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ABSTRACT The emergence of drug-resistant Candida species has created a demand for
global antifungal strategies that extend beyond classical growth inhibition to target
unknown vulnerabilities of fungal pathogens. In this study, we demonstrated that
the Neosartorya (Aspergillus) fischeri antifungal protein NFAP2 selectively targets early
morphogenetic states of Candida albicans and Candidozyma auris, revealing a transi-
ent window of susceptibility during filament and pseudohypha formation. Integrated
transcriptomic and in vivo analyses indicate that these developmental states may
represent context-dependent entry points for NFAP2 activity. In C. albicans, transcrip-
tomic and network analyses indicate the presence of an anabolic, translation-associated
gene expression signature, accompanied by suppression of stress-protective pathways,
which is associated with increased susceptibility of emerging hyphae to NFAP2 but
does not establish a direct causal mechanism. In C. auris, increased susceptibility of
pseudohyphal cells occurred without overt transcriptional remodeling, consistent with
the characteristically muted gene expression responses of this species, suggesting
that NFAP2 sensitivity is governed primarily by biophysical and post-transcriptional
mechanisms rather than transcriptional reprogramming. Importantly, morphotype-spe-
cific vulnerabilities observed in vitro were reflected in distinct in vivo outcomes in Galleria
mellonella, as NFAP2 was well tolerated and provided a moderate, transient survival
benefit in pseudohyphal C. auris infections, but not in filamentous C. albicans, where a
worsened outcome was observed, consistent with species- and morphotype-dependent
activity. Taken together, these results suggest that early morphogenetic states of Candida
are stress-sensitive phenotypes associated with increased susceptibility to NFAP2. This
work provides a proof-of-concept framework for future investigation of morphotype-
associated antifungal vulnerability to peptide-based antifungal strategies.

IMPORTANCE Drug-resistant Candida species represent an escalating global health
threat; however, most antifungal strategies continue to target fungal growth rather
than intrinsic biological vulnerabilities. In this study, we identified early morphoge-
netic transitions as a shared window of increased susceptibility in both Candida
albicans and the highly drug-resistant pathogen Candidozyma (formerly Candida) auris.
By integrating transcriptomic profiling with in vivo infection models, we found that
NFAP2 exhibits antifungal activity that is influenced by these transient developmental
states in a context-dependent manner while remaining well tolerated by the host. We
further demonstrated that morphotype-specific stress responses are associated with the
divergent sensitivities of C. albicans and C. auris to NFAP2. These results support the
concept that fungal morphogenesis may represent a therapeutically actionable process
and provide a framework for designing antifungal strategies that target developmental
states rather than growth. This strategy may open new opportunities for improving
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protein- and peptide-based therapies, as well as combination therapies against difficult-
to-treat fungal pathogens.

KEYWORDS antifungal protein, Candida morphogenesis, morphotype-specific
susceptibility, transcriptomic profiling, in vivo infection model

he World Health Organization has classified Candida albicans and Candidozyma

(formerly Candida) auris as critical-priority pathogens in the Fungal Priority
Pathogens List because of their potential to cause severe infections and resistance to
antifungal treatment (1). Global surveillance data indicate the continuous spread of C.
auris, with over 4,500 new cases reported in the United States in 2023, which highlights
the need for effective preventive measures (2, 3). Although C. auris has emerged as
a serious multidrug-resistant pathogen, C. albicans remains the predominant cause of
invasive candidiasis worldwide, particularly in immunocompromised hosts (4, 5). The
prevalence of antifungal resistance in these species has made candidiasis an escalating
global health concern (6).

Clinical isolates of C. albicans and C. auris exhibit remarkable morphogenetic
flexibility. This enables the transition between yeast and filamentous forms, which is
a key virulence attribute (7-9). This morphological switching promotes adaptation to
distinct host environments and facilitates tissue invasion, evasion of immune respon-
ses, and biofilm formation, all of which enhance the pathogenicity and resistance to
antifungal agents (10-12). Filamentation is a widespread and strain-dependent feature
among C. albicans isolates and a general trait in C. auris, which reinforces its role as a
virulence determinant (8, 9).

Candida biofilms represent a formidable therapeutic challenge because of their
multicellular architecture and enhanced drug resistance. Biofilm-associated cells exhibit
increased resistance to antifungal agents, largely attributed to the secreted extracellular
matrix, which limits drug penetration, and to biofilm-specific gene expression reprog-
ramming that promotes stress adaptation and resistance (10-13). Consequently, Candida
biofilms persist on medical devices and tissues, which results in recurrent and chronic
infections (14, 15). Although some new antifungal agents, including rezafungin, have
become available (16), the development of effective anti-biofilm therapies is limited.
Innovative strategies are under development, such as combination therapies, nanotech-
nology-based delivery systems, and surface modifications to prevent biofilm formation
(13).

Antifungal peptides and proteins (AFPs) have recently gained considerable atten-
tion as promising agents against Candida biofilms. These small, cationic molecules act
through multiple mechanisms. They can disrupt fungal membranes, inhibit adhesion
and early biofilm development, generate reactive oxygen species, and downregulate
genes involved in filamentation and biofilm maintenance (17). AFPs are usually highly
selective for fungal cells. They exhibit low cytotoxicity toward mammalian cells, and their
multi-targeted mechanisms significantly reduce the emergence of resistance. Never-
theless, large-scale production, in vivo stability, and limited pharmacokinetic charac-
terization remain important obstacles to clinical translation (17-19). Importantly, the
multifaceted modes of action of AFPs suggest that fungal growth inhibition and intrinsic
biological vulnerability can be viewed as interconnected manifestations of underlying
physiological states that may be selectively exploited by antifungal agents (20).

Of the AFPs, Neosartorya (currently Aspergillus) fischeri antifungal protein 2 (NFAP2) is
a promising candidate. NFAP2 is a small (Mw: 5.6 kDa), cysteine-rich, disulfide-stabilized
antifungal protein characterized by a compact, highly stable structure and a strong
positive net charge, features that are typical of fungal AFPs with selective membrane
and intracellular activity against fungi (21). This protein exhibits selective anti-Candida
activity, including inhibition of Candida filamentation and disruption of biofilms in
vitro and in vivo (22, 23). Previous studies indicate that NFAP2 exhibits a dual mode
of action, involving both membrane-associated effects at higher concentrations and
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intracellular targeting at sub-inhibitory levels, although the precise molecular mech-
anisms remain incompletely defined (24). NFAP2 exhibits synergy with conventional
antifungals and shows minimal potential to induce resistance in C. albicans (25). These
physicochemical and functional properties make NFAP2 a suitable model system for
investigating morphotype-specific antifungal susceptibility of Candida, as its activity is
likely influenced by dynamic changes in cell envelope structure, metabolic state, and
cellular uptake processes during fungal morphogenesis.

These considerations raise the possibility that transient physiological states associ-
ated with early morphogenesis may influence antifungal susceptibility in a context-
dependent manner. To advance understanding of NFAP2 activity in clinically relevant
settings, it is important to characterize its effects on filamentous Candida forms. In this
study, we examined the transcriptomic responses of C. albicans and C. auris filamen-
tous cells exposed to NFAP2. To achieve this, we established a protocol enabling the
isolation of early-stage filamentous cells that are not obtainable with conventional
biofilm models. Rather than directly testing a single mechanistic pathway, our approach
aimed to identify morphotype-associated physiological states that correlate with NFAP2
susceptibility. Our results show that NFAP2 exposure is associated with morphologi-
cal alterations and transcriptional changes in virulence- and oxidative stress-related
pathways, providing the physiological contexts underlying its antifungal activity

RESULTS

Generation of early-stage filamentous C. albicans and pseudohyphal C. auris
cells in aerated liquid culture

To obtain early-stage filamentous Candida cells, liquid, aerated culture conditions were
established for C. albicans CBS 5982 and C. auris NCPF 8971. When C. albicans was
incubated at 37°C for 16 h in AIM V medium at 180 rpm, a heterogeneous population
emerged, containing elongated hyphal and planktonic yeast cells. Therefore, additional
filtration and washing steps were required to remove the residual planktonic fraction
and enrich uniformly filamentous cells (Fig. S1). In contrast, C. auris cultures incuba-
ted under the same conditions in filamentation-inducing medium (FIM) produced
a morphologically homogeneous population, with approximately 90% of the cells
exhibiting an elongated pseudohyphal morphology (Fig. S1). No further washing or
filtration steps were required for C. auris, as the liquid shaking conditions were sufficient
to promote synchronous pseudohyphal development. This method facilitated standar-
dized antifungal susceptibility assays on filamentous Candida forms, as subsequently
demonstrated for determining the minimum inhibitory concentration (MIC) values of
NFAP2 against these distinct cell types.

The morphological stability of early-stage filamentous C. albicans and pseudohyphal
C. auris cells was evaluated in low-cation medium (LCM) at 37°C. The freshly prepared C.
albicans cultures exhibited elongated hyphal morphology with continuous filamentous
growth, whereas C. auris cells exhibited uniform pseudohyphal forms characterized
by visible septal constrictions. For both species, the filamentous and pseudohyphal
morphologies remained stable for approximately 2 h, with no detectable reversion to the
yeast form. Following this period, C. albicans hyphae gradually became fragmented and
shortened, showing mixed morphotypes by 5 h (Fig. S2). Similarly, C. auris pseudohyphae
exhibited reduced elongation and partial reversion after 5 h (Fig. S2). These results
indicate that early-stage filamentous C. albicans and pseudohyphal C. auris maintain
their morphological stability for approximately 2 h under LCM conditions at 37°C, which
provides a defined experimental window to examine the initial antifungal activity and
uptake dynamics of NFAP2.
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Filamentous C. albicans and pseudohyphal C. auris cells show increased
susceptibility to NFAP2 compared with planktonic forms

Early-stage filamentous Candida cells generated in shaken liquid cultures exhibited
markedly higher susceptibility to NFAP2 following a short exposure time (2 h) than
their planktonic counterparts. For C. albicans CBS 5982, the apparent MIC value for
planktonic yeast cells was >3,200 ug mL™", which did not inhibit growth, whereas
the early-stage filamentous cells exhibited an apparent MIC of 6.25 pg mL™, indicat-
ing a marked difference in susceptibility (Fig. 1). A similar trend was observed for C.
auris NCPF 8971, in which the planktonic form had an apparent MIC >3,200 ug mL™,
whereas the pseudohyphal cells exhibited a markedly lower apparent MIC of 50 pg mL~
' (Fig. 1). The observed MIC values are summarized in Table S1. These NFAP2 concen-
trations completely inhibited colony formation, indicating a strong loss of viability
following short-term exposure. This assay reflects post-exposure viability following
short-term NFAP2 exposure. Accordingly, filamentous morphotypes of C. albicans and
C. auris are substantially more susceptible to NFAP2 during short-term exposure than
their planktonic counterparts, which highlights the morphotype-dependent antifungal
activity of this protein.

NFAP2 induces severe ultrastructural alterations in early-stage filamentous C.
albicans and pseudohyphal C. auris cells

Scanning electron microscopy (SEM) revealed species-specific yet fundamentally similar
patterns of NFAP2-induced structural deterioration in C. albicans early-stage hyphae and
C. auris pseudohyphae (Fig. 2). For C. albicans, the untreated filaments exhibited smooth,
continuous surfaces characteristic of healthy polarized growth, whereas NFAP2 exposure
typically resulted in a markedly altered topography, with heavily wrinkled and uneven
surfaces and prominent globular protrusions that disrupted the native cylindrical
contour. These fine-scale deformations are consistent with localized alterations in the cell
envelope, which may reflect changes affecting the cell wall and underlying membrane,
although the precise structural and mechanistic basis cannot be resolved based on SEM
alone (Fig. 2A). A similar pattern was observed in C. auris, in which untreated pseudohy-
phae maintained an elongated morphology with smooth, cylindrical cell morphology.
Following NFAP2 treatment, however, C. auris cells typically exhibited profound structural
disintegration, including roughened, irregular surfaces, collapsed and wrinkled filaments,
and regions of swelling or distortion. Localized ruptures, pronounced surface irregulari-
ties, and localized structural deformations were frequently observed. The normally well-
defined hyphal tips became blunted, deformed, or collapsed, indicating disruption of the
polarized extensions (Fig. 2B). Taken together, these morphological alterations indicate
that NFAP2 exposure is associated with substantial disruption of cell envelope architec-
ture in C. albicans and C. auris, albeit with species-specific manifestations, which may
reflect membrane- and/or cell wall-associated effects, although a precise mechanism of
action cannot be established from these data alone.

NFAP2 binding and uptake of early-stage filamentous C. albicans and pseu-
dohyphal C. auris cells

The interaction and cellular uptake of boron-dipyrromethene-labeled NFAP2 (BODIPY-
NFAP2; BD-NFAP2), a green fluorophore conjugate, were evaluated in early-stage
filamentous C. albicans CBS 5982 and pseudohyphal C. auris NCPF 8971 cells by fluores-
cence microscopy. BD-NFAP2 was applied at sub-MIC concentrations (1.56 pg mL™ for C.
albicans and 3.12 ug mL™ for C. auris), and the samples were analyzed after 10-120 min
of incubation (Fig. 3).

For C. albicans, green fluorescence corresponding to BD-NFAP2 was detected as early
as 30 min. It localized not only to the cell surface and hyphal tips but also to discrete
intracellular foci, consistent with vacuolar compartments and possible endocytic
trafficking. Between 45 and 60 min, the fluorescence intensity increased and became

Month XXXX Volume 0 Issue 0

Microbiology Spectrum

10.1128/spectrum.00404-26 4


https://doi.org/10.1128/spectrum.00404-26

Downloaded from https://journals.asm.org/journal/spectrum on 04 August 2026 by 79.122.10.145.

Research Article

C. albicans CBS 5982

Filamentous Planktonic cells
cells NFAP2 Culture dilution
(ug mL™) 1x 10x  100x Pseudohyphal
cells
NFAP2 Culture dilution 3200 .
(g mL™?) 1x  10x  100x NFAP2 Culture dilution
500 (ug mL™?) 1x 10x 100x
12.5
Mic 800 25
30125 400 12.5
6.25
1.56 200
3.125
0.78 100
1.56
0 0 0

C. auris NCPF 8971

NFAP2
(g mL™?)
3200

1600
800
400
200
100

0

Microbiology Spectrum

Planktonic
cells

Culture dilution
1x

10x 100x

FIG 1 Filamentous C. albicans and pseudohyphal C. auris cells exhibit markedly higher susceptibility to NFAP2 compared with planktonic yeast forms. Spot assay

analysis of early-stage filamentous C. albicans CBS 5982 (left) and pseudohyphal C. auris NCPF 8971 (right) after a 2-h NFAP2 exposure. Serial dilutions (1x, 10x,

and 100x) of treated cultures were plated to assess colony formation. Filamentous C. albicans cells showed complete loss of detectable post-exposure viability

at 6.25 ug mL™' NFAP2, whereas planktonic cells remained unaffected even at 3,200 ug mL™' under the tested conditions. Similarly, pseudohyphal C. auris cells

showed complete loss of detectable post-exposure viability at 50 ug mL™', whereas planktonic cultures remained unaffected at concentrations up to 3,200 pg

mL™" under the tested conditions. This assay reflects short-term post-exposure viability following NFAP2 treatment rather than standard broth microdilution MIC

determination. Apparent MIC values derived from the spot assay are summarized in the text for clarity. Red frames indicate the MIC values for filamentous C.

albicans and pseudohyphal C. auris.

more evenly distributed along the hyphae, which indicated the progressive accumula-
tion of NFAP2. Despite marked intracellular green fluorescence, the red propidium iodide
(PI) staining remained primarily negative up to 60 min, suggesting that intracellular
accumulation may occur prior to detectable membrane permeabilization, although this
temporal sequence cannot be conclusively established from the current data. After 90
min, partial co-localization of green and red fluorescence was observed, suggesting that
prolonged exposure results in membrane disruption and cell death (Fig. 3).

A similar time-dependent pattern was observed in C. auris. At 15 min, BD-NFAP2
fluorescence was faint and limited to the cell surface, with no detectable PI signal. After
30-45 min, marked intracellular fluorescence appeared, confirming NFAP2 internalization
into pseudohyphal cells. At 60 min, fluorescence remained predominantly intracellular,
with occasional minimal Pl staining, consistent with largely preserved membrane
integrity. This suggests that NFAP2 accumulation may occur prior to overt cell damage or
death, although this relationship cannot be directly resolved from these observations.

Taken together, these results indicate that NFAP2 associates with and enters cells of C.
albicans and C. auris during early exposure and accumulates intracellularly, whereas later
stages are characterized by membrane-associated damage. However, the precise
sequence and mechanism of these events cannot be conclusively determined. The early
vacuolar localization in C. albicans is consistent with the possibility that endocytic
trafficking may contribute to NFAP2 uptake, although this remains a hypothesis that
requires direct experimental validation.

Transcriptomic changes of early-stage filamentous C. albicans cells under
NFAP2 pressure

Transcriptomic analyses were performed at early exposure time points selected to
minimize confounding effects of morphological reversion and later-stage adaptive
responses, thereby capturing early NFAP2-associated cellular responses prior to overt
membrane disruption (Fig. 3). Principal component analysis (PCA) demonstrated a clear
separation between NFAP2-treated and untreated early-stage filamentous C. albicans
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FIG 2 NFAP2 induces severe species-specific structural damage in early-stage filamentous C. albicans and pseudohyphal C. auris cells as determined by SEM.
Early-stage filamentous C. albicans CBS 5982 and pseudohyphal C. auris NCPF 8971 cells were exposed to NFAP2 in LCM at 37°C under continuous shaking
for 2 h. C. albicans cells were treated with 6.25 ug mL~' NFAP2, whereas C. auris cells were treated with 50 ug mL~' NFAP2 (apparent MIC values see Table
S1). Untreated morphotype-matched cells served as controls. Untreated C. albicans early-stage hyphae display smooth, continuous surfaces characteristic of
healthy polarized growth. In contrast, NFAP2-treated hyphae exhibit markedly altered surface architecture, including extensive wrinkling, uneven contours, and
prominent globular protrusions, consistent with substantial cell envelope structural alterations that may reflect cell wall- and/or membrane-associated effects,
although precise mechanisms cannot be resolved from SEM alone (A). Untreated C. auris pseudohyphae maintain elongated morphology with smooth surfaces,
uniform diameter, and intact cell wall architecture. NFAP2 treatment is associated with profound structural deterioration, including roughened and irregular
surfaces, collapsed and twisted filaments, swollen or distorted regions, and frequent localized ruptures with membrane extrusions. Hyphal tips appear blunted or
deformed, reflecting disrupted polarized extension (B).

CBS 5982 samples, indicating a robust and reproducible transcriptomic response. PC1
explained the majority of the variation (68.83%) and distinctly segregated treated and
untreated groups, whereas PC2 (13.29%) accounted for the minor intragroup variability
without overlap (Fig. S3A). Consistently, a volcano plot displayed a substantial set of
significantly regulated genes (adjusted P < 0.05; log, fold-change (FC) > |1.5|) following
NFAP2 treatment, including several markedly upregulated transcripts (log,FC > |3-4|)
encoding core regulators of ribosome biogenesis, RNA processing, and translational
capacity (Fig. S3B). Taken together, these analyses indicate pronounced and specific
transcriptional changes associated with NFAP2 exposure in early-stage filamentous C.
albicans, without establishing a direct causal relationship between NFAP2 activity and
transcriptional reprogramming.

Month XXXX Volume O Issue 0 10.1128/spectrum.00404-26 6


https://doi.org/10.1128/spectrum.00404-26

Downloaded from https://journals.asm.org/journal/spectrum on 04 August 2026 by 79.122.10.145.

Research Article

The upregulated transcripts were dominated by ribosome biogenesis and RNA
metabolism, including essential nucleolar assembly factors (RRP5, RIX1, IMP3/IMP4,
and TSR71), DEAD-box RNA helicases involved in rRNA maturation (DED1, DBP2, DBP7,
and DBP10), and extensive sets of cytosolic and mitochondrial ribosomal proteins.
Transcription factors associated with morphogenesis and metabolic control (NDT80,
SFL1, and SEFT) were also induced, consistent with a strongly anabolic, ribosome-cen-
tered transcriptional profile rather than a classical antifungal stress response, without
establishing that NFAP2 directly triggers this state (File S1). In contrast, the down-
regulated gene set was smaller but enriched in pathways that collectively reflect
reduced adaptive flexibility and stress resilience (File S1). Key transcriptional regulators
(TLO4/8/10, RIM101/pacC homolog, SUTI, STD1, CSR1, and HAP42) were suppressed,
consistent with reduced environmental sensing, pH adaptation, and sterol remodel-
ing capacity. Genes involved in nutrient acquisition and metabolic versatility, includ-
ing HGT17/19, HXK2, DUR3, and SMF1, as well as lipid homeostasis factors, such as
RSB1, PGA10, and PGA42, were also downregulated, suggesting a metabolic state that
assumes nutrient abundance and deprioritizes scavenging and membrane maintenance.
In addition, the repression of autophagy and membrane repair components (ATGS,
ATG101, PAC2, and YOPT) and endocytic regulators (e.g., VPS8, SNX3, and YPT53) indicated
a reduced capacity to clear or repair damaged cellular structures. Finally, multiple
mitochondrial protection and redox-balancing genes (PST1, PST3, POS5, CTA9, CTA26,
and HIG1-domain factors) were downregulated despite an increase in mitochondrial
ribosomal gene expression, which may reflect a mismatch between mitochondrial
biosynthesis and stress tolerance. File S1 illustrates how the upregulated and downregu-
lated genes would be expected to contribute to NFAP2 sensitivity.

Functional enrichment analyses revealed that NFAP2 exposure is associated with
distinct transcriptional responses in early-stage filamentous C. albicans, characterized by
the activation of pathways involved in biosynthesis and gene expression rather than
canonical stress- or proteostasis-associated programs. Gene Ontology (GO) Biological
Process (BP) terms for the upregulated genes included macromolecule and organic
substance biosynthesis, cellular nitrogen compound metabolism, gene expression, RNA
processing, ncRNA metabolic processes, and ribosome biogenesis, indicating enhanced
anabolic activity and increased translational capacity during early NFAP2 exposure. In
contrast, downregulated BP terms were limited and primarily associated with cellular
component organization, indicating only a modest reduction in structural or organiza-
tional functions (Fig. 4A).

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was consistent
with the GO results, revealing significant upregulation of ribosome-associated pathways,
including “Ribosome - C. albicans” and “Ribosome biogenesis in eukaryotes,” consistent
with increased translational capacity during early NFAP2 exposure rather than proteo-
toxic stress responses, without demonstrating that NFAP2 directly promotes this
activation. Downregulated KEGG pathways included broad metabolic pathways and
secondary metabolite biosynthesis, suggesting a shift away from energetically demand-
ing specialized metabolic programs while maintaining core proliferative functions (Fig.
4B).

Molecular Function (MF) enrichment was restricted to upregulated genes and was
dominated by RNA binding, structural molecule activity, and structural constituents of
the ribosome, indicating enhanced engagement of the transcriptional and translational
apparatus during early NFAP2 exposure (Fig. 5A). No MF terms were evident among the
downregulated genes, suggesting that NFAP2 exerts limited functional repression at the
level of molecular activities within this early developmental window.

GO Cellular Component (CC) analysis supported this transcriptional pattern. Upregu-
lated genes were significantly enriched in ribonucleoprotein complexes, ribosomes,
nucleolus, nuclear lumen, and various intracellular and organelle luminal compartments.
These associations were consistent with increased RNA processing, ribosome assembly,
and nucleus-associated biosynthetic functions (Fig. 5B). Consistent with the MF, no CC
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FIG 3 Time-dependent uptake of BODIPY (BD)-labeled NFAP2 in early-stage filamentous C. albicans and pseudohyphal C. auris cells. Fluorescence microscopy
images showing the localization and intracellular accumulation of BD-NFAP2 (green) in early-stage filamentous C. albicans CBS 5982 (30-90 min) and
pseudohyphal C. auris NCPF 8971 (15-60 min) cells treated with sub-MIC concentrations of 1.56 ug mL™ and 3.12 ug mL™, respectively. In C. albicans, NFAP2
was detectable on the cell surface and within discrete intracellular foci by 30 min, followed by progressive, uniform intracellular accumulation at 45-60 min. PI

staining (red) was detected only at 90 min, suggesting that intracellular accumulation may occur prior to membrane permeabilization, although this temporal

sequence cannot be conclusively established. In C. auris, weak surface fluorescence was visible at 15 min, whereas marked intracellular fluorescence became

detectable at 30-45 min. Only occasional Pl-positive cells were detected at 60 min.

terms were enriched among the downregulated genes, suggesting that NFAP2 exposure
is not associated with detectable suppression of specific cellular structures but is
associated with selective enrichment of components involved in gene expression and
ribosome biogenesis at this stage.

Taken together, these multilevel enrichment analyses indicate a coordinated tran-
scriptional shift associated with NFAP2 exposure in early-stage filamentous C. albicans,
characterized by the broad activation of biosynthetic, transcriptional, and ribosome-
associated pathways. Rather than inducing classical stress-defense or proteostasis
responses, NFAP2 exposure is associated with increased gene expression, RNA process-
ing, and translational capacity, accompanied by reduced specialized metabolic functions,
such as secondary metabolite biosynthesis. This pattern is consistent with the principal
component analysis (PCA) and differential expression analyses and supports a working
model in which an early anabolic, transcriptionally active state may be associated with
NFAP2 susceptibility, without demonstrating that NFAP2 directly promotes this state.

Transcriptomic changes of pseudohyphal C. auris cells under NFAP2 pressure

Despite early sampling designed to capture primary responses, PCA revealed that the
dominant source of variance in the C. auris transcriptomic data sets was sample-specific
rather than treatment-specific (Fig. S4). For two experimental conditions corresponding
to distinct NFAP2 concentrations (3.125 ug mL™" and 25 pg mL™), treated samples were
closely clustered with their corresponding untreated counterparts, forming clear sample
pairs rather than treatment-defined groups. This indicates that intersample biological
variability exceeds the transcriptional effect of NFAP2. Although small shifts between
NFAP2-treated and untreated samples were visible within each pair, these differences
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FIG 4 Functional enrichment analysis of NFAP2-responsive genes in early-stage filamentous C. albicans CBS 5982: Biological Process (BP) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway. RNA-seq-based differential gene expression analysis was performed on NFAP2-treated and untreated
morphotype-matched cells. Upregulated and downregulated gene sets were defined using thresholds of log, fold-change = |1.5| and adjusted P value <
0.05. Gene Ontology (GO) Biological Process (BP) and KEGG pathway enrichment analyses were conducted using clusterProfiler (26). GO BP enrichment of
upregulated and downregulated genes (A). Upregulated genes were predominantly enriched in biosynthetic and gene expression-related processes, including
macromolecule biosynthesis, cellular nitrogen compound metabolism, RNA processing, ncRNA metabolism, gene expression, and ribosome biogenesis. In
contrast, downregulated genes showed limited enrichment, with a single significant term related to cellular component organization. KEGG pathway enrichment
of upregulated and downregulated genes (B). Upregulated pathways were dominated by ribosome-associated categories, including “Ribosome - C. albicans”
and “Ribosome biogenesis in eukaryotes.” Downregulated pathways included broader metabolic categories, such as general metabolic pathways and secondary
metabolite biosynthesis. Dotplots display significantly enriched GO and KEGG terms (adjusted P < 0.05). Dot size represents gene count, and color indicates

adjusted P value.

were subtle and did not drive the global separation of the treated and untreated groups
along PC1 or PC2.

Consistent with this pattern, a volcano plot analysis revealed no statistically
significant gene-level transcriptional changes under either condition (Fig. S5). No
genes met the combined significance and effect sizes threshold required to qualify as
differentially expressed after multiple-testing correction. This absence of differentially
expressed genes across both low- (3.125 ug mL™") and high-dose (25 pug mL™") NFAP2
exposures indicates that pseudohyphal C. auris does not undergo robust, detectable
transcriptional reprogramming under the applied conditions (Fig. S4 and S5).
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The overall shape of the volcano plots was similar across conditions, with scattered
fold-change outliers and a complete absence of significantly up- or downregulated
genes. Together with the paired PCA structure, these results indicate that NFAP2
exposure is not associated with a robust transcriptional stress response in C. auris.
Instead, the observed effects were weak and diffuse, falling below the threshold
of detection for gene-specific differential expression. This contrasts with the strong
transcriptional responses observed in C. albicans and is consistent with the possibility
that C. auris may rely primarily on non-transcriptional or post-transcriptional mechanisms
to tolerate antifungal stress, although this interpretation remains hypothesis-driven.

Evaluation of the toxicity and therapeutic effect of NFAP2 in the Galleria
mellonella larval infection model

To determine whether NFAP2 is safe and therapeutically effective against filamentous
Candida in a whole-organ context, we used the Galleria mellonella larval infection model
for in vivo toxicity and survival assays.

Survival analysis in G. mellonella larvae indicated that NFAP2 did not induce dose-
dependent toxicity. The survival curves largely overlapped with the untreated control
across all tested concentrations, indicating that NFAP2 is well tolerated. No evidence of
acute or cumulative toxicity was observed, which supports the safety of NFAP2 for in vivo
antifungal applications (Fig. 6A).

For the G. mellonella—filamentous C. albicans infection model, NFAP2 treatment not
only failed to improve survival but also significantly worsened larval mortality relative to
the C. albicans-infected, untreated group (P < 0.0001) (Fig. 6B). In contrast, NFAP2 exerted
a moderate (0.005 < P < 0.05) but transient survival benefit in pseudohyphal C. auris-
infected larvae, with partial early protection that decreased over time. This opposing,
species- and morphotype-dependent effect highlights the fundamentally different in
vivo susceptibilities to NFAP2. File S2 provides a statistical analysis of the toxicity and
therapeutic efficacy of NFAP2 in the G. mellonella larval infection model.

DISCUSSION

From a methodological perspective, the use of aerated, shaken liquid cultures to
generate homogeneous early-stage filamentous C. albicans and pseudohyphal C. auris
populations represents a practical approach for studying morphotype-specific antifungal
susceptibility, particularly in emerging multidrug-resistant pathogens, such as C. auris (6,
27). In contrast to static biofilm models, this approach eliminates extracellular matrix
interference and nutrient stratification while providing highly synchronized, morphologi-
cally stable populations that are suitable for MIC testing, rapid pharmacodynamic
measurements, and downstream omics. The observed approximate 2-h window of
filament and pseudohypha stability is consistent with the well-established dynamic
plasticity of Candida morphogenesis (5, 28). Moreover, the stable, elongated pseudohy-
phal form of C. auris that we generated is in line with reports identifying filamentation as
an inducible and clinically relevant phenotype (8) (Fig. S2). This narrow and reproducible
interval is well suited for interrogating fast-acting AFPs, such as NFAP2, before morpho-
type reversion alters its susceptibility(7). However, this experimental setup does not
recapitulate extracellular matrix-associated biofilm conditions, which may influence
antifungal susceptibility and transcriptional responses (29). While this reductionist
system improves morphotype synchronization and enables mechanistic dissection of
early NFAP2 susceptibility, it does not fully capture the complex extracellular matrix
barriers, nutrient gradients, altered diffusion dynamics, or biofilm-specific adaptive
programs that characterize mature Candida biofilms in clinical settings. Consequently,
the observed NFAP2 susceptibility patterns may differ quantitatively or mechanistically
under true biofilm conditions, and future studies should directly evaluate NFAP2 activity
within extracellular matrix-rich biofilm architectures. Accordingly, findings from this
model should be interpreted cautiously when extrapolating to broader therapeutic
optimization.
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FIG 5 Functional enrichment analysis of NFAP2-responsive genes in early-stage filamentous C. albicans CBS 5982: Molecular Function (MF) and Cellular
Component (CC). RNA-seq-based differential gene expression analysis was performed on NFAP2-treated and untreated morphotype-matched cells. Upregulated
and downregulated gene sets were defined using thresholds of log, fold-change = |1.5] and adjusted P value < 0.05. Gene Ontology (GO) Molecular Function
(MF) and Cellular Component (CC) enrichment analyses were conducted using clusterProfiler (26). GO MF enrichment of upregulated genes (A). Upregulated
genes were enriched for RNA binding, structural molecule activity, and ribosomal structural components. No significantly enriched MF terms were detected
among the downregulated genes. GO CC enrichment of upregulated genes (B). Upregulated genes were associated with protein-containing complexes,
ribonucleoprotein complexes, ribosomes, the nucleolus, nuclear lumen, and organelle luminal compartments. No significantly enriched CC terms were detected
among the downregulated genes. Dotplots display significantly enriched GO terms (adjusted P < 0.05). Dot size represents gene count, and color indicates
adjusted P value.

A key finding of the present study is that early morphogenesis creates a transient
physiological vulnerability for both species (Fig. 1). Importantly, we note that compari-
sons between planktonic and early morphogenetic states inherently involve distinct
physiological baselines and culture histories. Therefore, the observed differences in
NFAP2 susceptibility cannot be attributed solely to morphotype but may also reflect
differences in metabolic state, prior growth conditions, and medium adaptation.
Although filamentation generally enhances virulence and environmental resilience (7, 8),
early-stage filamentous cells exhibited increased sensitivity to NFAP2 under the applied
experimental conditions (Fig. 1). This aligns with the concept that early morphogenetic
states represent highly active developmental phases characterized by intensive cell wall
remodeling, high energetic and biosynthetic demand, and increased permeability and
protein uptake (4, 9, 10), which may collectively contribute to NFAP2 sensitivity. There-
fore, increased susceptibility may reflect not morphology alone but a broader growth-
associated physiological vulnerability.

Fluorescent imaging with BD-NFAP2 supports a multistep NFAP2 interaction pattern.
Early internalization may occur prior to detectable membrane permeabilization (Fig. 3),
which is in line with the known mechanisms of other disulfide-stabilized AFPs, in which
non-lytic uptake occurs before intracellular disruption (30-36). This apparent kinetic
separation of entry and membrane damage is consistent with the observed time-
dependent killing patterns and differentiates NFAP2 from conventional cell wall-active
antifungals, such as the echinocandins (5, 15), which inhibit membrane-localized $-1,3-
glucan synthase but primarily disrupt fungal cell wall biosynthesis rather than directly
destabilizing the plasma membrane. These results are based on a post-exposure viability
assay rather than standard broth microdilution MIC determination and therefore reflect
short-term susceptibility following NFAP2 treatment.

Ultrastructural analyses reveal severe NFAP2-induced cell envelope damage in both
species, with species-specific manifestations. In C. albicans, NFAP2 is associated with the
formation of globular protrusions and localized surface wrinkling, consistent with early
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FIG 6 In vivo safety and therapeutic efficacy of NFAP2 in G. mellonella larvae. NFAP2-treated uninfected larvae exhibited
survival rates comparable to those of untreated controls for all tested doses, indicating the absence of dose-dependent or
cumulative toxicity (A). In infected larvae, NFAP2 did not improve survival in the filamentous C. albicans CBS 5982 infection
model and was associated with worsened outcome, whereas a moderate and transient protective effect was observed in the
pseudohyphal C. auris NCPF 8971 infection model (B). IPS, insect physiological saline-treated control; UT, untreated control. *P
< 0.05 by both log-rank (Mantel-Cox) and Gehan—-Breslow-Wilcoxon tests compared with the infected (C. albicans or C. auris +
IPS), untreated group. Triton X-100 (20% [vol/vol]) was used as a positive toxicity control. Taken together, these results indicate

that NFAP2 is well tolerated in vivo but exhibits strongly species- and morphotype-dependent therapeutic effects.

membrane reorganization and wall weakening, whereas C. auris pseudohyphae exhibit
dramatic collapse, twisting, swelling, and ruptures accompanied by membrane extru-
sions (Fig. 2). These morphological features support the profound deficits in wall rigidity,
turgor maintenance, and polarized growth. Similar cell envelope perturbation and severe
structural collapse have been documented for other AFPs, including Penicillium chrysoge-
num PAF and PAFB (32-34), as well as Aspergillus giganteus AFP, which disrupts chitin
synthesis and weakens wall architecture (37). C. auris showed the most dramatic NFAP2-
induced damage, which is consistent with SEM studies indicating that sertraline
produces comparable surface irregularities and membrane disruption (38), as well as
with reports of new small molecules targeting C. auris biofilms that induce similar cell
wall and plasma membrane damage (39-41). Taken together, these data are consistent
with a model in which NFAP2 appears to interact with the fungal cell envelope through
multiple phases, including surface interaction, early destabilization, and ultimately
catastrophic structural failure, although the precise sequence and mechanism cannot be
conclusively established.
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Transcriptomic analyses further illuminate the vulnerability of C. albicans (Fig. 4 and
5). NFAP2-treated early filamentous C. albicans is characterized by a hyper-anabolic
transcriptomic profile, as evidenced by the upregulation of macromolecule biosynthe-
sis, RNA processing, ncRNA metabolism, ribosome assembly, rRNA-processing helicases,
ribosomal proteins, and nucleolar components, which are hallmarks of a heightened
transcriptional and translational program reported under hypha-inducing conditions
and linked to ribosome biogenesis, rRNA processing, and nucleolar functions (42). The
induction of morphogenetic regulators, such as SFLT (signaling repression of hyphal
development), NDT80 (a component of morphogenetic/biofilm regulatory circuits), and
SEF1 (virulence regulator under host-relevant conditions), reinforces the interpretation
that NFAP2-exposed cells maintain active growth/morphogenesis programs rather than
entering a canonical general stress response (43-45). In contrast, downregulated genes
highlight the targeted collapse of adaptive flexibility. Although broad deregulation
of core canonical glucan or chitin biosynthetic genes was not detected, NFAP2 expo-
sure was associated with reduced expression of several genes linked to cell envelope
maintenance, cell wall integrity signaling, pH-dependent wall remodeling, GPl-anchored
cell surface proteins, glycoprotein processing, vesicle trafficking, and membrane-cell
wall homeostasis, including RIM101/RIM21, PGA10/PGA42, DPM3, MNS1, FMP45, CSR1,
HOF1, ECM21, VPS8, SNX3, YPT53, RSB1, SUT1, ARE2, and ERG4. These transcriptional
trends suggest suppression of adaptive cell envelope maintenance programs rather than
uniform shutdown of canonical glucan/chitin biosynthesis, although targeted path-
way-level validation remains necessary for definitive mechanistic resolution. Reduced
expression of regulators governing environmental sensing, carbon-source utilization,
sterol remodeling, and pH adaptation (TLO4/8/10, RIM101/pacC homolog, SUTT, STDI1,
CSR1, and HAP42) is consistent with a physiological shift prioritizing biosynthesis at the
expense of stress resilience (46-48). The concomitant suppression of nutrient uptake,
lipid homeostasis, autophagy, and membrane repair factors, together with mismatched
mitochondrial remodeling (e.g., changes in the expression of organelle-linked genes),
indicates a high-load, instability-prone state, which agrees with the broad transcriptome
reprogramming observed in Candida albicans during environmental changes (49, 50).

These patterns align with the broader literature on the multiphase mechanisms
of AFPs in C. albicans. NFAP2 is a potent anti-Candida protein with well-established
structural determinants and anti-biofilm activity (23, 51). Its dual mode of action
(membrane disruption at the MIC and intracellular targeting at the sub-MIC) is
consistent with the multiphase characteristics of the present study (24). The early
time point analyzed here likely precedes the long-term NFAP2-associated metabolic
suppression described in planktonic C. albicans (24), which may explain the predom-
inance of transcriptional and ribosomal activation over extensive stress signatures.
Direct comparison with previously published planktonic NFAP2 transcriptomic data sets,
including long-term sub-MIC exposure models, remains inherently limited due to major
differences in morphotype, developmental state, cultivation media, NFAP2 exposure
duration, and experimental design (24). Consequently, such data sets cannot reliably
resolve the specific regulatory architecture of early morphogenetic NFAP2 susceptibil-
ity observed here. Future matched-condition comparative transcriptomic studies will
therefore be required to enable a more rigorous mechanistic dissection. Notably, our
results differ from transcriptomic responses induced by other AFPs, such as MAF-1A,
which induce oxidative stress and metabolic arrest (52); however, ribosome biogene-
sis signatures in fungi are not exclusively growth markers. They can also accompany
adaptive restructuring under stress, as observed in butanol-treated C. albicans (53).
The strong enrichment of RNA processing, ribosome assembly, and nucleolar catego-
ries reflects a dynamic reconfiguration during early NFAP2 exposure rather than the
absence of stress. This is consistent with emerging evidence that post-transcriptional
regulation, including P-body factors (54) and chromatin modulators, such as SAGA (55),
is central to morphological transitions. Taken together, these results support a multistep
model of NFAP2 activity, in which NFAP2 exposure coincides with a transcriptional state
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characterized by growth-associated transcriptional programs, suppression of adaptive
pathways, and delayed membrane destabilization (25, 56).

NFAP2 appears to be associated with impaired antifungal defense responses.
Repression of MDR1, an azole efflux pump essential for fluconazole tolerance (57, 58), is
consistent with reduced drug resistance. ERG4, SUT1, and ARE2 downregulation disrupts
sterol homeostasis (59, 60). The suppression of RIM101/RIM21 impairs pH-dependent
wall remodeling (61). Decreased RSB1, SNX3, YOP1, and the a-arrestin adaptor ECM21,
along with reduced RSN1 and the endoplasmic reticulum-associated degradation lectin
YO0S9, compromise lipid homeostasis, vesicle trafficking, stress-gated ion homeosta-
sis, and endoplasmic reticulum protein-quality control, all of which shape azole and
amphotericin B susceptibility (62-66). Concurrent downregulation of mitochondrial
detoxification genes (PST1/3, POS5, and CTA9/26) and proteostasis regulators (ATG8
and PAC2), along with reduced nutrient-uptake systems (HGT17/19, HXK2, and DUR3),
further reduces the capacity of cells to maintain redox balance, membrane integrity, and
metabolic stability under stress conditions (67-72). Although NFAP2 exposure coincides
with limited compensatory upregulation of ERG25, FLU1, PHO84/87, GCS1, IPT1, SHOT,
and SIT1 (73-75), these partial responses are not sufficient to offset the extensive deficits
in membrane stability, efflux capacity, mitochondrial detoxification, and proteostasis
(76-79). Overall, NFAP2 exposure corresponds to an early hyphal state characterized
by weakened membrane and wall integrity, reduced stress resilience, and disrupted
metabolic flexibility. The combined suppression of resistance-associated pathways and
limited compensatory responses may help explain the previously observed synergy of
NFAP2 with conventional antifungals against planktonic and filamentous morphotypes
(22,23, 50).

Importantly, these observations may support a systems-level interpretation in which
early morphogenetic states represent transient physiological configurations character-
ized by elevated biosynthetic activity and reduced stress resilience (80). In this con-
text, increased anabolic and translational activity may coincide with reduced buffering
capacity against environmental perturbations, thereby creating a temporally restricted
window of vulnerability. However, this interpretation remains hypothetical and requires
direct experimental validation.

Although early filamentous and pseudohyphal morphologies remained morphologi-
cally stable during the experimental window, metabolic and transcriptional adaptation
to LCM likely occurred in parallel. We note that transferring cells from species-spe-
cific filamentation media into low-cation LCM may itself alter the transcriptional and
metabolic landscape of both C. albicans and C. auris, even in the absence of NFAP2.
Therefore, the transcriptional changes observed in this study should be interpreted as
NFAP2-associated responses within an LCM exposure context rather than as medium-
independent NFAP2-specific effects. This limitation cannot be fully separated within the
current experimental design and will require dedicated medium-control transcriptomic
comparisons in future studies (81).

In C. auris, PCA did not reveal a treatment-driven separation but instead indica-
ted sample-specific variation as the primary source of variance, and no significantly
regulated genes were identified. These findings suggest that NFAP2 exposure is
associated with only subtle, low-amplitude transcriptional shifts (Fig. S4 and S5).
Discrepancies between multivariate clustering and gene-level significance are well
documented and may reflect coordinated microchanges across many transcripts that
alter global variance structure without producing marked differential expression (82, 83).
This pattern supports the possibility that C. auris may rely on post-transcriptional or
non-transcriptional regulatory buffering mechanisms rather than robust transcriptional
reprogramming during antifungal stress response. However, given the limited number
of biological replicates, sample-specific variability, and potential constraints in statisti-
cal power, alternative explanations, including distributed low-amplitude transcriptional
responses or experimental variance, cannot be excluded. Compared with C. albicans,
this species often exhibits muted transcriptional responses to antifungal stimuli (84-87).
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Accordingly, the PCA-derived separation may reflect widespread but shallow transcrip-
tomic adjustments rather than discrete regulatory responses. Overall, the primary robust
finding is the absence of statistically significant gene-level differential expression under
the applied thresholds, whereas mechanistic interpretations should be considered
hypothesis-generating.

We further acknowledge that differences in morphotype architecture between C.
albicans hyphae and C. auris pseudohyphae may partially contribute to the diver-
gent transcriptional responses observed here (27, 28) (Fig. S3-S5). Accordingly, the
present findings should be interpreted within the specific species—morphotype contexts
examined rather than as universally generalizable morphotype-specific transcriptional
programs. Expanded within-species analyses across additional morphotypes will
therefore be necessary for more rigorous mechanistic resolution.

The absence of NFAP2-associated toxicity in G. mellonella agrees with previous
studies showing that antifungal proteins and their y-core-derived peptides exhibit
high selectivity for fungal cells while sparing host tissues (Fig. 6A) (88). This supports
the use of NFAP2 for in vivo applications and is consistent with studies showing that
G. mellonella serves as a practical intermediate model to detect compound toxicity,
evaluate antifungal efficacy, and support prioritization before vertebrate testing (89-
91). In the filamentous C. albicans infection model, however, NFAP2 did not have a
therapeutic benefit. Instead, it significantly worsened larval survival relative to the
IPS control (Fig. 6B), indicating that morphotype-specific in vitro vulnerability does
not necessarily translate into improved host outcome for all infections. This unexpec-
ted worsening of survival in the filamentous C. albicans infection model represents
a notable biological observation that requires careful consideration. Possible explana-
tions include suboptimal dosing or timing, high inoculum burden, morphotype-specific
host-pathogen interactions, or stress-induced modulation of fungal virulence under
sublethal NFAP2 exposure. However, the current experimental design does not allow
discrimination among these possibilities. Future studies incorporating fungal burden
measurements, histopathology, and host-response analyses will be required to resolve
the underlying mechanisms. This unexpected outcome suggests that, under certain
infection contexts, peptide exposure may alter host-pathogen dynamics in a manner
not captured by in vitro susceptibility alone. Notably, untreated filamentous C. albi-
cans caused substantially greater larval mortality than pseudohyphal C. auris (Fig. 6B),
indicating important baseline species-specific differences in virulence under the applied
infection conditions. This higher intrinsic pathogenicity may have reduced the effec-
tive therapeutic window for NFAP2 intervention in C. albicans and should therefore
be considered when interpreting species-dependent differences in treatment efficacy.
Sublethal antifungal stress has been reported to modulate C. albicans virulence-asso-
ciated traits, supporting the possibility that dosing, timing, or morphotype-specific
physiology can shift in vivo outcomes and should be addressed by follow-up burden and
host-response readouts (92, 93). In contrast, NFAP2 provided a moderate but transient
survival advantage in the pseudohyphal C. auris model (Fig. 6B), which is consistent
with a species- and morphotype-dependent efficacy profile. In addition, the ionic and
biochemical composition of host hemolymph may variably modulate NFAP2 activity
through ionic shielding, altered peptide stability, or reduced bioavailability, potentially
contributing to species-, morphotype-, or regimen-dependent differences in therapeu-
tic efficacy. The limited and short-lived protection in C. auris indicates its pronounced
phenotypic variability and regulatory plasticity (94), as well as its documented capacity
to evade or suppress host immune effector functions compared with C. albicans (95, 96).
Because only a single post-infection treatment regimen was evaluated, dose-response
relationships and timing-dependent therapeutic effects remain to be determined. Taken
together, these results place NFAP2, under the tested experimental conditions, within
the broader class of membrane-active antifungal proteins/peptides, whose activity and
therapeutic performance are strongly contingent on fungal developmental state and
host-pathogen context, which highlights the need for species- and regimen-specific
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optimization. Accordingly, the translational implications of these findings should be
interpreted cautiously and considered preliminary, pending further validation under
expanded experimental conditions.

Conclusion

This study revealed that the early morphogenetic transitions in the tested C. albicans
and C. auris strain are associated with increased NFAP2 susceptibility. Using a rapid and
standardized cultivation platform, we showed that NFAP2 exhibits increased antifungal
activity against early-stage hyphae and pseudohyphae, highlighting transient develop-
mental states as periods of enhanced antifungal vulnerability. In C. albicans, transcrip-
tomic and network analyses indicate an anabolic, translation-associated gene expression
signature accompanied by the suppression of various stress-protective pathways. This
pattern is consistent with a working model in which anabolic transcriptional activity and
reduced stress-adaptive capacity may contribute to the increased fragility of emerging
hyphae, although this causal relationship remains to be directly validated (Fig. 7). In
C. auris, increased susceptibility of pseudohyphal cells occurred without detectable
transcriptional remodeling, consistent with a response profile in which NFAP2 sensitivity
may be influenced by biophysical, non-transcriptional, or post-transcriptional determi-
nants rather than large-scale transcriptional reprogramming. Importantly, the in vivo data
revealed species- and morphotype-dependent effects: NFAP2 conferred a moderate but
transient survival benefit in G. mellonella infected with pseudohyphal C. auris, whereas
no survival advantage—and a worsened outcome—was observed in the filamentous
C. albicans model. Together, these findings provide a proof-of-concept framework for
understanding morphotype-associated susceptibility to peptide- and protein-based
antifungal strategies and support future validation across broader strain, species, and
therapeutic contexts.

MATERIALS AND METHODS
Strains and media

C. albicans CBS 5982 and C. auris NCPF 8971 strains were maintained on yeast extract—
peptone-dextrose (YPD) agar slants (yeast extract 10 g L™', peptone 20 g L™, glucose 20
g L™, and agar 20 g L") at 4°C. AIM V Medium (research grade; Thermo Fisher Scientific,
Waltham, MA, USA) and an optimized FIM (glucose 0.5 g L™, yeast extract 0.25 g L',
peptone 0.125 g L™, and NaCl 2.5 g L™") were used to induce filamentation in C. albicans
and C. auris, respectively. Species-specific filamentation-inducing media were selected
because C. albicans and C. auris possess substantially different morphogenetic induction
requirements, and preliminary optimization identified AIM V and FIM as the most
reproducible conditions for generating homogeneous early-stage filamentous and
pseudohyphal populations, respectively. The morphological stability of early-stage
filamentous C. albicans and pseudohyphal C. auris cells was evaluated in a low-cation
medium (LCM; glucose 5 g L™, yeast extract 0.25 g L™, and peptone 0.125 g L™"), which
was used consistently across all NFAP2 exposure and antifungal susceptibility assays to
minimize ionic shielding effects, medium-dependent variability, thereby enhancing the
activity of NFAP2.

NFAP2 production

Recombinant NFAP2 (~100% purity) was produced using a P. chrysogenum-based
expression system and was purified as previously described (21, 48).
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FIG 7 Integrated working model of experimentally supported observations and inferred processes
associated with increased NFAP2 susceptibility in early-stage filamentous C. albicans. Early filamenta-
tion is associated with a transcriptional state characterized by elevated ribosome biogenesis, rRNA
processing, RNA metabolism, transcriptional activity, translation-associated functions, and mitochondrial
biosynthetic programs (left), as determined by RNA-seq, differential gene expression, and functional
enrichment analyses, and integrated with microscopy-based observations. Concurrently, multiple
adaptive and stress-protective pathways are relatively suppressed (right), including nutrient acquisition,
environmental sensing, autophagy, mitochondrial stress responses, protein-quality control, membrane
remodeling, and cell wall remodeling. These experimentally supported transcriptional features are
consistent with a transient physiological configuration in which increased anabolic activity coincides
with reduced adaptive buffering capacity. NFAP2 (center), a membrane-active antifungal protein, is
associated with early cellular binding, intracellular accumulation, and pronounced structural altera-
tions in this morphotype, as supported by fluorescence imaging and SEM analyses. Together, these
observations are consistent with a working model in which early morphogenetic states may represent a
vulnerable physiological window associated with increased NFAP2 susceptibility. Solid elements indicate
experimentally measured observations, whereas dashed elements represent inferred or hypothetical
relationships that require further direct validation. In the color scheme used for the cell interior,
purple denotes components of the transcriptional machinery and RNA metabolism, orange marks the
mitochondria, green highlights elements of the autophagy and vesicular trafficking pathways, and blue
identifies other intracellular compartments and quality-control systems. Elements of this schematic figure
were generated with the assistance of ChatGPT 5.3 (OpenAl) and were subsequently manually edited,

finalized, and scientifically validated by the authors.

Generation and isolation of early-stage filamentous and pseudohyphal
Candida cells

Mid-log phase C. albicans cells were grown in YPD, and C. auris cells (2 x 10° cells
mL™") were grown in LCM at 30°C overnight with continuous shaking (160 rpm). Cells
were inoculated into 5 mL AIM V (C. albicans) and 5 mL FIM (C. auris) medium in
15 mL centrifuge tubes and incubated at 37°C for 16 (C. albicans) or 18 h (C. auris)
with shaking at 180 rpm. Early-stage filamentous cells were operationally defined as
elongated, non-branching hyphal or pseudohyphal forms observed prior to extensive
network formation or morphological maturation. After incubation, early-stage filamen-
tous C. albicans cells were separated from planktonic cells. The aggregates and fully
developed filaments were removed using a 70 um pore size cell strainer (VWR Cell
Strainer; Avantor, Radnor, PA, USA). Early-stage filaments were subsequently isolated
from the remaining planktonic cells using a second filtration step with a 40 um pore
size strainer (VWR Cell Strainer; Avantor, Radnor, PA, USA). The retained filaments were
washed from the filter surface with LCM, and this filtration-washing step was repeated
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once. Filtration was not required for C. auris, as >90% of the cells displayed pseudohyphal
morphology under these conditions.

The morphological stability of early-stage filamentous C. albicans and pseudohyphal
C. auris cells (2 x 10° cells mL™") was evaluated in 5 mL LCM at 37°C with shaking
at 180 rpm. Filamentation and reversion processes were monitored using an Olympus
BX53 light microscope equipped with an Olympus XC50 digital camera. The enrichment
of early-stage filamentous and pseudohyphal populations was verified microscopically
based on established morphological criteria (elongation, septation, and absence of
mature hyphal branching), which were applied consistently across all experiments,
although no quantitative morphometric analysis was performed.

NFAP2 susceptibility testing

Susceptibility assays were performed exclusively in LCM to standardize NFAP2 activ-
ity measurements and minimize medium-dependent ionic interference. Early-stage
filamentous C. albicans and pseudohyphal C. auris cells were subjected to susceptibility
testing under these standardized conditions. Candida cells (1 x 10° cells mL™") were
exposed to 0.78-12.5 ug mL™" of NFAP2 (C. albicans) or 12.5-200 ug mL™" of NFAP2 (C.
auris) in LCM at 37°C for 2 h under continuous shaking (400 rpm). The cells were washed
twice with LCM (7,800 x g, 5 min). Five-microliter drops of 10-fold serial dilutions of
each NFAP2 treatment were spotted onto LCM agar plates (LCM supplemented with
20 g L™ agar) and incubated at 37°C for 48 h. The minimum inhibitory concentration
(MIC) was defined as the lowest NFAP2 concentration for which no colonies appeared
on the agar surface. One loop (10 pL) of planktonic control cells was pre-cultured under
standard yeast-form growth conditions in LCM at 37°C for 16 h under continuous shaking
(160 rpm) to reach the mid-log growth phase prior to susceptibility testing. Cells were
counted using a Biirker chamber and standardized to an inoculum density of 1 x 10° cells
mL~" before NFAP2 exposure to match filamentous susceptibility assay conditions.
Untreated cells served as negative controls. Susceptibility tests were conducted in
three independent biological replicates. This assay reflects post-exposure viability rather
than standard broth microdilution MIC values and therefore should be interpreted as a
short-term viability-based susceptibility measure.

SEM

Early-stage filamentous C. albicans and pseudohyphal C. auris cells (1 x 10°) were treated
with 6.25 pg mL™" and 50 pug mL™" of NFAP2, respectively, as described above for
the NFAP2 susceptibility assays. Untreated cells served as the morphological controls.
Candida cells were harvested (7,800 x g, 5 min), washed twice with phosphate-buffered
saline (PBS), and resuspended in PBS. Aliquots (8 pL) were spotted onto silicon disks
that were coated with 0.01% (wt/vo) poly-L-lysine (Merck Millipore, Billerica, MA, USA).
The samples were fixed overnight at 4°C in 2.5% (vol/vol) glutaraldehyde and 0.05 M
cacodylate buffer (pH 7.2) prepared in PBS. After two PBS washes, the samples were
dehydrated in a graded ethanol series (30%, 50%, 70%, 80%, 96%, and 100% [vol/vol],
each for 24 h at 4°C). The samples were then incubated in a graded series of the
chemical drying agent hexamethyldisilazane (33%, 50%, and 66%, each for 1 h at room
temperature, 100% [vol/vol] for 2 h, diluted in absolute ethanol), sputter-coated with
12 nm gold, and analyzed using a JEOL JSM-7100F/LV field-emission scanning electron
microscope (JEOL Ltd., Tokyo, Japan).

NFAP2-binding/internalization

BD-NFAP2 was used to assess the localization of NFAP2 in early-stage filamentous C.
albicans and pseudohyphal C. auris cells. In C. auris experiments, unlabeled NFAP2 was
co-applied with BODIPY FL EDA (Invitrogen, Waltham, MA, USA)-conjugated NFAP2 to
maintain the intended total NFAP2 exposure while keeping fluorescence signal intensity
within an interpretable range. This approach ensured sufficient peptide exposure
for measurable biological interaction under C. auris susceptibility conditions while
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preventing excessive fluorescence intensity and potential detector saturation during
imaging. Filtered early-stage filamentous C. albicans cells (2 x 107 cells mL™") were treated
with 1.56 ug mL™" of BD-NFAP2, whereas twice-washed (2,400 X g, 5 min) pseudohyphal
C. auris cells (2 x 107 cells mL™") were exposed to a mixture of 1.56 ug mL™" NFAP2 and
1.56 ug mL™' BD-NFAP2 in LCM. The treatments were conducted for 15, 30, 45, 60, and
90 min at 37°C with continuous shaking at 400 rpm. Following incubation, the cells
were washed with phosphate-buffered saline (PBS, pH 7.4; 7,800 x g, 5 min) and stained
with 5 pg mL™" Pl (Sigma-Aldrich, St. Louis, MO, USA) for 10 min at room temperature
in the dark. After two PBS washes (7,800 x g, 5 min), the samples were resuspended
in PBS and analyzed using a confocal laser-scanning microscope (Olympus Fluoview
FV1000; Olympus, Shinjuku, Japan) with a 488 nm excitation laser. The excitation/emis-
sion settings were 504/512 nm for BD-NFAP2 and 535/617 nm for Pl. Sequential scanning
was performed to prevent spectral crosstalk between fluorophores.

RNA isolation and sequencing

Sampling time points were selected to capture early transcriptional responses prior to
extensive morphological reversion or secondary adaptive changes. These time points
were further guided by uptake and membrane integrity kinetics (Fig. 3), indicating
that NFAP2 internalization occurs within 30-60 min, whereas detectable membrane
permeabilization emerges at later stages. Early-stage filamentous C. albicans cells (~2
x 107 mL™") were incubated with 1.56 ug mL™' NFAP2 in LCM for 60 min at 37°C under
continuous shaking (400 rpm) in four independent experiments, whereas pseudohyphal
C. auris cells (~2 x 108 mL™") were exposed to 3.125 ug mL™' NFAP2 for 45 min or to
25 ug mL™" under the same conditions in three and four independent experiments,
respectively. The parallel RNA-seq experiments at low (3.125 ug mL™") and high (25
ug mL™") NFAP2 concentrations were designed to assess whether the absence of
detectable transcriptional responses reflected insufficient peptide exposure or rapid
high-dose cellular damage. Untreated morphotype-matched biological replicates served
as transcriptomic controls for all RNA sequencing experiments.

For total RNA isolation, early-stage filamentous C. albicans cells were thawed, refrozen
in liquid nitrogen, and resuspended in lysis buffer in bashing lysis tubes, followed by
mechanical disruption using a Tissuelyser LT (Qiagen) for 20 min at 50 Hz. The C. auris
pseudohyphae were ground for 1T min with nuclease-free sand using a microcentrifuge
tube-compatible glass pestle. They were frozen again in liquid nitrogen and reground in
lysis buffer. The lysates were centrifuged at 9,000 x g for 2 min. Total RNA was purified
using the Quick-RNA Plant Miniprep Kit (Zymo Research, Tustin, CA, USA) based on the
manufacturer’s instructions. RNA quantity and purity were assessed using a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Total RNA
samples were sequenced (6 Gb raw data per sample) by Novogene GmbH (Munich,
Germany) using the NovaSeq X Plus Series PE150 platform (Illumina, San Diego, CA, USA).

Transcriptome analysis

Quality assessment of the reads was performed using FastQC 0.12.1 (https://github.com/
s-andrews/FastQC). Raw reads were quality trimmed with Trimmomatic 0.39 (97) using
the following parameters: SLIDINGWINDOW:4:20 MINLEN:100. STAR 2.7.11b aligner (98)
was used with default settings to map the quality-filtered reads on C. albicans SC5314
(GCF_000182965.3) or C. auris B11220 (GCF_003013715.1) reference genomes. The read
counts covering all of the genes were calculated using featureCounts of Rsubread
2.16.1 (99). The differentially expressed genes were called by DESeq2 version 1.42.1
(83). The threshold values for DEG calling were set to log;, fold-change > |1.5| and
adjusted P value < 0.05. GO enrichment analysis (100, 101) and Kyoto KEGG pathway
enrichment analysis (102) were conducted using the enrichGO and enrichKEGG functions
of the clusterProfiler 4.10.1 R package (26). For GO enrichment analysis, a custom C.
albicans OrgDb annotation package was created using the makeOrgPackageFromNCBI
function of the AnnotationForge 1.44.0 R package (https://bioconductor.org/packages/

Month XXXX Volume 0 Issue 0

Microbiology Spectrum

10.1128/spectrum.00404-26 19


https://github.com/s-andrews/FastQC
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000182965.3/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_003013715.1/
https://bioconductor.org/packages/AnnotationForge
https://doi.org/10.1128/spectrum.00404-26

Downloaded from https://journals.asm.org/journal/spectrum on 04 August 2026 by 79.122.10.145.

Research Article

AnnotationForge) using taxID:5476. AnnotationDbi 1.64.1 R package (https://bioconduc-
tor.org/packages/AnnotationDbi) was used to query the generated OrgDb. For KEGG
enrichment, the enrichKEGG function was used with the parameter organism = 'cal'
Enriched GO terms and KEGG pathways were considered significant based on a false
discovery rate (FDR)-corrected P < 0.05. The plots were created with ggplot2 3.5.1
(103), EnhancedVolcano 1.20.0 (https://bioconductor.org/packages/EnhancedVolcano),
and enrichplot 1.22.0 R packages (https://bioconductor.org/packages/enrichplot). The
R version was 4.3.3 (2024-02-29) with Bioconductor version 3.18. Differential expres-
sion analyses were performed relative to untreated, morphotype-matched controls
using standardized quality-control filtering, normalization, and statistical significance
thresholds.

Galleria mellonella infection model assays

G. mellonella larvae (final instar stage, 250-300 mg) were used to evaluate the in vivo
antifungal efficacy of NFAP2. The larvae were maintained at 30°C in the dark; however,
before experimentation, they were incubated at 37°C in the dark. For infection, groups of
20 larvae were injected with 20 pL of a standardized suspension of early-stage filamen-
tous C. albicans CBS 5982 or pseudohyphal C. auris NCPF 8971 cells (2 x 107 cells mL™)
into the last left proleg using a Hamilton syringe. Post-infection, 10 uL of NFAP2 was
administered into the same proleg at defined concentrations (200 ug mL™" for C. albicans
and 25 pg mL™" for C. auris). Larvae injected with 20 uL IPS (20% vol/vol), larvae treated
with NFAP2 alone (200 ug mL™), and 20% (vol/vol) Triton X-100-treated larvae served as
nontoxic, NFAP2 toxicity, and positive toxicity controls, respectively. The untreated larvae
served as negative controls. Larval survival was monitored at 24-h intervals for up to 6
days.

To assess G. mellonella survival, statistical analyses were performed using the
log-rank (Mantel-Cox) test and the Gehan-Breslow-Wilcoxon test in GraphPad Prism
7.00 (GraphPad Software, Boston, MA, USA). Differences in survival were considered
significant when P < 0.05 in both tests. All survival analyses were conducted using
GraphPad Prism 7.00 software (GraphPad Software, Boston, MA, USA).
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