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Figure 1 (Color online) Overview of antimicrobial resistance (AMR) research. (a) Keyword frequencies in AMR research across all research fields,
keyword “antifungal resistance” was highlighted in yellow. (b) Annual publication counts for AMR, antifungal resistance, and antibacterial resistance
across all research fields. (¢) Keyword frequencies in environmental AMR research, keyword “antifungal resistance” was highlighted in yellow. (d)
Annual publication counts for AMR, antifungal resistance, and antibacterial resistance within environmental research
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Table 1 Summary of literature search keywords and results
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Figure 2 (Color online) High-risk fungal pathogens and their resistance to clinical antifungal agents. Antifungal resistance profiles of the indicated
fungal species, with resistance level depicted as high (+++); intermediate (++); or low (+). Estimates are based on data and descriptions reported in

related research®?2")
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Figure 3 (Color online) Antifungal mode-of-action and mechanisms of resistance. (a) Antifungal drugs target the fungal cell membrane, cell wall, and
nucleic acid synthesis. Drug action sites are indicated by lightning symbols, while mutation-induced drug resistance sites are marked with black

asterisks. (b) Mechanisms of antifungal resistance
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Table 2 Comparison of AFRG databases
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WEWEL B (FCY24mtt) . s e it B (FCY T2 TH) |
DR EDER FR A% EL AL RS Bif (uracil phosphoribosyl trans-
ferase, UPRT, FURIZuh%)%AHICE H 28728 ] ] 47 3k
X LS - Fg 0 s W Sy 1 3R ) s e AL ) 2R BT L TR 24 B B
PEU2) DN R 2S 25 W TR 2 PRI S 1 AT BB S, ATE
Y& BN BN B EE 1 (Trichophyton  indotineae) W 14252
W 250 58 A8 F R A I I AR 393813971
ISR BUR. EAEEA S, WEEISOLESRLF %
AR RT e RE 0 AR & IR A S, 3 T BB I 22 A ] P
B A TR, SRR 25 PR, EE XA R
Tl ARG T 2 — 2P TR A

212 WAL XL RERNEFT %

R BR IR G TN RAG RIS TS 241 1 &g —
WA (E]3).  FEMMPRE 25100 1 (IR A I R 73 B Ak
o, BRI FIER UPC2RY DI RE SR AP E 2848 n] S 3K
ERG {2 iR 3 263815 e A il 25 A0 2k ROk o o,
CYP51A/ERG 17 PH| Wi iy W 21 245 49 25 e 1) 2R 35 7 il) A2
& B 5 JeF 45676 H (sterol regulatory element-bind-
ing protein, SREBP)SrbAFISrel HHFE4T. b4k, {H15
HEME, 53RN ERA MRS M SEIRES S
T RS (A I B, S O ot 2 S BT ki 245
PEP, e R B, RS R R & BB A
L IRARAS R A AP G 25 T, LR R
— AT BB 251548, ASRERFRATZ 0.
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2.1.3 I pLOR R R AR 2 1

1 60 7 384 7 Kot S AR I X 4 e R e B 2 K
B, HNHAEZ YR W AW N R &
FEFAZOAME I (3). Hsp90 &/ L B R 24 7 1) e gt
YA, el ZFE S S Tk P STk
AL R A R R T o X L 25

TE A O STRE T, Hsp9O ) i % 8 (3545
PHIBRIR I LA S PK C-MAPK 4 ity BE ¢ 4 2 B I 1 11 22
A EL(PKCT, BCK1., MKK2FIMKCI), P
Hsp9 02 BH KI5 1% 8 122 il 49 6t 24 1z 9 s 1 FTPK C A 5
0 S A TR, DT I o s A AR 11 T 28 25 25 W Ay it
2GRS IRAh, SR T 2SS 2 B A T
Hsp90, 33X 1™ & T 185 A 7E SR ASAS [ RSt B0 58 25 4 i
25k rb RV E MY, Bl ABFIE IR H8 /R T Hsp9OTE B A
BRGNS IR 2 38 S 07 Hh A . A A T R
AR S TR Hspo0Ze ik K E By i bk, BF9E &
PR AR Hsp9 02 1A 25 48 5 120 S A Xof e 218 245 4 % HoAtl
200 IO 354 DR T A 1,

X TR A R 22, AR RN RS R R AR
R A TIN5 K B R & R . T
H OSBRI R, oL 2 —3 XL T )
oAz ERPOL FERIAS R aa i, A0 RE LT
TR 2 FEGR IR 259 T YT E m G M,
BEFRJge B A K00 (eagle effect) ARG 384310 52 T
RO
2,14 BEITWD M NG UK ERET M

BN 259 i A HE Bl i AR 25 195 (T
A HHE N 200 R LB AR I 2 1 Y X — T AR AR (J13).
A I T A MHEZE L IR R ANt P 25 P R R o
XoF S 21 I P s g 2 24 0 i -5 LA R B2 24 00 1) T 25 IR 42
TE, 3% AT REE R N X SE 25 )R 5 BN HERR R I, 18
HERE T, ATPAS & S&(ABC)# iz 1 CDRIF
CDR2V) Je 2L 5 Ak %12 B FAMDR 111 10 5 s 25 it 245
P2 Z 25 hERE 12 26 A 1 i Bk R R S oA
I D L TR s 2, b R E R R T B
BRIE B AFR AV B 09 Atr FAE ABCRE 12 8 B3 A
HEA T (i 25 L 78 Z2 P IR LB TP AR, X R
B ) 250 MR R B A o AR R T 24 1 0 S e

bR TIN5 ANHE, SR A T S A ek 2
HUOR PR AN 2R R, 78 O BRI AR R Bk
P, RS2 s AN O BB B 1 B AR B A
AR, T A A P O 5T TR R R BRAEAE T BTk

8

SZGYRE) . KA pHAIATP ) 5 A4 HL 7.
XoF 11 B 24 ) 60 R, 1 ) S KA B T R IR A LA 5T 24
P KT L TR 24514 2 IS i PR
2.1.5  H AT 25 EALH

JEFAE K (aneuploid) 5848, G BRI
YLK IERAE A, T2 BRI 25 PE Y 5 —
FIl e 2. 7E AR ARA P SRR T, IS 2 i
PR3 B bk S S 00 25 175 R i 24k rh 38 P SR 31 55 e £
PR T 5 T IS Y R[S TR B Y. bk
BATNE T B I b SIS EE S ERG 11 1) 55 BRI AT 4% 245 o
HERYEE S PR 1 TAC TR BRI s 3G 0. 2Bl H&Bk A
(AL S A 9 W 555 G AR 1 A1 15 DL (#5721
Tirf 245 A0 G J5E R ) A B T 32005 D 4K & J b 980 s it 24
PECOL A e (bl DUBUIS AR T 78 2R RE AR T &
A, IHE AT 2y W) R a1 O T RIS X P
[LSEARZ/ b p7e e 5 i N = ikt ” TR a0 B e .3 e S
8 THRRE AT 252 SR IR BN ot I 17 805 R A B R
S 2 5 e e AR = R, SRR S R T TXR
F R R 2GR IA R4 i sz e, PR nT
[ IRF 8028 AR 22 BE IR 48 DB, B A Al BB T XA AH G
A ST 32 PE.

#9715 (hypermutation) 2 9K 2y 22 H it 24 2 AU 1 9
1) 5 —EZEHLH]. BN GRS A R R T R R
(Saccharomyces cerevisiae) "' i) ZAH RIS RENS i) &
INEHAET A A N R, X A T REA
b N O A 3 A e R R i 1O Sy
MR, 540 T A2 ™ 30 W SR 1 4 DR R 2R AR T &R
NI, B R AR i 2R S 7= A 3 4 oy e A

5 T 24 (heteroresistance) LG S BEAA YA [E]) A4
YU ZE S — AL S TR RRERE . 4%
FRRIRE M BBk, AN RES A B S
FET 2 R AR 5 AR, o — /NI B AR E A A
07 R X IR S 2 g S B e R i 25197, IR A )
FEURREIZ AL 18 W v B b 38 e S 2 oA, HAE T2,
IREE T AR BT R D 1 B

FEN AL P4 R TT A RIS M EL A i 25, 41
BRI LT B0, BRI B GEE
HDAI F1 RPD3 HZFIRTENH FURREME 1 (4 BRI /0 B AR
L, RERIR AR 25 A A R B B, Yefa iR
RIS WS BTN 25 A OC: TER SR, SWI/
SNF YL 8, J57 85 91 5 15 W) S S WA T 245 1 R DG B S PR -
MRRI WAL BE R 71, BeAh, BRI 2T



ISk

RNAMT R TR BRI (Mucor circinelloides)
1, RNAIRNA T AT 1 2548 1T LA iaf e fige 245
P FE R A mRNASK I T H 2510, I 5, 75 BA K
i) 4 B/ INRAR A rh SRS AR A S i 245 1 AT LA
FEIBRYL i R g S A 0L

e, FBS T AT DLk AR R 2 R
fan, A=Y l———Fh 2 A4 T B B A
LIRS —— RS 25 M AR AR 4. AR Y
ELTA A R M AN, AT 25 R AR AL R AR AR
WS N2 R T R A S 24 40 e JEE 071

2.2 FRAIHESPERIER: AR S N kg

TR A g RIS, EREAKERITF
YR T PRI AL BT 25 PE SR 2, B —IKDNAK il
AT RE R R FE N GEAE, AR VB A A i 24725 S 108,
AKX LG AR Gt = ST PR T I AR A XE L ZE R
W RS, (B ATEIR B T RS R 2R A
T MR SEA. FESMRIME AT R AU T, X RS
P Y G AT B PR REE; SR, 24 LB S SR T BT 1Y e
BT, AR AP EY R . 8 3 5 I ok
SMNEHTEL TR 2R, ik S AR AR S e W B, HES)
T e S ) P 7 £ B S 0 3 o PR RO, e mT L,
FCIR T 25 M 8 BAS BT b — i R g e A A, B
FELG IR BTG T, BT m AR 5 S
DRI DRl [ 5, AR AR LR A SESE. 7R iX—
AR, ERE AR P A Z R A e 4, T
MR ARSI 2 e SR ), s A RS R
Yy IE] 35 S P A OB B P, A S NI Bl o B I
RITE G . ROV AER . BB . Pk R
SR D) R EREE R SRR, i T 2
B RIZE FLAE A RE TP A I B S Y, i 25 e kA
SRR LA BRI L.

22.1 HRBIR B EE w2

FAR L 3 HLAR PR B BRI AR s
TR AU . B A 84 2R R R A
. BRATEAEMHIYO. K, BRI Kb
B —EHA A RARER R I Z T, #ua L EH
ZIZRMBIE RS, WIEHEHANEIL AP ANER &
g5, e o L2 AR, ARG e R
B K BEARAL A Pt AR IGRE TP s A A8
FH B4 2200 LA 25 0 e 5 s A F O S, S5 KR
PIAEAE— MUY, DA [ AR IR B 7= A 1 it

2k BB S L S 40 b B T R G A Rl PR 24 ) r i
21122235

WEAb, IR FE %52 (horizontal gene transfer, HGT)
BARTE A T R AR T AN, (HIE Ak K 5L
MW RR, BIEER H AR 2500912 s BAA A A]
ZAAER. HEZBAT LOE AR WL G .
AR DNA 8B 2k A 0 7 R R i Dy e
PRI 08 i 2 A A 9 v B, R A% — 2K i 24 A
FLH AT Gl i HG T AR FEAN A R AR Z A5 4E,  (HTif
2y G Y, 5 — A R S — s L)
fL B (early-diverging fungi), HIEFZH H#EH Kimok
IR TG AMER | AALIE B B 5 75 28 A i L A
WFFEN R X SE B P8 T e A e S & e sy
B A 1R .
222 AN ERzh ey R 2

FHLE T ARG RE, A R R IR Bl () FL AT 2Y
PEAEAEAE SN B N R, JFFERESESREN . BTRREL
VEREHE 7, MR Ml 250k DU R B AR R, IF 2
HUE R AR R BT, TR, B E AL
HI G H AR A 278 H Rl r) 2 8 ), 1
S NN AR E R IR R ), X RE AR E )
JEJ7 2B TR T2 AR B L R RO
BEE. B TR T ER R R, ERAP Y
LR LN ST R RN N T o TN A e LN
REfE IV oK, DI Sl i 25 2 78 A K B[] (N9 IO
B AEXFEOL R, — BRI 25tR, B e
SRR TR 22 5§ BB A PR B Tl AE. IEAh, A
FNG A BENE TH PR ZS (B) LA BR B, (AR R el AN )
AR R E A A 5IR G, e ki 245 5
PRIARAE T Y L P A% 4G, sk s 24 1 ) 4 H0R DX I
gl

N R SR By ) LA 24 R ) LA e B R A
FEMIAEERE . AHACE SN RBE X, SR
M A Y A U of R TR 7 9 A 7 A g 21076
TERXSCE R ARG, I RBTE T 259 AR FH AR BT
FIS AR, MR T R minm B R R ), Rl
HTE AT 2G5O E . — SR B A Y
Wy AN . Ea)E S ARG Y, R
FIE 225 T 38 3 e R B R A A7 0 T A Tt
2GRS A B IR TP AR B B R 2 R
RBEMAT = WA, HRESRERFESZRIAL
T SR RIEERZ R, B AN PR TS e pirds SR R I 00,

9
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REfRAEM 25 MEAE 1 SR A B AL AR R BT &, e
NI T FE 257 A 598 W
KT HAEARESRE PR, AR
I SR R ) B

2.3 “One Health”#Lffi I ELEAT AP 500 P 32

“One Health” &l A TAEHL | BREERE X
AV ZHE 5 Bh i) T A 4 R [ PR AR 2 4
=] PRS2 [F] 45 ) — P Fn O N 26 . s Fnzk
BRGIERNLEA G — 1, A IR
BPLEZNY)  AEY) DL RO T2 IR (AR A AR R ) ik
FREEVIFOC HAEARAE, DTS 3l 51 a2 AN ]2 1H
ZATRIT . SRR, e [R] X f R RN 2SR SE
i, B ETRI N R G A B kA RS
AL, 0 A PIST Ak FH 2R — fle g ) Rt 771,

“One Health”FHEH5 1, Al 5 h g J It
HE AR B YIAC, = FHAAHE W, A
AU BTk — WA, B 250 A SRR AU
B, RS RGZH APk, R, HE
ST, HAE AR S5 A2 R
I TALRE S A L, K L5 e PR 3R 5 A 5 R AU ik
E“One Health” X — R AHELE N LAWFSE U B Ay b
231 FEFEEFMHENTEEER

WY et ZR SRR, ERER
A E P e =FE T A fEL (triple planetary crisis), 1E
DA 2 HAHE OCHR) 72, BB B SRR b L
it 25 P A S5 AR . REE TS QL T SR i Rk Al 2 ik
PEIE 1, M 25 MR FIAFRGI H B S5 B4R AL T 4%
e AR H S T AR RS NRE S HE
AEJ1, [HARF M AFRGH 25 163 /3 a5 h 4k 5 22
L A AR T P A bR A BRI S
A5, AT 25 B AR )2 K AR AR A
P ZHMESIIFILEE, QAR KRR
Z 58| B 250 SR R, AR S

SN ZRFEL A ST (K] 4).

IRBE 15 YL B TR it A S e R e ) S M Bl EL B Fh
FEA A A, ik thid I RE ) SR L i 327K 5
A RE ). T Ak A 7 A pHE R 75 Y P 51
B TH BRI SR Ak 2 i 8% B A, SR LR T
D NEOEZ ST S1E R I\ Bl 7411 b (9 R R /I STENN
F14) L R A 3 Ao 39 R SRS T 1 L A 20 AR B 53 B
WOE BT A AN HOE A T g R AR AR T, N ITTAE IR

10

MiAEBR G PR 2503, Blindtst & w5 1
W BERNERRES TR IR 2 BN AZALE], X P
525 MR R S A AR AR RS X, T
FHHT LA 25 R Z K8 T0) = AR
PR TR TR S RN OB T DK e 218 S5 2 i[RI W LA 6 7
i 25 PE HL TR EEF o] AR e PR, 7E 1~24F AT LA
FrREe I 2B, O EE A, FARIRBE Bk, +
. KRS R PIEERIN AR L RE | R e
H KR — LS5 YY) ey i a] GEsi 1
AR B AR BORES | BER S SRR A, X 24
PEr=AE . SR, HETOCTFHRE AT YT = F AW
fiif 25PE I8 %5 T AR AL A R R A B, S BRAE
FHRAEZS 2 SO T O, DR A 0 oo W ST B 5
HE RN AR, AemEmARE RS H
PRI 24P 22 [ 14 O ZR AR AL S i mT 5 A 2K i

LY R ER SRS R G R, v
REA T BB 25 0 &R (F14). MVE R ARE N
ARFZ{AFRGHE BT B IR TEREVE T, W20 s I XS 4G
AR B <A W 11 B R, e R
PR T DA 3E 2o 40 it 24 2 4 R o 35 PR ) 42 [
SR TR 25 PR Y R AR TR B, Rk, FEdRh 2
PET R . BEVREEA T ALEORREE o, S5 IE b, A5 7
T EL AT 32 MR ) o e A B sk L & AR A
PEBEE A NAE SRS 5k, EERETAEY
AV H 25 . FRATH T AT RES | &Y
— R A 25 s T B SH AR 3 R 1) AR AT
RIE.

S AAS AL AN A ERAS B AN SR I E R AR R AT g
A FIF BB 251 (F4). AR v ie R B
ITETE SR AR R AE R TR RE Ty, ARTS A A7 ik
T B A BTSSR TR T
WAIRESA B T ER R A &L, #15 BERESTE
JUREIEN R J R 2568 S35 iHeab, Essia Ay < e
By b A A% 1) EC PR E e R AR T BB R TR AR
il P BRI B I, [RIRE 2 1 ol BRI 24 1% 19 &
JRUOL 1 R S e R A T 2 e, s
X ARAVE S, H 030 T M DX B2 AR, DA T s
JEA TS LA (R F B A K ol B R R ML 2 1)
ZME, AR TS T ARG, BN e
P45, LG5 SR K R e, kg TR SRR FR (AR A
fRigfe. N, 201145 H AR KM S | NS, A s
ik s B0 E 2 2 5 e ) ™ EE R Y s 151,
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Figure 4 (Color online) Transmission risks and driving factors of antifungal resistance under the One Health framework

232 FHEYTEEMGHN T mER

ARl A 7 v R el R EL AR DA A
Vi, DAkE G 25 ol L TR RS L e 11 ™ 7 i AR T
PG, TR T A S N B A A A R . PR A
Yy, AR X BT EL R RV N T RS 25 )
PEFEIE ], ARAEH A M 255828 (K14). =2 | 4
FEVRI TR R 2 RN 2R I DRSS A A ot DR LT 3% g 2380
BT, SR L2454 ] B (o 32 8 i L P ™
AP PR BPUMEH IR, 75— H ] 2 de v,
21 6 b, R A2 AR = B 0 YRR R B /N 22 R e TR
(Oculimacula yallundae)’y BSERIS, 52 A5 25 2=
HRZREMES, TLF-100% 0 H#FAR A T H 58 Rt
PECTL S —Bo P R B G S A i B 15 DA i 25 B 42 ]
IR TR LY 55— M e

VER AT LA A M R R 20, 3 ]
S 2 FIECR L. N, WS E AR R 2 R
il 7B AR R EHR AR R GE, SRR ESCUE B
R UO); A S SR 35 ) oy I 2 K 8% R (Ml cro-
sporum canis), &Y T ECE W EREIRY, A
N F R ESSL Sl 2B, F Ol H o BTG B
WAFTE—ERRBE 25 FEf ], X R RS 259
TR ARFI ™ AE 568G, B TS TEmBom k558

SR AU (14). TE—TURAE & & N2 AR M5
M, 53.3%MFEAS T Y B 2 /DX — Pt I 2 A
TRF 24, ol 4 e o XU 5 7 ) e B B AR 2L, 4R
TSR P EC RGN LA S R PG ST Th R bt R 259
HIE, ZFR R BRI 25 T AN RO oY
NBURAE T 136 AR AN43 FU 40503 Btk . BASFRE
AR, S BT ELTA A B RIS U IR I 100%
(iR 2 1),

HRFEWAEL, BRI R T2 E R4
Wi, RIS D) 52 B TP ARFRYUSZ IR, B A= 2l )%
YL ) ELRA T 21 B AR R ) A SR IREE TP R 2 R
AT E IS, WG 155 R &
EBRGRMEE; ILA, ok A AR ARF ] fEiE
I RE IR RO E A SRR, LUer = X5 2 Fh sh ok
R 1 AR 25 R 4 5 R A4 1 T JB e i 245 30 Ay 43,
WF5E 5 PR A= BRI (Porpoise) PP T B 21 T AR ARG HI R
A 33%, WA TR IR EY). XL 2 53 B AR
i CYPS1A JFEPIAHSCHAE, AUHETR/LISHAITR,/
Y 121F/T289ASE i 2558 A4%,  FLiif 24 14 58 nl GEk Ui T 35
B B R P, iEgE R, dESEX DA RE T R
A R i A 1 822555 11F (white-nose syndrome, WNS)4E
T2, %P HH VGV MR LA 1 59 FL TR (Pseudogymnoascus

11
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destructans){R AJZIRETEL, O & RER 7 s Y A AP
U T REREIT 95%, JTMi AP Rh G K4, W BT A:
Bl AR K 1 SR 4] 2T

233 AXHLPEHWMAMEN T HEZ

NS 06 5 BTG s A AL T BRI 25 1k =
Yefp EEIRE S, IR S, ASH WG S T
Az P AR R A BT R 258 . B0 BT BRI,
XL ST TR 2 R RS I TR 259
PEHEE T, MARFHIAFRGRIFL SR T 2514 (K4). K
W) AR A FL R A S N AR AL, N AR L AR
U % A M MRS S M AR ML, BT R E
(IR} 24 e 201312751,

TEGE AR, BB 259 A FH RN 2 s
K, RHEAERZEMG R . R ibyT i E Btz
B, S 2RISR A R R N A
Bl R R BT, O EFENER . &
W B S C R ZEW 250, EEHIE T IRKIGYT
SORE 25 ARG, AERIEAL . JITRAS
KT ISP E R 258, SRR T 24 e ik Y
Ve R, BRI AT A T R X

KTV IS ShRREHESD T ARFEY™ A, T
ARAFBHIE . At RS 24 7= 5 v 32 A A B 8 5
(IR gL . SRR PR . (LR ER %) HA
BEPURE YT TS, KB i e b 2Ry B T
SHEERE ET Z ON,  HEE I S I R 2 Wi 2
AL DAL . BEE T A ERE PR, 283 T AR 4l
AT FH BT R (R o A ST RE 25
Jo) o X PR B L R R A R P,

2.4 ARFJZAFRGIJ“One Health”{#5 XU

HE A HEARFFHAFRGH 4 5 AR T, 62
= NG T P27 G OIS o g S 4 e s AP A= s )
KA, fdige I 398 | RAEW DL IR K IA 1 ARF
B E S, JFEalE R FRKAR T SR i T
WHEAE 2 RS RGP, TR, K
I H R GRPEIS, FEE TR K ST
Fo s B X S, Fe 5 ARG R EE & AR sg i)
DAWS SRS 245 A i 2 A 151, DA BAESE ] N ) 5 T A% 4%
T R AT Ry - R B — 2 R PR T — S i
ZEPEAR. A A R il HH e A R TR A 4
HEREFVEY ERAAR s ST 25 00 2%, X SEERBE I A
FRE . UscE) . HEAEENShER F AR RV E TR TR O &

12

B 294 B o A TR A S S, T A ARF &
AFRGIWAEYSRER. T Hih &R RN T
e KRS IR I I B AL, AR P AhelE
PRI XS T34 AT REM A SE 1, Y EA G RN
FECAN S ZE DI RBAK T ) MIPFIRGE 5, w] e e A5
KAZZRVE MBS, 07 L SR I PR FHmR et
ERH W 2G, SECARITRMERZET XS THE. 1%
TE O R T i 24 00 i R R Rk R ISR A TRA KR
P TRIERS, e A N AR B R RN e A LY
“One HealthfE#E4ESc. SRR, PREEAUETT 24 E
HESk, WRHEEARESREZ TR S H06
A T A

ST 24 ELA G R Y P R E S ER, K
BHEY HAERRE T 25 YR R,
BRI 2 B, B, 4 &2 . Sk
R 0 ) Xk = w2 25 T 2 0 R R S A R
FREOTOSE g s gy ] BEE— A G A
XK. AN, B TSR SRR AR,
AIFE S B R P ARARTH 25 B E, O A SRR
Bi . Aol K NS E X AT, 2R e A &
/NEUTE 2L B4 1) 2 [ % sh s 7 vl e A B FAE % 414
SR L AU B (Histoplasma) FGHT A BRBR T, —BEmk ok
ST RE R BRI T B A A R i 1 2, — e e
JE B RO S B AR IR R AR L B Y. s ik
XM A sl ) T B A B ) A, T R i) R TR I
IR BRI RE, (B HAE 2R LA T iR pE a3
AWAHfG. ARF K AFRG H sE ) ) N eat 25 0 5 5%
&, SR NSEIGIREE, i LA b oo A 2
AR B AL DA MR, SR . IR IRIR YT
SRS DAl A2 Bk i

NS ELTR T 2V 2 R 1 e 22 A, AR 4
MR EEIR SN S, AR ST EE KBRS R
FEPICE AT 5 BT BOKHERL, AT AR AL ARF I
TG, IR AFRGESR T B85 5 A BRI A7 st it
Ah, @ERIRTT . EPRR S . ANOHsh . BG4
BRAE NS 3l [ A ] e 4 i ARFFTAFR G Y IX 5[] 5
F%, MR A 255 (e B XU, (o L BT i 2 1k Ay 4
A R geAh, VT AR R 1A SR
FRF AN Ztt SR Br il i K HER . Rl AR . [#
TR IE F 09 B S 28 SRR SR R R s A A SRR,
L KRR I s B B . A28t
G5, HARIREE S Y 2 (] RT fE i 2L S k4



ISk

JE IR Z RS A o= A Sk, e (] 52 M B B T 245 7
S PR

LEARE, N5 AR LSMYIE R T E N
W —J5 ], Al AE Bl A B ARF X HA
AL P BURAE N - S SN T TN RSILY ke L S e e
MEANKAS, BIRMPIGE kel R S0 B R
F—r, kA ANRESTS TAL RS NPT E W2 P5%
B R B AR R T R A S KAk, R
M) AT S A IRV 254, Dk 53 1 1) T 24 Akt
TSR0, AR 2 RET AN R HKiRR
(AR BBy . e H +38), $t=XF“One Health”
SR R G EBE S EALPEAL. I, SRFEAE“One
Health”fEZL T, GRS/ IT . ERHESE, A 50
e AR SRR, LI ARF X AFRG
FEZA TP ) SE AL RE B 12, DTl B8 A R
S5 JRURS: T T e

3 IEARFRAFRGISIEIA . KUSTERL
Ji i Bedrs bR

RYE“One Health”HEZL T #8671 1) A= 25 5 fdt B XL
[r, V& Wi 2) 8 H ARF XX AFRGYE h—Fp s R i 1%
AR SRS SR REHERIRI . TEAN s
FR, RN T IRATHATARLUE | RO PR 2
IRIEPE ST K.

3.1 HIEARFHIAFRGEINR A

PR BE ARF K AFRG (184G I [ s 0] ) 38 328 171 AS W ¢
e, Jf HA SRR AR M2 2 BAR (RS, £S4). 1]
ARG TR E AR G Y o i i 2l 7 vk, RAE
I T HEYFERDGEAMEC TN . #EA201H
a5, WA TAEYFHEORBY RN, Rl T Bl kA
B Sangeril ¥ B a2k 0 m il I P HE AR | R A
2 (polymerase chain reaction, PCR)S5:CHER ARy
I, A GERE T AR GE R I AR R] 543 [R] b AR, 52
BT X BARGUE ) ARG = R mtEHE S
RN, AR, BT BRI R ITRIL S
R, BE—ATAINAFEY S . CRISPR/Casti il LK
BT AL B H PR T S B R, BATE
TE MR IEZ B H 45 12 0. BT, TEARF M
AFRGHN 4G, PCR AT A HA TN BIHOC %
W% EEL B KA T A ] [543 (matrix-assisted  laser desorption/
ionization time of flight mass spectrometry, MALDI-

TOF MS)RHE AW, & K m, BN R 2
FIEAR. [RIE, il I R R R R, FE A 2
PRSI E K454 H g 2R,

3.1 AT HERE B ARFR

A W TR 2 38 o PR B R A b B AR
FEAR T RITEY, A AN [R] 2597 (1) i oz >Fe IR A
WX I T 2 . BRI TR 24 4 R i e 2
514(European Committee for Antimicrobial Suscept-
ibility Testing, EUCAST)JF & T 41 B AR AL iR
i A L 725 LI 7 470 L T 247 0 1 e/ IN AT 781 WK 2 (i -
mal inhibitory concentration, MIC), ¥4 H 515 i e 1
SCHLARF R PG IR AP, 120 2 0 2 H R a5 M T
PAFRABNEYE: ToH B 4245 By st e 45 BT 3K
i 245 FRAVEA IR 5 S LI T SR AL mT 55 5% 00 B4k
[y, HARAS AR AME B AT S P25 R E kb, T 3CkF
FTAFRG M 25 WLl AR . R ZEm A2, 120 Em
AR S IR PR A Ho—, IR A a2
SYEITAif  E T, 2 R AR A A A E
el B, RNIA R SRR R AT 25 R 2R 0
1l 55 HAE PR EE A T 2 T AR BN (E.(FR S4).

X PR 43 B8 B TR AR A T 2 B0 0 1Y) i A S X
FUIH B TS RS MESE A, ARG SE R M 25 OB AE IR B I
e M EA PR, KA AN R B R A LA Y 24
T 2 5 1 AGE R SR AR, IR RE A Ry B
WG, HEERAREE—A SN ZHIE R, E5RE
ARU o R T, WA RIEIEA . Bl
TSI TR A2, RIS R L IR, Hm
Wi 22zl MR, 24T, MALDI-TOF MSIF H 5 A%
RIREE A R = RS E %O T H, BRERRL
iR PR 0 B R DR M B AP OK T, AT K
b AR T B TR B R A O S T 24 BN T
7 X FMALDI-TOF MSEURE TG 5 R A )
FhECTT 2R AN R bR, B TROBHADNA
%A f@ X (internal transcribed spacer, ITS)AY4F
J I B A B EL 3 3 ) AR S IE T 6.

PRI, T 53 B 5 7 V6 i ARFAG I S 5t L= #4) B
T AL B SR R R R A% 0 2 2R S i AR,
B IRBEREAS vh i) 43 B Sl A IR v 2 — Y1 o
Privie sd; Akmizi &g KA . MALDI-TOF MSK
B AP EEAR, SEBN B IR S ; e,
X 28 358 WA 4 0 AT AR R RR A TARHE R AR o1 24 Bt e,
AR RAS HAT I e B R T 2 . X — e
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Figure 5 (Color online) Detection methods, risk assessment techniques, and control strategies for antifungal resistance. Key areas requiring urgent

development on environmental antifungal resistance were summarized

(o B B 7R - e - ORI B 4k, ANURHIAIREE A
BRSO R / E s P S U P32 SN 7 ] 7N
2y DAL HE AR AL R XU AS 1T S i S BRI TY
3.1.2  H-Fl F 7 % 8 ARF X AFRG A |

T 4 AR B 25 508 S G 55— B I 25 P4 A
FB, AB0S BRI Y St 254 SE it 81, 1
AFRGH 2 77 1 HA B B A E AR 19774F 3 1)
Sanger XU S BEZC 1E AR S DNAI P 7 AR i i % Je
BEE T A, SRR FRIE—ARIF. Sangeril 7 ER
FER . ERRARTR, AT R R S ST 05 ARG
BN S 270N AR R A . S5 W, 36 A /MR
BREREAR B3 o5 A BROHEAZ 56 . Chowdhary % A\ P95 1t
XS ER A G R ARERG LI LN A TN, srdr S
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MRS 25 I OC R, 208 th 2 MR ERG I 978, S HE
RBR TR BB MR A A S 2 ) A T 2 L Bt T AR
. SR, Sanger{l 7 11438 £ 5 78 55 10 PR O A B, Bk
3 AN —DNA R Beali/ b i i i, S TR T
1oy, Hitk FRZI800~1000 bp, ML 358K H-
Bl 55 . AN, FEIR GBI 5 N I AR
SR AE AR, 72 i ADNAZ15%~20% 4"
Al FRE R H (S4).

AR (next generation sequencing, NGS)4; AR AY
RIETRAD T — A i AR A Bl 38 dNTPRY A 3
ML T A G E, R T i .
NGSHAZ AR HAET i i, ] 5L AR I K A
FEAIY AT AT, FEFNGSHY 2 FE 41 7 (whole gen-



ISk

ome sequencing, WGS)REHE XA HIFE K417 51 0 Py
ATIEEEM T, RS AR I DN 42 1 28 S O 4t As
AT BT 25 AH G HE R AR D5 TRl HE R B ey, mf
HEERBAFAT St T HBMCEEA R, WM FAH
BRI 2R AT 0 40 FE RS DR RIS i 2 3 R
AR Sl H A A R R ARFAS B3 O SE AN, TR
MrAEE A 4l Hh W ARFRIAFRG 7 T HA B g .
Rhodes A P25 22 Fof I 44 1 25 JE1 5T lumina 4> 56
RIZH — AR, 256 SNPI R GE iR 1 IR i bk b
FITH 2528707 ;- Etienne 5 APPSR I A 56 AL
FOARVUN A F2 B0 M B 3 R T R UEREE Hh = AR 1)
ARF B AFRGUE4E B MK, FHZ48 A2, NGSTEF
BE WA — 2 2 R AT A X e, Je
AR IR AR AR, bR R
A=, XAEYME B2 ATRE I ER A m, EAEAREAY
FEATUS PR, KRB H AR 5 HER AT 7 —
FREE 13200 R BE FR 1l (2 S4).

55 = AR £ R (third-generation sequencing,
TGS)FH T K B2 (long-read sequencing, LRS),
ENGSH L AR . AR, KK AR,
SR PR A 2 BT e, AT AT 2 R DR 2 X s R
AFRGHIRSHERE N, [RIRTICFEPCRY 38 B AT AN 2 Wi it
B BT, TGS SCEER AR HSE rh AR
PR L R H SRR SRR . R AR
HREE s 2 XIS IR AFRGRURE HERE 7, FF TR
PR D255 — SR E, 2RI h 4 BE
ZANTE 25550 HE K A 454 5 928 2 45 (3R S4). - Samils%s
OO FPacBio = AR 4 A F 18] A It 121 (Z-
moseptoria tritici)iF A THEFE K -1 1R — B e B Al
B, DT AE BRI P A5 58 3 04 2% B 791 i 245 4 D 2
PRT 91 B L A2, Zulak®5 AV HOxford Na-
nopore — ARl 7 XJ FH 8] A [5 #% J& T (Pyrenophora  teres)
HEAT R0 L DR G0 1 RS B R Bl e, R R AT
CYPSIAZEN BT A T B IR 2 W TR 2598722 SR
1M, —ARIFH AR SRR R B, HE - e R
FEIE59 . MR = S R AT R .

FETNGSTITGS I B 2N 4 73 Hr o B 20555
P BT Y Rl S AT R AL T OGS R, RTEBTEAN A
B A BT 25 PR BR. IR G A mT g
Bl B i e M 5 KK W 5 i b e 484
S atE, MKEKNGI AW TECERE AR S
MAGFR i, M R e S N R e a2, i

A, TCHIE R SE R rfuC SR AT/ b SRR LR, XTI 24
SR TF R L AR R S b 02,
3.1.3 PCRJ 4T 4 #% A 7£ AFRGA | # By 12 7]

PCR K HA A= B AR AE AFR GG I 458k T i oAy 0 3
AR TB.  HRTEEPCRE A T AESLBRIFSE )iz
i H: ZvezdanovaZs A\ OVef s e\l B35 p i it 2%, 3@
PCRY" 4 CYPS 1 AKE PR S5 DX S 4R MU 75 3 2 A it
25 5 5 1 B AR i BOR S BT BR B FL TR A AFRG AR
S, WERRIR) T TR3/LOSH, TRy4¢/Y 121F/T289A % HL 7
Mif 25 7. MM PCRAYIEHATE T Ik R R . [
FHRME KB i, LB 58 B 60 ML A5 SE X R BE BT
AFRGAE 5 (9 Pk i AT -0 AR i 25 L R Y. it A%
SPCREAALREHIN BARITHNFEAE, Tk HEEX
Yo (R sl R R IR LR, ARG I 1 AR K,
a2 5 HAMF ARG G, A 6e A 07k o< o o3 Hr
(FS4).

SH} 5 B PCR(quantitative real-time PCR, qPCR)7%
R TAEGEPCREEAR R BR,  J&F XRic 2 t(TagMan)
PREF S5O RHSYBR  Green) 32 E #PCR, it
MIPCRITFE TSGR 5 H B B S R 48 DBk
SE . Fraaijes AU FIHZETSYBR Greenf s fit 52}
PCRFG IS/ NFE RN B8 (Blumeria graminis) 5
HM251ER G143ARAE. qPCREIARTLTHZPCRIG AL,
WG T PTG YL, R ORI R A, SR
IR EA KRG, HEA s AT R v TR
R, QPCRAYE T8 HL3d H O CoE S hriEMh 2, An
Y ST PR S 1 A50% 25 S vT RESE M RS 5 5
YAl s RIS REAR B S PCRINEI Y, &) T8 1
BOR TS CUWES, MM E ST, ok, %07
BT R R S v S SRR IS 4 i PR K
AR, FEHIAS R T RES | A R Gl 25 (£ S4).

B FPCR(digital PCR, dPCR). i 4FPCR
(droplet digital PCR, ddPCR)ZFIFPCRATA FARMIZ
WIE AFRG YR h & 45/E . dPCRIE i X S iz A& %
HEAT e BERCAAC RN 5y, (A PRBEAEAS o A T B A i 24
LI DNA - B OCHETT 24 58 A8 15 DLl v o Hh 208 0] o o5,
ATTHE 5 T SRS T 24P W I 1) o B, (IR e
J&, dPCRIWBNAE 5 ok B AE— e B 32 RN
53 DB B 2 X BB BR A, 224 BE 4 43 X H o)Ak F
W ARB AT A X [, GeitAw e T RE L7, M
S E AR EME. ddPCRYEE Z 38 i Hh A1 34 3 A
PRAE TR 43 B ] IR PR A 50 T4, BeRsHE L3
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1 SRR R 57/ R < 1P/ 8~ 8 il R S WAEE (b A 1l o iy
AFRG, MM EERAS 5 AR b, B
S T R G S A S U s, (RS
SRR AR T ISR A i, HLAE SR A2 R A ] g
A RO = B AN BRI RS O,
MR MR 22 it P SEVE(FRS4). Zulak%E AU VMl HIdPCR
FeAE TR KA A H i R ARG G 1K 1R (Blumeria
graminis)f CYP51 9878, SEIRF MR B BT PE Y
W Wi; Arendrup® A VR]FHAAPCREG A, i %R
SRS AR ST 0 e M i B ) CYPS 1ARE IS 3hF X,
SCEL T X PRI AR A o RIS 24 58 A% 1) i A e e R
XA R P 7 FH T A 4 S0 P L BT T 24 W0 D0 DA e M
WG R i, AR BN IR AFRGHR T HEGE
B AU T 5 T 005 W ol ) EE R AR A

25 LR, PCRECHA A £ AR i SE X AFRGHY
PR | R AR, TE Bl B T 24512 W DA AL
BEXGFR IRG WE o 103 TR A%, K R ELRT 25 W L A
IRAIRYT SO HEA L T A T I A0 S 8, bk
YR IS AR
3.1.4 Ji TARFFAFRG # # & A 0l 7 %

Huikill AFRG WA A SHEY 3 . CRISPR/
Castarill, FE TR A AR IERES A F Ak 22 PRGHASI B At
B3 T RRE, XIS HEORIEZ L5+
oI ) R RO . AT BRI AN ML AT IR B 7 1)
K.

IR IEEORAE RS N RV AT S e R A
FIAZIRY 3, ik T 08 U5 A PR ol 75 2 S Ao Al %)
Yo, JLHRAERIE . ARG 5P (o L B Ry P15
BT 251 W I AT T . DuanZs A\ VH| 2554 1t
FARE X RS H (Fusarium gmminearum)ﬁﬁ}ﬁ(%%
FEEH F167YIMN 245 58 Bt e g [ 4, SC8 1 Xt
LA PR, e, SRR HE AR T )
&R, TEFHIARIMETS 52T HERE R3S 505 PH XU
AEXRTHE, TRl |9yt 22 d AR S BRAR T RIE, X s
A B I EOR (R S4). BARRE, FiRY
A ARAE A EE ARF 193 W 0 R BT AR i A p 2
A RN AT, JUHAE T PR P 55 a) 52
A P (R TR PR

CRISPR/Cas {1 Z A —FhiiicrRNAKE ] U1
FAZ IR RN T 5, HA & B R RS S5 ok R 7, Tt
HAE SR A B B R 278, Hu
APOTFF Cas 125280 T X6F i 28 - 1K 18 20 B Bk 94 S
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W (Venturia carpophila) TUB23EH E198KIi 245 2% ZL )
P BOWHIE . IZBORTCTT B A4, A e FH (AR
PEDNAFEAR, RFREE i ARFHRE R 1 bRk 7 2 540
AR A TR R AL o3 LR SR, TR
HRRAOAG I h, CRISPR/Cas{A 2 Y SR A5 A1 EA4T
T SHIEY WP R G RS RUER S, ARt
PSP R T BB L ATG B, DA AR B RS,
WA RS A L s O S A% 1) D A 42 ) 5 4 5k
W& (FS4).

HIAL AR I B AR SR AL TR 1 7 A i B 784k
LA G S, S AR RR P | (5
R, JE S A A S A B R A2 BRI PR B HE A vh T e
PG, yusE ANUOSHIH AN 4 )R ARk Sk
(complementary metal-oxide-semiconductor, CMOS)%E
) B TR RN AR (ion-sensitive  field-effect
transisto, [SFET)HEfb2 A% R 51 R e A it 245 AH 5G4
FRICEE S R, TR IUIOR B 21 [ 2K 19l R S PR
RIRHYI 2 h B, X — AL B 4305340 A R n]
SELAFRGHYE S AL, JR i AL 215 A E ARF I
i e R S A IV ). (H2 H AL 2= AR A
I8 Fe IR B RE A N T v B 52 B BRSO, LA S AR S W o R
SRS, AT BAR 5 TR E S . b,
HL (o 8 5 ISFE T A% S8l O R e 225 il S e v
R, HAFE(R S ), PR sty i
T ML RS A M2 5 i 42 A PR LA R B ] Sk

3.2 PABERUAN G TE RS Al 5 ik

15 TR -1 o - TR T VAL - XU A S 1A 4
AR DA B3 FH A, Tl i 25 XS DAl [ A i
X — I RE. & UM B E P O Hi R PR (B A e e
FITCE DI 2P 08 3, A8 3 e Mk RR 2 5 Tt 24
A AT R B | B AR R P BRI A 2
FEVPAG Y K sh v R R B . K AR
4% A 1) 2 T 45 7 53 o A TP TR 25 TR W AR BB
SR Z LR T REM:; a4 Al =Xk
XU HEATZAE ) R Tk i 24 1 1 JXURS:
AL FIRR BB, # RS E k. e m
E KU AR O S).

8 P XU DA & RURS PRA e AR R e B B,
R ML AR MR R S A e R AN S8, e
H L RN AT 22 S AR XU A A5 2, 4 2 B ]
PEUR, T LA A g XU PPAh SO £ S RE s R L
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FEPE DX, (HAATE R . A5 RN AR R
Doughty %5 A OSR B P XU PEAGHESE, B4l R8s
RS 5 | T 24 00 ith 25 25 88 S5 471G 1Y KUK % “hot-
spot5coldspot A TIBBE 72, H XU 34 g AR — 33 5¢
B ROR G R SR & S AR K S
ZHHAA PURY) SAE HIREE, IR R SRR E
By A RIMICLA b . X 25 HAT st i A 255k B 2
o> F UMY 25960 F 9 0 56 Bl O R Bl A % R,
B AR R, Al — 20 IMIC 5 5% B3 7K F- Y
AR OC R MR 1, IR RS SRS
Yy 5e SR W BF S8 TR, 0 XU BT — S0 dg ) 5 5
WM N A S A T I Bl P ) A AR Y
T2 P T e AU T B L W 43 A, e
N, ARG I BLAS 27 2T Bl B SR RN - e IR AT
i m K .

e g KU PPA A SRR B AT sl L
Je(mobile genetic elements, MGEs) 515 380145
KRS, X KB A ) B — MR T4 (1~10
57), FERER RS A RAIR R, G B R, ok T
ARG, SRR B XU PEAS B AT Aot FH 2 5 1 U T
FEPEFT RS T, GisiZe AR 2 5 o USRS A o
TGRSR 25 BLRA,  HECTR 27 A= 15 (hotspot) " E R
AR IZA S e R B, HRERTEARHRE
BT, AR 25 AR RS ROk B, o A 3R
ST B R R A R AR B R M X UL
DCHEZRTR, AT R A DRI 22 28 ) A e e R AU
(assumed selection risk, ASRYif4: @O f KBEFRUE
(maximum exposure concentration, MEC, #4477t FH =
%), @ il ZE & XK (pathogen exposure risk, PER,
R A A 12 5 I P R TR BR A ) T e ), IR
P& A G5 ASR = MEC x PER; AR MEEMT
1~ E G, ASRIEFEI~6ZM8], H T MRS
AT 245 1B 430 XU I e (VR A R i o S Al i 2 5
S AR TEAN [ FH 25 5 PR B0 5 T Jr KU R I, 4R
HP AR 2 S P s R B BRI B v ) S B XU 5
. RGO RIS R A . Bl (R
Kam s ScRe, BB = B0 — B0 &1 4
AR S .

E 1 KU IPAl & — e TR ik, A
[F)ASH  Ab  R as A rh VRS B PFA i, R EE VP v
B RS R smALsB, H HENAR . IR EUE
AL IS VAN T YA S o A

F - S PEAG T U H AR £ . DL A #A Fillog-probit
REAY, S5 S 76 XU FRAE TP SRR 2 O ik i A TR
TR TR T >, Leleu®E N ugs
P BV R R B AR A R i, A T A
E B KU PPAR AR o R 8 ) o oh <G5 AR A vk Ji>
i — 25 S0k R B AR W SO A AT A 4
TP 2 55 kg AU AR (R R k. B SR
FDL 7L A 48 505 B-Poissonifll - DR, i
AR 2SR it w s & AR AR i 4 () J5 38 43 A O s AL A
FEPE, [FIET 25 A 293 8 BUR L e/ S I B
FLE SR Weiskerger A\ PURFH 2 L Wy RS 1
fli(quantitative microbiological risk assessment,
QMRAWEZR, iz SN Bk i . a1 5o 5 -
TS FR AT A5 Y M P v TR 2 1 SR e M e i
177 s AT, AT AR PRI VRS & e it T R
IS S AR, R T LR S SO IR T
FEYEEE 2, S BIAYQMRATNIG B AN EN:, X
i — 20 1 d SRR S L i 5 XU kA BT 1) G S
7). BeAb, HEERA A KU PEAf 5 (probabilistic ecolo-
gical risk assessment, PERA) N & ZL IR B h 25 58
AHEAE T B 2R 28 XU PPAS SRt T A R S BT RE SR,
W7 TR G, AR R TS Yy i 2 8 Tk
55 HXT I P A 200N B AR A it S O (B R A T A
IR RS HE W R h ) A ST A R e 5 B E Vo)
Br, X o i FIARE A SOR B, Al R 2R
PEFFRES.

Zr BTk, =R RS PEAR i AT B G Pt 24
TF 9 T UM - 16 5 PR - 2R R VT AL - XU R AR 2 5%,
SR XU PPA AT I R Bl DG SRR, 2 o 12 XU PPA
W RE 2 L Ae X8, e 8 A et RURS: IEAG T RS
YD SRR T PR A S PR AR, DU Rl RE A SR
BT SR PR, A ELRRT 24 78 N A GAE P
BRI . 25 R A S A 3k T A B R
FEHERC B AR RG2S A

3.3 ARFHIAFRGI# IR0

ARFHIAFRGHE N X515 94 W), 1R ZFhIREE
R AR, R B RO AR S TR R R
P R PkY. FTOne Health” PS8 il 2454 = 1k
TR Y | B 25 AR BRI, 7] B S 5
Sy AL REBH W - A s (b (E]5). % T ARF X AFRGHY
A S A SR G R I, WA A XA WHO B FL e
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(14 e DR L PR S AR St 25 Lo, SRR . =2
. TG AP IREE S RS YR, AR TR Sk
XGOSR s R KRG SN AR 01T
BELIT; fie)m, SRAb A SR V5 YA B P 518 8 . LAk, i
o W AT R O e i, 30 1o i A 1k By o L
AT 2452 ) A

U5 Sk 45 il B AE 08/ B S YL U H ARF X AFRGY
PR SRR, PR ARF X AFRGHIVABN AL e B ET
RAARC BT 2L 1 ) S 43 1yt B sl /D Sk O HE RO .
g, ST S50 DA R A BT B 2595 B, b
A EESAFITE 24, JFA SRRt 24 LT 55 e 24 15 A%
TR ARSI, ARG PRt o PR i AR .
IR, FEAR it I HE BT B Rl e SRS M, SE e B
EE YR BEHHE SR . SSVE L e
PR A 275690 45 Bl (integrated  pest management,
IPM) . A=WBE G AU fh A A AR e, DK
St S BT 2 [EE, X5 PR sk 254 vl fig
AEAEAE S 25 JRURG: 18 A8 ol P e 258 2% T 751 g e 3 X
B PP, A B ST it PR FH 8 B8 A BT E A B, DARRAIR
PRBE A RN 24 1 B 25 ARG . )i, I 56 5 B o HERICIR (125
BEHEZK . il 2455 A WEAH ATk 2R /K ) B T AL B 5 2k b
HEER, JRRPT B 25958 B8 5 ARF L AFRGAMN 2N
WEAETRARZ —; A IR 22 [ X 2 P 5k 25
DL A RAI AN TR 5y, SR ACHE RO A
ATVE RIS A EEANTF. BbAh, WHOR A i EL B
P S RS FRARLSR A T P B 24 6 36 T AR 1Y
P, O BRI S R R A T BOR T S KR
PR

B XTARF X AFRGTEMREE H YIRS . 9 S 2268
1 R T BT R R B A SO . FEEE B S A
FEAE R FEAEE T, R A e ARF U FRBENEE
i, HAER . BIF5 IR R AL R A p iRk
PR BLRREER e g 5th, s Sah Ji2
ZAEHCNEISS ARF 3 H0RE 1 0 ST 100, A hG i
eAbiE NS R . B RGTIE RS . 4R D
2 AR DR S B DX I it R 3 1 25 <
SRMIEE T, IR 3P is a7 S i I
P T RERIEIBIEAS. AN, BTN AR AL R RE . ARl
FEHERICRNIE T A2 9 45 T REHS B ARF L AFRGHES 12 ¥
Berh it — D AB R B A R S A AR I A R I Ak
WA, [RIREA B T30 ARF S AFRGAE A ] A= 725 5 i )
A B S F AR
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FI AL 27 K A Wi 4 45 T BOWHS Y A5 I ARF
S AFRGHF TR MM R 2 A v BRAY 257, fb2#H
FEFBh,  HEK DX 02 XA W i ot o T 6 BR A FH A%
T AP EC TSR R, ISk b 55345 A DGk R
XTI YRR ), Amis/ ARF X AFRGTE 1- 3 57K
g BT, AR R A S TR T U i, 4k
TiO ARG BHE ] WG T £ ROS, @i
04 IR R 9 ) 200 B 15 PR 45 ) 5 B DI TG, -
[l A AL R A R S B S kY,
— I K BIROEEE TR ke A R, H
A A A v [RGBt A% 1y o B A 114
PR A B A S e D)) A AR N T4
AMRE YRS R G R B BT, Bl
FHICEESARTEN Aspergillus BMRIATLAEHIEE", 8@
WEFREAETES . AR R Mg T I R
TF-BO/DIREE P I ARFRIAFRG! ™, ok fieky g
FagE . TSR IR IR R, BnT A P T IR
Uity BELFE A SR RE.

N e R I 42 5 il D) e 17 XoF B o 2 1 ) A ) e
SRR, FEE RN ST TSR AL A S
FeWs, A7 B TSR FIRELL 245 ) 2 6 e R I BE R g5
HAE FIML 259 O & T H R IR T 7 e, A A
B 24 R AR AL 2T BERK AR, WR TR R
TERFEEAfEE, G046 T ) R = KU A T 2, LA
B VA G U8 1 IR T R 45 o AR R B BLAE iR )T R
S T AN IR R 2 NS ES G = R B | KRR i =y 4 i
HEG B2 A4 B4 T R O T R FE AR, AT
e W ELUMEMERIG BRI RIM R T £
TCAR I XoF B B TS 243 1 ) A1) 3 ) O

4 RAELRER

RX RGP T B H ARF & AFRGHYFPZE 5 4
A3 S HIE BB . S 2R AU ARG, T 845 T
FERTIN B2 A5 AR T RS VAL 7k, Ba il A st
) LB T 2 PR SRS BARTE R, FRBER A4k L
B 25 PR AR SE B AN AR (1815), AR ATETXE AR J7 1]
i itk

(1) H77XFEFREE 1 ARF X AFRGHIA ™ B A AL,
A AT i 2l L DA T 245 PEAIL i PSS T DA I R fiE )
ML S, AR SCHR T AR G I R BE ARF I
AFRG, [ T HFEE S ZHA0 B AT REAN A2 BT 24
BLHX I RIUAF 09 2R 259 Hh BT . 4R
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T, K b i UL A BT E AR DCHL T TR34/L9SH AN
TR4e/Y 121 F/T289A ) TC I 7E 2 16 & v BB R A Hh EE
e AP s TP R R R et Yk, T
FATT E AT LR T b TR B B, R4
T TT 4 A X B A TR 0 25 90475 ek L
1k B PR AR 254 (WnOlorofim™ 7). B4k, it Ak
R FE LA T s i B B A R R A
AUER R R FRATT, RS M A i A L A SR
WEEARFRIFEOCH, i & HOCHE I ARG J A Y
IRWEATAE S EE 0. DL SRR YRR I R T R B
T 245 P ) 4 o i A 1 S Fr B i

(2) ZEFZEDZHKIT, 7E1#“One Health”7F H 1 i 24
PERFFE T 5 S, TR LA 2 P — R
W BN . ShT RIS 25 A HERRER. Ak
T2 A5 FH 1 3 TR0 S 0K 0 P L 7 A T 2 P ) i
Wk T, ARSI ARFHIAFRGH) KSR f#)%
ERRRIEA Y, ANZErt S i B 7 SR Tolk 3% it —
ACNIE T FLATN 25 R A SR ARF X AFRGTEFR
5-2h)- NZ BB B T 58 2R ARG N 2% 5 B 1] 1
(R, FCRRAHXT A RR B2 5 A 70 I MALHE, X &
B R FUR A A T RS SR B Y RE SR ). i
FIRATUAIRST (A7 76 1 A TR 5 11 DR B D e 1Y)
MG T LR A 1F.

(3) ARF J AFRGHIAGI4Z ARAS & LA IR Y,
W NTAY A STl e 7 S e o = B e A =18 5405
AT HER A SR AR, ZEBTAE R it 24 40 1 (antibio-
tic-resistant bacteria, ARB)MPi R PUHFHEH (antibiotic
resistance genes, ARGs)RIN AN FH 1% e 3 SR
7 EPCR(high-throughput quantitative real-time PCR, HT-
qPCR)H AR FEARF S AFRG Y6 Hb 1 A A5 07 FH S 49l
R SR 2 1% (surface-enhanced Raman  spectro-
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Antifungal-resistant fungi (ARF) and antifungal resistance genes (AFRGs) are widely distributed in the environment and are emerging as
global health threats. Yet, compared to the extensive attention given to antibacterial resistance, the risks posed by antifungal resistance
have long been underestimated, particularly within environmental sciences, where publications on fungi remain substantially fewer than
those on bacteria. This review systematically synthesizes the types, distribution, resistance mechanisms, and ecological and health risks
of ARF and AFRG in environmental contexts, and further examines recent technological advances and future directions in detection,
assessment, and control strategies under the One Health framework. Overall, this review aims to provide an integrated scientific reference
for understanding and responding to this escalating challenge.

We first describe how environmental systems have become critical reservoirs of ARF and AFRG under combined stressors, and
highlight priority ARF taxa and their corresponding AFRG types that warrant urgent attention. We then summarize the core mechanisms
of antifungal resistance, including target alteration or overexpression, increased efflux or decreased influx, and the activation of stress-
response pathways. These mechanisms provide a mechanistic basis for understanding resistance development and inform the design of
new antifungal therapies. We further emphasize the substantial clinical hazards associated with environmentally derived ARF and AFRG,
underscoring the need for greater and more targeted research efforts on antifungal resistance.

Next, we analyze the ecological origins and formation pathways of ARF and AFRG within the One Health framework, illustrating how
they originate, evolve, and disseminate across environmental systems, animals/plants, and humans. Within this framework, a range of
environmental contaminants, including fungicides, clinical antifungals, preservatives, and other pollutants, act synergistically to impose
strong selection pressures that accelerate resistance emergence and accumulation. In parallel, global climate change, particularly rising
temperatures and the increasing frequency of extreme weather events, alters fungal growth dynamics, environmental adaptability, and
host-pathogen interactions, thereby promoting the emergence and persistence of antifungal-resistant fungi. Biodiversity loss further
contributes to antifungal resistance by simplifying biological communities and weakening competitive and antagonistic interactions that
would otherwise constrain resistant fungal populations. Collectively, these factors enhance transmission efficiency and facilitate the rapid
spread of ARF and AFRG across ecosystems and broader spatial scales.

To address the growing risks of antifungal resistance, we propose a suite of early-warning, intervention, and management approaches
based on advances in detection, risk assessment, and control technologies. Detection methods have evolved from traditional isolation,
culture, and susceptibility testing to sequencing-based tools, PCR, and related molecular approaches, each offering distinct advantages.
Risk assessment generally follows the framework of hazard identification, hazard characterization, exposure assessment, and risk
characterization, providing scientific support for the development and optimization of antimicrobial resistance control strategies,
including those targeting fungal pathogens, guiding antifungal drug development, and enabling more effective allocation of public-health
resources. Control strategies emphasize source reduction, blocking transmission pathways, and strengthening end-point management to
achieve integrated control across environmental, animal, and human domains, ultimately curbing the spread of ARF and AFRG and
mitigating cross-sectoral health risks.

Despite recent progress, significant gaps remain in mechanistic understanding, technological readiness, and governance priorities.
Future research should advance through cross-disciplinary, intersectoral, and international collaboration, enabling integrated monitoring,
intervention, and policy development within the One Health framework. In particular, establishing comprehensive governance systems
that incorporate source control, process management, and endpoint mitigation will be essential for curbing resistance spread and
protecting environmental and human health.

antifungal resistance, antifungal resistance genes, health risk, resistance mechanisms, biological contaminants
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