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Endophytic fungi enhance crop resistance and natural
enemy-mediated pest control through bottom-up,
and top-down, synergistic ecological mechanisms
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Agricultural Pests, Institute of Plant Protection, Shandong Academy of Agricultural Sciences, Jinan 250100, China)

Abstract Endophytic fungi are widely distributed within plant tissues and play a significant role in the control of agricultural
pests by regulating plant growth and development, the plant defense metabolism and via multitrophic interactions. Endophytic
fungi not only promote the accumulation of defensive secondary metabolites, such as benzoxazines, alkaloids and flavonoids,
but by activating defense signaling pathways, like the jasmonic acid (JA) and salicylic acid (SA) pathways, enhance plants’
resistance to sucking and chewing pests (bottom-up regulation). They can also reshape the release profile of herbivore-induced
plant volatiles (HIPVs), thereby enhancing the targeted search and pest control capabilities of parasitic wasps, predatory
insects and arachnids (top-down regulation). By doing this they create a synergy between “upward insect resistance and
downward pest control.” This paper systematically reviews progress in research on how endophytic fungi enhance the
resistance of plants to insects and promotes the biological control of pests by their natural enemies, focusing on ecological
mechanisms in hormonal signaling regulation, secondary metabolite reprogramming, volatile-mediated signal transduction and

multitrophic interactions. From this basis, it integrates the theory of functional plant ecological engineering to construct a
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multidimensional ecological regulation framework comprising “endophytic fungi, crops, pests, natural enemies and functional

plants.” Finally, prospects for future research on key scientific issues, such as the stability of endophytic fungal colonization,

the synergistic effects of multiple strains, field application effectiveness and ecological safety, are discussed, with the aim of

providing theoretical support and a practical reference for future innovation in ecological pest control technology and

sustainable agricultural development.

Key words endophytic fungi; crop resistance; natural enemy-mediated pest control; bottom-up and top-down regulation;

ecological pest management

TERRAAET =T, RIEA SR —
AR R X0 22 ) ok A AR T e T AR 285 R 4 1)
b, HIgs HA e S AR FEIIRE, JfhtiEsh
VEYH R R AE FE R ET (Castle,
1999; Bianchi et al., 2006; Lamichhane et al., 2015;
Skendzié et al., 2021; Jaworski et al., 2023 ) ., K

BILOR, A2 A8 HURE S UG h & 48 T B 24k
FH, AE iR BE AR AL 2 Bl R 5 B0 Hup 2 Pt
WAL, JFIE AR R A W) 2 40 . A R GRS T
e T B B 5 Y 5 Z ()8 ( Chagnon et al.,
2014; Wan et al, 2025) . fHY W& EHH
( Endophytic fungi ) BEUS < S e 5l THE ) 241
ZUNTE, EAGUE W AR HE R T, a5y
A B TR B A KAkl TR A
(/= EE 7/ DORE XY/ RS | 2 207} ) S ER U Ty VA

(Lata et al., 2018; Verma et al., 2021; Kamran
etal, 2022) . JTAFRBITE R, WA FLR AL
REAZ G SR YY) BRI | R RBAEE 1 U YY)
RIS ATy, HuR Ay AR | R R
HAF AR KRB FRET) (Jallow er al., 2008;

Coppola et al., 2017; Fuchs and Krauss, 2019;
Gonzalez-Mas et al., 2021; Munawar et al.,

2025 ) o FEAEYIAR P S BRI R Y AR O R AR )
WA B RO BA B R BB I, 2%
HOA A B ) E 2 K 4> ( Panwar and
Szczepaniec, 2024 ) . FEHY)NAE HHAMUARENS EL
FEFZ R ) B A, T EL A S A s B A A B ]
B B PR R AT 555 R, T E A A
Y- EAE SRS FE ( Shikano et al., 2017 ) o
A B PN A TR RE (] I fish A W e 1 O 5 e 3 1l
15, WHAGON A AT BETE B v 75 SR 2 RO
Ko AN LE TR A S VEY 5 L Wy T e e
TN R, ML W 5005 AR KRR
K, XN EE Y- KR GG EE A4 (i

T REENLHIFEIT ( Gonzalez-Mas et al., 2021 ) .
Kt , FEI SN A LA R 2 B R R A AR
JEPLHIRE G, BERT iR A2 s L3, ]
R LT HE Y N A LA 1Y S 60 B 5 B R & 4R 4t
et

HETE R 2 RE THEY N A EXEY 5
FHHEAELRWFEm, AR T NERREZE
TR LM RN o AT BAT-T
TP RIS, RGN A B RS ok
YEY BT 5 (e g R 5 v i P ) AR 25 P,
— LG ATIREAED D e S R AR R i A
PN A LR ) - - R A S A A
F, LU R AR o 65 B 478 5 ] e A A A5 Bl A1t
PR

1 RERENESKAER

L1 RERENEESESIEE

YN A B R ZAFE TR . 22 i
TSR D, HE B XA 475 0 ) Bt
PSR B M P 36425 (Yan et al., 2019; Lu
et al., 2021; Waqar et al., 2023 ) ., P4 BRI
FEFE 5, P TR 22 N 48 S AT s e 7 B AC
Bk g, SRR A A R R
TE A A= 25 3 58 b R 45 OGRS X Al A

( Christian and Perli, 2024 ) . N4 B F REWS AL 1
MYRRLT , fm A B R T R WIRCE,
FE R R A R ADCEEHRE ST, TS THE
YR K# (Verma et al., 2021; Baron and
Rigobelo, 2022) . SutFEIN, WA EFAEMWE
T EFIRR (Jasmonic acid, JA) . KR

( Salicylic acid, SA ) FIZ4 ( Ethylene, ET ) %5
fF9®E, BRED RGN (van der
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Ent et al., 2009) . BRIEAFALESL, WA HREILD
AE W A Y AR A R, SRR A
Vw2 R 2,4- R HE-7-HU AR - 1L 4- ORI
(DIMBOA)ZBi VAL SRR R, a3 e
JA ( Fuchs and Krauss, 2017; Batool et al., 2024;
Qin et al., 2024) . WEZERE, NAEHKEAT K
R H P FAEYE LY ( Herbivore-induced
plant volatiles, HIPVs ) P2 BUFIBECIT A, TR
FHAE ) ] R BB A B, AT s i A 4 - 5
H-RE R AR @ R 24 ( Coppola et al., 2017,
Fuchs and Krauss, 2017; Gonzalez-Mas et al.,
2021) .

1.2 _FT-TrihrEREREESIESE

TP EIS 5 Ok 4 A W B A B 4 il

FA LA MY 3 H A 2SR i T LR LAt o T o
VAP o B A G AR R S YU R SR
FEEGI R FRESGE, B TR BT
( Bottom-up ) 4% ; e iR A 27 A 0% . Jli

WiENHES SR
Activation of plant defense signaling pathways
fEE=E SRR K
Level of action Jasmonic acid Salicylic acid
pathway pathway
S/ B

Molecular/

ysiclogicalioyel DA R DA A AR
Defense bolis i and lati

of defensive secondary metabolites

A2 . )
Chemical defense ORI OWMK F
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ifﬁdﬁﬁuﬁ BG4 B T B Reduced herbivore fitness
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PR R M55 H AR R R B T
IR N4 ( Top-down ) 475, KM, G %
g =R AR ST A A A AR, AR A AL
KPR EEAN R o S A - - R
FRGIIE BRI T YR LY 5 09 1842 Bl
AR, A8 2O S B & HAER KT
HEIRENR , AR FE o A A A U E e 2 s
TR ) A E ] o

AR LR AU RE IS RS JA L SA S5 [
B IR AR Y BT A, A REEE A
FEFHEYERY (HIPVs) B, A8 % iifr
SRFIE AN i R 805, Rk A SR K &
Uite k. K, WAERERFNENTHEY . &
WK FLEZAE R, ROV EE FATRES T
TR AW . BT, AR BAT-
47 HAEETE (Bottom-up and top-down synergistic
regulation ) FIBHESL (& 1) o ZHELIN, K
A= LT IR B0 A AR P P B 5 S R R R AR T
e At Sy, TR B S T . A

AT RS R E RS
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Fig.1 Conceptual framework of bottom-up and top-down synergistic
regulation mediated by endophytic fungi
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{R B AU F IS AT it 5 TR B3
T ™ A 1 AT T gl 8 s 3 O KRR
oy AR, TR s I I AT I ) St —
A2 E, AR E BT AERE,
R I R W BT 3 5k - U 5 BT R - R
P B - O — 2P B P R ORBEON  5
Gt = SR PIISA HL , IZHEALRE N AR FRI AN A
Y -F R -RECEARR R, W T WA -
Y- - KU A S R4, s T AP
55 LW B i O R S R N TE LR, O RS
Pl . KON A A B8 BB AL 1O G BHLE
HEZE

2 EEEMHR RS ETEE

2.1 BEESAE (JA/SA) SHHANKEWR

KFR (JA) FUKERR (SA) et At
T E MR R R F R E R PIARB 55 i, H
AR E T A ) 97 8 B 5 1 3 T 3R e
HREES), Hid, SEHIR (JA) (55 B2
RKibE5Y . M %Y ( Green leaf volatiles,
GLVs ) FIFERI> 77 F A & PR i A2
kR (SA) Wil 5 JA (55 ML HAENES
S¥ERYER s A5 JETY ( Pieterse ef al., 2012; Erb
and Reymond, 2019 ) . ITHR R EWFF LR, N
A LR E B I T AR R B S B — B R A, T
WL EI JA/SA [F5 M4, @ —FEA K
A e W] 7 R P U S 1 B AR A R, AT
R S Y S S R 2R A IV RE T . B AT
WA H, JA G5 RNA H AR Y
BAEWZ W ER YR . BEE Beauveria
bassiana. “RfEE Metarhizium anisopliae . N#
W Trichoderma spp.Uh MORFNE R Epichloé
spp. SFTEA W AH BN E FE 5, PO IR A5 T
( Lipoxygenases, LOX ) . N M8 L& miiE
( Allene oxide synthase, AOS) . N _ &Y
ML ( Allene oxide cyclase, AOC ) Fil 12-54%;
T ) — 4 B2 16 JU e ( 12-Oxo-phytodienoic acid
reductase, OPR ) %5 JA W& LN, #5
JA R H IR AR FI R - 5+ 52 MR ( Jasmonic

acid-isoleucine, JA-Ile ) MYFL B/KF ( Jaber and
Ownley, 2017; Ambele et al., 2020) ., BiJ5, JA
Z & CO Il 45 JAZ & H( Jasmonate ZIM-domain
proteins, JAZ ) i & H B, B R AT
MYC2, MM JE 2l 8 Bl ) R B
i AL G B A R A VLY 55— R 5 B i gL A
Fik, BARERE RIERCRAE A G

N A L TR A9 B 1 e TR R R . s R
B, AR A0 R RE L 1 A2 ARSI i T R 1 P AR TR
S M REAT A A T A O o AR, Sl e B A
PERN (Miya et al., 2007 ) . 4 JA Fll SA 4,
K (ET) FHMEFSERUS S NAEREN
SRR 7 CET {55 %42 1 EIN3/EIL1
SRR 5 TA 55 Up IRl R b 285 i 3 R AN B
EARL, FENAE BRI (R
Ykeio) h R HEHREENEMN ( Gonzélez-Mas et al.,
2021 ),

AR ELTE VR T AR RR SR B A, 215
FAEYIIE 5 i T AL ( Defense priming ) ARZ
SRS KB AR L, TS A A IR AR K
B B A AE R AR A B AR IR A, T AE 32 31 3
fRZBMTRERE TR . SR FUHLIOE JA 559U I
R ( Martinez-Medina et al., 2016 ) . XFHLEHIG
AR T AR A A S B AEAUAST TR R, B A A&
A EF KR E A THY RN EZ LSS
St o SR, Bk 2R 2R B N A LA
BERE T JA 5 SA Z M EXMES Rk

( Crosstalk ) o fZGEHISIAN JA FE A F:IHIE
AF BB, T SA L R = A A
BB R R, W Z AAAE B B AP R

( Thaler et al., 2012 ) . RMIENEEEZ ST,
XA ZIexf B R s . — I, TN
A LR IR JA (F 50 SA k1R, e
TP 530 B 4l A AR g it oy —r
T, fE—SCiEY)-NA R R, JA Fl SA &
RIS WP BTG A o A0 e o Al oK
J . JA FI SA FHOCHE PR 1 b 25 T, (AR PR [R] s
ARAT T b 5 78 1 I Hh S5 S (] D) B 2 A S
KB A BE f1 ( Batool et al., 2024; Song et al.,
2024 ) o BXFER PN AR EL T BRBN A0 ER I 24 AL 58
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W% 755 JA-SA FEPUiiAy, (RIS E R
B A B R BL A

Bkl AR 2 R YA 2 it —
LR, WEREETH JA/SA mmEE &L
A OCHE AT A, BHE MYC2., WRKY33,
WRKY70, NPR1 Hl TGA %3N T, LUK
NRIRALAG Ui AR PRIl V% J 9 2 ( Stringlis
etal.,2018) . Hrfr, WRKY #%5%¢ K+ FIELEN
A B - -E = O AR R R RO AR AR
F: WRKY36 ml 4% ERGREfR 5 M4, Wik
Xof Ml 08 7 Mgk Tt ( Batool et al., 2024 ),
WRKY70 W25 JA/SA {55 S 40 aks dniadas,
TRE BB IR ) 43 B 7 ] . MYB sk (4
MYB72) AMUZ5&F G ZRMEYH A,
M TE AR R 5 SR T AR PRI MR | TRl
Wi M A B AR A BE /) ( Stringlis ez al., 2018 ), %
AP IR R - (R A BT B AR L PR AR L RN
Z IR {5 EAXAL, (A RE U AR 4l T R T 3 A
VR B SR o BTN, A L E A5 R TA
R, ik JA/SA (55 F1ir LA K 837 B A
IR, SCIAE Y B TR R R E E s, X2
LRGSR AR YT AR 1 IR B AT IR RN 1
T AL

22 RERBIESTE (DIMBOA, £¥WH. &
k% )

YN A B E SIS, REAE I ) 9 1E AR
WML, i 2R AR AR R,
e Y B R R HLRE ). pFE R,
A A LR AN R A8 S A ) 97 A A G R R 3R 58
WAL E AL TR BE AR | A TFRRR RS | 2
B GE R S A GRS Tk B
R RGNS ( Hartley and Gange, 2009 ).

HERAERMEY b, RIFRERE LML EY

( Benzoxazinoids ) f&HIRAH 3 L 1) 2k i i,
H. 7 DIMBOA ( 2,4-dihydroxy-7-methoxy-1,4-
benzoxazin-3-one ) JEMF 5T AR A WICREY
Jii. DIMBOA K HATEYHEAEE . M4 K
FREAR S RE SR, AT i 25 IR e . R
MK Spodoptera frugiperda %53 2 F AYIE

M4 ( Cambier et al., 2001; Glauser et al., 2011;
Wouters et al., 2016 ), WXL, o RENL
LA RENE i AR T TREIE & R DGR R 3K, $E
M DIMBOA M HI A& &, MM 5
0T MELER A e =0 A A B A BE ) ( Ahmad
et al., 2010 ), XA E IRFEBNLE T 5 JA 5
SR VARG, AR R AR 5 R A AR
() 358 R P R A

FRATHRERE Y AL, WA R SHAEY)
B AR B A Y PUR A EEALE . DIORRL-F A
W2 (Claviceps purpurea ) HAERZ MR, K
Az LA AT B BRI A i 2 M AR IR ( Ergot
alkaloids ). M & B4 g 4E ¥ B ( Pyrrolizidine
alkaloids ), M If: ML W2 A0 5 1) Seaed e A= W sk
( Peramine ) 4541 HUIGPEY (1977 4= ( Schardl
etal., 2013 ), XECALEWIRENS e B L 22
gt IHARACE A SRR T, YRR sty i gk
G E BRI WEHRAVER . #55 Epichloé
WA B 1 R R RO R B
R PR, HAZL O AL R R IR T N A HE A
A A= P8 AL 2 ( Clay and Schardl, 2002; Johnson
etal., 2013 ),

WAL G W0 ) — 2832 N AE ELE TR AR Y
LG o AR LR B S TR AR b
R, mt R IRm . AT ILER
LIRS T 2 B ( Ludwig-Miiller, 2015 ), X4
EYAUEA YA DIRE, bRl B i
BEEPE . THEFRWBOTFREINE U AE K AT
o ARG A A5 — DR, WA
5 1 B T IS A i o G o P B A T R . AR B
R MR EB Y R R, IR B
Fa 2 B LA Bi B 44 ( Ray et al., 2020; Pan et al.,
2023 ),

DAL AE L TR GT A 0 A 25 I 0 17 81 45 AN A A 2R
FE BB )2 18, I BEAE S WA M R A LY
( Volatile organic compounds, VOCs ) R
3, SEPLS PG R Pl DTSSR B,
A LR A USSR R Y (GLVs), O
T WA W) B 7K A 2 T 25 4% 2 ) 1) 260 ol R
RIS, 132 FAE YR Ry AL A
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WY (HIPVs), H§5R 77 A 55 R FOM 52
M BRI B BE /1 ( Coppola et al., 2017,
Gonzalez-Mas et al., 2021; Agbessenou et al.,
2022), G, AR BTSN 0 U AR ARG g A
AR EE a5 B, i Hs A A2 A5
AL IR AL R BRI R, SE I B S A
B A O ) BE 28, A AR EAT- T AT ER R R A
PR RS T Z AL AL

23 FRBEIEEE i fI i

A= LT A5 5 AR ) BR800 IR X i A
T AR R — 2, RS2 B F dUeE 5
FIVE A H R W ) Sk 25 X il i = ol
Phigg d o, H ISR ) KT, XF
A FE R IR AR O U N AR LA DE B S T
P A A AU S B AR A, el ) K
HRT VAR U R SRR POk AR A R AL
FEAR7F 3238 H MRS SR A ( Gonzélez-Guzman
etal., 2022 ) . TE/NE-RB 48 W Rhopalosiphum
padi R Z T, PUAE LR E AE D PR R AR R JA UK
“F-F1 DIMBOA “ERj Y i & &, FE g
IFIRIAR AT . ARSI . Rk F TR, Jfa
LRI K R AN 256 T (Song et al., 2024 ) .
1 EKEF Rhopalosiphum maidis K%, FE RN
W GX5 WEREE L EKAERR JA AKCF LU G
LT i, 6 FoREE A R, ) 1
WA KR E (FEIEAEAE, 2025) o RI4:
WAERREEF Aphis gossypii 25 Z2Fh | E Hrp 53]
KHIE ( Gonzélez-Mas et al., 2019 ) o X FIHME
T, NA B S PTRAEH E2RIE T B
RGP RR RS Y A o AR R AT (2
Y. HEAEY . EEZE KSR A,
IEBOE JA /2R B R, DT &)y
WEMERKAET (Vega, 2018; Grabka et al.,
2022) o WFFERHL, FH SRR IR A A B AL
HEKE, HAAER  REG K AMRERCRY
FH T (ZF4EM4%, 2021) 5 M8 H Helicoverpa
armigera FVKG K Mythimna separata TF & &
FAREY) LS R R D | W TR, SR
HIH R AERKIRERS (Liu ef al, 2025) . &
Z, A ELRE SR )R R O JBRT A B 1

PRZ xR mEL g 3 e B LA A 2 4 £
P AEHCA R R LA e 17 5 5 DR 25 s O A
[T A77E B 2 22 57

3 HERXFHEERTMTRAE

3.1 EBEWEE (HIPVs ) 5X84THMWEA

T EH IS FAHYIE LY (Herbivore-induced
plant volatiles, HIPVs ) 2 ) 5 KELZ [\ #4785
BEFRYUE DAL E B, 75 REEY -7 F
FE AP R R R A T o AR L AN RE
SR YY) B BE ), A6 P 3E i EE 9 HIPVs
RO, SR A HE ) 1 ] 42 B 18 ZH BE ( Fuchs and
Krauss, 2019; Gonzalez-Mas et al., 2021; Grabka
et al., 2022; Rivero et al., 2025 ) . W/ HHEE

J&, PR IER (5T S AR A AR AR,
HETT AR $R L R . R B SRS B A, il
TP 7E 18 27 U B R CE SR Z . SR OE B
WHERSMENIEES . HE®E Beauveria
bassiana . ZKMEE Metarhizium robertsii FIAKEE
Trichoderma spp.5 P A LR I RENS 1 3552 M 4L
Y ¥ kWi 4 L ( Vega, 2018; Gonzalez-Mas
etal, 2021) o fEFK, FMFEMHEYH, WER
WEME G TR w2 AW . SRR Y

( Green leaf volatiles, GLVs ) . 5 &EMALEY M
FH SR R TR S5 17 AR AH DA% R BT, DA 4
KEXS 52 FEAE R TR B BE J1( Coppola et al., 2019;
Nawakht et al., 2026 ) . MAob, ERFEZH|E R
U I AT BT LA (E)-B-Aa AT s R0 s R B A AR 3R
HIiG AL &Y UL (2)-3-C s S 2 - kW)
T LB ) JiO) A A e A R LA I B MR 5| R
YEF( Ngi-Song et al., 2000; Kéllner et al., 2008 );
INAEZ F R RRETS P AL B- AT D5 R
TENBE XA, TE0HEE HE R KRR e
647 7= A 5200 ( Piesik et al., 2013)

WA B A 3 WA YR K W5 5 g i —
P R EL AT M N, 2 8RR AR R R
B, AR T B TR A A | B ER d
B PR A2 FAE AR AT R e, e LA
WORFPEFERE )] (Quesada-Moraga et al., 2022;
Munawar et al., 2025; Safavi and Jarrahi , 2026 ) .
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RSN AE B REFEY G, AT om s e
B PR Y RHOK -, v A AR A e R
O BARHAR A IREE S ( Gonzalez-Mas et al.,
2021; Quesada-Moraga et al., 2022; Zhu et al.,
2022) o X TR EMEREL, WAEREEMGISES
T 0 R e MR R A7 5 7 3 i A 2E X B 32
HPI E 1 U BE ST o Pec Hernéndez (2025) &
W, ZHERE Metarhizium robertsii FE5H H WEIG i
EOUR T HIEE Chilo sacchariphagus WE15'S:
R, #5127 4% Cotesia flavipes ¥t 3%
TR P R a1 7o RS BRI [E) o PN AR TR SR 1Y)
HIPVs 155 RE % il Jk 27 A5 1 3R 00 o B8 BRI A 48
SHEONAT N, N4 AF AR AR ( Gonzélez-
Mas et al., 2021 ) o X FHIEMHRE, NAEHRRF
R HE A5 1 S AT 0 R B W 5 | g, L RE A8 o )
55 7 OIS A B 4P m i R XA N A
LR 9K 2l A9 45 & ) o SR A R 9T A 187 B 4
Yy, MR s B R B Bl , (AT
YIBeas 76 3 HUR A B RERCE RS fE . B SRR ik

T
32 FRTHERMSXBEFLH

B 1 3 iR RO 32 3 R AR 1Y 2 1] P BE
A, A EL T I RE#S 38 1 i Ar 3 HUAY AR FRIR S A
(WL s (S 2 1= NS U N S B 32 Y )
F, BRYPAETEMREN, MY RS K
EEMER IS Sy, TR F R T A 5L
PR A BN G, T U SR 3 R A
RO o AP =B RN AT R T
oM, R I A R IR 3 U A B S SR )
I+ (Bottom-up ) ##5, WAEBIA T &YW 5]
KECZELTES 9] T ( Top-down ) #53, 3 [H]
e B HEYPUES AV PIE N HRAEE (Ode,
2006 ) o SEHEIERW], YT SHUET S B0
EAURFIRG, 0l e K 4y H s 1
ERERBMESTFEME, ATMESA
T P A g X R A P T 4 o] AR
SR TATAT— R/ (Kaplan et al., 2007 )
RN, HRPUEER S KRB R IFE S RIE
PR, 5843 B A A8 4 7 e i) 5 L () e
WA R T B M F A RBWIRE S E
B, s T AR R L Erh B S A i S

HE W) i B B T AE v oS I A BEPE (Pappas
etal,2017) ,

NA: TR DE BE S 5 S S JA/SA Bt
B AR AR, A L5 S A A ) B 1
ROV AEFEAN S B 80E AT, A — &R
SIEBBERON , EFFIREEE TR, A K AT T
R VEFH T AR L 2 Bhfe 1055 % ( Vega, 2018;
Grabka et al., 2022 ) . XECARb B & 18N 1 & B fE
AP R AR, A REAHEALE T AR

X T 2 L, N AR RS A AR A 5
S PRATH) B B8 % o B B AL S AR R
S B0 A R AR R L IRET OB n LA
MIUERCREAR (Song et al., 2024 ) . T ek
ZRVEFRE, FERIG RS0 , HEEE T
PHEEST T RE, MG g B | RO KA i
FRBOAR A E MR . Gonzalez-Mas 5§
(2019 ) #E , AR B P AR 2 B AT R (PR AT 179 25
BERE I AR RE RS R, AT $ i H AR R 4
E2: VI

XTI R, A BRI T AR R T
WERIRS | A W S My S AR B A ) o ) S A 2
HREAARK, B REE TR, LH7 DT
K LURAT R TG PERRAR ( McGee, 2002; Russo et al.,
2020 ) o XLE IR NIE T F HUREE TR
ek YRR 6 1, I BRIk 2 A e L 2 1
B A e I RE 7, DA e 7 A e A B v R
AR SR I # (Kaureral., 2015) o M
R T ICAE R , & RAEDUTEAY) bR B A
Zaea H TR I R i nt A= BRTG 3, 3k
HFz2 30 B Ak 1% i i 56 25 ek D ( Pokharel,
2023) o B, SZEREYIBE AR T 0y FE AR
255 W KRB Be: BAs o iz BRI T A8
YyivE S5 A YBG Z B DI RE T A, BIAE 438 i
1 535 5 PR A B () 2 i R RO AR, T8 A
YRR e SN e[ RN DI EE S T e s o g
W AT EERN A SR, BN AR
FAT-FATUNEFE A HEIS 1 E A

A A L TR AN (S RE 8 33 i A ) 0T i B R 5 I
F BT, 1 ELRE S o IR R A R P R
FEZ 0 K EAT A B SR F D e & 45 o HHOCAR
R WE 1,
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Table 1 Typical cases of endophytic fungi in plants enhancing crop insect resistance
and biological control by natural enemies
HARE H KR T E P AL PAHEEON E PN

Target pest Natural enemy taxa Main regulatory mechanism Regulatory effect References
HRER B A N NAETEFH IR JA/SA K TEHUEIP/D ™00, 2t Pecetal., 2024
Diatraea saccharali  Cotesia flavata S, BUEBMMIERYIE  ES R A AR A5 1A

JRAsf
Aphis gossypii

T BERT i

Tetranychus urticae

ki

Myzus persicae

it

Myzus persicae

RAT G 8 %
Metopolophium
dirhodum

S
Chrysoperla carnea

e
Phytoseiulus
persimilis

UF i o

Aphidius colemani

T A B o e
Aphidius ervi

g ([alERH )

Parasitic
(indirect defense)

wasps

B, U A T R ]
i S

Endophytic colonization
elevates JA/SA levels, alters
plant volatile composition,
and enhances indirect
defense signaling under
herbivore attack

HREF M A B R L
SR EHA

Fungal colonization renders
leaves directly insecticidal
and compatible with
predator predation

VA A R B AR 3 Il
HE s 05K G
Endophytic colonization
reduces herbivorous mite
fitness and enhances natural
enemy preference

G 270 P T
g, HEFAers
Alters volatile profiles,
reduces aphid feeding,
and is compatible with
parasitoids

Y R G ERE, 2
ASAERARE R MR
Induces systemic plant
defense and modifies plant
volatile emission profiles

7 A A A U AR A
Yy, BESZWEIGES
B BUBHEYIERY)
Produces alkaloids and
other secondary metabolites
that directly affect herbivore
fitness, and alters plant
volatiles

Reduces oviposition in the
absence of herbivory and
enhances parasitoid attraction
after herbivore damage

V- TET R PR A B 3
T0%5%F HAET s PEFhAb B
S S5%BFAET s A
S b B T
Foliar spray of endophyte-
colonized leaves resulted in
70% aphid mortality and
seed dressing 55%; predation
on colonized leaves increased
significantly

A Fr b e
T. urticae P BI KR g 3
REAR s REOHFER P
Intrinsic rate of increase
of T. urticae on colonized
leaves decreases significantly,
and prey consumption by
the predator increases

PR T ALY . R
ECE R T

Increases aphid mortality
and reduces reproduction;
compatible with parasitoids

Ip L P RE RO AR,
SR XT BT AEWE P W% Aphidius
ervi BRI 5 AERARE R
Vit . 2% g

Reduces aphid population
density and enhances the
indirect attraction of A4.
ervi; plant volatile profiles
change significantly

W Epichloé 12 Y2 R F %
RIS AR R S BHH 5

[Fi) Fif 384 5 425 Al 42 7 )
Epichloé infection of grasses
reduces aphid survival and

fecundity and enhances both
direct and indirect defenses

Cuenca-Medina
etal., 2025

Safavi and Jarrahi,
2026

Jaber and Araj,
2018;  Gonzalez-
Mas et al., 2019

Coppola et al,

2017

Clay and Schardl,
2002; Fuchs and
Krauss, 2017, 2019
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43R 1 (Table 1 continued)

F 5 iR KECERE F L] PP 275 SCHk
Target pest Natural enemy taxa Main regulatory mechanism Regulatory effect References
3 5 0 A DT A, B AN R TR kA B Russo ez al., 2020,
N N " . Ay
Spodoptera J1) IANSA 5, D K EE; By 2021 REMLE,
Jrugiperda Parasitic wasps WYERAAR MR, 6 Significanty inhibits larval 2071 Bl et el
(indirect defense Y = growth and development of
potential) Induces plant immunity the fall armyworm and affects
and JA/SA signaling, its feeding preference
increases the accumulation
of defensive secondary
metabolites, and affects
herbivore growth and
development
AR R HROAEE MR EFHRRAR U R RBeR 5FE  Song et al, 2024;

Rhopalosiphum padi {5 )
Natural enemies
(indirect effects to
be evaluated)

R, SN AR JE S
Endophytic colonization
reduces aphid feeding
efficiency and affects

Liu et al., 2025

Significantly reduces feeding
efficiency and population
fitness

aphid population growth

T i v - i KEG CIHFRRAE, 27 BRI MeSA M1 (Z) - TILHF A FEM S Agbessenou et al,
Tuta absoluta A WA ) Jamone, THEFE A EE 1TH 2022
Natural enemies it Disrupts host location and

(indirect defense,

Induces the release of

feeding behavior of the pest

parasitic wasps, €tc.) MeSA and (Z)-jasmone,
disrupting host-location
behavior of the pest

3.3 EIT-THhREBRIA

e e )T B 5330 A ) A N R R
P F AR BP0 ST ) A AR T AT R
ZWIER R, P Z B E R B EG LR, I
AE % JE 1 2. 3% 09 o [W) 15 2 /E 1 ( Hartley and
Gange, 2009 ) . WAERREEE G, — 7 H#E LK
6 JA/SA {551l . ek Bt U AE A AR
KU HCERY)E TR TR, 4 S i v 3
P B S —Jr T, s e A S T
Y RY) (HIPVs ) B, B8 F BT R IE &
BEOR R TOE M BE ST, Py F AR R B 5 F 2R
(Jaber and Ownley, 2017 ) . X HAEYPIES
R EAH & SRR B AR A S R, MR T
A EAT- N AT E A R
MG BA S F R , WAEE R SER B 7T
T RE B AEE B 4 B IOR A o L A B SR A
PyxtE RARFEERAIEE ST, P m R R B
PR B R BAE S H AR A 32 T S R IR R R
AR, NI S RO H A 3 A R OR

RXAE BRSO A AL T R 5 KB ()
ffeeEE i, i H RS TRIAESRE T 2 E SR
P BAL L RS PR AT SE
MAS2EDUHEE , WA WS
PEEERR T FRGE SR, (FFRELT . EK
VLR 3o B RS2 s 0 AR BB o A2 TPl 2
AR EE TR, REIBERK | (RE )
B Nz e 10855 4 W BBV, (Russo et al.,
2021) o IXSARPEAN B B AR,
i H g 1% R8T A3y A e G
R, R, P2 BRI S AR R R 2 AT W)
FIVERRmEE | St R RO /a4, 3
51RO AZ R AR B TR B T A E ) 4 R A
4, NTTHE— 2532 i & A AR 2% ( Guerrieri
et al., 2002; Jaber and Araj, 2018 ) . [Hit, Y
PRI AR B AT R T BR S B Ak o i R s
FHTAT ST, 2B & SR 9K sl 00 . 1 HO
BEAEHIFAERIREM, MOEIEBIE RE . bl
& AR SZ S A 95 0 R R SO 1 I R
il , 3 RXTAE Y I A i — 2D BRI, A AR
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R B 2 GRS A A R MBI R 47 5 5 L[]
I, BSE B R IR SR s A ) 3 B B AR 42
RTINS BRI HT IR o - 3 RIS A R
Ief - R WA T 1 - T — 2Pl D i R A
BRI RO AR I H A 1+1>2 RfAIE, H
PR S AR g AR I RO P R O R
FRTREBFI AT o fEA ARG, XA
P A LT K B ) B ) ML A A A B T e o
BRI, B BERGIR A LGB | (R LE Y 2R
PEORIPOFHE A T A S R G . DAL, Mg ad st
T A FLRE A Y- - R R AR, A
SRR R R A 25 B 4 R AT R A M i R ) T L
Jrli), RSB R E R A 1) HUE
FEAUHT A PG FERE 5 RO BAR

4 NEHRESIHEEEDRIE
& REASAE

HARBFFE R, M) N A LT R i 1k 1 ik
TP R PE R R = FE I RE, W FAT-T
U EIR SRR . SR, WA RV ER 2k
A TR PN B R L ] B A B, AP 00 T %2
TRIAEA R RS AT R . M2 T, DhBEE
Yyl S R BER AR | A6k B AREF (RS
VLKA B T SRR IR, SR AR B, iy
REABERFELAAE RS R GRS Yike, HAEH
EFEE Y REHSZ TR RN, I,
WA BLTE 5 DI REA ) o R R A S R g
AR PN 08 ] 45 R0 A 355 A8 ] 4 1 o A Y A 2
B, MmN REASRER R,

ARk, ME AR TR ( Ecological
engineering ) FILRAMEEYIBE IR ( Conservation
biological control ) BRiE Y & i€, DhEtEWIC ik
PETHAOM AR A5 R G 5 e U7 ) B AR A A ik
Jiti ( Gurr et al., 2017; S5, 2025; [1XoTRIX
I, 2025; Dong et al., 2026 ) . DIREFEY)E H 045
SRAEY) | ARATREY) . B S AT YRR B S
A, HFEAEHE AR | vk R A
B A ftibry | feE . B RErE (R DAL
AR 235 BT, DTS S 5 A= YR BE A2 e

FIRFrEE R EIHE (Landis et al., 2000; Parolin
etal, 2012) . KEMFFRERM, FERHNZSAE
YifsIal e B OhREAE Y, v B | R
LI I | WR K P e S DR R 2 N A )
ZoAEE, BT L R mU i H E R
Ll E R HARESIWER (Gurr ef al, 2017; X
W%, 2025; [']2%I0HI%IE, 2025; Dong et al.,
2026 ) .

MNZEFRRENEMBERE, WAEEE 56
MY ELAT B R A S M L A B G
WG JA L SA FEBE SRR . Sk PR R AR
R B R DL S R A S R
(HIPVs ) FEilC, B at 5 oy w5 e 4
B fERE 715 DREAE ) W3 i RR LA TR | 1k
A R A R RN B G S WS M, A A 3 KR
B, WORA S RGN RGeS o B £
b3 H 4 e A P Y R, S R R AR
T R AR () B UV 5 TG A R R T e R
RS T PN = 1 5= S VAN SR G R
P FEAE AL AN 2 8] ROBE I8 B AR

RO I, B SR AT AR
Y B AR AE BERA A A A 4% R R K S A
FREEm G RANA FNIE RS T8 , 45 o HAE & 20l
SOULH Y 4 BCRE g R Bl B P % ( Tscharntke
etal, 2016) . 4PN4 FURE R YIPT R IF4R
RO B 1A RE J1 i, ThBERE W i — 4
Y R OR R O, A 5 AR 7 [ st 37 31
Sk A RPIPUE R BAT R SRR A K EGH AR
P TATH ST, B B3R . #5235 18] R P IA]
PHFEHLE . DOREAE 095 | ALE A B IR Bl
F5-F AT PR IR 4 PR AR R R B RO i — 25
PR BN, Wi B E R m S REEEY)
A AR PR AR

PRI, skl 5 e A A5 Bl 4 1 & R 1) R
O Jey B B — 1A 2 T A BT e R T 7 ) 4
A FLR AR -3 R - K- T RE R 22 4 A 25 o
W 4%, TR AR e A P 2 VA s AR B A 5
KECP RS A S A IS, SEBA
P HUR MG ) 278 TR 2 ROE A YR
(A, s DA 25 IR THES REGIRS5 D)
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REFIAE HEAOY T 1525 4 e S (1T iy B AR U 5
TR

5 MAMRSRAREE

A Ml 2 e S BTN AR 2598 1 75 SR AN W4 T
WA FLA R e B A Y P v | R R R
FCEEY A K AE 2 AR, IE B WA
— AR AE W B TG R AR AR PR A BN A E A N S
( Jaber and Ownley, 2018; Vega, 2018 ), IT4-3k,
A A TR A8 0 A9 2 DA ST 555 = B i A a2 A0
PR 2 I (R AR 28 TR St e, HEOR B2 8l
TR A TR R B U R i
AT

51 MFERER

b AR PN A L AR O T B T B R A
Z—o WIDRIIRE R R A TR TR, Al
Wi K W1 S BUAGE RE AR, 4R e TR R
GEOR BABRARRIAE A . XA 5
Wi /NSRS, AT TR I R RRA T4 5 | T )R 1
PLEZ8: Ry I F

52 WEMIBSEHKER

Bt oy AW | SRR A2 G U E e
AP &, A L D) Re e R i ARG HER T
BrBf. IT4ESK, CRISPR/Cas9 25 FEM 4 A B
B T 2 P 22 R B T r st AL oo, i s
WA G . R DL R AR IS
NAHOCEER, W G AR TN AE R BT L
FaRE I A SRR (Nedvig et al., 2015) .
B, EaER JA SRR R s m R
WERA AT, AT — PRk AR LR 3
P EIVER 5 e P R s A, A
L R 4 %) A A RN B R B S | e
SEIXT 2 B SN H AR R ARG IR (Jaber and
Araj, 2018 ) o SI[RINy, B BRARTETEXE LA
R IARRGE XU AR AP S 2 &
Uineas K, B A A& iR ( Synthetic microbial
communities ) &8 YRTAFFTIA S .l R
AN F AT RE R B W A T A G, nTE R

T A D[] O 4%, S B e AR | % 0 WA i |
PG 9 DL S AE W) fe S 0 45 2 R I e AR K
( Compant et al., 2019 ) . XFPEERKE [ U
BT 3 72 R B LA R AR R AR T A= )
il 70 A Je iy B 2 5 ]

53 SZE&&EERT

U P AR L RS I 3 G SR A P B LR
RBAEERE S, (AHASRONATZ B4 5 02
P | R B G L B R B PR A 2 P R 3
SO, DRI, AR A A R G 2 1l i A
B —F AR N 17 2 JZ IR EE AR R R A A (1)
MIT RN, 2025)

FE MR L, Rk P9 AR B R 5 D) R AR
VIR EMLS A, SR TRER Y, R
SO EE R R B R R LR S R IR S A, NI
PR AR LR S B (R B AN, o 7E SR |
IO 38 A A AR SR | 3 A= A5 JER 3 A AR A
BB, B e RE B A S R g
B X g R A= Y By 6 R 95 D1 fig ( Tscharntke
etal ,2016) o LA, JEW/D) 3SR U A
e A it IR SR A 85 L R SRS AR S B, W]
A RREAR N T, HE R N A B e B A e 1
REHEE Z

R R BHARL ) A A R A R N S P AR LT
U5 S P - T R AT ) A F - W AR S AR
U5 -4 At AL A2 1 £ 2 W U [RIAE AL
PR A . A RECIA: IR 2 G
ML, AR R ALBRE 780 KA AT (M)
YU 5T (CREHEE ) BRSO, 1 H
A E RN, AR AE S RSP
FRTHREZE A 7 T, ARG RO A 5B 1%
£5 % N PSR T S

6 XBEREFBRFEARETR

SR N A R A 3 S A W T R e
PER B 3 05 T R B BRIV Oy, (AR
AV TR K T 1) R R AT A7 A6 1 22 S B}
FIRBURA R . H G, A THY- N AR
- R = ICEAR A LB g T, Xt
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T A FLE ] S IR AR 15 5 N 4% AR % DA
Q5 U P e 1 P AT RN o G
SEAEARFES ST, JA, SA M (ET) %
RS Z [ 28 AR, DA KGR S605 5 anfer 3K
SAEYI B A S R PR R 22 Ak, k=
RS (Pieterse et al., 2014) . Hik, WAHE
PR 7 FH ) PRI v 1 2 BB A2 1 AN BB 3R T8 ML A
AR i 2 L7 b Ak R FH 1) B SR W EE L K A3
F TR L AR S A FH DA K f A 4
[R] 754 46 TR 28 249 0 BB R ) PR A B 1R ) 2 BRI
AERDIRERIE , FECELI = A TR FE L
FMELATE SR 2k A B hi2oE AL (Vidal and
Jaber, 2015; Jaber and Ownley, 2017 ) . i, &
KT BLE A Z A H AR AR, RET
A P A TR ) A 2 ML B A B A 20
0=, MEAE YA AN PR R R, AT
BTN R 2 B — T AR ME LA 7T B4 B SR R
IR DIRE . AN N A L Z [ DA S N A L S5 AR
RN T MBS LR S5 AR ) 22 180385 3k A7 7 T
[ BCAEHOVE AT, FEXHAR BT B R R Eiopss 35 D fig
B £5 52 R 1 AN B o A DR I i B K TR A

( Synthetic microbial communities ) 4% 5 7%
HAHLRIOESE, T AMEDTE | 2R i 52
A SITRERH B AE D ) ( Compant et al.,
2019; Trivedi et al., 2020) . WAL, DIREMYS
WA ELTR P R R iR R B e s v e AR B ek
s RATEAL o AN [R] Dl BE AR 9 7T BE 3 2o 92 5 5E
e AR FH sl T A 4 A o PR ) R A R B
B, R USRS Il AR S ) HE PR ikt AT HE XS A
T PRV S A0 R RO AR W 7 AE S
B, FEHE) I A A R e T 58 3 1 A S XU
PEM IR ZR 0 Of AR 28 2 AT R 2 A

( Barratt ef al., 2018 ) .

AR 5T Wi — 2 S FH B REE 9 R FR
MR FE S RGNS AR N AR
PR VR RN Y 25 (1 HOPIL ) B L S T ReAE ) | A=
B PR KBRS Z [ W PR Rl DG &R o Jl A 8
A A -AEY -3 B K- Re A A - oW 2 4t AR
AWML, LR R L AR B R G LR
BAEPNEAS , ol 2R 6 % RN AT KR

VA BT A SR S AR B A%
7 it

GERZ/ DS e SN (BPIpUE 2 K7/ i S PN A1)
HEA A, BRI IR B
2 et PO R R A A B SR
YR, PRI RAEYIPT AR S R E e
IR AT PR - AT HE % 2 8 IR R R AL
il o IR B S I A — Al T RIS IS
5B RGNS UIRE , MR P800 AR R R
PREFVNE . A SO N A B AR -
BRI REAEY) 2 4 A A5 TFEHESE , #878 THE
YA A 2 S AN F B AZSBE BELE],
RS YU RV B IR A S B TR Y
B FERR o AR NN 228 SR H AP AT A
FET TR A 2502 P S, 48l A A 0 K 8 14 A= 25
FEHORBHT A0 A A R
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