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ABSTRACT

OBJECTIVE: Candidozyma auris has emerged as a global “urgent threat” characterized by multidrug resistance and high
mortality. While six distinct lineages have been identified, Clade I (South Asian) is the primary driver of global nosocomial
outbreaks and exhibits the most profound resistance profiles. This study aims to provide a high-resolution genomic charac-
terization of Clade I, focusing on the consolidation of resistance mechanisms and virulence factors that support its global
dominance.

METHODS: We performed a comprehensive genomic analysis focusing on a cohort of 647 Clade I isolates, selected from a
total of 662 global C. auris genomes available in public repositories. Using a standardized bioinformatic pipeline, we conduct-
ed core-genome single-nucleotide polymorphisms-based phylogenetic reconstruction, non-synonymous mutation profiling of
key resistance genes (TAC1B, FKS1, ERG11/6/3), and functional mapping of virulence-related pathways (ALS4, secretable
aspartyl proteases [SAP5], LIP1). The remaining isolates from Clades II to VI were utilized as comparative reference groups
to identify clade-specific signatures.

RESULTS: Analysis of the Clade I cohort (n=647; 97.73% of the total dataset) revealed a significant consolidation of resis-
tance markers. The Y132F and K143R substitutions in ERG11 were near-ubiquitous, often co-occurring with specific TAC1B
variants (A640V, V742A). Notably, 24.32% of the Clade I isolates demonstrated a highly synchronized “genomic armor,”
characterized by the simultaneous presence of TAC1B (A:YTDQ/A:GSVG), FKS1 (S:SL), and deletions in ERG6/ERG3. Viru-
lence profiling showed high-frequency conservation of biofilm-associated (ALS4) and proteolytic (SAP5) genes, suggesting a
synergistic evolution of resilience and pathogenicity.

CONCLUSION: This study delineates the genomic landscape of C. auris Clade I, highlighting how the consolidation of mul-
tiple resistance and virulence markers contributes to its clinical success. The high frequency of multidrug-resistant genotypes
within this lineage mandates a transition toward genome-led surveillance and personalized antifungal stewardship.
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lobal public health networks have been on high alert  capacity for rapid expansion [1, 2]. Characterized by its
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in Japan, as this pathogen has shown an extraordinary mate surfaces for prolonged periods, and develop rapid
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resistance to all major classes of antifungal agents, this
pathogen has been reported in over 60 countries across
six continents (3, 4]. With clinical mortality rates reach-
ing as high as 60%, both the centers for disease control
and prevention (CDC) and the World Health Organiza-
tion now categorize C. auris as an “urgent threat” to glob-
al public health 5, 6]. What distinguishes C. auris from
most Candida counterparts is its exceptional capacity to
anchor onto medical hardware. Beyond mere adherence,
it deploys a diverse array of hydrolytic enzymes, partic-
ularly secretable aspartyl proteases (SAPs) and lipases,
which drive both tissue infiltration and the bypassing of
host immunity [7].

Phylogenomic investigations have established that
C. auris consists of six geographically clustered but ge-
netically distinct lineages (clades): South Asian (Clade
I), East Asian (Clade II), African (Clade III), South
American (Clade IV), Iranian (Clade V), and the re-
cently described Indomalayan (Clade VI) [8-10]. These
clades are separated by thousands of single-nucleotide
polymorphisms (SNPs), yet they exhibit high clonality
within each lineage, suggesting that multidrug-resistant
(MDR) C. auris emerged independently and nearly si-
multaneously across diverse geographic regions under
similar selective pressures [1, 9]. Among these, Clade I
has achieved the widest global dissemination and serves
as the primary driver for major nosocomial outbreaks
worldwide, exhibiting the most complex and robust re-
sistance profiles [11, 12].

Pan-drug resistance (PDR) has emerged as a major
clinical hurdle; it renders standard therapies obsolete
and leaves clinicians with few, if any, viable treatment
routes for C. auris. Genomic surveillance has elucidated
that mutations in gene families such as TAC1B, FKS1,
ERG11, ERG6, and ERG3 confer a “genomic armot”
against azoles, echinocandins, and polyenes [13, 14]. Re-
cent evidence suggests that these resistant lineages can
evolve and persist without incurring traditional evolu-
tionary fitness costs, maintaining high virulence while
resisting the most potent antifungal therapies [15]. This
dangerous synergy between high-level resistance and a
robust virulence arsenal, comprised of adherence and in-
vasion genes such as ALS4, HYR3, SAPS, and LIP1, de-
fines C. auris as a uniquely resilient “super-pathogen” (7,
13]. While whole-genome sequencing (WGS) remains
the gold standard for deciphering these patterns, most
existing research focuses on localized outbreaks, often
leaving the broader patterns of genomic consolidation
within the dominant lineages under-explored [16].

Highlight key points

e A large-scale phylogenomic analysis of 647 Candidozyma
auris Clade I genomes provides a high-resolution map of
resistance and virulence markers

e A synchronized “genomic armor” of multi-locus resistance
mutations is identified as a stable baseline in the globally
dominant Clade I lineage

e Functional mapping reveals near-universal conservation of
key metabolic and pathogenicity pathways, supporting the
high fitness of Clade I isolates

e The observed genomic consolidation in Clade I suggests
maintained pathogenic fitness under antifungal pressure,
necessitating clade-specific clinical interventions.

Local outbreak reports have multiplied recently, yet
we still lack the high-resolution datasets needed to map
how resistance markers stabilize across a truly global
cohort. While all six clades represent the phylogenetic
breadth of the species, the overwhelming clinical but-
den is currently driven by Clade I. In this study, I pres-
ent a large-scale genomic characterization focusing on
647 Clade I isolates within a total cohort of 662 glob-
al C. auris genomes. By integrating mutation profiling
with functional Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway mapping, this study aims to
delineate the patterns of genomic consolidation that
drive multidrug resistance and metabolic fitness within
this globally dominant lineage. The findings provide a
high-resolution map of the pathogen’s evolutionary tra-
jectory, offering critical insights for the development of
targeted clinical interventions.

MATERIALS AND METHODS

Data Acquisition and Quality Control

A comprehensive genomic dataset was curated by re-
trieving WGS data from public repositories, includ-
ing the NCBI sequence read archive and the European
Nucleotide Archive. Following a strict quality control
workflow, our final analytical cohort was narrowed down
to 662 high-quality genomes. To ensure high-quality
assemblies, we set a strict threshold for each genome,
requiring at least 30x average depth of coverage and a
completeness level exceeding 95%. This cohort primarily
consists of 647 Clade I isolates, providing high-resolu-
tion genomic depth for this globally dominant lineage,
while isolates from Clades IT to VI (n=15) were included
as comparative reference groups to identify lineage-spe-
cific and pan-clade genomic signatures (6, 17].
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Bioinformatic Pipeline and Variant Calling

Raw sequence reads were processed using FastQC
(v0.11.9) and trimmed with Trimmomatic (v0.39)
(Phred score <20). High-quality reads were aligned
to the C. auris B8441 reference genome (GenBank:
GCA_002759435.2) using the Burrows-Wheeler Align-
er (BWA-MEM v0.7.17) [10]. To refine the alignments,
we utilized SAMtools (v1.9) for coordinate-based sorting,
while Picard Tools (v2.23.4) was employed specifically to
identify and strip polymerase chain reaction duplicates.

Variant calling was performed using Genome Analysis
Toolkit (GATK) (v4.1.8.1) HaplotypeCaller following
“best practices” for germline short variant discovery. To en-
sure high-quality variant calls and minimize false positives,
stringent hard filtering was applied using GATK Variant-
Filtration with the following parameters: QualByDepth
<2.0, FisherStrand >60.0, RMSMapping Quality <40.0,
MappingQualityRankSumTest <—12.5, and ReadPos-
RankSumTest <—8.0 [11, 14]. Annotation of identified
variants was conducted using SnpEff (v5.0), focusing on
non-synonymous mutations in gene families associated
with antifungal resistance (TAC1B, FKS1, ERG11, ERGS,
and ERG3) and virulence (ALS4, SAPS), as characterized
in recent pathogenesis updates [7, 13, 14].

To ensure that the identified structural deletions
in ERG3 and ERG6 were not bioinformatic assembly
artefacts, a high-depth coverage mapping analysis was
performed. To validate the structural variants, we per-
formed a targeted re-alignment of raw reads against the
reference template, followed by manual evidence-track-
ing at specific genomic loci. Only regions with ze-
ro-read coverage across the entire gene length, despite a
minimum average genome‘wide coverage of x30, were
classified as true deletions.

Delineating Metabolic Resilience: Functional
Annotation and KEGG Mapping

To translate genomic data into biological roles, we inte-
grated our findings into the KEGG framework for func-
tional annotation. Protein sequences were predicted and
mapped to KEGG Orthology (KO) identifiers using the
GhostKOALA and KAAS pipelines [18, 19]. This facil-
itated the systematic reconstruction of essential metabol-
ic pathways, including biofilm formation (map05111),
ABC transporters (map01501), and steroid biosynthe-
sis (map00100). The conservation of each pathway was
quantified to identify genomic consolidation patterns that

facilitate the highly resilient MDR phenotype [7, 13].

Phylogenetic Reconstruction and Visualization

Phylogenetic relationships among the 662 isolates were
reconstructed based on a high-resolution core-genome
SNP alignment. To reconstruct the evolutionary relation-
ships, we employed RAxML (v8.2.12) to build a maxi-
mum-likelihood (ML) tree, applying the GTRGAMMA
substitution model across 1,000 bootstrap replicates for
robust branch support [6, 9]. The resulting phylogenetic
data were visualized and annotated using the interactive
tree of life v6 [20]. Metadata, including clade assignment,
mutation profiles (TACIB, FKS1, ERG), and KEGG
functional categories, were mapped onto the tree to vi-
sualize the evolutionary trajectory of the Clade I lineage.

Lineage Assignment and Clade Identification

Isolates were assigned to clades using a two-step valida-
tion process. First, core-genome SNP clustering was per-
formed against validated reference strains: B8441 (Clade
I), B11220 (Clade IT), B11221 (Clade I1I), B11245 (Clade
IV), B15643 (Clade V), and Indomalayan reference mark-
ers for Clade VI (6, 8, 9]. Second, genetic distances were
verified; inter-clade variation exceeded the established
threshold of >3,000 SNPs, while intra-clade variation re-
mained consistent with lineage-specific clonality [1, 10, 16].

Clade assignment was performed through a two-step
validation process. First, isolates were clustered using an
ML approach based on the core-genome SNP alignment.
Second, the genetic distance between each isolate and
the reference strains was calculated to verify that the in-
ter-clade variation exceeded the established threshold of
>3,000 SNPs, while intra-clade variation remained con-
sistent with lineage-specific clonality [1, 10]. Any isolate
showing ambiguous clustering was further cross-verified
using the “CLADE-FINDER” logic and the most recent
Indomalayan lineage markers to ensure the integrity of

the Clade VI assignments [16].

Statistical Analysis and Data Processing

Custom Python scripts were developed to automate
the integration of genomic datasets and metadata.
High-throughput manipulation of mutation profiles and
KEGG assignments was conducted using the NumPy
and Pandas libraries [21]. For statistical visualization,
Matplotlib and Seaborn were utilized to generate distri-
bution plots and heatmaps illustrating the conservation
of metabolic pathways. The analytical scripts have been
made available in a public repository to ensure the repro-
ducibility and robustness of the phylogenomic findings.
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RESULTS

Clinical Distribution and Global Phylogenomic
Landscape

The clinical source distribution of the 662-genome co-
hort underscores the high systemic invasiveness and
ecological plasticity of C. auris (Table 1). Bloodstream
infections (33.99%) remain the primary clinical manifes-
tation, driven largely by the virulent Clades I, III, and IV,
while a significant prevalence in urinary tract specimens
(14.65%) was also observed.

Phylogenomic analysis confirmed the presence of
all six recognized lineages (Clades I-VI), illustrating a
distinct but highly unequal global distribution. Clade I
(South Asian) emerged as the overwhelmingly domi-
nant lineage, accounting for 97.73% (n=647) of the an-
alyzed cohort. Despite the overwhelming prevalence of
Clade I, our dataset also captured a minor, more frag-
mented presence of other lineages. Specifically, Clade
IV (1.06%, n=7) and Clade VI (0.45%, n=3) appeared
at much lower frequencies, while Clades III, II, and V
were only detected as occasional, isolated cases (Table
2). Regional mapping demonstrated that while Clade I
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TABLE 1. Distribution of clinical and environmental specimens
across Candidozyma auris lineages and tissue niche
preferences (n=662)*

Sample type Percentage  Likely clade association
Blood 33.99 Clade I, III, IV
Urine 14.65 Clade I, IV

Ear 8.61 Clade II
Wound/Skin 2.41 Clade I, III
Catheter 1.81 Clade I, VI

Swab 1.36 Clade I, III, IV
Respiratory 0.76 Clade I
Environmental 0.30 Clade I, VI
Other / unknown 36.10 All Clades

remains the primary driver for major nosocomial out-
breaks in the USA, Pakistan, and Turkiye, the detection
of Clades IV and VI in diverse geographic locations
underscores the ongoing transcontinental expansion of

the species (Fig. 1).

Lineages
Clade | (South Asia)
Clade IV (South America)
Clade V1 (Singapore)
Clade Ill (Africa)
Clade Il (East Asia)
Clade V (Iran)

i

Country / Region

FIGURE 1. Global phylogenomic landscape and transcontinental distribution of Candidozyma auris lineages (n=662).
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TABLE 2. Genomic mutation profiles and lineage distribution across the analyzed Candidozyma auris cohort (n=662)*

Clade Prevalence Dominant azole resistance Key echinocandin resistance Characteristic Identified regulatory and
(lineage) (%) mutations (ERG11) hotspots (FKS1/FKS2) metabolic variants
Global TAC1B (A640V, V742A),
Clade I 97.73 Y132F, K143R S639F, S639P, S639T )
dominance GCN5 del
Ear-associated . .
. Subtelomeric Deletions
) . niche, and loss
Clade II 0.30 Wild-type/Low MIC Susceptible ) (e.g., ALS4, HYR3, SIT1,
of subtelomeric
. DAL9)
adhesins
. . Cell Wall Integrity Pathways
African lineage
Clade III 0.30 VF125AL S639P slonature (e.g., CDC10 G32E, CRZ1
| ur
g S237Y, CHS2, SSD1)
South American
Clade IV 1.06 Y132F S639P . MLH1 (A216V), ERG3 (T2271)
adaptation
o Synchronized Virulence
Iranian lineage
Clade V 0.15 K143R S639P vnc Factors (e.g., SAP5, LIP1,
Y RBF1, ALS4)
Conserved Biofilm Modules
Indomalayan
Clade VI 0.45 K143R S639F, S639P . (e.g., BGL2, XOG1, PHR1,
pan-resistance
PGA?7)
99.24% overall resistance 99.24% functional
Total 100

rate

Antifungal Mutational Landscape and the “Genomic
Armor” of Clade I

The large-scale genomic screening of 647 Clade I isolates
revealed a profound level of mutational synchronization,
defining a consolidated “genomic armor.” In the ERG11
gene, the Y132F and K143R substitutions were iden-
tified in 99.24% (n=642/647) of the Clade I isolates.
Furthermore, the FKS1 gene exhibited highly conserved
hotspot mutations at the S639 position, correlating with
an MDR profile.

The phylogenomic analysis provides definitive evi-
dence of the global transition of C. auris Clade I into a
“highly resilient MDR pathogen.” As illustrated in Ap-
pendix 1, this dominance is inextricably linked to a stan-
dardized “multi-locus genetic armor,” where synergistic
combinations of TACIB variants (notably A: YTDQ)
and FKSI1 mutations co-occur with structural dele-
tions in ERG6 and ERG3. The fact that the Reference
(B8441-like) genotype has been reduced to a marginal
0.76% (n=5) of the population underscores that PDR
is no longer a transient adaptation but a fixed genomic

baseline in Clade I (Table 3).

consolidation

Lineage-Specific Distribution of Virulence Factors

Beyond antifungal resistance, genomic screening identified
a robust repertoire of virulence-associated genes consis-
tently maintained. Key adhesins and invasins, including the
Agglutinin-like sequence family (ALS4) and HYR3, were
detected in 99.24% of the Clade I isolates. The enzymatic
arsenal required for tissue degradation, specifically SAP5
and lipases (LIP1), showed high conservation, particularly
in the dominant Clade I and the emerging Clade VI.

Subtelomeric deletions observed across the cohort
primarily affected genes involved in iron acquisition
(SIT1), glucose transport (HGT), and cell-surface ad-
hesion. The high conservation of these determinants in
Clade I suggests that the pathogen has reached a state of
evolutionary maturity, where high-level resistance is in-
tegrated into its core genomic architecture without com-

promising biological fitness (Table 2).

Delineating the Pan-metabolic Framework via KO
Mapping

To translate genomic variants into functional insights,
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TABLE 3. Distribution and prevalence of consolidated antifungal resistance genotypes within the C. auris cohort (n=662)*

Antifungal mutations Count Percentage
TAC1B A:YTDQ + TAC1B F:VGVV + FKS1 S:SL + ERG6 Del + ERG3 Del 226 34.14
TAC1B A:YTDQ + TAC1BF:FTL + FKS1 S:SL + ERG6 Del + ERG3 Del 173 26.13
TAC1B A:YTDQ + TAC1BF:EY + FKS1 S:SL + ERG6 Del + ERG3 Del 161 24.32
TAC1B A:YTDQ + TAC1B A:GSVG + TAC1BF:EY + FKS1 S:SL + ERG6 Del + ERG3 Del 20 3.02
TAC1B A:YTDQ + TAC1B A:GSVG + TAC1B F:VGVV + FKS1 S:SL + ERG6 Del + ERG3 Del 16 2.42
TAC1B A:YTDQ + TAC1B A:GSVG + TAC1B F:FTL + FKS1 S:SL + ERG6 Del + ERG3 Del 10 1.51
TAC1B A:YTDQ + TAC1B F:VGVV + ERG6 Del + ERG3 Del 10 1.51
TAC1B F:FTL + FKS1 S:SL + ERG6 Del + ERG3 Del 9 1.36
TAC1B F:FTL + ERG6 Del + ERG3 Del 8 1.21
Wild-Type (Reference) 5 0.76
TAC1B F:VGVV + FKS1 S:SL + ERG6 Del + ERG3 Del 3 0.45
TAC1B F:VGVWV + ERG6 Del + ERG3 Del 3 0.45
TAC1B A:YTDQ + TAC1B F:VGVV + FKS1 S:YL + ERG6 Del + ERG3 Del 2 0.30
TAC1B F:EY + ERG6 Del + ERG3 Del 2 0.30
TAC1B A:YTDQ + TAC1B F:EY + ERG6 Del + ERG3 Del 2 0.30
TAC1B F:EY + FKS1 S:SL + ERG6 Del + ERG3 Del 2 0.30
TAC1B A:YTDQ + TAC1B F:VGVV + FKS1 S:FL + ERG6 Del + ERG3 Del 2 0.30
TAC1B A:YTDQ + TAC1B F:VGVV + FKS1 S:PL + ERG6 Del + ERG3 Del 1 0.15
TAC1B A:*PL + TAC1B F:VGVV + FKS1 S:SL + ERG6 Del + ERG3 Del 1 0.15
TAC1B A:*PL + TAC1B F:EY + FKS1 S:SL + ERG6 Del + ERG3 Del 1 0.15
TAC1B A:YTDQ + TAC1BF:FTL + FKS1 S:FL + ERG6 Del + ERG3 Del 1 0.15
TAC1B A:IGFSC + TAC1B A:YQQPM + TAC1B F:KL + ERG6 Del + ERG3 Del 1 0.15
TAC1B A:AAL + TAC1BF:FTL + FKS1 S:SL + ERG6 Del + ERG3 Del 1 0.15
TAC1B A:YTDQ + TAC1BA:PR + TAC1B F:EY + FKS1 S:SL + ERG6 Del + ERG3 Del 1 0.15
TAC1B A:YTDQ + TAC1BF:FTL + FKS1 S:TL + ERG6 Del + ERG3 Del 1 0.15

*This table delineates the “Genomic Armor” genotypes, showing that pan-resistance has become a fixed baseline in the global population.

we projected the identified orthologous groups onto
the KEGG database. By doing so, we reconstructed
the metabolic architecture that underpins C. auris re-
silience, pinpointing the specific pathways that likely
facilitate its persistence under diverse clinical pressures.
This step allowed us to visualize the specific metabol-
ic pathways that may drive C. auris survival in clinical
environments. Functional profiling of the Clade I co-
hort reveals a profound level of genomic stabilization
across essential biological modules. Critical pathways,
including antifungal resistance, biofilm formation
(map05111), steroid biosynthesis (map00100), and ad-
hesion, were found to be highly conserved in 99.24%
of the Clade I isolates. This near-universal prevalence

suggests that C. auris has reached an evolutionary pla-
teau where these traits are fixed components of its core
genome (Fig. 2).

Comparative heatmap analysis reveals a remarkably
stable “functional backbone” across the lineages. Es-
sential modules, including ABC transporters and Bio-
film formation, exhibit 100% conservation in Clade I.
However, significant lineage-specific divergences were
identified, most notably in Purine metabolism, which
showed a dramatic reduction in Clade IV (28.57%) and
complete absence in Clade VI (0%). While the core ‘ge-
nomic armor’ is universally maintained in the dominant
lineage, specific metabolic pathways remain evolution-
arily plastic (Fig. 3).
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Lipid metabolism 99.24%
Proteolysis (Virulence) 99.24%
ABC transporters 99.24%
Cell surface proteins 99.24%
Virulence factors 99.24%
Adhesion 99.24%
Lysosome 99.24%
Steroid biosynthesis (Ergosterol) 99.24%
Antifungal resistance 99.24%
Biofilm formation 99.24%
MAPK signaling pathway 97.73%
Two-component system 97.43%
Cell cycle - yeast 97.43%
Protein processing in ER 96.68%
Glucan biosynthesis |95.32%
Purine metabolism |95.32%
| 95.32%

Cell wall integrity

0 20

40 60 80
Percentage of Isolates (%)

100

FIGURE 2. Functional mapping and evolutionary conservation of core metabolic and pathogenicity pathways in Candidozyma auris

Clade I.

Correlation between Resistome and Metabolic Fitness

A significant finding was the strong statistical associa-
tion (99.24%) between the presence of PDR-associated
mutations (in TAC1B and FKS1) and the maintenance
of high-order virulence pathways (KEGG map05111).
This functional stability indicates that the evolution of
pan-resistance in C. auris Clade I does not impair its
pathogenic potential. The metabolic pathways for car-
bohydrate metabolism and energy production remained
highly conserved, identifying Clade I as a uniquely resil-
ient “super-pathogen” that avoids fitness costs by main-
taining efficient functional genomic potential even under
extreme drug-induced stress.

DISCUSSION

The global emergence of C. auris represents a signif-
icant shift in fungal epidemiology, characterized by

independent lineage evolution and an alarmingly rap-
id progression toward multidrug resistance [1, 10].
This study, focusing on a robust cohort of 647 Clade
I isolates within a 662-genome dataset, provides a
high-resolution phylogenomic and functional map-
ping of the globally dominant lineage. By bridging the
gap between genomic variation and metabolic fitness,
it is demonstrated that C. auris Clade I has reached
a state of genomic consolidation, where resistance
mechanisms and virulence factors are functionally
synchronized to ensure survival under extreme clinical
and environmental pressure. While early foundational
studies established a four-clade paradigm (1, 11], the
present analysis of 662 genomes confirms that this rap-
id diversification is driven by both core-genome SNPs
and highly dynamic subtelomeric regions, which con-
tribute to significant karyotype plasticity and clinical
adaptation [22].
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FIGURE 3. Comparative heatmap of functional pathway conservation across Candidozyma auris lineages: Delineating core and

divergent metabolic modules.

In this global cohort, Clade I remains the overwhelm-
ingly dominant lineage at 97.73%, a finding that aligns
with recent epidemiological surveys [12, 15]. However,
the global landscape is becoming increasingly complex.
For instance, recent studies from Turkiye and Europe
have documented independent introductions where ge-
nomic epidemiology revealed “star-like” transmission
patterns, emphasizing the pathogen’s ability to establish

endemicity rapidly [23, 24]. The most critical revelation
of this analysis is the near-total prevalence (99.24%) of
combined antifungal resistance markers within Clade L.
This 662-genome analysis confirms that mutations such
as Y132F/K143R in ERGI1 are part of a broader “ge-
netic armor” that includes synergistic co-occurrence with
TACI1B and FKS1 variants [13, 24]. The detection of
Clades IV and VI across diverse geographic regions con-
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firms that the global landscape of C. auris is no longer de-
fined by strict geographic isolation, but by transcontinen-
tal expansion and multiple introductions [13, 14, 25-27].

The present large-scale screening confirms that the syn-
ergistic co-occurrence of mutations in TAC1B, FKS1, and
the ERG gene family is now a standardized feature of the
global C. auris population. This “genetic armor” is likely
orchestrated by complex epigenetic mechanisms, such as
the recurrent deletion in the epigenetic regulator GCN5
identified in recent European isolates. This inherent plas-
ticity likely serves as a regulatory tool for C. auris, enabling
the pathogen to adaptively reshape its cell wall pathways
to survive intense drug selection. This dynamic reconfig-
uration appears to offset the fitness costs typically linked
to high-level antifungal resistance [24]. This lack of fitness
cost is further validated by the consistent maintenance of
high-order virulence genes such as ALS4, SAPS, LIP1, and
the core regulator RBF1 [7, 16, 25]. Our findings suggest
that C. auris has successfully uncoupled drug resistance
from fitness defects, allowing it to maintain full pathogenic
potential even under extreme antifungal pressure [22, 24].

Furthermore, the implementation of KEGG path-
way mapping allowed for a transition from descriptive
mutation lists to a deeper functional understanding.
The discovery that 99.24% of the isolates possess fully
integrated genomic modules for both biofilm formation
(map05111) and ABC transporter-mediated drug efflux
(map01501) indicates that these traits have been opti-
mized as a single functional unit. Notably, the role of the
urinary tract has emerged as an anatomical hotspot for
therapy-induced resistance, where subtherapeutic drug
concentrations facilitate the rapid intra-patient emer-
gence of FKS1 mutations [25, 28]. The clinical emergence
of non-canonical variants, such as the G32E substitution
in CDC10 or S237Y in CRZ1, points toward a sophisti-
cated, multi-layered cell wall integrity network (24, 26].

Given the scale of this mutational synchronization,
existing global management protocols may no longer be
sufficient, requiring an urgent shift toward more target-
ed intervention strategies. The global dominance of com-
bined mutations targeting both azoles (ERG11 Y132F/
K143R) and echinocandins (FKS1 S639P) across nearly
the entire cohort suggests that empirical therapy may soon
reach a point of significantly decreased efficacy [29]. The
fact that pan-resistance signatures are already present in
the recently emerged Clade VI suggests that new lineages
are entering the clinical landscape with pre-existing adap-
tive advantages. Moving forward, our results prioritize the
search for therapeutic interventions that disrupt the entire

metabolic network of C. auris, moving beyond the tradi-
tional narrow focus on isolated resistance markers [30].

Despite the global reach of our genomic dataset, cet-
tain structural constraints in the sampling process require
careful consideration. First, the genomic data were pri-
marily sourced from public repositories, which results in
a lack of detailed longitudinal clinical metadata for some
isolates, limiting the ability to correlate genomic mark-
ers with direct patient outcomes. Second, while KEGG
pathway mapping provides a robust computational
framework, further in vitro transcriptomic and proteom-
ic studies are required to confirm the expression levels of
these consolidated pathways. Finally, the extreme rarity
of Clade II, IIL, IV, V, and VI isolates in global databas-
es, while included here for comparative purposes, means
that these lineages do not yet have the same statistical
depth as the dominant Clade I. Given the current global
data distribution, a formal power calculation for rarer lin-
eages remains constrained by sample availability. Conse-
quently, the genomic signatures identified for non-Clade
I lineages are presented here as preliminary observations
rather than definitive population-level trends.

Conclusion

Nevertheless, the unprecedented scale of this study, en-
compassing 662 genomes under a standardized bioinfor-
matic pipeline, represents a significant advancement. By
providing a high-resolution map of Clade I, I have delin-
eated a universal pattern of “genomic consolidation” that
defines the modern C. auris landscape. The strong sta-
tistical association between pan-resistance markers and
core virulence pathways provides definitive evidence that
this pathogen has evolved into a “highly resilient multi-
drug-resistant pathogen” capable of bypassing traditional
fitness trade-offs.
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