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Abstract: Nematophagous fungi (NTF) serve as natural enemies of nematodes, which are potential
biocontrol agents for plant-parasitic nematodes. NTF can attack and kill nematodes through producing
specialized capturing devices, adhesive conidia or toxins. In recent years, with the advances in
sequencing technology and the application of bioinformatics, more and more fungal genomes have
been sequenced and reported. At present, genomes of seven NTF, including the nematode-trapping
fungus Arthrobotrys oligospora, the egg and cyst-parasitic fungus Pochonia chlamydosporia and the
endoparasitic fungus Hirsutella minnesotensis, etc., have been sequenced and reported. In this paper,
the genomic characteristics, the expansion of virulence-related gene families, the regulation of trap
formation and evolution of NTF were systematically summarized, and key problems of NTF in the
omics erawere reviewed.
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B IRERE A . M. SR EL R
M —2RITHE, WA . BHE . AT
WA, ENTDRLRRRE, fEMEYAF AL R4y
B A P T AN R ek gt
BATTAT RL 43 o i 2 L R (Nematode-trapping
fungi). £&H N %74 B (Endoparasitic fungi) . £kt
YW 2 4= B 7H (Egg-parasitic fungi) F1 7 # 1L
(Toxin-producing fungi)Pd R ERER . Horb frek
LS DU R B AT RS PR ER | ORI
RO PR A5 £ 4 T (il 2 ) A B U 2T
[ A A R RA NS N Sp s (B PUK &% N OF v A et 1
B RTELR BRI — T, KRN ES
PEBHEE A T U I | R R S — 2R A
A AL R R — e R R B, H
A C A7 Z P 4 s LR 9 T & ™ i 48
WEEMIBTIE, Wik 2417 % (Paecilomyces lilacinus
syn. Purpureocillium lilacinum)!® 1§ 5% 7 Jg 17 5
(Pochonia chlamydosporia)t¥ .,

AR, BEEMTFEARMIGE LR, C&f
7 PR R B AL S, IS 3 M e
4 i 7T EL 765 AL (Arthrobotrys oligospora)® |
1 K 761 B4 T3 71 (Monacrosporium haptotylum syn.
Dactylellina haptotyla)!® 1 7 4= i 45 ¥f 19 B 75
Drechslerella stenobrochal ™ | £k tt B 25 /1= B0 5 v 45
L7 5 (P lilacinum)® F1 5 #5 3% 7] J2 WE B (P.
chlamydosporia)® | 1A 25 4= 2L W] JE 75 ik ol B
(Hirsutella  minnesotensis)™®  fil  Drechmeria
coniospora™ . 53 I [ 41 AR I A3 afk—
IR T ML RS0 T %, A8
For B X — FRIR T BB 1 TR 22 KRR B R
(4 F AL . DA R B0 56 DR 4 S TR I i 7 5k 3
G, A3 BT I B P S R R R A 2R A EAE A
B, X Rk AR B T & B R
e T X

1 HELRERMAHNTFEEFEHESR
B R
11 HEGHEENESIERE RIS
B L R FUR R B SRR 2 0B R, B
B MR T E R RS LR A= Fl
AR A IR A R N TR
A, EAGE R 2 RS R AR R R, T
BE R G B s I s e A R
G, HAIE R =4 M B AR L . TR
2R B BB F A, oligospora w2 i i = 4E
WA AR LR AL () 1A), =4k W BT BV 2 1
2RISR, NS — DI NS SR 2 18]
93 S AT I — T L A R Bk
SRR SR BT ORGP A A, HAE 1-3 4>l

FR (1] 1B)PY T — 8 L A 5 B 2 1 B A
JEEL A, R RS IR AGE B = AL
YEFR(FE 1C)22 L) sl B8 1 3 TR IS S
YR IEAA ALt 00 A, W Al — ol
HEeS, B Drechder (1937)#iE, 1N
3 AL (& 1D)2 R, R AL
BE, M THARIEIT R B 40T R VIR 2 H0H
Fr 2 i B R T i S H (T35 )P4 1
BZRE. AL, DRI B R R
A E R R, — SRR 5
— RGO R A TR, S R L R
BRFIDRME 43 37 4 (e R o L)
PR W iERt 3 AL, 4Lk
AFRIE, ARG, Zedupiigk . IR R
S ph 2k oW ORI 9 R D T A, O ELBA &R
Wi, R 0ls, RIGHLaEEIFEWNL
2 PN TR VR R B — 2 L AR AN R S
FEl, S SR AR P BORS IR 5, iR A
IR 2
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12 GHANSHEEERMIISEEERRLEEHDY
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MR IR YLk U AR, 2k N 77 2R L Y
#1543 M %, % 9 T (Encysting spore) . K 1 4 1
(Adhesive conidium)F17F &1 F(Ingested conidium)
=21 2k g2 4R ELE Myzocytium (935 Z R B RE
FEAE AL, B TR Y Uy U e
e Bl A58 7™ A= A3 W B R sl 6L, 18 3148 )
BIBLTE , TE L U 1 I sl A RE IR 11 B 1A i 2o ™
A ZEREAR AR, FES RN TE I B A, 4k
Ml & & WL Eh#17-4%. 1 Drechmeria. Hirsutella,
Verticillium F1 Harposporium £k 1 Py 25 4 B HR Y
— S T AR I TR AR
EHATIZ Y. Harposporium i ) —S6ff = 4= g
WA EL HAF T, B ELUGHE T2 R 0msE
s F, ARG TR Y. H. minnesotensis
Fl D. coniospora &£k N A HE K. D.
coniospora A LAy Az i AloRs I A 1 IR gL 26
BEAS A A3 A A0 AT DAAE — i T 0K 1 25 LUOKS
A 381 2 e A 5 )2 B3 Sk 50 R A/ B DX ) SR 5 44 |

(K 1E). KBS, TEREZZENIEBURGL M, A
JETER G N P A B IR 22 T 22— PR K
FE L d, S TE 3d I HT 3B IF A
2R A AR R HL minnesotensis L2 i i+t
AR AT, ZEIE AR IR AL Ak
WZZHFELR B FRARK , AN RIE N AR
(1% 1F)[29—30]o

5 S 11 S S = A < i 7/ L A S o
chlamydosporia. P. lilacinum, Clonostachys rosea
Al Lecanicillium psalliotae, X 46Fh#k)E T % #
f) Clavicipineaceous ELIH, ‘& {145 [ HUp JF EL B 4N
Metarhizium spp. A 3T SR Z . P. lilacinum
TR A TR R IR AN 22 (K] 1G), J= ARk
() Btk 25 R85 A8 I3 Aot 2 W 2 P AN LT o g 2 07
LMMEEsE, JEEIINAER, ERIDNE SR 2K
FrEUt, [FRE, P. chlamydosporia A] 274 TAR 252k
1 (Meloidogyne spp.) Fllifd #E 4k i (Heterodera spp.)AY
My, R L AN R P (B H)BY, RS — R
ANTERE A HLTRITEON S s O A L, SRS TERLIR %
K fife it 22 2L (R T 58 JOnT s DR FE L i) 27 A

Bl EL&HERERMEREERT

Figurel Thetrapsand infectious sporesof nematophagous fungi

T A: A oligospora JE AU =4 ™ B: M. haptotylum #7222 0 43 SR BERIE R ERD ;. C. ARledi 3™ D: 2k
ik D. stenobrocha Wi #4fi#e! ; E: D. coniospora #7161 EAMKIE AEULETIE BIHRRIRA 3 770 F: H. minnesotensis
1A EH Y G: P. lilacinus (494370 T 7E AR 45 4% dt (Mel oidogyne javanica) B (125 i 57 &1 H: P. chlamydosporia 7£4% H (Trichuris
trichiura)ip_bJE 25 A,

Note: A: The three dimensional networks produced by A. oligosporal®™; B: The adhesive knobs produced by M. haptotylum, it is a spherical
cell formed on the apex of a hyphal branch™; C: Stalked knobs and nonconstricting rings”; D: The nematode was captured by the D.
stenobrocha contraction ring”; E: Teardrop-shaped conidia form on individual pegs of the conidiophores on the external surface of the
host!*®!; F: Conidium of H. minnesotensis®; G: Germinated Paecilomyces lilacinus spores on the surface of a Meloidogyne javanica egg*”;
H: Formation of appressoria of P. chlamydosporia on T. trichiura eggs'™®.
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2 BLRMEWERANFMIE
AW PR R, 4 R B E AR 1
Wk TR, HATCSA 7 i EL AR
LR HPARIE . 2011 4F, ATRBANE 774 =
Y I (R 75 MAFL(A. oligospora) iS4 B
TIFb 2 P A U G AL FL LT (M. haptotylum)
1 D. stenobrocha [ BRI 2t g I 187 BEF5 A
FIEE R 41K/ A 40.02 Mb, G+C%¢5 5 45.2%,
S LI SOH 11 479 (35 1). 2013 4F, Hidl
% Meerupati 2535 T M. haptotylum (3 21,
IR FYA KN 404 Mb, G+C% 5 >
45.24%, Sl HFERECE O 10 959 (% 1), Hil
RSB AT LIRS, BIRR AD RS P AR 0 B
PR AR AL, S — P BRI, BT
A S B 6290 0 HE | 2 AN BT
A 02 20% 01 FE N S E AT A 02 16%01) 5 R 26
o TR, TR ) R B M.
haptotylum 1 A. oligospora #4 f& FE Y 14 i [ 52
J%(Gene family) B 2255 %08, G524 =R
BN . =R N b & A oK AL G W 4as & G5 I
WSC (Water-soluble carbohydrate) Flkt & 1145 k) 15
AR RSB A, M. haptotylum (497N
WAEE 11 (Small secreted proteins, SSPs)7 {242k HiY
W B A D) B, JF R EE T AR
(Repeat-induced point mutations, RIP)0 ., SSPs
(%) e 2 TR PR T 0k 3 WA 1 2 L TR A ) 2
F. U S PR e LR A % 3 AR D) e
Hh [ B B i AR I 5 BT 4 A ALY B DR A
WSE T F= A IR R B D. stenobrocha 3 FI 417
51, 5 A. oligospora il M. haptotylum A7t , LA
4175/17(29.02 Mb), G+C% 175 i (52.5%), Zihis
FEARRREE BT 7811 (R ). —240
MrZ B, D. stenobrocha 4 /Ni3ER 4 5 H AT 55
D (5% - PN EL S )7 4 G % . [A]IsT, D. stenobrocha
IR AT B, SiGERES

2 R B SR AR 2R (Lectin) 3 (), U
WA R AR BT R U TR B R AR A% . FLE LA
L5 BTt TR SR A 48 L R R R R B
F9 5 £ L AL T SR B i

H. minnesotensis J& 55—~ 8%l ¥ 1Y 4k BN 2F
AR, HEERA K/ A 51.4 Mb, G+C% & h
52.1%, 4l AR H 12 702 (& 1)1, 15
TR RN, T 00 i R A v 4 5 RS B
1% B B 2 AT T 1 48 2% I Aok 1 W Y 7K i 16 (GH'9)
FNFHBAD, Mgt E ARG . 55 % A
WA RN H 2k DM RiE, B
— PR 24 B D. coniospora 5L R 4By, H:
FENH K/ A 325 Mb, G+C% &+l 55.2%, %
MEAINEH N 8 733 (£ 1). AW AN, D.
coniospora ifi i H JLF- 58 4 L M i N B A AR TG
X, SIS HEEE RGN Z B R R IERE
FIERITRIAL , A1 B R 280 M BT S -1
#HH AE & M1 (Pathogen-host interaction, PHI). )i
Y 7 T B RNBUE Y SSPs 4 1 1 ] s 1 1Y
R B 28 375 1 5 A )2 R 224 D. coniospora 1
BEER T R K& A ROK R 3EH D.
coniospora & R Z4H A X s S I E X,
(3G Lk . ki . rDNA B FLK i Rl e Sk
=R XM,

2014 4, 2k B 77 4= H B P. chlamydosporia )
FERH B HRIE , L RS4RI R 42.4 Mb,
G+C% & i 49.9%, MBEAREKE AN
11079 (£ 1), 1% FLIE LR 4 5 B & 42 g i /K i
WA IR, AR AR I . OWE T K R I A oK AL A
YtehEzER | r, P lilacinum 36-1 (LRI kR
1 , HILHH AN 37.61 Mb, G+Co% -l 58.57%,
A R H oy 13 150 (36 1); A4 A
SRS HT R BNZ LA & & S EOR HEA C SE A
Feal 225U RSB AN . TR S S
Jeok fmig e

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



EhUR AT B O IR ALy RN A B o 879
F1 AtkhEEMGSHREEEE AT
Tablel General characteristicsof genomes of nematophagous and partial pathogenic fungi
) Scaffolds  Scaffold SMNEF/ tRNA
sy RPN ROGERE MEE g e SrOWEE B am s
Fungi sif:FM b) cod r?geé]r;n&s e %\ﬁg Number of  Scaffold (%Z)O nten (ge?; peri/lt)tl)) Exons tRNA References
scaffolds  N50 (kb) gene  genes
PC 42.40 11 079 136.0 956 225.00 49.90 294.0 = 45.0 [9,34]
AO 40.02 11 479 37.0 215 2 040.00 45.20 286.0 3.80 154.0 [5]
MH 40.40 10 959 28.0 1 279 190.20 45.24 271.0 330 149.0 [6]
DS 29.02 7781 80.0 142 434.40 52.50 268.3 3.50 82.0 [7]
PL 37.61 13 150 75.0 240 1328.00 58.57 346.0 = 103.0 [8]
HM 51.40 12 702 128.0 967 382.40 52.10 247.1 250 145.0 [20]
DC 32.50 8281 100.0 75 3860.00 55.20 = 3.80 1250 [11]
MO 40.98 12936 20.0 1823 12.30 51.59 335.2 = 40.5 [35]
FG 36.35 11 624 85.0 31 5.35 48.36 322.5 3.22 = [36]
MA 39.00 10 891 100.0 176 3.22 51.49 2711 280 1410 [37]
BB 33.70 10 364 76.6 242 = 51.50 308.0 270 1130 [38]

. HRBEFMZ4E . AO: A oligospora; DS: D. stenobrocha; MH: M. haptotylum; HM: H. minnesotensis; PC: P. chlamydosporia;
PL: P. lilacinus; DC: D. coniospora; BB: Beauveria bassiana; MA : Metarhizium anisopliae; MO: Magnaporthe oryzae; FG: Fusarium

graminearum. —:  JCHISCHR.

Note: Species abbreviations: AO: A. oligospora; DS: D. stenobrocha; MH: M. haptotylum; HM: H. minnesotensis, PC: P. chlamydosporia;
PL: P. lilacinus;, DC: D. coniospora; BB: B. bassiana; MA: M. anisopliag; MO: M. oryzae; FG: F. graminearum. —: Without reported data.

3 RLMEFEEFIHRERFERILER

AR B Y o B v e A 2 Rh g g A
F, Hor A K S T o AR A A R 2 AR
25 i (Subtilisin) ML T i fil§ (Chitinase), EA1Z
G R A Y R AT R 2 o
YR T 24 N ARREAN, 01558 T
MEGEHE, Hor 20 M@ TR EEE K 5K00%, {166
g i 72 2 HURIAC AR A RE 26 11 R 11 P (38 2)P%2,
FEXTFA 2 RO, 28 Ha N 27 AR FN B0 27 AR LR
Hh 22 S R B I R AR X2, 4 H. minnesotensis
rh 22 G TR A T B AR R R SR A A — M 2, TTIAE
D. coniospora %t 4H rh 22 24 R £ 11 il 5k LA
26 1~, 7E P. lilacinum 36-1 3£ R 4145 30 4>, P.
chlamydosporia J [ 2 22 24 iR £ 11 Bl 56 K 2 18
32 N (F 2)o M TLMRANFFARMINAFA TR A A
i, DRHCAT RE 32 20 T HA S RO RIS B
24 IR R AR B R R R (0 aB A AL, X
S BTl A R LR R A A M LR A AR e R

b B 22 55 LT e B R ek B Y
HEH SN, T LR B A R
Ao A R X, b REAE R
EEEA 1L ASJLT B, HiA A oligospora JE R 41
hEA 16 LT B, Hrb 12408 T GH18 %Kik
VIER, 44ETF GHI8 KM 111 MY gk dypy
AN A A FLE AP S 22 ASJLT R
fifg, 1 H. minnesotensis FL R4 H &F 23 LT R
fig, P. lilacinum 36-1 JEFEH LT EEEH 21k
32>, 1fi D. coniospora &4 13 4A~JLT i A
(£ 2). [AEE, 57 PR s A B 2 L A (an
A. oligospora #1 M. haptotylum)H [t £k 1N 274 Fl
IR A L A B/ B R Al L, X ATRE S
EAMR YL FA 2, 40 H. minnesotensis
— B ARG B e E A TUZE, R AR A A T
W, SiEE—ERE, R Y Hit,

LRNFEBERTRATE B ZE8ERZHT
Hh . M A. oligospora il M. haptotylum 75 %218 15 ¥t
LR IREBAE B 1 Ze ki . 53 S0 AR WS 4 1 a
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HEZE L D. stenobrocha tL4hdds st = e
D. stenobrocha 5&H 41 HXRINAELE 1 Fh GalNA 4
B R (TE A oligospora 4 4 Fh) A 1 Ffs el
SEBEER (2 A oligospora ol 5 Fl), &I D.
stenobrocha HA 55 I EEE R S HRBIRE ST i
2 L LT R 2 L PN B A RO AT A LR O 2k HURG
VR 22 Sl S e JLRIRE PR T sl s 5
4 CFEM (Common in several fungal extracellular
membrane proteins) Al GLEYA 4% #4 1 (GLEYA
domain) i1 £ 1 7E £k 1N A7 Az EL R4 B R DR A
B 21, Hirh GLEYA JRAEELHIR I 3 h
PR —FhBROK AL s 4 s Mg 32

FLEA BB 2 & R AR, IRk AE
TR IR R R B AR LR L, A LeA ™ g
PR 2210 S T R AT 449 SR 4 2110
R IEA AU W e S22 T — A58 R T
R, fEREY, Z5REREHYE S22
WAk A W4 i (Polyketide synthases, PKS)FIHER%
WA KA i (Non-ribosomal peptide synthetases,
NRPS), ik MEFEEFAHTH 4-12 4~ PKS
I NRPS, i 7E Lk B P A7 A 0 B2 A L R 20
PKS 1 NRPS (% H %9 1#(25-52 1), W A
oligospora FEH L4 5 1 PKS #l 7 4~ NRPS,
H. minnesotensis ZENZ1 54 29 4~ PKS #l 23 4>
NRPS, P. chlamydosporia 3K 4] H %745 15 4~ PKS
124> NRPS (3% 2), BN A A= FIOR a7 A= LA fE
g = A 2 AR AR ) . 1995 4, Anderson
ZEM A, oligospora HEE T 214 2% (Oligosporon) 2
TIRACHE ), FERE T e RE duE e,
I, ARSI E A S SE M A oligospora T X
SPERET 3 ANFEMRERWIEY, WA
Arthrobotrisins A—CH*1, gt — 2 BF5E K B, LUk
3FkE =5 A oligospora [IE&4678 | 3 H.
AN A oligospora ;=4 434 411 . Arthrobotrisins
A AIEHEEE M AIE AL, T Arthrobotrisins C
TR ECRE AT R BT, Xu 2 (2015) T

A. oligospora H1—-~ PKS J&[K (AOL_s002159283),
KIS AS HMR 4 Arthrobotrisins C Ji /b , {H 28458
R P 88 00 T I R TR 4 1) L B A PR i T
10 f 0 2 4519 B SRLU AT T, A A A
Y6 R (PK S F NRPS) LA 7E H. minnesotensis
FERA Y1 FH7E H. minnesotensis [T AE L
W P B — e LA R R PR A A 0
7E B U I L R EE Tk AR R A a3
DR 6 o e B i R st e i Y | e Y
I PUBERE A0 A n. I, 2 N3k EE e
TR A S IE X AT e & A B F L HR e &
BRI, 7 B T2 B PN I 2 s A Y AR s
/NG F A BT

4 LS ORI R R

HEE M B AR AR e R E 2
v, XTHIE RHLEI AT S T T AT 12
2001 4, Chen 25k iS5+ =Rk G &1 (Heterotrimeric
G-protein) F145 & -4/ 2 1 (Ca*-cal modulin) 7E it
2057 B 7 200 S 100 A Al sz 7 HP A Sk o0 114 D A A
RAFAEAPY, fiE, D. stenobrocha #4143
AR e S FE 5 B A C (PKC)R 518 % %
Zn(2)-C6 3 T4 . AR, 4 M. haptotylum
IS KB, TEREIERURE HEBR A ], —2id 54k
VIR 1 . SRR PR ) S B il Ik DR LA Kk I il
R AL R DR Y 22 1 KO 2 13128

2011 4, AU 1 X AR T AR SR 4]
M AR R, FEE e i 2
Yirrista s 5, WG S Sk e
S REFRG B 2R A AE A . Al s HHAR
LA EEA YA RS RIS S
AT AR AR Y B 53 S B R ) D RE UEA 7
THE . SRR A R CRERRIG I G, @
I T2 A6 A7 358 DR 2 v A 3 SR R 5l g 32 [ 2 3
R AL R , R B — IR FI A IR 4
fro P FIBR AR MR AT B L Rt B TR R
AR, AoMadl 5 B Hujs 5 EL R 4 o T4
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(Metarhizium anisopliae) I 4 11 Madl [R1J8,
Fk AoMadl JE[Hf5, TRIAR —4ERIME RS PEY) s
BT [T, (NHg)2SO04 Fll NHLCl 25 ELE 1 S H
MR IR A REE S AAoMadl B Ak 7 AR 2%, T
NaNOs. JRZ M BRI SR OL R R IR RE 7
AAoMadl Tk B 2 AR MRS SR
A 4RI, HRERR R R RS S
T TR A B DR s, AR
W R P, 34N (U Senotrophomonas maltophilia)
REr AR R, 15 0T AR A Bk R LA A
filith. HE—DAFRIL, PREE N B A LRE
R utp79 A utp215 JEA B E AN, FEE A
(IR — 25 oy — S A <, Hrp 2k
TS TR, fr, A E
DA S 2 A L TR 28 B B A5 -5 PR AL A
TRES, RIMERRL RAE 2SR RE T T A
FEAE AR, e R AT R AN R A SRR
FasAIE R Ho G A5 53l B T e TEAf A E
R R R T MY R, Al
LB A B R R 4, A2
RS, I HAFRZEB R 2R L o] a2
ANFIY
5 WHELBREFNERNHFEEEKEL
vy

A o X T R A1 2 R L A PR T S TR
TTRBERE A, R EL R TEWE S AR
TR A FA AP AE—E YRR O R . KA
KA FAF R ERAM AP AE Y TR R BE AT R AR
FABRAE L, TERXFIIREEIEEE T, —SEA R
P TR 75 22, mTReEfb i3 /N sl (an
28 ORI R I AE 1 S B e B
ER L R R H A T E & SR EMA X
(FEDR, TR AN A B SE R AR, R
Tl B TR 5 R AR A ) B AR ARLE A s i
e, i, 78 D. stenobrocha R4, A
147 SHEEL K 1 (Glycoside hydrolase, GH)Z:A,

7 A. oligospora FF A5 226 4~ GH M, 25 TR &
9 D AT PP 3 B (181 ), H LA e e LT
(280 AN)FNJE A= BLE (232 4~/ T HE D.
stenobrocha F1 A. oligospora %t K 28 mh & 4 = 5 ik
JK Ak 4 ¥ 1% 1 i (Carbohydrate-active enzymes,
CAZy) iR AL P Es & A F(CBM )R CEE A, SR
MAEAE Y R B TP AAAER) CBML 4 5 205 2L fi
RFPEA £ 2 LB RIS A BB P SR A7 (3% 21,
DR] Il £ 2 H T T R DR 2 PR sk K AL 5 0 5 e Tl R
LR A ELE AR, JF H D. stenobrocha 541
AT RN AER AR T B AR B AR AR DGR B R
PAFVR Y2 AR G HE ] B 2 B, DA a4l
HAEETIEARE, BA AN EA
FEM

Yang S5FIH 5 AR 0 Gafid B R AL 2 T
16 Fly= AN E AR BN AR AR T
W AR AT 2 T I A v TR BB Y
PR 2 2AE 419 MYA (Million years ago) i i 2k
Mk, RATEL R 500-600 MYA J5 .
1E - B-=84(251.4 MYA) K K451tk 4G
AN 7 T Sl B AR SO PR B TR R S B AR
(AR PETRT I . KGR S5 I ELRR AE R 20 246 MYA
AT R . 28R AR TR B E 2 ERY
198-208 MYA [ EAL M , ;X ANFr B b bk T =&
20 -1k % 40 R K 4 37 (201.4 MYA) ] gk
Meerupati %} A. oligospora £l M. haptotylum (%53
ARistiE 4 i 1 REm], ffiTEat 16 P EE 602 4[]
IR Z B thds, #ES Y AL oligospora 1 M.
haptotylum (5L ] R 22 7E 14-18 MY AP

H. minnesotensis 22k U 2 A FDP 27 A= EL T
(3L R 20 -5 B s I B TR A S R AR, 6
HEIR RN RE K BTWRY], LoNTFad: ., IIEF
A B 5 R AR R A R sr 2, Hrp
BU A4 EL I P. chlamydosporia 5 243 I (41 M.
anisopliae F1 M. acridum)BE7E— 37, i H.
minnesotensis il D. coniospora 5 & M & &
(Ophiocordyceps sinensis) A5 53T 14 25 2% 6 2211029
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AL, SEFRAEAB T, H minnesotensis 5
O. sinensis 4] 2 23.9-33.9 MYA %,
DL R 2R, 4 P A RN O B A TR T
SRR FA RS, ENTEA T ReRE TR A
I3 i LA

6 RE

WEE ol P ROR R R g, HATE 24 34k
HEL IR 4 PR B A7 A A0 B 27 A LR 0 4
SEIRZHBIM e o S5 RE AL B s RNEE P2 2 0F
FERB, TERL R EE R RS R A KR
B RRIRI S, RLEHTEINTE T AN
ENTRERENZEL . EEAT RS, AR
AL 7 TR B . SR, AT Rk
FLA M A B2 A AR TR AR L], A5 IR
I 5E B 22 )7 He AN [ 28 TR 45 19 41 £ 2 TR LT 119 2
W, FERENEA EHATIRARIOITE . RIS, J
AL, EA B RARIPIFERY, fiadkdat
FIE i E— A A Y il e, A 2R
AR YRS S BR L, InfE S5
T BERACHI R AT HIk, 7ES)R AR
e B A R D R R SRR R T
AW TR, R WSR2 T LS . it
Hb, LR N AR LR R G U T HLH A5 H i
VIRR T3 B 4 2 SR REIN, SRR HL
O LR Y 22 5 30K LA SR P ML i i = TR A
T, BEMEREERTA R LB B2, 2N,
ESHIR ISR PSRN SN N
AT LR > TS0 T, AR AT
FEIX —FFPR I Y 1) L TR AT A ) A A 2R 1 AR U
Fedfe . AR B M BOR R AL SEE T R AP
Hemh, [ 2 oA e 2k A B o 7R Bt A B T
Befih

REFERENCES

[1] Zhang Y, Li GH, Zhang KQ. A review on the research of
nematophagous fungal species[J]. Mycosystema, 2011, 30(6):
836-845 (in Chinese)

SR, ZEEILL, skre . ek R IR MO, YA

(2]

(3]

(4

(5]

(6]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(19]

%, 2011, 30(6): 836-845

Zhang KQ, Liu XZ, Li TF. Biology of Nematophagous Fungi[M].
Beijing: China Science & Technology Press, 2001 (in Chinese)
FKRTCE), XA, R BLOLEY A EM]. deat P
FHFHAR ik, 2001

Kiewnick S, Neumann S, Sikora RA, et al. Effect of
Mel oi dogyne incognita inoculum density and application rate of
Paecilomyces lilacinus strain 251 on biocontrol efficacy and
colonization of egg masses analyzed by real-time quantitative
PCR[J]. Phytopathology, 2011, 101(1): 105-112
Manzanilla-Lépez RH, Esteves |, Finetti-Sialer MM, et al.
Pochonia chlamydosporia: advances and challenges to improve
its performance as a biological control agent of sedentary
Endo-parasitic nematodes[J]. Journal of Nematology, 2013,
45(1): 1-7

Yang JK, Wang L, Ji XL, et a. Genomic and proteomic
analyses of the fungus Arthrobotrys oligospora provide
insights into nematode-trap formation[J]. PLoS Pathogens,
2011, 7(9): 1002179

Meerupati T, Andersson KM, Friman E, et al. Genomic
mechanisms accounting for the adaptation to parasitism in
nematode-trapping  fungi[J]. PLoS  Genetics, 2013,
9(11): 1003909

Liu KK, Zhang WW, La YL, et a. Drechderella stenobrocha
genome illustrates the mechanism of constricting rings and the
origin of nematode predation in fungi[J]. BMC Genomics, 2014,
15: 114

Xie J, Li SJ, Mo CM, et a. Genome and transcriptome
sequences reveal the specific parasitism of the nematophagous
Purpureocillium lilacinum 36-1[J]. Frontiers in Microbiology,
2016, 7: 1084

LarribaE, Jaime MDLA, Carbonell-Caballero J, et al. Sequencing
and functional analysis of the genome of a nematode egg-parasitic
fungus, Pochonia chlamydosporia[J]. Fungal Genetics and
Biology, 2014, 65: 69-80

La YL, Liu KK, Zhang XY, et a. Comparative genomics and
transcriptomics analyses reveal divergent lifestyle features of
nematode endoparasitic fungus Hirsutella minnesotensig]J].
Genome Biology and Evolution, 2014, 6(11): 3077-3093
Lebrigand K, He LD, Thakur N, et al. Comparative genomic
analysis of Drechmeria coniospora reveals core and specific
genetic requirements for fungal endoparasitism of nematodes]J].
PL oS Genetics, 2016, 12(5): €1006017

Grenvold J, Wolstrup J, Nansen P, et al. Biotic and abiotic factors
influencing growth rate and production of traps by the
nematode-trapping fungus Duddingtonia flagrans when induced
by Cooperia oncophora larvae[J]. Journal of Helminthology,
1999, 73(2): 129-136

Sun MH, Liu XZ. Carbon requirements of some nematophagous,
entomopathogenic and mycoparasitic hyphomycetes as fungal
biocontrol agents]J]. Mycopathologia, 2006, 161(5): 295-305
Nordbring-Hertz B, Jansson HB, Tunlid A. Nematophagous
Fungi[M]. Chichester: John Wiley & Sons, Ltd, 2011

Ahrén D, Tholander M, Fekete C, et a. Comparison of gene
expression in trap cells and vegetative hyphae of the

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



884 (DG ESTE Microbiol. China
nematophagous ~ fungus  Monacrosporium  haptotylum{J]. TIF. IR TR PC152 FbkAE M R R T g

[16]

[17]

(18]

(19]

[20]

(21]

[22]

(23]

(24]

[29]

[26]

[27]

(28]

[29]

(30]

(31]

Microbiology, 2005, 151(3): 789-803

Zhang LW, Zhou ZF, Guo QN, et a. Insights into adaptations to a
near-obligate nematode endoparasitic lifestyle from the finished
genome of Drechmeria coniosporalJ]. Scientific Reports, 2016,
6: 23122

Holland RJ, Williams KL, Nevalainen KMH. Paecilomyces
lilacinus strain Bioact251 is not a plant endophyte[J].
Australasian Plant Pathology, 2003, 32(4): 473-478

Silva AR, Araljo JV, Braga FR, et a. Comparative anaysis of
destruction of the infective forms of Trichuris trichiura and
Haemonchus contortus by nematophagous fungi Pochonia
chlamydosporia; Duddingtonia flagrans and Monacrosporium
thaumasium by scanning electron microscopy[J]. Veterinary
Microbiology, 2011, 147(1/2): 214-219

Veenhuis M, Wijk C, Wyss U, et al. Significance of electron dense
microbodies in trap cells of the nematophagous fungus
Arthrobotrys oligospora[J]. Antonie van Leeuwenhoek, 1989,
56(3): 251-261

Yang Y, Yang EC, An ZQ, et a. Evolution of nematode-trapping
cells of predatory fungi of the Orbiliaceae based on evidence from
rRNA-encoding DNA and multiprotein sequences|J]. Proceedings
of the National Academy of Sciences of the United States of
America, 2007, 104(20): 8379-8384

Liu XZ, Xiang MC, Che YS. The living strategy of
nematophagous fungi[J]. Mycoscience, 2009, 50(1): 20-25
Drechder C. Some hyphomycetes that prey on free-living
terricolous nematodes[J]. Mycologia, 1937, 29(4): 447-552

Liu KK, Tian JQ, Xiang MC, et a. How carnivorous fungi use
three-celled constricting rings to trap nematodes[J]. Protein &
Cell, 2012, 3(5): 325-328

Li Y, Hyde KD, Jeewon R, et al. Phylogenetics and evolution of
nematode-trapping fungi (Orbiliales) estimated from nuclear and
protein coding genesJ]. Mycologia, 2005, 97(5): 1034-1046
Andersson KM, Kumar D, Bentzer J, et a. Interspecific and
host-related gene expression patterns in nematode-trapping
fungi[J]. BMC Genomics, 2014, 15(1): 968

Dijksterhuis J, Veenhuis M, Harder W, et a. Nematophagous
fungi: physiologica aspects and structure-function relationshipgJ].
Advancesin Microbia Physiology, 1994, 36: 111-143

Higgins ML, Pramer D. Fungal morphogenesis: ring formation
and closure by Arthrobotrys dactyloidesJ]. Science, 1967,
155(3760): 345-346

Moosavi MR, Zare R. Fungi as biological control agents of
plant-parasitic nematodes[C]//Mérillon J, Ramawat KG eds.
Plant Defence: Biological Control. Netherlands: Springer, 2012,
12: 67-107

Sturhan D, Schneider R. Hirsutella heteroderae, a new
nematode-parasitic  fungug[J]. Phytopathologische Zeitschrift,
1980, 99(2): 105-115

Liu XZ, Chen SY. Parasitism of Heterodera glycines by
Hirsutella spp. in Minnesota soybean fields[J]. Biological
Control, 2000, 19(2): 161-166

Shi Y. Studies on the biology and formulation of Pochonia
chlamydosporia 152 Strain[D]. Fuzhou: Master’s Thesis of Fujian
Agriculture and Forestry University, 2011 (in Chinese)

(32

(33]

(34]

(39]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

(43]

[44]

(49]

[D]. f@M: FREASRA AR L2083, 2011

Andersson KM, Meerupati T, Levander F, et al. Proteome of the
nematode-trapping cells of the fungus Monacrosporium
haptotylum[J]. Applied and Environmental Microbiology, 2013,
79(16): 4993-5004

Yang EC, Xu LL, Yang Y, et a. Origin and evolution of
carnivorism in the Ascomycota (fungi)[J]. Proceedings of the
National Academy of Sciences of the United States of America,
2012, 109(27): 10960-10965

Aranda-Martinez A, Lenfant N, Escudero N, et al. CAZyme
content of Pochonia chlamydosporia reflects that chitin and
chitosan modification are involved in nematode parasitism[J].
Environmental Microbiology, 2016, 18(11): 4200-4215

Xue MF, Yang J, Li ZG et a. Comparative anaysis of the
genomes of two field isolates of the rice blast fungus
Magnaporthe oryzae[J]. PL0S Genetics, 2012, 8(8): €1002869
Cuomo CA, Glldener U, Xu JR, et a. The Fusarium
graminearum genome reveals a link between localized
polymorphism and pathogen specialization[J]. Science, 2007,
317(5843): 1400-1402

Gao Q, Jn K, Ying SH, et a. Genome sequencing and
comparative transcriptomics of the model entomopathogenic
fungi Metarhizium anisopliae and M. acridum[J]. PLoS Genetics,
2011, 7(1): e1001264

Xiao GH, Ying SH, Zheng P, et al. Genomic perspectives on the
evolution of fungal entomopathogenicity in Beauveria
bassiana[J]. Scientific Reports, 2012, 2: 483

Li J, Yu L, Yang JK, et a. New insights into the evolution of
subtilisin-like serine protease genes in Pezizomycotina[J. BMC
Evolutionary Biology, 2010, 10: 68

Tang LY, Yang L, Xing XJ e da. Advances in
pathogenicity-related serine proteases in nematophagous fungi[J].
Microbiology China, 2017, 44(4): 911-919 (in Chinese)

VAT, WA, TSR, 45, frgh EUHEOR I L AR E
BRAIFITHE D). T p2Eiddi, 2017, 44(4): 911-919

Yang JK, Yu Y, Li J, et a. Characterization and functional
analyses of the chitinase-encoding genes in the nematode-
trapping fungus Arthrobotrys oligosporalJ]. Archives of
Microbiology, 2013, 195(7): 453-462

Yang JK, Liang LM, Li J, et a. Nematicidal enzymes from
microorganisms and their applications[J]. Applied Microbiology
and Biotechnology, 2013, 97(16): 7081-7095

Linder T, Gustafsson CM. Molecular phylogenetics of
ascomycotal adhesins-a novel family of putative cell-surface
adhesive proteins in fission yeasts[J]. Fungal Genetics and
Biology, 2008, 45(4): 485-497

Zhang HX, Tan JL., Wei LX, et a. Morphology regulatory
metabolites from Arthrobotrys oligospora[J]. Journa of Natural
Products, 2012, 75(7): 1419-1423

Degenkolb T, Vilcinskas A. Metabolites from nematophagous
fungi and nematicidal natural products from fungi as an
dternative for biological control. Part |: metabolites from
nematophagous ascomycetes[J]. Applied Microbiology and
Biotechnology, 2016, 100(9): 3799-3812

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



ThYEAE: A U EC TR AR K A Fr A0 5T 0

885

[46]

[47]

(48]

[49]

(50]

(51]

(52

Anderson MG, Jarman TB, Rickards RW. Structures and absolute
configurations of antibiotics of the oligosporon group from the
nematode-trapping fungus Arthrobotrys oligospora[J]. The
Journal of Antibiotics, 1995, 48(5): 391-398

Wei LX, Zhang HX, Tan JL, et a. Arthrobotrisins A-C,
oligosporons from the nematode-trapping fungus Arthrobotrys
oligospora[J]. Journal of Natura Products, 2011, 74(6):
1526-1530

Xu ZF, Wang BL, Sun HK, et a. High trap formation and low
metabolite production by disruption of the polyketide synthase
gene involved in the biosynthesis of arthrosporols from
nematode-trapping fungus Arthrobotrys oligosporalJ]. Journal of
Agricultural and Food Chemistry, 2015, 63(41): 9076-9082
Zhang WW, Cheng XL, Liu XZ, et a. Genome studies on
nematophagous and entomogenous fungi in China[J]. Journal of
Fungi, 2016, 2(1): 9

Wang B, Kang QJ, Lu YZ, et a. Unveiling the biosynthetic
puzzle of destruxins in Metarhizum species[J]. Proceedings of the
National Academy of Sciences of the United States of America,
2012, 109(4): 1287-1292

Xu YQ, Orozco R, Wijeratne EMK, et al. Biosynthesis of the
cyclooligomer depsipeptide beauvericin, a virulence factor of the
entomopathogenic fungus Beauveria bassiana[J]. Chemistry &
Biology, 2008, 15(9): 898-907

Xu YQ, Orozco R, Wijeratne EMK, et al. Biosynthesis of the
cyclooligomer depsipeptide bassianolide, an insecticidal virulence
factor of Beauveria bassiana[J]. Fungal Genetics and Biology,
2009, 46(5): 353-364

(53]

(54]

(59]

(56]

(57]

(58]

(59]

(60]

Chen TH, Hsu CS, Tsai PJ, et a. Heterotrimeric G-protein and
signal transduction in the nematode-trapping fungus Arthrobotrys
dactyloides[J]. Planta, 2001, 212(5/6): 858-863

Li J Zou CG Xu JP et a. Molecular mechanisms of
nematode-nematophagous microbe interactions: basis for
biological control of plant-parasitic nematodes[J]. Annual Review
of Phytopathology, 2015, 53: 67-95

Zhao XY, Wang YC, Zhao Y, et a. Malate synthase gene AoMIsiin
the nematode-trapping fungus Arthrobotrys oligospora contributes
to conidiation, trgp formation, and pathogenicity[J]. Applied
Microbiology and Biotechnology, 2014, 98(6): 2555-2563

Liang LM, Shen RF, Mo YY, et a. A proposed adhesin AoMadl
helps nematode-trapping fungus Arthrobotrys oligospora
recognizing host signals for life-style switching[J]. Fungal
Genetics and Biology, 2015, 81: 172-181

Liang LM, Liu ZH, Liu L, et a. The nitrate assimilation pathway
is involved in the trap formation of Arthrobotrys oligospora, a
nematode-trapping fungus]J]. Fungal Genetics and Biology, 2016,
92: 33-39

Wang X, Li GH, Zou CG et a. Bacteria can mobilize
nematode-trapping fungi to kill nematodes[J]. Nature
Communications, 2014, 5: 5776

Su H, Zhao Y, Zhou J, et al. Trapping devices of nematode-
trgpping fungi: formation, evolution, and genomic perspectivesJ].
Biological Reviews, 2017, 92(1): 357-368

Klosterman SJ, Subbarao KV, Kang SC, et a. Comparative
genomics yields insights into niche adaptation of plant vascular
wilt pathogens[J]. PLoS Pathogens, 2011, 7(7): €1002137

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



