K%L
generation  sequence  No. of PSS No. of No. of Shannon’s (h) No. of
bases per  No. of different effective Information private
sequence SNP alleles (Na)  alleles (Ne) Index (I) alleles
Fl1 5 439 76 1.629 1.460 0.368 0.249 0.000
F2 21 431 104 1.960 1.449 0.417 0.261 0.056
F3 84 422 115 2.347 1.529 0.469 0.292 0.290
Total 110 1.978 1.479 0.418 0.268
Note: Ne=1/(Sum pi?), I= —=1* Sum (pi * Ln (pi)), h=1-Sum pi’.
FIvRESE (LB R AR
Allelic patterns across populations
3.0 0.35 B Na
| ]
25 + A T 0.30 B Na freq. >5%
f———1 {o2s 5
i} 20 | I . Z mm Ne
= g 4020 3 &
;?T\ 3 4o & 1
5= {015 &g
1010 e No. private alleles
! 4 0.05 No. LComm alleles (<25%)
: ! 0.00

F2
LS

Populations

3 ZREMERFAERS HMER

F3

mm No. LComm alleles (<50%)

Fig. 3  Allelic patterns across three generations of single-spore strains.
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Fig. 4 Analyses of nucleotide diversity between
different generations of single-spore strains. Dxy:
Average number of nucleotide substitution per site
between populations.
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&AL, F2 $1A 6 FIpRRAERAEAY, F3 #1425
PO Re A B RY , ORR A SRR () B B AE F3 vp
ATHSR MR, 18 A AT BRI A 7R T 78 1 HoAth B A5 AU A
R RI(E 5A); ZER| F3 Bl L, i
AYHT 25 FHEAERIZE F3 i B E AR S5
R AR TS0, BB F3 el —F R FR—4r 3%
R ERFR B RR N F2 9 R —A> Bt 4% 57 B ik b Pk
BRI AR, W 112, 113, 114, 118)
SR 2 AL 3 AN TRAR RS B AR RIS O, A
252253, 374, 378, 671, 673, 424 425, 491,
495, 173, 178, 424, 425, 335, 336, 331, 466,
467, 464, 493, 494, 492; IMifE F2 "stiR/>
HEUX RS, R 15, 16 4 SL[E il Bfs Rl (&
5B), KL HE 2B AR B
(R , AN [ B b 2 B) e 2 B R e s i
KA.
242 SFRHESH

FAAr B AR AMOVA A3 3 (& 5)
s, 16 3 ANMLMRERIS RS, B As
S 96%K A B— NN, HA 4%
()it A% 28 5ok B R R R AR Z (8], 73 oK
FARRBA R N Rt f5 2R S A e g it
Br B #4538 T B R 5 (P<0.01), REWE
L EEZoE ARANMAZE R, RFRCR N 25
BN BRI, ELAR R R0 5 R, L
RN 100%K KRN, MR RE R EEAE
SR 0, (HE AR P>0.01, RAELER
— KRNI, B IRTEAF R R AR Z A
WA W R rist e sk, BACR A A sfE 28 7 KT
KA BIEAL 2 5 (3K 6).
243 FUEROHT

76 PCoAl Fl PCoA2 WiM4ERE FANAT LI
F1. F2 fil F3 =AY & A m bR o7, A8 H
MERRENE, X RERITHEN
(Kl 6A), HTE PCoAl Fl1 PCoA2 PIN4ERE A
ALK L1-L5 94 Bt TR AR 53 1 (B 6B).
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%4

BEBEZKRBBAERTHIH

Table 4 Haplotypic distribution of single-spore strains in three generations

FAERIECH 1L A% =1
No. of haplotype F1 F2 F3
I 1 i
2 (26 (25 136 174 249053 252335 336 331 373 612 634 641
261 374 378 445 462 493 494 492 613 623 671 673
3 3 334
4 4 448
5 11 151 138 167 172 437 466 467 464 491 495
6 13 622
7 1516 33 43 49 61 62
67
8 17
9 24 165
10 37
1 26
12 36
13 ) 264
14 46 173 178 247 368 424 425 465 621
15 44
16 63
17 64
18 12
19 113 262
20 114
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Fig. 5 (A) Venn diagrams of shared haplotype events based on single-spore strains from three generations;
(B) Haplotype events based on single-spore of the same branch of the same lineage from the F3.

x5 BASEEKRARKMARERFRZL AMOVA 731

Table 5 AMOVA analysis of different generations and families of single-spore strains

A5 SRR A e ar RE! ¥y BRH A P
Source of variation Degrees of freedom  Sum of squares  Mean square  Percentage of variation (%)  P-value
fRZ&IA] Among generations 2 67.365 33.683 4 <0.01
f{ & N Within generations 107 1 939.962 18.130 96 <0.01
B4R Total 109 2007.327

K Z[H] Among families 4 65.721 16.430 0 >0.01
% % N Within families 105 1 941.606 18.491 100 >0.01
JBESF Total 109 2007.327

*x6 BRANBEKNDTERIMN

Table 6 The analysis of molecular variance of all single-spore strains

A SR H I df 75 ¥5J5 ST PMH
Source of variation Degrees of freedom ~ Sum of squares ~ Mean square  Percentage of variation (%)  P-value
X 45[i] Among regions 4 69.963 17.491 0 >0.01
BRI Among population 5 163.559 32.712 11 <0.01
FE{A P Within population 95 1678.583 17.669 89 >0.01
JaAR S Total 10 1912.105 100
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x7 BEREISEHANRBEN CoXI EE SNPs QB L ENEHREH

Table 7 Recombination detected between SNPs sites of COXI gene in different generations of single-spore

strains

ReAZFR  EEEUAEAMAAGEE R R G AR

Community Number of shared or unique List of combinations of shared or unique recombination sites

name recombination site combinations

AllF2 F3 8 (138,150) (414,417) (318,321) (51,57) (279,282) (297,315) (108,117) (90,96)

AllF1 1 (165,168)

All F2 1 (79,84)

All F3 18 (66,79) (204,216) (285,297) (201,204) (240,255) (348,357) (276,279) (57,59)
(132,138) (255,276) (96,108) (216,234) (39,51) (315,318) (18,37) (150,165)
(321,336) (336,345)

F1 F3 1 (363,414)

All 6 (168,174) (283,285) (282,283)
(84,90) (387,406) (117,132)

F1 4 (162,165) (168,204) (81,87)
(327,363)

F2 15 (162,190) (33,37) (9,18) (9,51) (153,162)
(190,279) (6,9) (117,124) (387,396) (18,21) (324,336) (126,138) (336,363)
(321,324) (150,153)

F3 3 (165,177) (282,284) (79,87)

2.6 ZRitE COXI EE R RER R E
2.6.1 EE=FH

ik Multilocus 434K 4 H AYEX 2R 55X (index
of association, I1,\)HIFR%E &k FHZ M (phylogenetic
compatibility, PrC) 2 MEEFHE AT T
i 1a=0, H P>0.05 WIZRRAN[F) 57 5 14 507 i (K]
Z A AEREHL B 4 (RO R AR BRI SL),
T 1a XL E o0 us, Br AT 2 3
rBarD (TR UE . #5 1,40, P<0.05 WZER AR
P SN SN Z AL ES ., &
PrC#1, H P<0.01, WZE/RAN RIS RS54 3 K
ZIFE RS R BB RAESLEEL). 7
XTI Y PrC4l, H P<0.01 BFitiE
ML 2 fiEdE . AR Y 1a0, P<0.05, FRH
R RARAAEERENLE D ; (A2 RS K B
ZSHEB PrC#1, P<0.01, FeHARE S E1EAERRIEHL
FEASMIEA T 9).
2.6.2 ZRAAEERZEN

AW P IEEE RS YMF1.03037 Zekifk

540 EYIER

SERA X, EMPTAENFERY coxl HH
AR TR 122 814-123 038 bp., 138 923-139 031 bp
PHB P HIAHVCEL, Tl R B 131 526
131 555 bp i1 138 923-139 031 bp FHHLILEL, %
JEp B g5 T W 5 gk R 3 PR 2 Hp AT T — B
JEHSEHEVCHEL . FRA I LAFTHSE Y A. oligospora 1)
HAth 3 ¥R YMF1.02775 (MN977365) . YMF1.02765
(MN977364)F1 YMF1.01883 (MK571436)f) COXI
FE AT T BLAST BB LLXT, ABARE 2 BRI 2]
MEEERT 90%, MARIEKRT 99.6%. SR
YMF1.03037 S5 EMTHXTERER T 50%2£47 1)
B, 3 H YMF1.03037 M _EHox e 2 BB £ 5
H SRR 3 BRI EEXS 255, At 28 55 AR
WAK, B YMF1.03037 (4 JE R4 R Al BEfEAE
[, kL P B S 4 AR S R R TR bk
COX1 S IR BRI 2R A . b, A
IR 110 554 B 791K S5 5 25 @ Al & s h iy JL
AFPE) COXT FERIPCRLEE B3k 96%-100% , XAl
FXoF 22 S5 ) i R P REE RA AR YMF1.03037
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Table 8 Recombination detected between SNPs sites of COXI gene in different lineages of single-spore strains

Ir) coxr KM, F—REE S A. tubingensis

TEAR AR
Community
name

e A B AN S A
Number of shared or unique
recombination site combinations

e A LR S A

List of combinations of shared or unique recombination sites

AIL1L2L3L4L5
ANlL1L2L4LS
AlILI L3L4L5
AllL1L3L4L5
AllL2 L3 L4
AllL1L2
AllL1 L2
AllL1 L4
AllL2 14
AllL3 L4
L1L4L5
L2L3L5
L2L4L5

All L1

All L2

AllL3

All L4

L1L2

L1L4

L1LS

L2 14

L3 L4

L3L5

L4L5

All

L1

L2

L3

L4

L5

4
1
1

—_— W W

NN W

10

11

10

(285,297) (108,117) (318,321) (51,57)
(138,150)

(96,108)

(39,51)

(279,282)

(324,336) (321,324)
(216,234)

(90,96)

(276,279) (414,417)

(18,37)

(79,87)

(78,79)

(150,153)

(165,168) (201,204) (315,318)
(283,285) (282,283) (79,84) (297,315) (336,345)
(150,165)

(204,216) (348,357) (57,59)
(9,18) (57,60)

(363,414)

(297,300)

(153,162)

(297,309)

(372,414) (57,63)

(309,315)

(66,79) (168,174) (240,255) (132,138) (117,132) (255,276) (84,90)

(387,406) (321,336)

(240,271) (124,138) (18,36) (271,276) (66,69) (60,63) (300,315)

(276,282) (345,363) (150,162)

(6,9) (117,124) (126,138) (396,399) (162,190) (87,96) (399,414)

(42,51) (190,216) (387,396) (60,66)

(165,177) (204,234) (336,357) (63,78) (123,138) (234,255) (195,204)

(309,318) (81,87) (282,285)

(162,165) (216,240) (60,79) (177,204) (333,345) (321,327) (59,60)

(282,284)
(18,27) (27,37) (279,285) (153,234) (63,69)
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Fig. 8 Venn diagrams of shared recombination events based on different generations (A) and lineages (B).

x99 ET=RKERERNEHLESN

Table 9 Recombination analysis based on single-spore strains from three generations
GEETE S rBarD {4 RO TN HR ARG EL
Sample set rBarD (P value) PrC (P value) I (P value)
F1 (n=5) 0.200 (<0.001) 0.985 (<0.001) 14.357 (<0.001)
F2 (n=21) 0.213 (<0.001) 0.860 (<0.001) 20.193 (<0.001)
F3 (n=84) 0.119 (<0.001) 0.659 (<0.001) 12.763 (<0.001)

Penicillium levitum strain NRRL 705 cytochrome ¢ oxidase subunit 1 (cox1) gene Aspergillus tubingensis WU-2223L DNA, I

plete ge
Sequence ID: JN626048.1 Length: 576 Number of Matches: 1 Sequence ID: LC645447.1 Length: 32383 Number of Matches: 1
Range 1: 32 to 506 ¢ Range 1: 26491 to 2696 caphy
Evpact Tdeil e 630 bs(920) Go . ariasiesne) Sasiow)  pus/mnus
790 bits(875) 0.0 464/480(97%) 5/480(1%) Plus/Plus = == 4 =
Query 3 TGGTACTTTATACTTAATTGTATTGCATTATTCTCAGGTTTATTAGGTACAGCATTTTCT 62
Query 5  GGTACTCTATACTTAATGTTTTACATTATTTTCAGGATTAATAGGAACAGCGTTTTCAGT 64 AL L LT
LTI LT Sbict 26967 TGGTACTTTATACTTAAT-GT-TTGCATTATTCTCAGGTTTATTAGGTACAGCATTITCT 26010
Sbjct 32  GGTACTCTATACTTAATGTTTT-CATTATTTTCAGGGTTAATAGGAACAGCATTTTCACT 90 Query 89 ST TG T o) 122
Query 65 A‘ﬂﬁ'ﬁmﬂﬁﬁﬂ"fﬁﬁ%fﬁﬁ%ﬂﬁ"mﬂ'ﬁﬂ?ﬁﬂ'ﬁm‘ﬁﬂﬂ? 12¢ Shict 26909 GTACTTATAAGATTAGAATTATCTGGACCTGGTGTTCAATATATAGCTGATAACCAATTA 26850
Sbjct 91  ACTTATAAGATTAGAGCTTTCAGGACCAGGAGTACAATATATTTCACATAACCAATTATA 150 Query 123 TATAATAGTATAATAACAGCTCATGCTATT TICTICATGOTTATGCCVGCT 182
HHH\\HH\H\HH\H\HH\H\H\HHHHHHHHIHH 111
Query 125 TAATACTATAATAACAGCTCATGCTATAATCATGATTTTCTTTATCGTTATGCCAGCTTT 184 Shict 26849 TATAATAGTATAATAACAGCTCATGCTATTATGATGATTTTCTTCATGGTTATGCCAGCT 26790
ot 11 ARG AT T 21 w10 TR IS TSI
Query 185 AATAGGTCGTTTTGGTAATTTCTTATTACCATTATTAGTGGGTGGTCCACATATGGCATT 244 Sbjct 26789 TTAATCGGAGGATTCGGTAATT TATTACCATTATTAGTAGGAGGTCCTGATATGGCA 26730
. \\H\H\H\H\HHHHHHHHHHHHIHHIHIHIHIHIHI Query 243 CCCTACATTAAATAA TATTACTACCTACTTTATTATTATTICTA 302
sbjct 211 GTAGGTGGTCCAGATA 270 A HHH\\HH\H\HH\H\HH\H\H\HHHHHHHHIHHHH
Sbjct 26729 TATTACTACCTAGTTTATTATTATTIGTA 26670
Query 245 COCAAGATTAAATAATATAAGTTTCTGATTATTAGTGCCTAGTTTATICTTATTTATATT 304
T LT O T T T Query 303 TTCTCTGCAGCANTAGAAAATGGTGCACGTACAGGATGAACTATTTATCCTCCTTTATCA 362

j LLLELECETEEELCTEEE LT C TP
Sbjet 271 COCTACATTAAATAATATAAGTTICTGATTATTAGTCCCTACTITATTTTIATITATATT 330 Sbjct 26669 TICTCTGCAGCAATAGAAAATGGTGCAGGTACAGGATGAACTATTTATCCTCCTTTATCA 26610
Query 303 ‘ﬂ'ﬁGﬁA‘fmﬂﬁﬂ‘A“““T‘GﬁA‘Cﬁﬁ'c‘1"“\?‘C"ﬁA‘TﬁﬁﬁﬂﬁﬂlﬁTﬁAﬂf?ﬁ 304 Query 363 co TACAATCACACAGTGGACCAACTGTTCATTTACCAATYTTCGGTTTACACTTAAGT

22
| HHHHHHHHHHHH\HHHHHH PELTLLTLETTLTT L
Sbjct 331 CICAGCAACAATAGAGAATGGAGCAGGTACAGGATGAACATTATACCCACCATTAGCAGG 390 Sbjct 26809 AATACAAT ACACAGTCGA( TICGGTITACACTTAAGT 26550

'S

Query 365 TATACAATCTCACAGTGGACCAACTGTTGATTTAGCTATATTTGGTTTACACTTAAGTGG 424 Query 428 COMTIACTACTATCTIACCACCTATAMETICKTCAACAACCAATATTMATATAACAR 482
Shict 391 HT‘MMT@HE HT‘QQM& AéT‘éT‘T‘éAT‘T‘T‘MéT‘ HT.HT‘G!T‘.HAC‘AJTHG MT‘JA 250 Sbjct 26549 GGAATTAGTACTATGTTAGGAGCTATGAACTTCAT-AACAA-CAATATTAAATATCAGAA 26492
Query 425 TATAAGTAGTATGTTAGGTGCTATGAATTTGCTCCATAACAACARTATTARATATOACAR 484 Query 488 G s

. \HHHHHHHHHHHHH\H \HHHIHIHHHHIHIHI Sbjct 26491 G 20491
Sbjct 451 TATAAGTAGTATGTTAGGTCCTATGAATT ATAACARCAATATTARATATCACAA 506

9 AR CoX1 5 LA FRNBFEMATHEXMFIIILEXER
Fig. 9 The comparison results between the COX! sequence of this study and the published ones from genera
Penicillium and Aspergillus.
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Yo% 93] 1 IESZ (Doublet ef al. 2008), T
TR 22 f R A. oligospora T & , ZREFE
DL BAE L mtDNA 45 RS, H 4
oligospora J&=SAHA,, RKIE L RIAR FZLILER
WX — A, IEENOLT 4. oligospora HIJEAL
HEASHISREIS R . (BE A. oligospora
AR SR AL R AT R 2P L B TE R
AL IIE BL N KA A 1) mtDNA 781 8H% 45 )5
R, EHEERMSIAARFR mtDNA, B
mtDNA Z+% U1 2 4. oligospora ML i
A (Leducq ef al. 2017).

M YMF1.03037 & #k H 46 Ay B £ 40 &
o, AT RUR PR AR N F3 A4Sk b
Frryass, fArlae F3 AR AmEk N4 Fi
MF2 Z. 55, Zeahi i Ak R 3ghn
—HZ, HEH =R AmER 2R E
PSR A AR, AR S PRl Hak 3 —E R
HrTaess Bl 3 FiELL, —RMIERI S
BL A PRRRTE— KT BP A 5 PR 38 B 1R AR A
TORZRAE T I ELIH R BV A 3 [a] BT ) R
EARGER TR PR k. SISk,
XTI B A B A YU R BT 2
LN T — R IR, T R TESI Y £
FARFER COXT, RAE LR MERARIE eyt b
HER R IE T S UPE AR AR 1 2 4l (Hashimoto et al.
2015; Rodriguez-Pena et al. 2020), it Ed)
ARG il S5 B E S, o 5
Tt RAFTE AT e 2 T BOR AR A =il A
M AR IRAYEE A s S o Pt 2 I L TR R 70 A
YRI5, MZZARETE Leveillula tauric BT
ARSI eyt b SFUEPEXT AR R FIBR SN 77
(quinone outside inhibitor fungicides, Qols);= 4k ifif
Zj(Mosquera et al. 2019). SR, ZebiiAE B
FEATNRREN R, TEAEYAERK TSR A
AL, BIINZoRATE B e il E A
M, eSS EZAEY) PR AF7EXT DNA #4558

DNA #5535 5 (AN rL gt i Sl B RE T, I AZeots
PRSP R 2 B RS Tl
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