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Abstract

Introduction. Modern medicine is faced with the resistance of Candida spp. to antimycotics, due to changes
in the expression and structure of the ERG11 gene, the molecular target of triazoles. These mechanisms often
operate simultaneously, but the interaction between them remains poorly understood.

The aim of this study is to investigate the interaction between ERG 77 gene overexpression and mutation in the
development of triazole resistance in C. albicans.

Materials and methods. Eleven C. albicans strains from the G.N. Gabrichevsky Moscow Research Institute of
Epidemiology culture collection were analyzed. Each strain was characterized by its ERG771 gene expression
level, the presence of ERG11 mutations, and its susceptibility to the triazoles posaconazole, voriconazole,
itraconazole and fluconazole.

Results. The C. albicans strains (n — number of tested strains) were categorized into four groups: Group 1 (n = 2,
ERG11 overexpression only), Group 2 (n = 3, ERG11 mutations only), Group 3 (n = 4, both ERG 11 overexpression
and mutation)and Group 4 (n =2, neither ERG 11 overexpression nor mutation). The minimum inhibitory concentration
(MIC) of Triazoles in Group 1 was 15.76-fold higher than in Group 2, 4.97-fold higher than in Group 3, and 2.51-fold
lower than in Group 4 (p < 0.05 for all comparisons). The MIC of triazoles in Group 2 was 3.17-fold lower than in
Group 3 and 40.00-fold lower than in Group 4 (p < 0.001). The MIC of triazoles in Group 3 was 12.5-fold lower than
in Group 4 (p < 0.001). Population-level variation in triazoles MIC was more strongly influenced by the isolated effect
of ERG11 mutations (45.94%) than by the isolated effect of ERG 11 overexpression (5.27-fold less).

Conclusion. Triazole resistance in C. albicans is influenced by the combined actions of ERG 11 overexpression
and mutation. ERG 11 overexpression appears to contribute more to the absolute level of resistance, while ERG11
mutations have a greater impact on the diversity of resistance levels within the C. albicans population.
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CouyeTtaHHOe AeNcTBUe rMnepaKcnpeccuv n mytauum reHa ERG11
npu ¢opmupoBaHum pesncreHtHoctn Candida albicans
K TPMa30/10BbIM NPOTUBOrpNOGKOBbIM Npenapatam

HecBmxckuii K0.B."?*, ApaHacbeB C.C.2%, 3Bepes B.B.', Boponaes A.[l.2, ApaHacbeB M.C.',
Boponaesa E.A., BypaHoBa E.B.", CmupHoBa JI1.M.", AHucosa C.A.", Yp6aH t0.H.2

MepBblt MOCKOBCKIMIN FOCYAAPCTBEHHDBIN MEAVULNHCKII YHUBepcuTeT nMmeHn .M. CeyeHoBa

(CeueHoBckmin YHuBepcutet), MockBa, Poccns;

2MOCKOBCKMIA Hay4YHO-UCCef0BaTENbCKUN MHCTUTYT SNUAEMMNONOTA N MUKPOo6Uuonorum umenu ILH. labpuuesckoro,
Mocksa, Poccusa

AHHOMauyusi

BBepeHue. CoBpeMeHHasi MeguuuHa CTanknuBaeTcsl C pe3ncTeHTHOCTbio Candida spp. K aHTUMUKOTMKaM, 0byc-
NOBEHHON U3MEHEHMEM 3KCrpeccum 1 CTpykTypbl reHa ERG11 — MONeKynspHOW MULLIEHU Tpuasonos. OTU
MEXaHU3Mbl YacTo AENCTBYIOT OQHOBPEMEHHO, OIHAKO B3aMMOAENCTBUE MEXAY HMMU OCTaETCA HEAOCTAaTOYHO
N3YYEHHbIM.

Llenb paboTbl — u3yyeHue ponu runepakcnpeccun reHa ERG11 u ero mytaumin B popmMmnpoBaHMmn pe3amcTeHTHO-
ctn rpubos C. albicans k Tpnasonam.

Martepuanbl 1 meToabl. ViccnegoBaHue BbiNonHeHo Ha 11 wtammax rpubos C. albicans 13 konnekuuu
MHWUUSM mm. I H. Mabpuyesckoro. Ltammbl Gbinv oxapakTepunsoBaHbl N0 YPOBHIO 3kcnpeccun reHa ERG11 n
HanMuuMIo B HEM MyTaUuiA, a Takke YyBCTBUTENbHOCTU K TpMasonam: No3akoHas3orny, BOPUKOHa30Iy, UTPakoHa30-
ny v dnykoHasony.

Pe3ynskraTthl. Ltammel C. albicans nogpasgenunu Ha 4 rpynnbl: 1-s rpynna — TONbKO C NOBbILLEHHOW 3KCnpec-
cuel reHa ERG11; 2-a — TONbKO C MyTauusiMu B @aHHOM reHe; 3-9 — OfHOBPEMEHHO 0ba BMaa reHeTU4ecKmnx
N3MeHeHUN; 4-9 — 6e3 faHHbIX FTEHETUYECKMX U3MEHEHUIN. YCTAHOBIEHO, YTO MUHMManbHasi NO4ABNSOLLAS KOH-
ueHTpauus (MIK) Tpnasonos B 1-1i rpynne 6bina B 15,76 pa3a Bbilwe, 4em Bo 2-1, B 4,97 pasa Bbille, YeM B 3-I,
n B 2,51 pasa Huxe, Yyem B 4-i (Be3ae p < 0,05). Bo 2-11 rpynne MIMK Tprasonos 6bina B 3,17 pasa Hmke, Yem
B 3-1, n B 40 pa3 Huxe (p < 0,001), yem B 4-in. MINK Tprasonos B 3-1 rpynne no cpaBHEHWIO C 4- rpynnon 6eina
B 12,5 pasa Huxe (p < 0,001). MonynsiuMoHHoe BapbupoBaHue MIK Tprazonos B 6onbLUel CTENEHW 3aBUCUT OT
N30NMPOBaAHHOTO AENCTBUA MyTaumn reHa ERG 11 (45,94%), uto B 5,27 pa3a npeBocxoauT adpdeKT n3onnpoBaH-
HOW MMNepakcnpeccum rexHa.

3akntouyeHue. YctonumsocTb C. albicans k Tpnasonam obecnevmBaeTcs KoonepaTuBHbIM AENCTBUEM TMNEPIKC-
npeccuun u myTauun reHa ERG11: HanbonbLuyto pe3ncTeHTHOCTb 06ecneynBaeT rmnepakcnpeccus, NonynsAUMoH-
Hoe pa3Hoobpasne — myTauumm.

KnroueBble cnoBa: Candida albicans, aHmumukomuku, pe3ucmeHmHocmsb, 2eH ERG11, eunepakcripeccusi, My-
mauyuu

McecmoyHuk ¢puHaHcupoeaHusi. ABTOpbLI 3asBMSAOT 06 OTCYTCTBMMN BHELLUHEro (hHAHCUPOBAHUS NPU NPOBEAEHUN UC-
crepoBaHus.

KoHgbniukm uHmepecoe. ABTOPbI AeKNapupyoT OTCYTCTBUE SIBHBLIX U NOTEHLMANbHBLIX KOH(PIUKTOB MHTEPECOB, CBSI-
3aHHbIX C Ny6rvKkaumen HacTosILLEeN cTaTbu.
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Introduction

Microbial resistance to chemotherapeutic drugs is
a longstanding challenge in modern medicine. While
numerous mechanisms of antibiotic resistance are
well-characterized, including those genetically encoded
that increase antibiotic target production or alter target
structure, the interplay of these mechanisms remains
poorly understood [1-3]. These resistance mechanisms
can operate independently or concurrently within a mi-
crobial cell, and the consequences of their combined
effects require further investigation.

We investigated this issue using Candida species
as a model, given their well-documented resistance
to antimicrobial drugs. One resistance mechanism in-
volves increased expression of genes encoding drug
targets, notably ERGII, which encodes lanosterol
140-demethylase. This enzyme is crucial for ergosterol
biosynthesis, a key component of the fungal cell wall.
ERGI1I overexpression leads to increased ergosterol
production, rendering Candida species insensitive to
therapeutic azole concentrations [4].

However, recent studies have identified non-syn-
onymous ERGII mutations that modulate its effects,
impacting Candida's triazole susceptibility both pos-
itively and negatively [5—9]. Our data [10] show that
certain FRG /] mutations mitigated the effects of over-
expression, reducing the Minimal Inhibitory Concen-
tration (MIC) of triazole drugs in mutant Candida al-
bicans strains by up to 100-fold. Complete reversal of
resistance, however, was not observed. It is important
to note that ERGI1] overexpression and mutations ap-
pear to manifest relatively independently across differ-
ent Candida spp. [5, 7-9, 11-15].

Both ERGI1I overexpression and mutation clear-
ly contribute to the population-level diversity in azole
sensitivity observed in Candida species. However, the
precise nature and outcome of the interaction between
these mechanisms remain unclear. Investigating this in-
teraction is crucial for understanding the survival strat-
egies employed by Candida spp. under conditions of
widespread drug exposure and may reveal promising
avenues for combating the growing problem of antimi-
crobial resistance.

Therefore, the aim of this study was to investigate
the interaction between ERG 11 overexpression and mu-
tation in the development of triazole resistance in C.
albicans.

Materials and methods

The study was conducted on 11 C. albicans strains
from the collection of the G.N. Gabrichevsky Moscow
Research Institute of Epidemiology and Microbiology
(Rospotrebnadzor), which were initially resistant to the
effects of fluconazole and voriconazole.

Strain identification was performed using biochem-
ical assays and real-time multiplex polymerase chain re-
action (qPCR), along with ERG11 expression level anal-

ysis and mutation screening. A detailed description of the
methodology is provided in another study [10].

According to the available characterization,
7 of the studied strains were carriers of 5 variants
of non-synonymous mutations in the ERGII gene
(E266D, G464S, 1471L, D116E, and V4881), while 6
strains showed ERG 11 overexpression.

Based on these genetic characteristics, C. al-
bicans strains were divided into 4 groups: Group 1
(n=2)—strainswithonly ERG 1 overexpression; Group2
(n = 3) — strains with only £ERG 1] mutations; Group 3
(n = 4) — strains with simultaneous expression of both
types of genetic alterations; Group 4 (n = 2) — strains
without either of the genetic alterations.

The sensitivity of the studied C. albicans strains
to four representatives of triazole antifungals (posacon-
azole, voriconazole, itraconazole, fluconazole) was in-
vestigated in accordance with the recommendations of
the Interregional Association for Clinical Microbiology
and Antimicrobial Chemotherapy (IACMAC) for de-
termining the sensitivity of microorganisms to antimi-
crobial agents, based on CLSI M44 and M60 standards
for fungi and the standards and criteria of the Europe-
an Committee on Antimicrobial Susceptibility Testing
(EUCAST) for microdilution methods and bacterial
cultures'.

The minimum inhibitory concentrations (MIC,
mg/mL) were determined by the serial microdilution
method using the Sensititre YeastOne plates (Trek di-
agnostic system). For this, the inoculum was prepared
similarly to the disk diffusion method, after which it
was introduced into a modified RPMI-1640 medium
and distributed into 96-well plates for serial micro-
dilutions with previously added triazole antifungals
[11]. The results were recorded visually, comparing the
growth in the well with the positive control well ac-
cording to EUCAST criteria [12].

To ensure the comparability of the research re-
sults, the data for individual C. albicans strains for each
triazole antifungal were weighted by the average MIC
value for the given drug. Subsequently, the obtained
relative values were analyzed.

Statistical analyses were conducted using Micro-
soft Excel, SciPy and Matplotlib. The significance of
the differences was assessed using the Mann—Whitney
U-test. The contribution of factors to the population
variability of the trait was assessed using single-factor
and two-factor ANOVA. The critical error level for test-
ing statistical hypotheses was set at p < 0.05.

Results

The MIC of'triazole antifungals with various genet-
ic modifications in C. albicans is presented in Table 1.

! TACMAC Recommendations "Determination of the sensitivity
of microorganisms to antimicrobial drugs (2021)». URL: https://
www.antibiotic.ru/minzdrav/category/clinical-recommendations
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Table 1. MIC of triazole antifungals in various genetic modifications in the ERG11 gene of C. albicans (X £ m)

Strain group n Posaconazole Voriconazole Itraconazole Fluconazole
1 2 1.361 + 1.351 1.184 £ 1.045 1.363 £ 1.353 1.579 £ 1.483
2 3 0.008 + 0.002 0.139 + 0.000 0.008 + 0.002 0.191 £ 0.000
3 4 0.028 + 0.019 0.383 +0.244 0.026 + 0.020 0.669 + 0.317
4 2 4.068 + 1.357 3.343+1.115 4.075 + 1.359 2.296 £ 0.765

Statistical analysis revealed no significant differences
between the individual drugs for each variant of genet-
ic alterations, indicating a uniform directional effect
across all triazoles. Due to this fact, the results of the
MIC study were pooled into a single group of triazoles.
The defining characteristics of each group are presented
in Table 2.

Comparative analysis of the obtained results
showed that the MIC of triazoles in Group 1 was 15.76
times higher (p < 0.05) than in Group 2, 4.97 times
higher (p < 0.05) than in Group 3, and 2.51 times low-
er (p < 0.05) than in Group 4. In Group 2, the MIC of
triazoles was 3.17 times lower than in Group 3, and 40
times lower (p < 0.001) than in Group 4. The MIC of
triazoles in Group 3 was 12.5 times lower (p < 0.001)
compared to Group 4.

The assessment of the impact of various genet-
ic alterations on the degree of variation in the MIC
of triazoles in the studied C. albicans population was
conducted using analysis of variance (ANOVA). The

32.74

8.71

12.59

45.94

u Only overexpression of the ERG11 gene

Overexpression and mutations of the ERG 117 gene together
E Only mutations of the ERG11 gene

O Random factors

Two-factor model of the influence of genetic alterations
in the ERG11 gene on the variation of triazole MIC
in the C. albicans population, %.

Table 2. MIC of triazole antifungals in the studied groups

Strain group n X+m Me [Q,;; Q]
1 1.371+£0.501 1.184[0.010; 2.470]
2 12 0.087 £0.024 0.075[0.007; 0.139]
3 16 0.276 £0.113  0.112[0.006; 0.152]
4 8 3.445+0.522 2.889[1.879; 3.759]

single-factor model showed that the combined effect
of ERGII overexpression and mutation amounts to
58.58% (p < 0.001) of the total variance.

A two-factor ANOVA was performed to quantify
the relative impact of these genetic alterations (Figure).
The isolated effect of FRG /1 mutations accounted for
almost half (45.94%) of the genetic variance, which is
more than 5.27 times greater than the contribution of
the isolated effect of ERGI1I overexpression and 3.65
times greater than the combined effect of mutations and
overexpression. Taken together, the combined effect
of all genetic alterations accounts for 67.26%, which
is consistent with the findings of the single-factor
ANOVA model.

Discussion

This study confirms that both ERGII overex-
pression and ERGII mutations contribute to triazole
resistance in C. albicans strains initially resistant to flu-
conazole and voriconazole. It is further demonstrated
that these genetic mechanisms can act independently or
synergistically in conferring resistance. While ERG/1
overexpression generally exerts a more pronounced ef-
fect than ERG1I mutations alone, as confirmed in se-
veral previous studies [4-9, 16, 17], their interaction is
complex.

Although an additive effect of ERGII overex-
pression and mutations might be anticipated, our data
reveal that certain mutations can attenuate the impact
of ERGI1I overexpression. This resulted in a notice-
able reduction in the overall effect of ERG1I overex-
pression in our C. albicans strain collection. However,
it is not recommended to generalize this observation
to all instances of genetically mediated resistance in
C. albicans; rather, this finding is interpreted as a po-
tential characteristic specific to the strains included in
this study.

The observation of high triazole resistance in
C. albicans strains lacking ERG1] alterations suggests
that other resistance mechanisms are also operative. For
example, overexpression of efflux pump genes, such as
CDRI1, CDR2 and MDRI, has been reported [4, 5], al-
though their relative contributions to resistance remain
to be fully quantified.

The analysis of variance accounted for the con-
tribution of both ERGI1I overexpression and mutation
to the population-level variation in triazole susceptibil-
ity among C. albicans strains. While both mechanisms
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contribute, the results indicate that ERGI/ mutations
play a dominant role in shaping this phenotypic diver-
sity.

Evaluating the biological and medical significance
of the overexpression and mutations of the ERG 1] gene
in C. albicans strains, it was observed that ERG1] over-
expression and the associated lanosterol-14a-demethy-
lase hyperproduction serve as a far more effective de-
fense mechanism against the harmful effects of triazole
antifungals than the synthesis of genetically modified
enzyme variants. However, non-synonymous point
mutations in ERG1] clearly contribute to the increased
biological diversity of this yeast-like fungus, without
necessarily causing a dramatic, short-term increase in
its clinical threat. Therefore, from a practical perspec-
tive, identifying ERG 1] overexpression may be a more
appropriate initial strategy for predicting the immediate
risk of triazole resistance in C. albicans isolates.

Conclusion

1. Triazole resistance in C. albicans strains arises
from the combined effects of ERGII overexpression
and mutation.

2. ERG11 overexpression has a significantly great-
er impact on resistance levels than its non-synonymous
mutations.

3. Mutations within the ERG1I gene are a more
significant driver of population-level triazole resistance
diversity in C. albicans than ERG11 overexpression.

4. It is recommended to test strains for ERGII
overexpression to predict the emergence of triazole re-
sistance in C. albicans.
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