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Abstract: Nonribosomal peptide natural products synthesized by Hypocrealean entomopathogenic fungi have
antibacterial, insecticidal, anticancer, immunomodulatory and other biological activities, with high potential for
application in clinical or agricultural fields. These bioactive compounds are synthesized by nonribosomal peptide
synthetases (NRPSs) and tailored by additional enzymes that are encoded by clustered genes. In addition to the 20

amino acids, non-canonical amino acids as well as a-hydroxy acids can also be incorporated into nonribosomal
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peptides as structural units, and these, together with further modifications, empower an almost unlimited structural
diversity. The rapid increase in the number of sequenced fungal genomes shows that there exists a large number of
nonribosomal peptide biosynthetic gene clusters with unknown functions. Accurate and effective prediction of the
functions of these "orphan" biosynthetic gene clusters can help to select those clusters that have potential to synthesize
novel natural products, and increase the efficiency of natural product genome mining. In this study, we systematically
analyzed the genes encoding NRPSs and their gene clusters in the genomes of 40 strains from Hypocrealean
entomopathogenic fungi. Genes encoding NRPSs were predicted and categorized based on the hidden Markov models
for adenylation, condensation and thiolation domains to reveal 445 modular NRPSs and 1243 NRPS-like proteins. A
sequence similarity network based on the amino acid sequences of adenylation domains of these synthetases was
constructed. Using adenylation domains from known NRPSs as references, we analyzed the main categories of
predicted nonribosomal peptide products using the Markov clustering algorithm. We identified several biosynthetic
gene clusters that potentially yield known bioactive compounds or their congeners. In addition, biosynthetic gene
clusters that may be able to produce new bioactive compounds belonging to the linear peptide, cyclic peptide,
lipopeptide, and alkaloid structural classes were also discovered. The results reveal a great potential of Hypocrealean
entomopathogenic fungi to synthesize nonribosomal peptides, and provide insight for genome mining to identify new

products by activating silent gene clusters or modifying biosynthetic pathways by synthetic biology methods.
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Tab.1 Annotion for NRPS domains in hypocrealean entomopathotenic fungi (HEF)

Description Function with HMM Source Cutoff (Score) Length Domains (SwissProt) Domains (HEF)
Adenylation domain AMP-binding PFAMO00501.21 55 418 280 2297
Condensation domain Condensation PFAMO00668.13 50 301 255 1483
Thiolation domain PP-binding PFAM0050.20 30 67 312 2775
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%2%  www.synbioj.com 821

7] (A 5 B AR . 73 32 59~61 Hhok H T4 Uk}
(Ophiocordycipitaceae) H1ZZ i # £} (Clavicipitaceae)
(IR AZHE 4 22 ik & B 8 3 NOR_07696 A3 .

733 46~ 51 X B AR RZ R A 2 Ik G R T RE
722 peptaibols 828 PE 2 ik B, AT M4 B T bR S
B Ah, 3B HE 2 DAL A o A Bl & B0 AR AT
o X Ee R AR OB R 2 kS iR 2 ok A
Trichotheciam F Tolypocladium J& ¥ B ', w8
PA_b CAT SR i, A H I8 B A e PR AR e Bl 45 4
B, 0T inflatum 1) ctg24 orf003 A5 — AN i fig Fk
BRI M T T/ R T B Tl 4 ) AL R o B A
Y. O. australis ) CDD81 5223 [ £ i 45 ¥ 3 N i
e lG S5 A 38, A2 Cro X SEIERZ 1A 2 K&
Ml T A2 1R 2 DR JF AN OR ST, 38k A7 A e S i A
A e T A AR T I R AT A

AR AL B AR 22 Ik A R Y EL R, R
B AT R 8 S M I A &5 A S e s TRRAE — iR,
T A% JB T I A 5 R 0 Js T AN R B 40 3. 3l
K T paradoxum ff] TPAR_05120 X} )37 T~ &3 AE B )@
WK 2 & G DtxS1 58 1 AEE 3 A Shi kg, T
TPAR 01525 M| 5 DtxS1 19 5 5 5L 45 6 15 B kH A
[E2(b) ], XMiRERRER 7 IEZEEZ KE
B AR R HEA I R, A 7 W0 AN (R R 45 4
WD EE -

BrRubz Ab, — 800 S8 = ) 2 A0 i AE A% b
R 2 KGR, BA AR R 45 R 3 A i, P 7E 1Y
HE DRI v BEARRL, AT RE A S BRI B S R
KA =Py, H, 7330 75~76 88 B W R/H
68 DA B DU Ok 45 S 110 R T I A 2 A el Y, A3
27~32 Ml 33~39 W 7 5 & & WA RO
serinocyclin " & R i 1) R EF A0 S5 A 38 (D,
Y U X £ 7y S B T bR B A S RCR R S Y
#7710

3.2 BRARTHRERMSERIEFRFEERSKE
FiEg

WA 3 s, BB ) FE % BB A 2 IR & Rk
il B0 45 M A R A B R R I R o- 2 O R
ML-ZEC R EENAR (13223, 25K
AR BEHEEY A %K ChNPS10 & B (4 2
15) M09, 72 42 BB R UK R 1) ChNPS11/ETP 5 &

AR (3 12f13) &9 AR &
H5THEEEENEYSRE, mERE. £E. 5
AT RES, K E RS BN R
o b, RN AEHEThRE S BT I,
{H A B AT SR AR J

Bk — MRS T ERNSRESY, WTaN
L AN AR P PR RS A, DR i B 1 B0 1 A
KM B2 BN Z R B BB ARG B LA R SF 1)
SEAIR, AT SR A A e D e A AL, AE
FMEFRBEXGEE R 2o, AFEEY
Ji TR FH AR TR . Bk B A R A 2 B ) AR R B
WEZKEHE, ERERE PR TR,
SR BT P A A Dy Re IR ST PR, K E AT B8
B B AR bR 2 K& Bl — 2 b . K A
VT H AR B ) 3 TR 2 AR R R A R
NPS2/SidC (4 32 1~4) P, NPS6 (43 9) B,
SidN (4337 7 F18) B¥ F/8 Sidl (4337 21) B 1) 4
P HER . (EAFVERIN A, 49305 706 I IR 1 At 45
385 NPS2/SidC )5 1 AN IR H ik 25 M3k R A 1R
T RISRG R &, (A ILATE AR R0k 2 K& Rl
L NPS2/SidC#HAA A : AUH— M, JLTF R A7
ETHER/ARERREAR T, SEMEAN. 41
Ji (.2 PASO SN . SR A B ok SR R A B - AR A%
B AR 22 K G Bl 2 R ik DS RRCFR AR AE o X R X
SC )2 SidC AERZ M AR 22 JIK & RSl AT R % a2k A
S R B AR A g T ok, FEIRAE T A F
Dt 783 10~ 11 B XU H A% BB 44 22 JIK & R il
55 N5 JE I A, fumigatus () SidE A4 M. SidE R
5 NPS2/SidC B A & A EZVINRAKE
KER, BHWARREE, MR-R T _BA
R, HEM5CmBAA REEEENAY 1
AL FEERf R B B, 2K SidE 4 Y 2 A
BBA_07589 7E /& Y /N gk B (0] g 27 e, 4
X 10~ 11 W AEAZ b AA 22 K& Rl vl RE ™ A2 2R AL S
T BN AR Y, HTIPiUE R 24
Bt

433 167~20 [ IR BE AL 25 M 480k B T S s
AL BEAR 2 G . Hop, 3216 TEAFET
EE /A R LR B B A, e AT B g i
R ERIKE. XUMER. 2 (D) n4ny. m
Jig K A e Tl TR i B RN e e iR B 1 SR SR TR R R4

? [24, 32-39]



822 BRENE $2E

O Cordycipitaceae O Ophiocordycipitaceae

msingle modular NRPS

w single A domain
Unknown
Product

‘ﬂ*@ o ® g F B

N'PSZfSldC NPS2!SldC NPSZfS]dC SldC-]Jke SldC-hkc SldN S]C[N
(1/4) (2-3/4) (4/4)

tasoa@oewan'e

SlliE S;dE NPS10 LpsB
(12) @2 a2 __‘(2»'2) :

< Clavicipitaceae W Voucher A domain
bimodular NRPS ~ ® multi-modular NRPS

SidN m% m%

4 o
1/ - [ :.li,"
' AVAY 26
24

- : 23 pemczllmN
’ AAR  epimerase

BI3 PG H A I B SR AT U SR AR A% R 1 22 JIK 5 P T 11 AR AL P99 5% [
[H AT SRR MR B S IR, ERL A S ORI . T A SR SRR 2 KA 288, TREB R R B H
AERRIME CGBD, SR ai s #F Sk Xm . GOPIEARE AR M AL 2 LG R IR B A543, 365 PR
R TR S AIRAE AR A AR 2 Ik G R AL B, BN (1/3) RS MIE — N B 3 AR R B AR iR A £ JIK & il 0 28 1 AN I
WAL M. AAR—L-Z 5 O LM A M Y, LpsC M LpsB—D-2 MBIk & BlE I IE 1 F12, 5 53 MM 4 & i B,
ChNPS10—2 5EH AR E B NPS/SidC P9 Fsidl 7 — M py ks ik & mllg:  SidN B%7 FINPS6 ©1: ushak vk & mic i ]
Fig.3 Overview of the A domain distance network for monomodular, bimodular or siderophore-like NRPSs in Hypocrealean
entomopathogenic fungal species
(Nodes in the network represent A domains, and the line boldness is proportional to the identity. Nodes are colored according to the domain
composition of NRPS. Referenced A domains from voucher NRPSs with known products are indicated by arrowheads. The predicted products/
functions of the enzymes are listed below the clades. NRPSs that contain the voucher A domains include: AAR, L-aminoadipate-semialdehyde

dehydrogenase™! 132,

; LpsC and LpsB: D-lysergyl-peptide synthetase subunit 1 and 2, respectively, involved in ergot alkaloid biosynthesis
ChNPS10%***: an NRPS-like protein involved in morphological development; NPS2/SidC"*?*% and SidI””": synthetases for intracellular siderophores;
SidNP* and NPS6™): synthetases for extracellular siderophores. Numbers in parentheses indicate the position of the A domain in the voucher NRPS,

for example (1/3) indicates the first A domain out of the three housed in the NRPS.)

JREE R, b — SEIE R R IE g Y SR S - BE, CEAFEAS R DL AR 0 R B R A

PEAR 2 Ik G Bl 2 & i . TR B OE R R L M R L R
g, WIEEHEREMMROEPASOEH. /4317
EI’JE;%HEMJC nA s AR TaEE Y, EATH

BEA - NEREEERERN, HEABM
%KI 33 19~20 H (1) i I A0 45 M U7 AE T
REHOMFHEREREE T, 5 LpsCE{LpsB
TS A A2 W LR A Ak 22 K& RO+ 43 A AL
HEEH S A R, nRE A E AR
o-F% CHER G B =4 1

4 e 5hHe

PR B A BB — N RO R T BB

TR AL SO B B B R, R R 2 AR YL R
M R RS A ERENA S E R
#ilo N, V2 REEREHRAELEERGE SH
I VL CE S A RS R T, BE eI A
1 B DR R AN AT B B R AR W AE A Ak
AV EAE BRI T RS, WA TIZEIRR. &
M B 258731

I OR B DR AL FRAS 5 R PR AR, SRR ALy
Br TE AW S5, 2 FEE R e o R R R
P B BRI, ISR R OB T A A A 3 A
et LA 0. A 1 9F 51 %0 PCR. &k 2 [A]
ST AN S AR f4 A% 8 5 i TR e B T A A U A Y
PR T BEWT T BT A, s A i AR P 1) FC A
TR PR IR 2 R A S N e 5 0 # s SE T H AR b



%2% www.synbioj.com 823

P IE A ) A A AT~ 5 72 AR AL 4 1 PR )
bl 5 5 R 20 43 #r LA S AE 7= AR FOAS 72 A H AR AR 7=
VIR NI S H 5 . R R R 2 2 5
LA RO FE I I AR P P B A R TR AR 1
FEFE.

R R 22 1) D AL 7 A AR AE S AT R I T K
HPEYIARFN A A R R . R IR R IA TS
W, B R IR R NN R T TS 28 400 M v S O
Rk, BN RKIRFE I8 DL YA g%
W ER T2 — . SR, X L7 VLA 4R T I
FHEHEERICHPYIN M. K, AT RE
by T G o 0 DR AR ) TR O A FLVE
T AIE i s SR 0 B 7 N A1 B PR 1B PR -
AT RE W LL: OQKRIE & B RS~
(1% 25 IR] A AR AL 1 66 DR A, AT A5 380 056 M 7= 1 1) 28
U, BNy 2 75~76+ 4332 27~32 K& =
ARG RE PUE . AR SRS I e R
FUER AU BOR R BB, 3L 10~11 1)
A R PR A T R L B IS R SRR T M
TN ERMA G O & EY A S
%, 3204 s &y, Blunsg <
52~ 64 1145 BB AT A K 4~ 8 AN R FE IR B AR 4L
WK, XS Rl S O R0 S RE 1 AEAZ B R £ KA
BRI PP 5 22 i ok, HAUR BT W EEE B A
BLE R R A . T R 40 2 DR A S 06 &
FREM T AREE, Wik, FREMYFEERAT R
VRREIE YA DR - 00 A o) B A e S O 7 v
WeAh, AR A AR W O 6 T 45 R N
Vi, PIARYE RIS R, R E D) Re
() 5 R BYCBE (R, SRR IR o SR TR A L BRCR IR
FARFEFEHFER IR ALY AR Mk
I CEEY

T I R TR A 45 A 3 1 R 2K Sk T B R
1% W R 22 BK B R 16 Th BE AR A7 7E — 2 10 R PR o
B Rk B Ll H R E LR 7 51 — S0k
AR v 11 i W A 45 M dek e, R A T L A T
RE S 2 N[, E 0 35 M A ) O e R
RUR AT, T R OSSR R A 1)
V. HEZAMME, R RS
B 0 34 9 A TN G AN K i, 3K RO B AT 1 T
DU BEE AT AT 2 AR 4 4 BT R U 1) R AR A 22 IR &

Bt AN R . L, N7 i L E A e
B 5 7 W) 5 K 22 B BRI S 5% AR T S B B o
B D RE T, 75 22 58 =R 5 € 3 1 K e A0 S
ST I i

& % X #

[11 LUHN, LIU HW, KELLER N P, et al. Harnessing diverse
transcriptional regulators for natural product discovery in fungi[J].
Natural Product Reports, 2020, 37(1): 6-16.

[2] WANG H, FEWER D P, HOLM L, et al. Atlas of nonribosomal
peptide and polyketide biosynthetic pathways reveals common
occurrence of nonmodular enzymes[J]. Proceedings of the Na-
tional Academy of the Sciences of the United States of Ameri-
ca, 2014, 111(25): 9259-9264.

[3] MOLNAR I, GIBSON D M, KRASNOFF S B. Secondary me-
tabolites from entomopathogenic Hypocrealean fungi[J]. Natu-
ral Product Reports, 2010, 27(9): 1241-1275.

[4] GIBSON D M, DONZELLI B G G, KRASNOFF S B, et al.
Discovering the secondary metabolite potential encoded within
entomopathogenic fungi[J]. Natural Product Reports, 2014,
31(10): 1287-1305.

[5] ZHANG X, WEI W, TAN R X. Symbionts, a promising source
of bioactive natural products[J]. Science China Chemistry,
2015, 58(7): 1097-11009.

[6] BEEMELMANNS C, GUO H J, RISCHER M, et al. Natural
products from microbes associated with insects[J]. Beilstein
Journal of Organic Chemistry, 2016, 12: 314-327.

[7] PEDRINI N. Molecular interactions between entomopathogen-
ic fungi (Hypocreales) and their insect host: perspectives from
stressful cuticle and hemolymph battlefields and the potential
of dual RNA sequencing for future studies[J]. Fungal Biology,
2018, 122(6): 538-545.

[8] OLATUNIJI O J, TANG J, TOLA A, et al. The genus Cordy-
ceps: an extensive review of its traditional uses, phytochemis-
try and pharmacology[J]. Fitoterapia, 2018, 129: 293-316.

[9] WANG B, KANG QJ, LUY Z, et al. Unveiling the biosynthet-
ic puzzle of destruxins in Metarhizium species[J]. Proceedings
of the National Academy of the Sciences of the United States
of America, 2012, 109(4): 1287-1292.

[10] DONZELLI B G G, KRASNOFF S B, YONG S M, et al. Ge-
netic basis of destruxin production in the entomopathogen
Metarhizium robertsii[J]. Current Genetics, 2012, 58(2):
105-116.

[11] XUY Q, OROZCO R, WIJERATNE E M K, et al. Biosynthe-
sis of the cyclooligomer depsipeptide beauvericin, a virulence
factor of the entomopathogenic fungus Beauveria bassiana[J].
Chemistry & Biology, 2008, 15(9): 898-907.



824

BREDF

£2%5

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

XUY Q, OROZCO R, WIJERATNE E M K, et al. Biosynthe-
sis of the cyclooligomer depsipeptide bassianolide, an insecti-
cidal virulence factor of Beauveria bassiana[J]. Fungal Genet-
ics and Biology, 2009, 46(5): 353-364.

MOON Y S, DONZELLI B G, KRASNOFF S B, et al. Agro-
bacterium-mediated disruption of a nonribosomal peptide syn-
thetase gene in the invertebrate pathogen Metarhizium anisopli-
ae reveals a peptide spore factor[J]. Applied and Environmen-
tal Microbiology, 2008, 74(14): 4366-4380.

SBARAINI N, GUEDES R L M, ANDREIS F C, et al. Second-
ary metabolite gene clusters in the entomopathogen fungus
Metarhizium anisopliae: genome identification and patterns of
expression in a cuticle infection model[J]. BMC Genomics,
2016, 17(8): 399-417.

DE BEKKER C, OHM R A, LORETO R G, et al. Gene expres-
sion during zombie ant biting behavior reflects the complexity
underlying fungal parasitic behavioral manipulation[J]. BMC
Genomics, 2015, 16: 620.

LINH Z, LU HN, ZHOU 8, et al. Deletion of a global regula-
tor LaeB leads to the discovery of novel polyketides in Asper-
gillus nidulans[J]. Organic & Biomolecular Chemistry, 2018,
16(27): 4973-4976.

RUTLEDGE P J, CHALLIS G L. Discovery of microbial natu-
ral products by activation of silent biosynthetic gene clusters[J].
Nature Reviews Microbiology, 2015, 13(8): 509-523.

COPP J N, ANDERSON D W, AKIVA E, et al. Exploring the
sequence, function, and evolutionary space of protein super-
families using sequence similarity networks and phylogenetic
reconstructions[J]. Methods 2019, 620:
315-347.

COPP J N, AKIVA E, BABBITT P C, et al. Revealing unex-

in Enzymology,

plored sequence-function space using sequence similarity net-
works[J]. Biochemistry, 2018, 57(31): 4651-4662.

AKIVA E, BROWN S, ALMONACID D E, et al. The struc-
ture-function linkage database[J]. Nucleic Acids Research,
2014, 42: D521-D530.

NIELSEN J C, GRIJSEELS S, PRIGENT S, et al. Global
analysis of biosynthetic gene clusters reveals vast potential of
secondary metabolite production in Penicillium species[J].
Nature Microbiology, 2017, 2: 17044.

ZIEMERT N, LECHNER A, WIETZ M, et al. Diversity and
evolution of secondary metabolism in the marine actinomycete
genus Salinispora[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2014, 111(12):
E1130-E1139.

GALLO A, FERRARA M, PERRONE G. Phylogenetic study
of polyketide synthases and nonribosomal peptide synthetases
involved in the biosynthesis of mycotoxins[J]. Toxins, 2013,

5(4): 717-742.

[24]

(25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

BUSHLEY K E, TURGEON B G. Phylogenomics reveals sub-
families of fungal nonribosomal peptide synthetases and their
evolutionary relationships[J]. BMC Ecology and Evolution,
2010, 10: 26.

KROKEN S, GLASS N L, TAYLOR J W, et al. Phylogenomic
analysis of type I polyketide synthase genes in pathogenic and
saprobic ascomycetes[J]. Proceedings of the National Academy
of the Sciences of the United States of America, 2003, 100(26):
15670-15675.

RAUSCH C, HOOF I, WEBER T, et al. Phylogenetic analysis
of condensation domains in NRPS sheds light on their function-
al evolution[J]. BMC Evolutionary Biology, 2007, 7: 78.

LIU H, XIE L N, WANG J, et al. The stress-responsive and
host-oriented role of nonribosomal peptide synthetases in an
entomopathogenic fungus, Beauveria bassiana[J]. Journal of
Microbiology and Biotechnology, 2017, 27(3): 439-449.
AGRAWAL Y, NARWANI T, SUBRAMANIAN S. Genome
sequence and comparative analysis of clavicipitaceous insect-
pathogenic fungus Aschersonia badia with Metarhizium spp[J].
BMC Genomics, 2016, 17: 367.

YANG X Q, FENG P, YIN Y, et al. Cyclosporine biosynthesis
in Tolypocladium inflatum benefits fungal adaptation to the en-
vironment[J]. MBio, 2018, 9 (5): e01211-18.

WIEST A, GRZEGORSKI D, XU B W, et al. Identification of
peptaibols from Trichoderma virens and cloning of a peptaibol
synthetase[J]. Journal of Biological Chemistry, 2002, 277 (23):
20862-20868.

XU Y Q, ZHAN J X, WHJERATNE E M K, et al. Cytotoxic
and antihaptotactic beauvericin analogues from precursor-di-
rected biosynthesis with the insect pathogen Beauveria bassi-
ana ATCC 7159[J]. Journal of Natural Products, 2007, 70(9):
1467-1471.

FLEETWOOD D J, SCOTT B, LANE G A, et al. A complex
ergovaline gene cluster in epichloe endophytes of grasses[J].
Applied and Environmental Microbiology, 2007, 73(8): 2571-
2579.

TURGEON B G, OIDE S, BUSHLEY K. Creating and screen-
ing Cochliobolus heterostrophus non-ribosomal peptide synthe-
tase mutants[J]. Mycological Research, 2008, 112(2): 200-206.
OHM R A, FEAU N, HENRISSAT B, et al. Diverse lifestyles
and strategies of plant pathogenesis encoded in the genomes of
eighteen dothideomycetes fungi[J]. PLoS Pathogens, 2012,
8(12): €1003037.

GREENSHIELDS D L, LIU G S, FENG J, et al. The sidero-
phore biosynthetic gene S/D/, but not the ferroxidase gene
FET3, is required for full Fusarium graminearum virulence[J].
Molecular Plant Pathology, 2007, 8(4): 411-421.

WALLNER A, BLATZER M, SCHRETTL M, et al. Ferricro-

cin, a siderophore involved in intra- and transcellular iron dis-



%2% www.synbioj.com 825

[37]

[38]

[39]

[40]

[42]

[43]

tribution in Aspergillus fumigatus[J]. Applied and Environmen-
tal Microbiology, 2009, 75 (12): 4194-4196.

YASMIN S, ALCAZAR-FUOLI L, GRUNDLINGER M, et al.
Mevalonate governs interdependency of ergosterol and sidero-
phore biosyntheses in the fungal pathogen Aspergillus fumiga-
tus[J]. Proceedings of the National Academy of Sciences of the
United States of America, 2012, 109(8): E497-E504.
JOHNSON L J, KOULMAN A, CHRISTENSEN M, et al. An
extracellular siderophore is required to maintain the mutualistic
interaction of Epichloé festucae with Lolium perenne[J]. PLoS
Pathogens, 2013, 9(5): ¢1003332.

OIDE S, MOEDER W, KRASNOFF 8, et al. NPS6, encoding a
nonribosomal peptide synthetase involved in siderophore-medi-
ated iron metabolism, is a conserved virulence determinant of
plant pathogenic ascomycetes[J]. The Plant Cell, 2006, 18(10):
2836-2853.

BUSHLEY K E, RAJA R, JAISWAL P, et al. The genome of
Tolypocladium inflatum: Evolution, organization, and expression
of the cyclosporin biosynthetic gene cluster[J]. PLoS Genetics,
2013, 9 (6): €1003496.

DOPSTADT J, NEUBAUER L, TUDZYNSKI P, et al. The epi-
polythiodiketopiperazine gene cluster in claviceps purpurea:
Dysfunctional cytochrome P450 enzyme prevents formation of
the previously unknown clapurines[J]. PLoS One, 2016, 11(7):
¢0158945.

STEINCHEN W, LACKNER G, YASMIN 8§, et al. Bimodular
peptide synthetase SidE produces fumarylalanine in the human
pathogen Aspergillus fumigatus[J]. Applied and Environmental
Microbiology, 2013, 79(21): 6670-6676.

DONZELLI B G G, KRASNOFF S B, Molecular genetics of

secondary chemistry in Metarhizium fungi[M]/ LOVETTB,
LEGER R JST. Genetics and molecular biology of entomo-
pathogenic fungi[M]// Advances in Genetics, 2016, 94:
365-436.

EIVESE: HRERA971—), 5,1
FoR A S . BF ST 1A 9 R LA
TR B PRI 78 A 3 P AR P 0 1) B
HAEW G AL, R G A 2 i T
W E bR AT S A R A R
&4

E-mail: xuyuquan@caas.cn

EIAEE : Istvan Molnar(1963—) ,
B BT 0L, AR R . BT A
BRI MA & RS A A Gk
w.

E-mail: imolnar@arizona.edu

FE—1EE: KALLA985—), &,
WETE R WETETT I 9 N a2 R
AT A R A A 7 B
FP el AT A A B BT AL
BOEE LA &4 -

E-mail: zhangliwen@caas.cn




