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Abstract

Introduction  Candidozyma auris (formerly Can-
dida auris) is an emerging yeast that causes blood-
stream infections, especially in immunocompromised
patients, and presents high resistance and virulence
rates. To date, six clades have been established
worldwide and the number of outbreaks caused by
this microorganism has been increasing every year,
causing concern in the medical community. There-
fore, this study investigated the heterogeneity among
clades of C. auris by evaluating the virulence profile
and mechanism of infection using an in vivo model of
Galleria mellonella.

Methods G. mellonella was infected with differ-
ent clades (I, II, III and IV) of C. auris, C. albicans
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ATCC 5341 and C. parapsilosis ATCC 22019 for
virulence and histopathologic evaluation.

Results Aggregative strains of C. auris InP13 (I)
and VEN C6 (IV) had a greater rate of melaniza-
tion and larval mortality among the C. auris isolates,
therefore, being the most aggressive strains. C. albi-
cans caused the most melanization among all strains
at the highest inoculum concentration (10° cells/mL).
Histopathologic examination showed a greater num-
ber of granulomas in the lower and upper extremities
of G. mellonella. The granulomas ranged from 0.07—
0.11 nm in diameter. All strains showed biofilms
adhering to larval tissue, which was more evident for
InP13, VEN C6 and C. albicans. Infiltration of tis-
sues by yeasts, pseudohyphae and chlamydospores (a
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resistance structure formed by C. albicans in stress
environments) morphotypes were observed.
Conclusion The aggregative strains were more Vvir-
ulent and had a greater ability to form biofilms and
granulomas, showing heterogeneity among the differ-
ent C. auris clades.

Keywords Candida auris - Candidozyma auris -
Galleria mellonella - Infection - Virulence -
Granulomas - Biofilms

Introduction

Candidozyma auris (formerly Candida auris) is an
emerging, pathogenic, and multidrug-resistant yeast
known to cause systemic infections and outbreaks,
with high mortality rates in patients with comorbidi-
ties or those undergoing intensive care. However,
C. auris infections have undergone drastic changes,
since these outbreaks are increasing every day, and
the number of patients who have lost their lives is
worrying. Once installed in a healthcare facility,
C. auris persists for a long time, is highly resist-
ant to antifungal therapy and disinfectants, and rap-
idly spreads among susceptible patients [1, 2]. In
2025, the European Centre for Disease Prevention
and Control (ECDC) published a report highlighting
the worrying increase in C. auris cases in European
hospitals, posing a serious threat to patients and the
healthcare system. The report emphasizes the impor-
tance of early diagnosis and transmission control to
prevent rapid and widespread spread [3].

Currently, epidemiology suggests six distinct
clades of C. auris: Clade I isolated in South Asia,
Clade II from in East Asia, Clade III in South Africa,
and Clade IV isolated in South America. The clade V
has already been reported in Iran and is characterized
by approximately 200,000 nucleotides that differ from
the other clades. According to this information, there
is heterogeneity among C. auris species, which can
be justified by geographic location and recurrent cli-
mate changes [4]. Finally, and more recently, clade VI
was detected and sequenced in Singapore in 2023 [5].

The antifungal resistance and susceptibility profile
has been observed to be variable. Furthermore, dif-
ficult identification by conventional and molecular
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methods, resistance to common disinfectants, unclear
dissemination mechanisms, and uncertain environ-
mental niches are considered factors that hinder
the control of C. auris worldwide [6, 7]. Moreover,
virulence mechanisms such as the ability to form
biofilms, surface adhesion or phospholipases and
proteinases production are of concern to researchers
worldwide [8, 9].

An in vivo model using Galleria mellonella has
become one of the most widely used and effective
assays in antimicrobial and infection studies. With
similar characteristics to mammalian cells and their
immune response, the G. mellonella model aids in
antimicrobial discovery by evaluating compounds and
the mechanism of pathogens infection through viru-
lence and immunological assays [10-13]. An addi-
tional feature of this insect is melanin production: the
enzyme phenol oxidase oxidises catecholamines (e.g.,
L-DOPA) to quinones that polymerise into melanin,
a dark pigment that contributes to immune defence.
Melanin encapsulates and immobilises fungi, restrict-
ing gas exchange and nutrient access, and can ulti-
mately kill the microorganism [14].

Therefore, this study evaluated the virulence
potential and infection mechanism of four clinical
isolates belonging to clades I, II, III, and IV of C.
auris in a G. mellonella model.

Material and Methods
Fungal Strains

Four clinical strains were assayed: C. auris VPCI479/
P13 (CLADE 1 - InP13), C. auris CBS10913
(CLADE II — JAP 1), C. auris CBS 15603 (CLADE
III — SP96), C. auris VEN C6 (CLADE IV — VEN
C6); in addition, two reference strains of Candida
species were also included: C. albicans SC 5134 and
C. parapsilosis ATCC 22019.

Aggregation Assays

An aliquot of colony forming units of each strain was
transferred into a 0.85% saline solution to observe the
presence or absence of yeast clusters under an optical
microscope.
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Virulence Assays

An in vivo model of G. mellonella (250-350 mm in
height) was used for the virulence test. The larvae
were first separated into groups of 20 and kept in a
petri dish at 37 °C for 24 h for environmental adap-
tation. Before infection, a sterile toothpick contain-
ing 70% alcohol was used to clean the proleg region,
the area where the yeast inoculum would be injected.
Inoculum of each Candida spp. was standardised to
a final concentration of 10%, 10° and 10° cells/larvae
in a PBS solution containing 20 ug/mL ampicillin
(Sigma Aldrich, Steinheim, North Rhine-Westphalia,
Germany), as described by Mesa-Arango et al. [15].
Then, using a Hamilton Microliter™ syringe, 10 uL
of each Candida ssp. inoculum was injected into
the penultimate proleg of each larva and incubated
at 37 °C (20/group). Every 24 h of incubation, for
10 days, dead larvae were quantified. The experiment
was performed in triplicate and on different days.

0% 10 % 20 %
60 % 70 % 80 %

Evaluation of Melanization Process

The melanization assay followed the infection model
described above and was evaluated for 10 days.
Each larva was observed individually and compared
with the uninfected control group (cream colour, no
changes). Melanization was quantified as a percent-
age based on larval colour, as shown in Fig. 1, and
according to the protocol of Garcia-Bustos et al. [16].
The inoculum concentrations evaluated were 10%, 10°,
and 10° cells/larva. However, 10* cells/larva did not
cause melanization and is therefore not shown in the
graph.

Histopathological Analysis

To carry out the histopathology analysis, larvae were
inoculated with 10* cells/larvae of each C. auris iso-
late and with 10° cells/larvae for non-C. auris strains
and kept at 37°C. Two larvae were collected 120 h
after infection, euthanized in 5% ethanol, and placed
into tubes containing 10 mL of 4% formalin for
20 days to preserve the tissue and fixation. thereafter,

30 % 40 % 50 %
90 % 100 %

Fig. 1 Melanin level scale in a model of Galleria mellonella infected with Candida spp
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larvae were cut sagittal and fixed in paraffin. Hema-
toxylin—eosin (HE) staining was performed for the
morphological analysis of organelles, granulomas,
and cellular infiltration Periodic acid-Schiff staining
(PAS) was performed to assess tissue morphology,
granulomas, yeast morphology, and yeast infiltration
into tissues. Uninfected larvae were processed simi-
larly for comparative purposes. One infected larva of
each yeast strain was selected for analysis in a Philips
IMS Scanners to observe the regions with the high-
est number of granulomas. The mean diameter of
the granulomas was measured using a Slide Viewer
program.

Ethical Statement

Galleria mellonella is not classified as an animal
under current European and international regulations,
and therefore its use does not require ethical approval
by institutional animal care and use committees. This
model provides a valuable, ethical, and high through-
put platform for preliminary in vivo testing, helping to
reduce the use of vertebrate animals in line with the
3Rs principles (Replacement, Reduction, and refine-
ment) in research.

Statistical Analysis

For virulence/survival analysis we used One-way
analysis of variance (ANOVA) was used for compari-
son between infected and uninfected control groups
using GraphPad Prism 8.0.

Results

Aggregative and Non-aggregative Phenotype
Determination of C. auris Isolates

Before the biological tests, microscopic analysis was
carried out to determine the aggregative and non-
aggregative strains and, according to the analysis, it
was possible to determine that the aggregative strains
were clade I, III and IV (InP13, SP96 and VEN C6,
respectively) with the JAP 1 isolate (Clade II) being
the only non-aggregative one.

@ Springer

Candida auris Clades I and IV Appear to be More
Lethal for G. mellonella Larvae

As shown in Fig. 2, the aggregative isolates InP13,
SP96 and VEN C6 were the ones that caused the
highest mortality rate and were considered the most
virulent (p < 0.0001). Among the aggregative isolates,
InP13 was the most virulent and its mortality rate was
directly related to an increase in yeast concentration.
The mortality rate in larvae infected with InP13 was
greater than 50% after 7, 9, and 9 days postinfection
when inoculum 10°, 10° and 10* yeasts/larva were
used, respectively. After 10 days of infection, mortal-
ity was 83.9, 90.5 and 100% in groups infected with
inoculum 10%, 10° and 10° yeasts/larvae, respectively
(p<0.0001).

VEN C6 (clade 1V) was the second most viru-
lent strain among C. auris strains, causing mortality
greater than 50% on days 8, 9, and 9 postinfection
when inoculum of 10°, 10°, and 10* yeasts/larva were
used, respectively. After 10 days of infection, mortal-
ity was 84.3, 90.5, and 100% in groups infected with
inoculum 10* 10° and 10° yeasts/larvae, respec-
tively. SP96 (clade III, aggregative) and JAP 1 (clade
II, non-aggregative) were the least virulent strains,
with JAP 1 having the lowest mortality. After 10 days
of infection with SP96, mortality was 50.9, 85.6, and
95.3% in groups infected with inoculum 10%, 10°, and
10° yeasts/larvae, respectively. For the group infected
with JAP 1, the mortality rate after 10 days was 43.6,
433, and 89.2% with inoculum 10% 10° and 10°
yeasts/larvae, respectively.

Furthermore, C. albicans 5314 caused the high-
est number of larval deaths, with an inoculum of 10°
yeast/larva. After 10 days of infection, mortality was
28.8, 48.5, and 100% in groups infected with inocu-
lums 10* 10°, and 10° yeast/larvae, respectively. C.
parapsilosis causes lower mortality at 10° yeasts/
larva, with approximately 30% lethality after 10 days
of infection.

Melanization Process in G. mellonella did not Differ
Among the Different Strains (Belonging to Clades
I-IV) of C. auris

Figure 3 shows the results of the melanization assay
and as observed, there was no evidence of melanin
levels for the inoculum of 10* yeasts/larva with any
of the clinical isolates. However, the injection of
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Fig. 2 Survival analysis
of G. mellonella larvae
infected with Candida spp.
A G. mellonella larvae
inoculated with 10*; B 10°;
and C 10 yeasts/larva.
InP13 (clade I): C. auris
VPCI479/P13; JAP 1 (clade
ID): C. auris CBS10913;
SP96 (clade II): C. auris
CBS 15603; VEN C6
(clade IV): C. auris VEN
C6; Ca 5314: C. albicans
ATCC 5314; Cp 22019: C.
parapsilosis ATCC 22019;
PBS + AmP: Phosphate
Buffered Saline + Ampi-
cillin at 20 ug/mL. (*):
p<0.05; (**): p<0.005;
(*¥#%): p<0.001; (F*%%):
p<0.0001
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Fig. 3 Melanin production

in G. mellonella infected

with Candida spp. A: 10°
yeasts/larvae; B: 10° yeasts/
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10° yeasts/larva caused a total of 13% (C. parapsi-
losis) 15.2% (C. albicans), 18.5% (VEN C6), 19.5%
(InP13), 21% (JAP 1) and 21% (SP96) of melani-
zation in the larval body (Fig. 3A). However, there
was no statistical difference between the infected
groups, only compared to the group treated with
PBS + AmP, with a p<0.05 (Fig. 3A). Notewor-
thy, it was observed that the 10° yeasts/larva inocu-
lum, as shown in Fig. 3B, the group infected with
C. albicans showed 49.5% of melanization at the
end of the period evaluated, being the species that
caused the most melanization process (p <0.0001).

@ Springer

Time/Days

On the other hand, JAP 1 was the strain with least
melanization, with 31% (p=0.0121). Finally, lar-
vae infected with the higher inoculum (10° cells) of
VEN C6, C. parapsilosis, InP13, and SP96 showed
36.5, 37, 37.5, and 42% of melanization, respec-
tively, with a significant difference compared to the
uninfected group (p < 0.0001).

Histological Analysis of Galleria mellonella

Figures 4 and 5 show the histological analy-
sis of G. mellonella infected with Candida spp.
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Fig. 4 Histological analysis of G. mellonella infected with C.
auris and non-C. auris and stained with HE. A: 10 xInP13; B:
InP13 100x; C: JAP 1 10x; D: JAP 1 100x; E: SP96 10x; F:
SP96 100x; G: VEN C6 10x; H: VEN C6 100x; I: C. albicans

Tissue sections were stained with HE and PAS,
respectively.

The images show the development of yeast clus-
ters (Y) surrounded by haemocytes (H), forming
granuloma structures throughout the larval tissue.
During infectious and inflammatory processes, large
amount of melanin is produced, creating orange/
brown areas (M). Granulomas are found throughout
the larva body and are more abundant in the lower
extremities (tail) and the upper extremities (head).

Larvae infected with InP13 showed granulo-
mas in their tissues with an intense immunologi-
cal response; moreover, these structures were sur-
rounded by adipose tissue in the area between the

5134 10x; J: C. albicans 5134 100x; K: C. parapsilosis 22019
10x; L: C. parapsilosis 22019 x 100.(h): hemolymph; (at): adi-
pose tissue; (H): haemocytes; (Y): yeast; (M): melanin

upper and lower intestines, known as the transitory
region (Fig. 4A-B). InP13 isolate produced yeast
infiltration in the organelles, which was caused by
an intense inflammatory response and adipose tis-
sue in the lower intestine (Fig. 5A-B). Furthermore,
yeasts with defined morphologies stood out, with
intense budding and hyphae/pseudohyphae forma-
tion were observed (Fig. 5B). JAP 1 isolate caused
granulomas in different regions of the larval body,
particularly in the head (Fig. 4C-D) and intermedi-
ate regions (Fig. 5C-D). A high level of melanization
and tissue necrosis was observed (Fig. 4D), and it can
also be noted that yeast-like structures were internal-
ized by haemocytes and surrounded by adipose tissue

@ Springer
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Fig. 5 Histological analysis of G. mellonella infected with C.
auris and non-C. auris and stained with PAS. A: 10xInP13;
B: InP13 100x; C: JAP 1 10x; D: JAP 1 100x; E: SP96 10x;
F: SP96 100x; G: VEN C6 10x; H: VEN C6 100x; I: C. albi-

(Fig. 5C). Granulomas induced by the SP96 isolate
were found in the tail of G. mellonella, close to the
cuticle (Figs. 4 and 5 E-F); moreover, granuloma
showed haemocytes with clusters of yeast surrounded
by melanin (Figs. 4F and 5F). Granuloma formed by
VEN C6 isolate surrounded by haemocytes and adi-
pose tissue were found in the upper intestine (Figs. 4
G-H) and tail (Figs. 5 G-H). Invasive infection with
a high degree of inflammation, melanization, and tis-
sue necrosis was observed by C. albicans (Figs. 4 and
5, I-]). A well-defined yeast structures were observed
with PAS staining, which allowed to observe budding
cells (Figs. 5J) or yeasts associated with melanin for-
mation and hyphae/pseudohyphae formation process
(Figs. 4]). A cluster of small melanized regions sur-
rounded by haemocytes was observed between the

@ Springer

cans 5134x10x; J: C. albicans 5134 100x; K: C. parapsilosis
22019 10x; L: C. parapsilosis 22019 100x. (h): hemolymph;
(at): adipose tissue; (H): haemocytes; (Y): yeast; (M): melanin

upper and lower intestines in larvae infected with C.
parapsilosis (Fig. 4K-L). Another highlight was that
granulomas surrounded by adipose tissue and haemo-
cytes were found dispersed in the haemolymph of the
lower intestine (Fig. 5 K-L).

Figure 6 shows the anatomy of G. mellonella with-
out infection. The head and thorax are in the upper
extremity regions (A and B). The intermediate region
contains most of the organs, such as the trachea,
intestine, muscle tissue, adipose tissue, and most of
the haemolymph (E). The junction between the inter-
mediate and lower ends was in the transitional region
(F). Finally, the tail (E) of the lower region consisted
of adipose tissue (C) and other organelles responsible
for excretion. The prolegs (G) are located on the pos-
terior surface of the larva and are composed of spore
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Fig. 6 Histological anatomy of G. mellonella without infection and stained with PAS. A: Head; B: Chest; C: adipose tissue; D:
Lower region—tail; E: Intestinal wall; F: Transitory region; G: Proleg of the cuticle

Fig. 7 Distribution of yeast aggregates and granulomas in G. mellonella tissue infected with C. auris InP13. Images analyzed by
SlideViewer software; A—C: 20x; D and F:10x; E: 30x; Black arrows indicate granulomas or yeast aggregates; PAS staining

fragments that are responsible for locomotion on the were observed in the larvae’s tissue infected with
surface. the InP13 isolate. In addition, yeast infiltration in

Figures 7-11 show granulomas, yeast aggregates, the intestinal wall located in the transitional region
and infiltration located in different regions of G. (the region between the lower and upper extremities)
mellonella. As shown in Fig. 7, several granulomas was observed. This infiltration was followed by the
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presence of yeast aggregates with budding formation
(Fig. 7 B, C, and E). Yeast aggregates forming a uni-
form biofilm-like community attached to the intesti-
nal wall and surrounded by haemocytes throughout
the outer cavity in the transitional region (Fig. 7 A)
and lower end (Figs. 7 D and F) were observed. Gran-
ulomas with diameters of 0.083+0.047 mm were
observed throughout the tissue.

JAPI infection induced formation of biofilm-like
yeast aggregates located between the outer intesti-
nal wall and surrounded by haemocytes in the tran-
sition region (Fig. 8 C). Granulomas caused by JAP
1 were found in the lower and upper extremities,
formed between adipose tissue (Fig. 8 F), close to
the cuticle lower proleg (Figs. 8 D and E) and head
(Fig. 8 A and B), with diameters of approximately
0.11+0.036 mm.

Granulomas formed by SP96 infection were
observed between the lower and upper regions, reach-
ing a diameter of 0.11+0.087 mm, which were dis-
persed in the haemolymph (Fig. 9 A), or adhered to
tissues or organelle walls (Figs. 9 B-F). Most of these
granulomas presented yeast aggregates with a high
degree of melanization and tissue necrosis (Figs. 9 E
and F).

The larvae infected with the VEN C6 isolate
presented granulomas with diameters of up to

0.072+0.027 mm in the upper and lower regions.
Biofilm-like aggregates of yeast were found adhered
to tissue (Fig. 10 A) or inside of organelles (Figs. 10
D and E).

A different infection pattern was observed with C.
albicans, which showed a greater number of yeast
aggregates, tissue invasion and biofilm-like forma-
tion. Yeasts and hyphae/pseudohyphae were found
invading the tissue (Fig. 11 A) or invading the intes-
tinal wall in the transitional region (Figs. 11 D and
E). Additionally, presence of tissue infiltration was
observed (Fig. 11 B) together with the biofilm-like
formed structures in the intestinal wall and invading
other tissue/organs and forming a yeast displacement
channel (Fig. 11 D). Granulomas with diameters of up
to 0.1 +0.038 mm were observed; furthermore, dis-
persed yeasts or hyphae/pseudohyphae were observed
within granulomas with a high degree of melaniza-
tion (Fig. 11).

Discussion

In this study, C. auris InP13 (clade 1) and C. albi-
cans were identified as the most virulent strains,
exhibiting high melanin production and granuloma
formation, which contributed to invasive infection.

Fig. 8 Distribution of yeast aggregates and granulomas in G. mellonella tissue infected with C. auris JAP 1. Images analyzed by
SlideViewer software; A—C: 20x; D:5x; E-F: 10x; Black arrows indicate granulomas or yeast aggregates; PAS staining
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Fig. 9 Distribution of yeast aggregates and granulomas in G. mellonella tissue infected with C. auris SP96. Images analyzed by
SlideViewer software; A—C and E-F: 20x; D:10x; Black arrows indicate granulomas or yeast aggregates; PAS staining

g

Fig. 10 Distribution of yeast aggregates and granulomas in G. mellonella tissue infected with C. auris VEN C6. Images analyzed by
SlideViewer software; A: 10x; B—F:20x; Black arrows indicate granulomas or yeast aggregates; PAS staining

C. albicans showed a pronounced capacity for observed. Moreover, the InP13 and VEN C6 isolates
aggregation, biofilm, and tissue invasion, which (classified in the Clade I and Clade IV, respectively)
may explain the high melanization and mortality formed pronounced biofilm-like structures in G.
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Fig. 11 Distribution of yeast aggregates and granulomas in G.
mellonella tissue infected with C. albicans. Images analyzed
by SlideViewer software; A and E: 20x; B—C and E-F: 30x;

mellonella tissues, supporting the findings of Her-
nando-Ortiz et al. [17] who reported that less viru-
lent aggregative strains often developed biofilms.
Similarly, Sherry et al. [18] observed increased bio-
film formation in aggregative isolates. This under-
scores the high virulence potential of some C. auris
strains, which could correlate with pathogenicity.
Indeed, the aggregating phenotype has been asso-
ciated with altered interactions with the immune
response, modulation of biofilm production profiles
as well as antifungal resistance profile [19].

The virulence characteristics of C. auris can
be largely attributed to its enzymes arsenal, which
includes proteinases and phospholipases, as well as
its capability to form biofilm, haemolytic capacity,
resistance to environmental stress, and pronounced
antifungal resistance [17]. These mechanisms are
differentially expressed among the different strains
and clades, where independent studies have been
confirmed the heterogenicity in enzyme production.
As an example, phospholipase activity was detected
in 37% of the isolates analysed by Larkin et al. [20]
while proteinase secretion was observed in 67% of
the isolates depending on the strain and clade ana-
lysed. Furthermore, C. auris exhibited virulence
characteristics associated with its cell wall, such

@ Springer

D: 10x; Black arrows indicate granulomas or yeast aggregates;
PAS staining

as polymorphism, resistance to abiotic surfaces,
adaptation, immune system evasion, and tolerance
to external conditions. The cell wall of this species
is composed of an outer mannan layer that plays
an important role in protecting the internal 1,3-f
glucan, which hinders recognition by the host’s
immune system and the ability to attack it with anti-
fungal agents, resulting in greater resistance to anti-
fungal agents [21].

The discovery of a new clade (IV) suggests that
the genetic population exhibit significant diversity
and that a non-recent speciation event or events led
to the genesis of each of these separate clades [22].
According to Fayed et al. [23], the diversity of C.
auris occurs not only between clades but also within
the same clade. Whole genome sequencing of differ-
ent isolates from the same clade (IIT) showed that they
are genetically distinct with a significant high number
of single nucleotide polymorphisms. Furthermore,
the response to antifungal agents also showed diver-
sity; thus, of the 17 clinical isolates from clades I and
IIT exposed to low and high concentrations of flucon-
azole, it was possible to observe genomic modifica-
tions, including aneuploidy, karyotype alterations and
point mutations. Finally, 19 clinical isolates showed
genomic differences in genes related to resistance.
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One of the differences between the clades is related to
distinct mutations and/or mechanisms. For example,
clades I, III, and IV present point mutations in the
ERG11 gene related to azole resistance, while copy
number variations are seen in Clade II [24].
Regarding the virulence analysis, Hernando-Ortiz
et al. [17] used a G. mellonella model where larvae
were inoculated with a yeast suspension of differ-
ent isolates of C. auris (phylogenetically close to the
isolates of clade III) ranging from 10° to 107 yeast/
larva; they found a dose-dependent mortality, which
is consistent with the results of the present study with
the higher inoculum (10°) reducing larval survival.
The comparative study of virulence among Candida
species, as examined by Garcia-Bustos et al. [16] and
using G. mellonella as a model, reported to C. auris
as significantly virulent, resulting in 83% of lethality
within three days post-infection. C. albicans, how-
ever, demonstrated superior pathogenicity, achiev-
ing a 95% mortality rate in the same studied period.
Notably, no-aggregative C. auris strains exhibited
greater virulence in comparison with those aggrega-
tive strains. In the study of Romera et al. [25] C. auris
strains from clinical samples caused higher larval
mortality and higher melanization scores, the authors
tested a C. albicans strain, finding it more virulent
than C. auris. Furthermore, the authors reported
that although, no differences in larval mortality were
observed between aggregative and non-aggregative
C. auris strains, the later strains exhibited higher mel-
anization scores compared to aggregative strains.
Melanization has been recognized as important
virulence mechanism and was also investigated in
this study. Interestingly, no differences in the mel-
anization process were observed among C. auris
isolates. These results suggest that, while melaniza-
tion is a relevant virulence factor, its expression may
vary significantly across different clades; nonetheless,
the non-significant difference in the melanization of
infected larvae in this study may be related to the lim-
ited number of isolates used per clade (only one iso-
late). Thus, Garcia-Bustos et al. [16] reported that C.
albicans achieved 100% melanization in the G. mel-
lonella larvae within 24 h of infection, whereas the
non-aggregative C. auris strains Cjl198 and Cjl75
showed significantly lower melanization capacity;
contrarywise, Romera et al. [25] found that clinical
isolates of C. auris with aggregative capacity showed
increased melanization. It is important to note that

melanin could be produced in response to the stress
caused by the infection; thus, this compound exhibits
an antimicrobial potential and is considered an innate
defence mechanism in response to pathogens during
the initial infection [26]. The immune response in G.
mellonella is mediated by prophenoloxidase, which is
predominantly found in haemocytes and enocytoids.
Once the pathogens are detected, a cascade is acti-
vated that results in melanin synthesis [27]. This mel-
anization serves as a mechanism against pathogenic
invasion. More recently, Anower et al. observed that
three resistant clade I isolates caused high mortal-
ity of G. mellonella larvae, while a drug-susceptible
clade 1II isolate caused low larval mortality. Finally,
melanization was more significant in groups infected
with more pathogenic isolates [28].

Additionally, G. mellonella larvae display other
strategies against infection, such as the recruitment
of immune cells to the site of infection and the pro-
duction of cytokine-like proteins. The interaction of
C-type lectins and imulectin-3 on haemocyte mem-
branes with fungal wall antigens facilitates phagocy-
tosis and phagosome formation within haemocytes
leading to the destruction of the microbes. Following
phagosome formation, the yeast is exposed to reac-
tive oxygen species, acid degradation and enzymatic
hydrolysis within phagolysosomes, which effec-
tively neutralize the fungal threat. The inflammatory
response, characterized by the formation of granulo-
mas containing melanized or necrotic tissue, further
indicates an active immune process [29, 30].

Histopathological examination of G. mellonella
revealed granulomas with yeast aggregates adhering
to organ tissues, the tracheal region and the haemo-
lymph. Galleria, in contrast to mammals with a
closed circulatory system, has an open one that per-
meates the entire larval body, especially the abdo-
men, facilitating the transport of lipids and proteins,
the neutralization of endotoxins and the distribution
of antimicrobial molecules, essential for larval sur-
vival [11, 31]. Both C. auris and non-C. auris species
demonstrated the ability to form melanized granulo-
mas, with a higher prevalence on the extremities. This
observation needs further investigation to clarify why
a greater number of granulomas were found between
the head and tail. Thus, Vasquez-Mufioz et al. [32]
observed that C. auris aggregates are found dispersed
in the tissue of G. mellonella, characterizing the pat-
tern of infection and invasion. Bravo-Ruiz et al. [33]
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suggested that C. auris could develop rudimentary
pseudohyphae under stressful conditions as a defence
mechanism against immune responses. Smith et al.
[14] documented melanin-encapsulated C. auris pseu-
dohyphae in the tracheal region of G. mellonella and
the presence of melanin in the haemolymph adjacent
to invasive pseudohyphae. In our study, conventional
light microscopy revealed enlarged cells approxi-
mately 8 pm in diameter. The significant presence of
granulomas was also reported in a recent study. Over-
all, over a 24-h period, 5 to 10 granulomas per profile
were observed in a group of larvae infected with C.
auris 16-1 and more than 50 granulomas per profile
in groups infected with C. auris 17-1 and 18-1 [28].

Therefore, the results indicate a considerable dif-
ference in the levels of pathogenicity and virulence
among the C. auris clades, which is an important
factor for further investigation and the development
of alternative methods with therapeutic potential
that can more effectively encompass all clades of
the species. Furthermore, the results may contribute
to a better understanding of the pathogenesis of C.
auris and its behaviour in response to a host, even if
it is an alternative invertebrate in vivo model.

Conclusions

Our study indicates that C. auris presents hetero-
geneous virulence among isolates from different
clades or regions. This variation may be related to
the aggregative phenotype or clinical origin, as iso-
lates from clade I (InP13) and clade IV (VEN C6)
demonstrate higher virulence and a greater abil-
ity to form biofilm-like structures in G. mellonella
compared to clade II (JAP 1) and clade III (SP96).

Additionally, our findings highlight differences in
the infection mechanisms of C. auris and C. albi-
cans. While C. auris strains form a greater number
of agglomerated yeasts and are involved in haemo-
cytes, C. albicans and the InP13 isolate (clade I)
show greater invasiveness, with the presence of fila-
ments or pseudohyphae (C. albicans).
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