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Abstract: As a subterranean, soil-dwelling insect, Odontotermes formosanus is susceptible to
infection by diverse soil-borne pathogenic fungi. Its symbiotic actinobacteria produce bioactive
compounds to combat these pathogens, thereby maintaining a stable symbiotic system of O.
formosanus with Termitomyces spp.[Objective] To screen and characterize antifungal metabolites
from symbiotic actinobacteria of O. formosanus and to elucidate their defensive role in the termite-
fungus symbiotic system. [Methods] Actinobacteria were isolated from O. formosanus-associated
samples via diverse culture media. Antifungal strains were screened via dual-culture confrontation
assays. The active strain OFGS46 was selected for whole-genome sequencing. Biosynthetic gene
clusters (BGCs) were predicted by antiSMASH, and secondary metabolites were analyzed by
HPLC-MS. [Results] Twenty-three actinobacteria strains were isolated. Strain OFGS46 exhibited
inhibition rates of (62.05+0.98)% against Xylaria sp. and (79.99+0.58)% against Talaromyces sp.
Whole-genome sequencing on the Illumina NovaSeq platform yielded approximately 1 Gb of high-
quality data. De novo assembly generated a draft genome of 8 470 479 bp. CheckM evaluation
demonstrated high assembly quality with 99.91% completeness and 4.63% contamination. HPLC-
MS results revealed that strain OFGS46 was capable of producing multiple bioactive secondary
metabolites, including enduracidin A, WS9326A, kitacinnamycin A, WAP-8294A2, skyllamycin A,
cahuitamycin A, pentamycin, scabichelin, coprisamide C, and frankobactin Al.[Conclusion] This
study systematically reveals that the symbiotic actinobacterium OFGS46 from O. formosanus
suppresses nest pathogens through the production of diverse antimicrobial compounds. These
findings not only elucidate, from a perspective of chemical ecology, the role of symbiotic bacteria
in host immune defenses through suppressing multiple pathogenic fungi, but also provide a
scientific basis for developing novel antimicrobial resources derived from the termite symbiotic
system.

Keywords: Odontotermes formosanus; symbiotic actinobacteria; antifungal activity; secondary
metabolites; integrated genomics-metabolomics
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Figure 1 Diversity and phylogeny tree of culturable actinobacteria isolated from Odontotermes formosanus. A:
Isolation statistics of symbiotic actinobacteria (Gut: Worker’s gut; Soil: Nest periphery soil; Nest: Fungus
garden); B: Phylogenetic tree of symbiotic actinobacteria [GenBank accession numbers are provided in
parentheses, numbers at branch nodes represent bootstrap values (calculated by bootstrap, n=1 000). OFG:
Sample from the gut of O. formosanus; OFS: Sample from the soil surrounding the nest of O. formosanus; OFN:

Sample from the fungus comb of O. formosanus].
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Control-Xylaria sp.

E2 FRIIEEERNMEEREEEME

OFGS46-Talaromyces sp.

Control-Talaromyces sp.

Figure 2 Examination of the antifungal activity of the isolated actinobacteria by dual-culture confrontation

assays.
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WS9326A . pentamycin 55 £ Fh ELA E 114 Y16
PERIIE G WI(ER 2) X SLgh ik — L Bk T 3 A
YR FZ AR O ) v M, B ERIH AR OFGS46 H
AT E IR BACHTE a8 5 TE W A Y TE PR &
UINIER

EE S b, 2GRN
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669.460—670.637)#/ incarnatapeptin A (m/z 781.510,
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Fx1 HE&EXSHEREERAIFIZE
Table 1

Inhibition rates of actinomycetes against growth of five fungi (mean+SEM, n=3)

[ Xylaria sp. (%) Termitomyces sp. (%) Talaromyces sp. (%) Beauveria sp. (%) Metarhizium sp. (%)
Strain

OFGS46 62.05+0.98a 43.88+2.54b 79.99+0.58 0 0
OFSS12 49.89+1.35b 38.03+4.47b 0 0 0
OFGS49 36.28+0.33¢ 38.61+4.20b 0 0 0
OFSS8 36.15+0.11c¢ 50.57+£3.13a 0 0 0
OFGSs3 32.2242.15¢d 0 0 0 0
OFGS2 28.02+5.25d 22.504+2.86¢ 0 0 0
OFGS1 0 0 0 0 0
OFGS3 0 0 0 0 0
OFGS4 0 0 0 0 0
OFGA5 0 0 0 0 0
OFGK7 0 0 0 0 0
OFGS11 0 0 0 0 0
OFGG24 0 0 0 0 0
OFGS43 0 0 0 0 0
OFGM45 0 0 0 0 0
OFGM47 0 0 0 0 0
OFGP52 0 0 0 0 0
OFSS1 0 0 0 0 0
OFSS5 0 0 0 0 0
OFSN6 0 0 0 0 0
OFSS9 0 0 0 0 0
OFSA10 0 0 0 0 0
OFNSI11 0 0 0 0 0

Bl P34 B A2 SR A I (EERR R R R s Al — S RN R R AR B ] 22 57 1 2 (P<0.05)

Data represent meantstandard error (SE) of three independent replicates; Different lowercase letters indicate significant differences

at P<0.05.

3 Wt

P S LA R Y T 2 22 HERE
R R, Ak BEA AW PR IR A =
YR T EFE R, AR ARG RE T HBE 1
IR B . o I A B R AR, R 2R
RE SR I B, s 1 O R R
BT ERTHEALS . 25 SRR, il A+
HEP A ZREE R E R B S TR, X
5 A FHAB7E KN HIEWAEY S R
s as i —8, M2 T, SRS EUR

H &SPy, RS T REE R ETE ,
I I O R AR X )

N SUNILYy &2 e RIS W N R e 7/ DDiV
BT AT 70 H £ 2 BI5GB AR YA
R 5K B R A0 A S 245 B A R D S v T
RIFHEE W, A O RIMEA L w2 5
WA b a9, X iE R 2R AP &
AE 1 R R P BEAL BB, SR, I
B B IR GACHTE T v RIS BN FE 0424 o (EAR
ERRY IS, A B 58 I A B0 3E 70 B 1Y AR
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A 67 Streptomyces luridiscabiei NRRL B-24455 (MK424309.1)
]Streptomyces microflavus DSM 40593 (NC_021177.1)
56 Streptomyces fimicarius NRRL ISP-5322 (NZ_MUNBO01000146.1)
Streptomyces baarnensis NRRL B-2842 (NZ_KIL.573543.1)
Streptomyces anulatus YINM00001 (NZ_CP086102.1)
TTOFGS46 (PX129210)
Streptomyces badius JCM 4350 (MT760517.1)
Streptomyces parvus JCM 4069 (MT760478.1)
57| |Streptomyces pluricolorescen JCM 4602 (NZ_BMUWO00000000.1)
Streptomyces sindenensis JICM 4164 (NZ_BMSG00000000.1)
- Streptomyces pratensis S10 (NZ_CP051486.1)
Nocardia nova MDAS5529 (NZ_PSZA00000000.1)
A
10
B C
I 9@ - °c e - - o Trenute
- Tt Tt T TR
e 7777 7hR K
""" T TR.E
|
I
|
|
| e : o - o L
- ® o o . . S I
| e + o o o .
SN o s s i o
QQQQ QQQQ QQQQ QQQQ QQQQ QQQQ QQQQ QQQQ QQQQ © QS @ @Q \\ \Q‘%’ '\3«% %Q‘P @ é\o@
S S S S ‘13 SR &5
o

E3 MEEEEERFRGH=IERZETM. A: FIKOFGS46 KX H16S IRNAZERAIF IR LT
R[G5 P9 A GenBank B8 FE H &S5, 030l BT XOh B e {E (bootstrapik:, n=1 000), #5/101Y;
FAHMEIEE]; B: REAKEST; C: I TantiSMASHEMWR 72 R BAR I =94 95 1 35 DR 7 1000
Figure 3  Prediction of secondary metabolite gene clusters in actinobacteria. A: Phylogenetic tree of strain
OFGS46 and 16S rRNA gene-based similar sequences [GenBank accession numbers are provided in parentheses;
Numbers at branch nodes represent bootstrap values (calculated by bootstrap, n=1 000); The scale bar 10
represents evolutionary distance]; B: Genome length; C: Secondary metabolite biosynthetic gene clusters
predicted by antiSMASH database.
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(ANOVA) K Tukey = Jr Kz 36, -5 R i J AH LUAF 7
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Figure 4
OFGS46
fermentation, antifungal activity of OFGS46 against

Inhibition rates of the crude extract of

against growth of three fungi at

Xylaria sp., Termitomyces sp. and Talaromyces sp.
Data represent meantstandard error (SE) of three
independent replicates. A one-way ANOVA analysis
with Tukey’s post hoc test revealed significant
differences compared to Termitomyces sp., *: P<0.05;
**%: P<0.001.

OFGS46 I H1 X ¢ £ T Jag A1 IR T4 1) I 25 45
Uik o R 2H 7 B & B T Bk B & NRPS 3t
PR, 2% B HE L 45 5 K Rk Al & il fig

NRPS R HAIHAL RS S 2 IR A
=T BAA B R T, I AEREE R AL
55454 W 2 AL 0 TR A BRI S A R 2
SR AFZIEH AR L, NRPS fiiE KAk =Hiy
A HE WA UTE 258 2 B 1 7 FH BG5S
JEWTAS Rk OFGS46 FE K 4 & & NRPS
PR, 33X — R AR AR Gy H gt A8 1 JHL X It T 1Y)
VeI EIME R, AR P e A B P R

BRI R, R 7 HAEBUER AR S R G
“PUIIRIEL . PRI LA A D RERRE

TR A AR Tk T U A Y Y A
MR AU C i it Z AR BRIz dtA:
PR Z o3 B AL S I eGE 2k RO B
il an, H JC 8% B W (Streptomyces tanashiensis)
BYF-112 A=A Z Mg Bk GG =4, Horb
& 4 FPer I B BB E IR, S, tanashiensis
BYTB63 1k # 4 MR EIILS) termstrin A-D,
IR 5546 5 B 18 (Streptomyces enissocaesili) BYF48
FLEE W) b o3 25 B AR AR IR A0 G W i g -2-
R MR (pyrrole-2-carboxylic acid) Fll &) F| & %
(borrelidin)®%; M Streptomyces sp. T33 HH/rES%E
HIZ T Z D (actinomycin D)PY, M Streptomyces
sp. BYC-18 173 B 15 B R EAZENTLEY) B- R 4155
Z (B-rubromycin)®; MR + Pl SR )22 8
HERE [ (Streptomyces lannensis) BYF106 #2440
fE AR 2R3 W RIIL &) grincamyein N
FHRZE (fridamycin D)), ASHIFTR IR OFGS46
(AR 2 2 23 B TR AR EAIE 13X — i, e R
HiZH5 HPLC-MS BRHIHEAR, WL e e
Al P24 enduracidin A, WS9326A (NRPS 25) A
pentamycin, incarnatapeptin A (PKS 28 £
HMEAMEEENLEY, Xy HIRe M T
ELAEEE ,  [R]E R R A r AR s
I REAFTER 44

VFZ R T E Y el B R A B i e
G (e BB SR B2 S1  FRAR
RRASACUI W B & BRI/ N ) BT e B 3 e
PRI Ay —Fh e A 2 MR 4R 5 TR Y R S
EVER] . X EWRE EADFER AR ISR,
T 2 75 PP [R] i A et R v 22 26 i 9 3 Sy B W 7
PR R AR RS o A AR R Y BE
Beemelmanns %554 % B0, b AT] A 1 88O 2 TR
Hh G S 1 DA DA TR B A2 49 1A 490 ) i i T T A
P aE A Hw . A5 TP Pk OFGS46
R KA R s DU, R T 3
RS E R i A S IE R . IR R
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*2  BidantiSMASHFN 5 HPLC-MSSTM ITE A% 4 #k SR AR i A= 451 3=
Table 2 List of microbial secondary metabolites matched by antiSMASH prediction and HPLC-MS analysis

antiSMASH Tl HPLC-MS Sl (g /B o sl
antiSMASH HPLC-MS Compounds Molecular Type
prediction (Da) detection (m/z) formula
2 369.365 2 369.365 Enduracidin A C108H140C12N26031 NRPS
1037.181 1030.023, 1 047.794, 1 049.477 WS9326A Cs4HggNgOy3 NRPS
782.893 781.510, 782.893 Incarnatapeptin A C35HsgNgO o PKS
1411.524 1414.691, 1 412.531 Kitacinnamycin A CesHoaN 10024 NRPS
1 562.789 1 563.401 WAP-8294A2 C73H111N ;04 NRPS
1483.641 1 485.702 Skyllamycin A C75sHosN 1,05 NRPS
1 392.660 1396.717 Cinnapeptin C1H01N11047 NRPS
908.446 903.583, 912.508 Pepticinnamin E C49Hs4CIN5Oy NRPS
923.122 922.508 Coprisamide C C47H70NgOy NRPS
560.693 560.555, 563.603 Desferrioxamin B C,5Hy4gNgOg Other
795.848 796.460 Frankobactin A1 C34H53NgO 3 NRPS
635.631 636.297 Cahuitamycin A C,7H37N40y, NRPS
503.548 503.551 Nocamycin Cy6H33NOg NRPS
647.731 646.706-648.00 Scabichelin Cy6H49NoO o NRPS
670.837 669.460-670.637 Pentamycin C35HsgOp PKS
1117.418 1113.453,1 113.400 Catenulisporolide A CssH100020 NRPS

AR YRR B AT RE R BT F TR HERE 7]
i AR SO AR E U AN AR TE L SRR )
X AR T AR AR T RE B AR M HIL AR i
PO R, TR AR R A A AL
PR T D R

ik OFGS46 i 3 1 A iy AL ™ ) 2 4%
PRI 2 WG i ) o SR LA R 8
7N, K OFGS46 HYFEN 4 S 8.47 Mb,
BHIT S RRE S. fimicarius (7.82 Mb)Fl 546 55 75
& (Streptomyces badius) (7.52 Mb)lg K, 5 /Nak
%% I (Streptomyces parvus) (8.00 Mb)FH 24, LIk
T MR A5 5 7 (Streptomyces anulatus) (8.69 Mb).,
B ks DR 2 e R A T I PR 5 A B 22 ]
AN, S HRMEE A A G s .
E—2 £ W, R bk OFGS46 & A 14 1
NRPS E:H%, 7Efr W wtk P Eoe i, W
8T S, fimicarius (12 1), S. badius (9 1) #1

P4 actamicro@im.ac.cn, 7 010-64807516
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G 7 T E A B B A . antiSMASH T 8 14
R iE— 20 S A R 4L T S AR
Hoh @ =E B A9 NRPS A1 TIPKS #: K #% M 2 1
KOV B T B Bk OFGS46 fig 7= A w3 bt B0 B4
MR R, aX 2 RS RRE IS A AR
BR . A% RE LR EZY A RN
R

ZE ERTR, SR A P A R T G B
MR — 22 WIIR R . 8% )2 AR 5L
HFE TR EHEH LAY E RS (2 mA
Wi R BB BT A A5 R B E T X A s ThREE T
(4 SRR PUIE PEE /R T HOR R T4 5ok I
A YRR A S AT AT e IR, 3%
R ARUE ARG E R B A B, R
A=Wy o ) kAl 5 A 25 T RE UK 3 G KSR 7 ) 1)
() BRAEASIARY



XS 25 | BUEYAR, 2026, 66(2)

827

4 i

AHF 5T SR - I T A SR
Herh M4y B3RS 23 BRI« 48 AR R IRE 1 1
e AN ReERE . KBRS VY
G = a5 %5, K IE R OFGS46 RS &
B enduracidin A 55 Z RGP T, X A Y
g Jir L TR R A S R IOR . R E R R,
PRk OFGS46 A RETE 4 F¢ 1 3 5 WM\ I Fo e 3t
AL AN IR TR Y AR P T T A AR A A
. AR AR T X H WA R Y i [R)
B ARAIL ] A AT, oA 2R A TR v RUCR SR BT T
SR TR SRR TR

& STk = FH

XSG KRBT ST, SRR, Bk
5, Bt SRS B BRIt
LAa S, B prie S, eSCESE S, 3B
S WRmESC: MdlEars S, RSB S it
SCHEZRFE S AMBE G 287 T e =, 183CHE
RS, BXBUEE.

{E& P g A FF AR

VEH P AT AEAT AT ] e S B M AS SR A 3% A
B2 M i ol AR R

S 3k

[1] MONTEIRO I, VIANA-JUNIOR AB, de CASTRO
SOLAR RR, de SIQUEIRA NEVES F, DeSOUZA O.
Disturbance-modulated symbioses in termitophily[J].
Ecology and Evolution, 2017, 7(24): 10829-10838.

[2] B, R4, JH K. Rl A A A 5C 2R AR 73
KR ARTR[T]. AE2=iE ], 2019, 54(3): 4-6.

WEI YZ, MA ZX, ZHOU CF. The types of beneficial
specific interactions and their English terms[J]. Bulletin
of Biology, 2019, 54(3): 4-6 (in Chinese).

[3] CHOUVENC T, SOBOTNiK J, ENGEL MS,
BOURGUIGNON T. Termite evolution: mutualistic
associations, key innovations, and the rise of
Termitidae[J]. Cellular and Molecular Life Sciences,
2021, 78(6): 2749-2769.

[4] ENGEL P, MORAN NA. The gut microbiota of insects-
diversity in  structure and function[J]. FEMS
Microbiology Reviews, 2013, 37(5): 699-735.

[5] POULSEN M, HU HF, LI C, CHEN ZS, XU LH, OTANI

—
N
=

[10]

[12

—_—

[13]

[14]

[15]

S, NYGAARD S, NOBRE T, KLAUBAUF S,
SCHINDLER PM, HAUSER F, PAN HL, YANG ZK,
SONNENBERG ASM, de BEER ZW, ZHANG Y,
WINGFIELD MJ, GRIMMELIKHUIJZEN CIJP, de
VRIES RP, KORB J, et al. Complementary symbiont
contributions to plant decomposition in a fungus-farming
termite[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2014, 111(40):
14500-14505.

CHIU CI, LI HF. Challenges in baiting to manage fungus-
growing termite colonies[J]. Journal of Economic
Entomology, 2025, 118(3): 1014-1022.

DEJEAN A, NASKRECKI P, FAUCHER C, AZEMAR
F, TINDO M, MANZI S, GRYTA H. An old world leaf-
cutting, fungus-growing ant: a case of convergent
evolution[J]. Ecology and Evolution, 2023, 13(3): €9904.
BATEY SFD, GRECO C, HUTCHINGS MI,
WILKINSON B. Chemical warfare between fungus-
growing ants and their pathogens[J]. Current Opinion in
Chemical Biology, 2020, 59: 172-181.

TOKI W, TAKAHASHI Y, TOGASHI K. Fungal garden
making inside bamboos by a non-social fungus-growing
beetle[J]. PLoS One, 2013, 8(11): €79515.

BARCOTO MO, CARLOS-SHANLEY C, FAN H,
FERRO M, NAGAMOTO NS, BACCI M Jr, CURRIE
CR, RODRIGUES A. Fungus-growing insects host a
distinctive microbiota apparently adapted to the
fungiculture environment[J]. Scientific Reports, 2020,
10(1): 12384.

MR, FEB, JVROR, SR, BORTY, BUEARE, 250
B TR IS X A T AT S R (D). PR R AR, 2021,
43(3): 642-650.

CHEN S, DU H, YIN JJ, HUANG CB, QIN TQ,
HUANG CF, LI ZQ. Advances in the study of fungus-
growing termites and Termitomyces fungi[J]. Journal of
Environmental Entomology, 2021, 43(3): 642-650 (in
Chinese).

TRAT, BRFAE, 1 ICAE, 2515, 2R, M4 R B TR 1L
AT (7R 0 26 A 5l A ) 22 R o BT (0], BR2E ) o 4
2020, 47(10): 3091-3101.

ZHANG S, LIN ZJ, XIAO YX, LI JJ, LT Z, NI JF.
Symbiotic microorganism diversity in comb and feces of
fungus-growing termite[J]. Microbiology China, 2020,
47(10): 3091-3101 (in Chinese).

FRANCOEUR CB, MAY DS, THAIRU MW, HOANG
DQ, PANTHOFER O, BUGNI TS, PUPO MT, CLARDY
J, PINTO-TOMAS AA, CURRIE CR. Burkholderia from
fungus gardens of fungus-growing ants produces
antifungals that inhibit the specialized parasite
Escovopsis[J]. Applied and Environmental Microbiology,
2021, 87(14): e0017821.

SHOAIB M, BAI RN, LI S, XIE Y, SHEN YL, NI JF.
Exploring the diversity of microbes and natural products
from fungus-growing termite tripartite symbiosis[J].
Engineering Microbiology, 2023, 4(1): 100124.

BASTIEN G, ARNAL G, BOZONNET S, LAGUERRE
S, FERREIRA F, FAURE R, HENRISSAT B, LEFEVRE
F, ROBE P, BOUCHEZ O, NOIROT C, DUMON C,
O’DONOHUE M. Mining for hemicellulases in the

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



828 LIU Jiamin et al. | Acta Microbiologica Sinica, 2026, 66(2)
fungus-growing termite Pseudacanthotermes militaris 22(1): 80.
using functional metagenomics[J]. Biotechnology for [28] ZHOU LF, WU J, LI S, LI Q, JIN LP, YIN CP, ZHANG
Biofuels, 2013, 6(1): 78. YL. Antibacterial potential of termite-associated

[16] BRUNE A. Symbiotic digestion of lignocellulose in Streptomyces spp.[J]. ACS Omega, 2021, 6(6): 4329-4334.
termite guts[J]. Nature Reviews Microbiology, 2014, [29] HUANG ZD, TANG W, JIANG TS, XU XT, KONG K,
12(3): 168-180. SHI SP, ZHANG SX, CAO W, ZHANG YL. Structural

[17] OTANI S, CHALLINOR VL, KREUZENBECK NB, characterization, derivatization and antibacterial activity
KILDGAARD S, KRATH CHRISTENSEN S, LARSEN of secondary metabolites produced by termite-associated
LLM, AANEN DK, RASMUSSEN SA, Streptomyces showdoensis BYF17[J]. Pest Management
BEEMELMANNS C, POULSEN M. Disease-free Science, 2023, 79(5): 1800-1808.
monoculture farming by fungus-growing termites[J]. [30] ZHANG YL, LI S, JIANG DH, KONG LC, ZHANG PH,
Scientific Reports, 2019, 9(1): 8819. XU JD. Antifungal activities of metabolites produced by

[18] POULSEN M. Towards an integrated understanding of a termite-associated Streptomyces canus BYBO02[J].
the consequences of fungus domestication on the fungus- Journal of Agricultural and Food Chemistry, 2013, 61(7):
growing termite gut microbiota[J]. Environmental 1521-1524.

Microbiology, 2015, 17(8): 2562-2572. [31] CHOUVENC T, EFSTATHION CA, ELLIOTT ML, SU

[19] B9, 2298 &, SCHELE . 1 0 I B TR 2 BE M F 9 i NY. Extended disease resistance emerging from the
JE[T]. EW2A4R, 2011, 30(1): 12-17. faecal nest of a subterranean termite[J]. Proceedings
QIAN Q, LI SF, WEN HA. Research advances of fungal Biological Sciences, 2013, 280(1770): 20131885.
diversity in combs of fungus-growing termites[J]. [32] Filgifh, BB, FRARER . PURH 259 i 245 3L R o A AL %
Mycosystema, 2011, 30(1): 12-17 (in Chinese). TSR], f e e 7 SRR, 2025, 22(7): 1003-1008.

[20] A7, SFREsE, FBOW, bR, WA, b, s LU WQ, YU ZD, CHENG DQ. Research progress on
. B - T (A o R A A K A SR [T, distribution and transmission of antibiotic resistance
VLA 244, 2022, 39(3): 598-606. genes[J]. Laboratory Medicine and Clinic, 2025, 22(7):
ZHU YN, YANG GY, ZHOU QH, XIE XJ, QI MW, 1003-1008 (in Chinese).

SHEN Y, MO JC. Impact of microorganisms of [33] JOAKIM LARSSON DG, FLACH CF. Antibiotic
Odontotermes formosanus fungus-combs on the growth resistance in the environment[J]. Nature Reviews
of Termitomyces heimii[J]. Journal of Zhejiang A&F Microbiology, 2022, 20(5): 257-269.

University, 2022, 39(3): 598-606 (in Chinese). [34] XML, %, S, AR . PR AR AR

[21] KATARIYA L, RAMESH PB, GOPALAPPA T, Rl S LR AR ™= e A0l v iy g B 9 3 Jre [0,
DESIREDDY S, BESSIERE JM, BORGES RM. Fungus- TLRZF 2R RO S E ARl R), 2025, 51(2): 213-227.
farming termites selectively bury weedy fungi that smell LIU JM, FENG YL, MO JC, LI HJ. Research progress of
different from crop fungi[J]. Journal of Chemical symbiotic actinomycetes of Odontotermes formosanus
Ecology, 2017, 43(10): 986-995. and their secondary metabolites in agricultural

[22] KOROSI GA, WILSON BAL, POWELL KS, ASH GJ, applications[J].  Journal of Zhejiang  University
REINEKE A, SAVOCCHIA S. Occurrence and diversity (Agriculture and Life Sciences), 2025, 51(2): 213-227 (in
of entomopathogenic fungi (Beauveria spp. and Chinese).

Metarhizium spp.) in Australian vineyard soils[J]. Journal [35] LIU N, ZHANG L, ZHOU HK, ZHANG ML, YAN X,
of Invertebrate Pathology, 2019, 164: 69-77. WANG Q, LONG YH, XIE L, WANG SY, HUANG YP,

[23] VIVEKANANDHAN P, SWATHY K, ALFORD L, ZHOU ZH. Metagenomic insights into metabolic
PITTARATE S, SUBALA SPRR, MEKCHAY S, capacities of the gut microbiota in a fungus-cultivating
ELANGOVAN D, KRUTMUANG P. Toxicity of termite (Odontotermes yunnanensis)[J]. PLoS One, 2013,
Metarhizium  flavoviride conidia virulence against 8(7): e69184.

Spodoptera litura (Lepidoptera: Noctuidae) and its [36] KUMAR S, STECHER G, LI M, KNYAZ C, TAMURA
impact on physiological and biochemical activities[J]. K. MEGA X: molecular evolutionary genetics analysis
Scientific Reports, 2022, 12(1): 16775. across computing platforms[J]. Molecular Biology and

[24] RIEF, LoV ABCEYIR PR DT BERE[)]. H9) Evolution, 2018, 35(6): 1547-1549.

A=, 2015(2): 6-8. [37] De SENA BRANDINE G, SMITH AD. Falco: high-

[25] BRLIME . SRR B 5 P 10 B 0 SR A == P 2 il speed FastQC emulation for quality control of sequencing
ET]. He A B H2ER, 1999, 8(1): 107-109. data[J]. F1000Research, 2019, 8: 1874.

[26] CHOUVENC T, ELLIOTT ML, SOBOTNIiK J, [38] LI DH, LIU CM, LUO RB, SADAKANE K, LAM TW.
EFSTATHION CA, SU NY. The termite fecal nest: a MEGAHIT: an ultra-fast single-node solution for large
framework for the opportunistic acquisition of beneficial and complex metagenomics assembly via succinct de
soil Streptomyces (Actinomycetales: Streptomycetaceae)[J]. Bruijn graph[J]. Bioinformatics, 2015, 31(10): 1674-1676.
Environmental Entomology, 2018, 47(6): 1431-1439. [39] PARKS DH, IMELFORT M, SKENNERTON CT,

[27] LONG Y, ZHANG Y, HUANG F, LIU S, GAO T, HUGENHOLTZ P, TYSON GW. CheckM: assessing the

ZHANG Y. Diversity and antimicrobial activities of
culturable actinomycetes from Odontotermes formosanus
(Blattaria: Termitidae)[J]. BMC Microbiology, 2022,

P4 actamicro@im.ac.cn, 7 010-64807516

quality of microbial genomes recovered from isolates,
single cells, and metagenomes[J]. Genome Research,
2015, 25(7): 1043-1055.



XS 25 | BUEYAR, 2026, 66(2)

829

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

CHAUMEIL PA, MUSSIG AJ, HUGENHOLTZ P,
PARKS DH. GTDB-Tk: a toolkit to classify genomes
with the Genome Taxonomy Database[J]. Bioinformatics,
2019, 36(6): 1925-1927.

YIN YB, MAO XZ, YANG JC, CHEN X, MAO FL, XU
Y. dbCAN: a web resource for automated carbohydrate-
active enzyme annotation[J]. Nucleic Acids Research,
2012, 40(Web Server issue): W445-W451.

MEDEMA MH, BLIN K, CIMERMANCIC P, de JAGER
V, ZAKRZEWSKI P, FISCHBACH MA, WEBER T,
TAKANO E, BREITLING R. antiSMASH: rapid
identification, annotation and analysis of secondary
metabolite biosynthesis gene clusters in bacterial and
fungal genome sequences[J]. Nucleic Acids Research,
2011, 39(Web Server issue): W339-W346.

TONG X, YANG JH, ZHAO Y, WAN HF, HE Y, ZHANG
L, WAN HT, LI C. Greener extraction process and
enhanced in vivo bioavailability of bioactive components
from Carthamus tinctorius L. by natural deep eutectic
solvents[J]. Food Chemistry, 2021, 348: 129090.
MAKONDE HM, MWIRICHIA R, OSIEMO Z, BOGA
HI, KLENK HP. 454 pyrosequencing-based assessment
of bacterial diversity and community structure in termite
guts, mounds and surrounding soils[J]. SpringerPlus,
2015, 4: 471.

HARRY M, JUSSEAUME N, GAMBIER B, GARNIER-
SILLAM E. Use of RAPD markers for the study of
microbial community similarity from termite mounds and
tropical soils[J]. Soil Biology and Biochemistry, 2001,
33(4/5): 417-427.

CHEVRETTE MG, CARLSON CM, ORTEGA HE,
THOMAS C, ANANIEV GE, BARNS KJ, BOOK AlJ,
CAGNAZZO J, CARLOS C, FLANIGAN W, GRUBBS
KJ, HORN HA, HOFFMANN FM, KLASSEN JL,
KNACK JJ, LEWIN GR, McDONALD BR, MULLER
L, MELO WGP, PINTO-TOMAS AA, et al. The
antimicrobial potential of Streptomyces from insect
microbiomes[J].  Nature = Communications, 2019,
10(1): 516.

STRIEKER M, TANOVIC A, MARAHIEL MA.
Nonribosomal peptide synthetases: structures and
dynamics[J]. Current Opinion in Structural Biology,

(48]

[49]

[50]

[51]

[52]

[53]

[54]

2010, 20(2): 234-240.

BALTZ RH. Synthetic biology, genome mining, and
combinatorial biosynthesis of NRPS-derived antibiotics:
a perspective[J]. Journal of Industrial Microbiology &
Biotechnology, 2018, 45(7): 635-649.

K. B+ Elﬁ)‘(ij\:/jtStreptomyces tanashiensis BYF-
2T M5 [D]. BHL: LRl A, 2020.
SONG T. Study on active metabolites of symbiotic
Streptomyces tanashiensis BYF-112 from Odontotermes
formosanus[D]. Hefei: Anhui Agricultural University,
2020 (in Chinese).

AR . SRR b A T A U AU B E (D]
AL BRI, 2020.

ZHANG L. Studies on the secondary metabolites of three
symbiotic microbes from Odontotermes formosanus[D].
Hefei: Anhui Agricultural University, 2020 (in Chinese).
YIN CP, JIN LP, LI S, XU X, ZHANG YL. Diversity and
antagonistic potential of actinobacteria from the fungus-
growing termite Odontotermes formosanus[J]. 3 Biotech,
2019, 9(2): 45.

TR, 155 WF, Nacem ABBAS, #h 3% 5%, B HE, 7K
JOE . SHSH A I TE 2 T TR PR BY C-18 % HL At
PR ) R o MR (D] B SR AR, 2023, 66(10):
1282-1288.

YIN CP, BAI XY, ABBAS N, SUN LL, YIN XR,
ZHANG YL. Isolation and identification of actinomycete
strain BYC-18 and its antimicrobial metabolites from the
gut of Odontotermes formosanus (Isoptera: Termitidae)[J].
Acta Entomologica Sinica, 2023, 66(10): 1282-1288 (in
Chinese).

BT . R A T R IR TR T Y 2 R BT T
MIBIFSEID]. A AE: BRI %, 2019.

HUANG F. Study of the diversity and antimicrobial
activity of culturable actinomycetes from Odontotermes
formosanus[D]. Hefei: Anhui Agricultural University,
2019 (in Chinese).

BEEMELMANNS C, RAMADHAR TR, KIM KH,
KLASSEN JL, CAO SG, WYCHE TP, HOU YP,
POULSEN M, BUGNI TS, CURRIE CR, CLARDY 1.
Macrotermycins A-D, glycosylated macrolactams from a
termite-associated Amycolatopsis sp. M39[J]. Organic
Letters, 2017, 19(5): 1000-1003.

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



