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Research progress on chromosomal aneuploidy in the
mechanism of fungal drug-resistance

QIAN Jingjing, WANG Xiaodong*
The First Affiliated Hospital of Xinjiang Medical University, Urumgqi 830054, Xinjiang, China

Abstract: Fungal drug-resistance poses a serious threat to global public health, with mechanisms
encompassing genetic mutations, epigenetic regulation, and genomic instability. Chromosomal aneuploidy
has recently emerged as a critical driver of resistance. This review comprehensively summarizes the
molecular mechanisms by which aneuploidy mediates resistance in pathogenic fungi, including gene
dosage effects, transcriptional dysregulation, and metabolic pathway interference. Key findings reveal that
Candida albicans upregulates efflux pump genes (CDRI/2) through chromosomal duplication, while
Aspergillus fumigatus reduces azole susceptibility via cyp51A4 copy number amplification. In Cryptococcus
neoformans, stress-induced aneuploidy exhibits dynamic plasticity, rapidly emerging under drug pressure
and reverting upon withdrawal. Technologies such as whole genome sequencing (WGS) and qPCR have
proven pivotal to be for clinical resistance prediction and therapeutic monitoring, yet cost and technical
barriers hinder their widespread implementation. Future research should focus on deciphering the interplay
between aneuploidy, epigenetic modifications, and mutational accumulation, alongside developing
therapeutic strategies to correct aneuploidy and optimize rapid diagnostics for precision of medicine
application. By synthesizing cross-species evidence, this review advances our understanding of fungal
resistance mechanisms and informs the development of novel interventions.

Keywords: fungal resistance; chromosomal aneuploidy; genomic instability; resistance mechanism;

Aspergillus fumigatus

LR 2P 1 7 A P E U ek A S AR
Lhr, IR RE PR, Tk, e
PRI HE A5 VAR I S A L DA T 25 ML v 2 8
P, BOMBER AR BT PR 1 4
BT, FLRRTN 257k AT SC P DR Y B — 287 |
Z IR RAR R BN | s AR S g A A
R SN =4 (Boyce 2023), 43K 1
JF RIS A3 BT W R i e iR W], BRI A A KO
B, v R R Bk, S H
PRI 7 P 5 38 R AR e S T PR A9 R DL AL
(Almeida et al. 2007 ; Selmecki et al. 2008 ; Sionov et
al. 2010; Ford et al. 2015),

1 RERFEFEESREEF
FIBIF 58 TR

1.1 EREEE B
e R B A AT D BE R ARG A9 T2 32

W, TEEZAEY T Z A, DA Rk A
Saccharomyces cerevisiae NIRRT R T
A AT AT 24t LA 35 3 A 8 R S ), Ay ER
fiff s i L IR A AL DLTRIER (A T S (B 1A),
PRI P BE A st A R AR A, Bk
JagE . RN R AR . ARG R AU/
AT E SR (Duina et al. 2014), NF5EARE
RSPt T FRARSEAY . [ iR o B T | A
Fes A7 1T B B AR X R (2 . A
AR B MR 8 T T2 5 60%, ilan, PREEERE A
ZHAE N O ] AR IR ANEEE | 108 H 2 5 B0 iy 1
FEEAHR, DT PRH Vkﬁéﬁiﬂﬁhlu IR
il (Fisher et al. 2022) fE#i 51 ALY Bk = 5E
Ry iy Hr, 240 A 3E o e R (Chr) XTR S i3 m
HRIH A AL B ) 2 38 (Kaya ef al. 2015);
I A PR T P TR A R A A T AR
PEFOC IR 2015 30% . FEA RAEY el Tk
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MRATAL AR FHZ 5 10%. Yona et al. (2012)H9HF
FERW, & BRI A T ) 1B 7T g
JEA £ 1, JF B W w40 M VR s g ek
PEDLBOR EIR ORISR A AL o R P R A A
VAT 24 11 AIF 52 Sy R i A% A= B DR 2 A e
BRI PR AL TOMRR LA, R HATOC TR
R R SCRRA B, (H LA 250 A% 0 i 5
{STEdk s, JFiE—DR G ORI S im RN, B
T EEREC )12 T PG 25 W MR 5 e Y
— Pl K (Calabrese 2017).
1.2 RURERE

NP ILE T, SERE R Candida A
BRI IR . AR C. albicans
T Tk G € (A DRI S S X Mk S 2 ) 114 T

2, R R e SR 7 s A B Rk . A
o R TR FHT B BBk TR O IF 9T 2R BH , 9 S B A 6
SR ST 1 I IR ) FE A e AR DXl R A A
FB N2 LB LA AT BE I BT PE L] (Selmecki
et al. 2010; Chang et al. 2018) (] 1B), Z&gzm
KW la, —Fhei AR ARG EARES ) S
IR, SR, 24 R T3 N 1 R AR T 2 B2
B, IE RS EH ST (Sionov et al. 2010;

Morrow & Fraser 2013; Chang et al. 2018); b4
W, Tl 24 TR AR H B G (A 1) B 67 . 5
OIY AR KR AL (AN 4 ERG1I F TACI [
chrS ZeRF H A 77 AR L B A 1 (SL)] Je ik —
RN chr3 . chrd, chrs B chr7 =4&) Kk X I
H ARG IS , U SGE 5 22k R BE R

E 1 TRIEESHAEFIEREREXTZAIH]

Fig. 1 Drug-resistance mechanism related to chromosomal aneuploidy induced by different fungal species. A: 60% of the key
research on aneuploidy in Saccharomyces cerevisiae is centered around the responses to metabolic stress, such as that caused by
drugs and oxidative stress. B: Genomic rearrangements such as translocations of chromosome arms, mutations in genes such as
PDRI, ERGII, TACI, etc. to produce equal-armed chromosomes, and replication of chromosome trisomes to form new
chromosomes. C: Different concentrations of FLC facilitating the first colony appearance, showing the colonies taking longer
time to appear at higher FLC concentrations; BFA-induced ER stress induced aneuploid resistance. D: Duplicate gene expression
in the Aspergillus fumigatus cyp51A region leads to drug resistance; Duplicate gene expression in the Aspergillus fumigatus
cypS1A region leads to resistance; fragmentary duplications in Chr8 and Chr3. E: Chromosome 7E fragment introduced into
wheat to further induce chromosome-specific aneuploidy, which in turn alters crop yield, enhances disease resistance, and
improves drought tolerance.
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T R i L A i PR VA 00T SR % €8 A 25 L R 2
HEPL S (Coste et al. 2006; Selmecki et al. 2006,
2008; Dunkel et al. 2008; Polakova et al. 2009;
Selmecki et al. 2009; Ahmad et al. 2013; Ford et
al. 2015; Whaley & Rogers 2016; Anderson et al.
2017; Todd et al. 2019; Kukurudz et al. 2022;
Mba et al. 2022), iXE8A5 kAT SO L R (4
CDRI. CDR2. CRZI M1 MRR1 %)fﬂjﬁij}ﬂ, M
T 64 58 0 A2 25 ) ) it 24 1 (Todd et al. 2019).
HIR ERGII Fl PDRI %5 P SEIR 5748 L BRI R
TS 245 1% 2 S D PR, HC At 5 B R i 1 DR 0 i
IR B R Z ERG LI AMRHSPE T 25 BL%] , T TR
VFZ RN B B, DIk Z I 2
Z#(Boyce 2023).
1.3 [REEE

FREERTF AN, BREKFE AR Aspergillus
Sfumigatus "PARFERHARITE 55 75 VRS R EIE
NEEYIRDG, R — IR I R TR )z
AL X BEBRTE R A2 HHHT BUBRER B Cryprococcus
neoformans MRS ER R BR A 2 AR Cryptococcus
gattii complex 5| —FHLEEH o] gEskmrir
G, S S D RRAIC T A DI RE IR H I A
., SRR FER AL T AR (Zhou et al.
2022) . A WFFE7E X} FUREME (fluconazole, FLC)#E
HE S5 JO T 245 1 P 0 2R o K T R ok v AR A A R A
T, KIHER HO9 %225 75 T o vk J3E 1 JRU R me
SRR G AR AR B LR (Chrl A%
1, SRJG )& Chrl %400 Chrd — A, K52
AN Chrl0 — 5K, A EBAT Chrld4 —A5A)
(Sionov et al. 2010). X1, 7E Yang ef al. (2021)
o, H99 H4EREE T ARIEER FLC b,
AL DR, RS R FLC WRE T,
PRI 11 PR 8 T P (] o X AT i R A 24 ]
SRR IR R B O 1Y, (AR R RS2,
— B T S SR R R MICs 7 TRk 451, 19l
un, #£ 32 pg/mL FLC #E#5F, HUlAY Chrd — A%
PRFN Chrd A5 Chrl (479 B A5 BAE
32 pg/mL FLC #&4#5 T, JFREETEMIA 64 pg/mL
) FLC ffAE K, i Chrl, 2, 4, 5. 10 F1 14
— N AR BIE 64 pg/mL FUEME SR

T, F HABWAE SR 128 pg/mL 1 FLC HA K,
Rt —sbdR e AR BN BB A0 B T 245 1
MR AR TR 4= T FLC 321
A DRV 2H Iy 3 78 1 22 0 L TR T 24 1) i R 93 5
PRELA AR AMEAE SRS, R TS 0 AL B
BRI R 73 B b 5 HA 1 S Qe ek b, A
115 2 S5 it 25 (Sionov et al. 2010; Semighini
etal. 2011; Stone et al. 2019; Zhou et al. 2022),
Zhang et al. (2024)WF55 5 UUE A B JEFE IR 2
A (BFA, —FERPIAER, EEN TS MR
S JE 00 )35 0 PN 5T D (ER) ;935 7T i 36 2o 8
T SRR A 1) A A A 5 | RS X Bt 0 T8 24 0 1 Tif 25
P, AFR1 Rt R %) BFA M 254k, 1
AFRI WSR2 S BOBBUR Y, I H 28
Bk TR H ) FH BRI R B A% R (Chrlx2 5%
Chr3x2), Chrlx2 [m]f_E 35X o254 T 24540
K ZAHER, 5SS M2 . BREk i AR
AT BB 0 5 PR IS PR G R U HL
175 ™ E 0 98U BRE AR S BT I 245 17407 R R K T T AR
FARRASR , N 25 VA B A0 R AP = 1
B, WG IR AT Bk Z A K APEIE R A5 14K, BFA H]
BAE 24, 2 B AR A AR g I L T T 24 AL 1)
H oy TR OCHEAR € , IR LA R0 B0 25 1 7 =X
HAZHE(E 1C) . XU T Ik IRIA ST BBk
DAL XL, W R AT 7 i — 2P IR I AR A
ST PRI R .
1.4 BHEE

WK 25 Aspergillus fumigatus +2 5 B R B9
F B A XA R Bk 1000 7 A,
HAFEFE0.65 71 AFET(Bongomin et al. 2017;
Latgé & Chamilos 2019) FL B H (A E 88 5Pk 2 —
23 S 9T B4 (Upshall 1971; Storchova
2018), Khateb et al. (2023)% 3 [F 184 fili ph B
(chronic pulmonary aspergillosis, CPA)fY 16 FRifif
WA IS AR B A B R T T I, DAPEA S R 4
HE, 16 1~ CPA 4Bk 7 #k(43.75%) Bn
SERHES, 18 MR AN Bk h %,
FEOZIEN RIS B, B opsi4 TERN R IX I
A BN TR, TSR R S A
K ZgIHLHI (& 1D). TEBTHIER Aspergillus flavus
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i, Barda et al. 20235 R, HERE T
F MIC KM (UnfR M, voriconazole,
VRO, Bk AT 38 o R o G A e A A s
et 2y, B s wAARAR TRt 27 A X VRC
HABUER TR X 0 g RETE O 2 )35 95 B b i
SR S R 25 T RS T , Pt v B 4 PR ZH
PR T — i 8 5 YL K (Chr8) 1 &2l
3 SY A (Chr3) i R Bt AL, HLN 24 SR A
TRk E 2 UL Qe AT S E IR
B RBL T X R AR A A T 0T 24 BAT — 2 1Y
CIE:R o
1.5 REESIKESE

TEAR S LR Y, WA W FoE R B AR G
AR B A e R TR R IR L)
A AT i PR CAT e AL T Sk A 1) 7B G (4
BOSANE , is I ki T AR QAN
Jefafh, i R 22 kiR CENH3, Rl
B LS A T R (/N P IRER TaCENH3
K, & RS TR0 8%), #H—
TPY ORI AR RS AR A AR A, T
AVEY L SESRPURTE . S ET IR A4
BRAO I FF 22 [0 (Liu er al. 2025) (K] 1E), 5
BRI REREAR L, B H BB - HR [C ) Yarrowia
lipolytica H AT RIWFER A . FmH GC &,
AAERE 5SS BBEIR RNA JLPH(Gaillardin et al.
2013; Vierna et al. 2013 ; Luttermann et al. 2021)
{5 SRR R 7SL RNA 541 (Ullu et al. 1982;
He et al. 1990). B & Hufl)AE g5 X (Dujon et al.
2004; Yan & Bu 2021)PA K45 Rl He K1 AOA7AE
(Pomraning et al. 2018; Luttermann et al. 2021), 1.
WA AR A B RE Y. lipolytica 78 B KM
P78 25 T RS A A AR B, SR BTHIE R 21
T Ve 2B AL AL R R T O E 4%, 5
S. cerevisiae #It, Y. lipolytica W3 A5 A
IR, EFE AR (A1 UV) AT B 4R e ok &
HERURS , $27R PR5E 0700 56 R 21 Ak i E 2 5
i (Xiong et al. 2025). HHETHRIMLE Fusarium
R ECWERETE  Yarrowia BYARRE AR ZE M A0l
PR BE AN M T TR A B R i R A TR
B

2 RERFEEEERIRAFWE
HY AL
2.1 EEFIEHN

Yt PR AR A A S 0 24 3 PR D0 8 i
SR T 2 ) B R R 2 — o i an e A i R
cyp5iA FENEE , MHFKE B, W58 X
W25 AL RE T . FECTRERIE T, CDRI I
CDR2 EHMIFZE SR T e Y R I I &,
FOXBEIL R FIR B, (RS2 E, RGN
PIZUR I, DT = A T 24 o
2.2 HFRIFEKT

A A AR T B ) 7 53 R - 445 6 B
FEou i B Kooy A, R R e R SR KF
TEMAMhEE T, — SO 2 A B (ergosterol) A )
A L (U cypS5 1A% T StbA . AtrR
)G YRR R IR XS A D ER, HaRakeligh
A TG AT R DR e o AR Ab T A [ R i T 24
#H I HE H i 2834 (Chang et al. 2007; Willger ef al.
2008; Khateb ef al. 2023), 7EH/&EEHE F, Upc2
G S T AE AR AR T 1 T 245 Pt R 4 ¢
HEVER, HIIRES ¥l 8 ERG1 FHER Rk
P, ARPERT 251 77 A (Vu et al. 2021),
2.3 KFHERETFIK

Ye o (R # A5 RT BB 0 EL B A P 22 2518
IR . AEPTEEZYIERT, Hpat
USRI ARG N 2 P aE , JE SRR A AT RESY
SER SR W o AN, FE 7 % 2 (echinocandin)
Y 2y ML, BAREEH FKS RS
i, (AR o> B h Y e AR B AR nT BBl 5
M) 4411 B A B R G 36 PR 3 8 AR 37 A el 2
P IR BT 25 R U 7= 4 (Boyce 2023). i —
WA I MR B SR A2 T 121 ATt B
JeS5E, A, I 121 DR FKS 5
N s A [ L AE, RAMESE R ETE FKS2
W, fIANSE FKST (Ksiezopolska et al. 2021), {HE.
KL R — 2 R ASE .

3 AP R R AR B O %

3.1 £EFBAMNF
4 FE A 41 ] ¥ (whole genome sequencing,
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WGS)AJ R GEPER I e AR R A A, AL Hoxt
W55 5 22 L AL, Ko o b 4 DL S5
(CNV) S AR IX S5 o 30 2 ) L L R 2 A 7
TRBEN T | B 7 25 DX 3l 2 B A DG B L IR e
o DB RS e 6 Sl . ZEZ s ptsErh,
Qixk Hh 2 | AR A R A R K T 45 L T 24 R 1Y
5%, Bk WGS HoRER T AR E R A
MG RIS W20, Biltn: WGS R R
T ECTA N 24 AN P BB PR 98 AR BR By, 38 ] RS
it Z R AR R (B R R ™A, JHAE
HIEIRRERE A, W25 S ERG11 HEK
HPEL T A (Boyce 2023); WGS ZH Uy F1 278
G HT BT HE R IR R, FEDR 2 B RO ek
v AR R B YA, SR R IR
I PR 55 I I8 AR 7 A e TR 24 P B R O BIL
(Almeida et al. 2007; Selmecki et al. 2008 ; Sionov
et al. 2010; Ford et al. 2015), It4h Barda et al.
(2023)id@1E WGS il fry5EH 4 DNA, fEbitk
SSI1R0.25L il SSIRIL BARAYEERIZAHr, GESE T
Chr8 FEENAPE NBUEN T Chro CRER HIXS
HE) SR PRAS , S0 T ARSI 3 1 T 24511
il B A Z R . Khateb er al. (2023) 38 i3
WGS X 16 BRA B 48P it 25905 (CPA) Y it s A
% 2 BRI Y PR B A HE, 45 R B
cyp514 WIS il 2 AR Rk, WFoE kY]
AT SR CPA T 25 A HL, XL f]+
HUER T WGS N ABFFE AL T OC s A0
3.2 2 PCR

qPCR (quantitative PCR)AJ FF B ik 5
PRI Bl e A DI g 4 DR AL o ik e+t H
Pk R B X S R S g 19, S NS BRI T,
JE 1 AT B DR P8 DU FE o v i 2 o 24 bR e 2
& 8 F 3 FIEHAGHE D EARfL B (Barda et al.
2023), qPCR B H T i — Pt A 2 JE R 000y 45
R, HARERE R TE R TN RS, H A
BRAEAHXS R . AR AL, ZER) 2P R EA
R AEAR i A5 v HAT— %€ B 8L
3.3 ELEBREFEBEFR

CGH (comparative genomic hybridization)$%
AR A] AR 4 DR 2H KPR D A A 5 0] BE L DR 240 22

] F) DNA #5 DI 5ze 5 o Bl L DNA 5 E
27 DNA o 5Ibmic A RS E i 14258, 8
1 S BT 9 i B AR R A o e €0 IR DX ) - 1
BRSO o B AR H RTE FL RS i AR5
b HAROGSCR S AN 2, (HAE A A= ) B2 24 B
WA DG e (R S i 5 b A E A
n Kowalczyk et al. (2022)WF58 764 5 5= 24 J7 1H]
7 By S 2 A A R I T ) G A S D A
Johnson et al. (2023)%] i f& - A4 T .0 JULe 2
AEE , R H A G R B AS ARRI P it T —
FAT 2 B H AR T B .

4 REARFEHEILREEREX

4.1 i 241 T

R 2o G I T g e A A A AR S AT
HOXH R E PUEC T 25 W) BT 2508 , Sl RIE YT )7 58
JEEE SR AR . 1N, TEMMh ARG b, AR
5| cyp5 1A BRI E XIS g R E R, v m
PRSE LS S 24 Wy i 24, 7 2% P B HAd 2R B 4t
L 25301 1R (Fisher et al. 2022).
4.2 JATTEEM

TEFLEL AN T I R, 2 M I B G g iR
JERAB RS AT PR IR T ROR o BRIT AR, IR
AAFTERY AR B AG A AT REZ W/ BK S EH 5
Z ., ARG R S AR B BUB 22k, T RE
TR EIRTT RIS 2y Vi — 2D A Jie | 5 2 St
KR IT KM (Sionov ef al. 2010; Morrow &
Fraser 2013; Chang et al. 2018; Boyce 2023), iX
M ARG YL T — A sh S ISR, A BT
RIBIF R RE, RmEBEDE.

5 KRBT =

51 RANRRSFHLE

SRS BTN Gt R S A5 S B TR T 24
PIMLTAE —E T, (BRI 2R AT, K
Kot b — 2 WF I R A A5 A A n] S it ) 48 S TR 3%
A 2% (i 3% S B3 I /K1 2 11 B B g A AR
WA RZIm), LA K 5 At 245 BIL ] (an 25 R 58 A% |
TN 15 A% 8 17 S5 A6 AN [R) B TR 0 o 9 R ST
FE LD Z B EAE R OCR, XA B
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T4 R 7R EL A i 245 1) 4 - JE ik o AR TT R T H
TR A EE CYPS1A 278 B H A B ARl
GO, AH R ARLENG RAEAS e e E A T 2E A
XIS T H A P31 P AR (Fisher et al.
2022).
5.2 FEFBEMEFZAR

AT (ARSI 5% B ARAT 8 ABLAE I R IV v
AISAEAE— 5 SR B, ke DA i 25 TR A P i 2
WAL 1 3 B R Y I 4 R TR A I A B TR R
SR LR T I AR R 24 98 AR B ARSI 5 A
Folr, LI AR S it 4 35 PRI R0 T I A v o s )
K| W E B R 22 Bt AN eSS | 1t
AT HL RO A SRR, B ik ek
g AH N EE AR 5T 20 m R FATS A 1 22 0] s i
I(Fisher et al. 2022). Kb, FFAMLE | M.
R SAS ELE FH T I R S 36 3 14 70 e 42 R A
R ARG FE AR 28 e
5.3 ¥EEEITIR

Yo (R AR S T 25 LT, 2B A
B BT AR R AR R 5T R EE 2 5 ] . H ST
R WA A I 5T U I I T L AR A AR 24
YRR 6T, B 1) T R AR A AR BB 24 R0 5
B /NG T IR, PT RE I G A A LR A S
Sl 25 BE R Rk, Rl IR T T4 (v 7 3R
W&o BN, WIHE XS5 AR AR AIE B sk 44
DR Y sl R R /N AR s R
FEH iR ARG I AR A S BN T =R,
R 5 R FL P T 245 B A (A6 T B, ol T T Je%
YL HE IR IRES )R o

6 B#

G A B AT R B G A FLTR T 24 BIL 1) v 33
HEEEMO, MR ER AL, If
A 3 22 MRIL ] R 2 A X S AR TR Y R AR
T 55 e B AT IR A BE D A (CFL v AR A A S 4
TR PR A ) R SR AR A AN Al A, e 250K
5 IE NIRRT, TS B 2 B I R
Xt S A AR IR T G 2 OC E B (Boyce 2023).
FHRTE #7 7— RS 7k, BT I PR 245
PN W D5 AT B 2 S R, )

3 7E 5B A B A FIHL [ 365 557 1hi T
RAWIFE, LIRS H 45 7™ 0K ) FL IR i 25 18],
AT I TG I SR W B T R i B BL B
HE LA o

(7

Rt IBSURE KB EREAR: 83U
FRIBU

A 45 7 R 7 A

I FEAAFAEAT AT T AE ) 25 v 28 1) R ol 5
W55 K2
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