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Resumen
Caracterizacién fenotipica de aislados clinicos

contemporaneos de Candida glabrata
Candida glabrata es un importante patégeno oportunista debido a su

capacidad para adaptarse rapidamente a los ambientes del hospedero y desarrollar
resistencia antifungica. Estudios recientes han demostrado que cepas aisladas de
una misma muestra clinica en un mismo punto temporal que comparten un origen
clonal, conocidas como cepas contemporaneas, pueden presentar variabilidad
fenotipica y genotipica desde las etapas iniciales de la infeccion. En este contexto,
analizamos aislados clinicos contemporaneos de C. glabrata obtenidos de
diferentes pacientes (P6, P8 y P10) para determinar si existe variabilidad genotipica
y fenotipica entre los aislados derivados del mismo episodio infeccioso. Se
selecciond un total de 40 aislados contemporaneos derivados de muestras
sanguineas de los tres pacientes. Se determiné si tienen un origen clonal mediante
genotipificacion por polimorfismos en la longitud de microsatélites (MLP), utilizando
los marcadores moleculares RPM2, MT-l y ERG3, ademas de las regiones
microsatélite de EPA1. La caracterizacion fenotipica bajo multiples condiciones de
estrés mostro perfiles de respuesta similares entre los aislados contemporaneos del
P8. Los aislados contemporaneos del P10 mostraron crecimiento reducido en
fuentes de carbono no fermentables, pero conservaron la funcidn respiratoria
mitocondrial. Los aislados del P6 mostraron diferencias de crecimiento bajo estrés
por fluconazol, sin embargo, la determinacion de la MICso mediante dos métodos no
mostro diferencias significativas de susceptibilidad para fluconazol, caspofungina o
micafungina. Los tiempos de duplicacion en presencia de fluconazol si muestran
algunas diferencias entre dos aislados contemporaneos del P6, lo que sugiere la
aparicion temprana de variabilidad fenotipica entre estos. Esta variabilidad podria
contribuir a la subestimacion de las interacciones antifungicas en el contexto clinico,
lo que podria resultar en tratamientos ineficaces y la posterior adquisicién de
resistencia frente a antifungicos de primera linea.

Palabras clave: Aislados contemporaneos, Candida glabrata, Resistencia

antifungica, Variabilidad fenotipica y genotipica

Xiii



Abstract

Phenotypic characterization of contemporaneous

clinical isolates from Candida glabrata

Candida glabrata is an important opportunistic pathogen due to its ability to
rapidly adapt to host environments and develop antifungal resistance. Recent
studies have shown that strains isolated from the same clinical sample at the same
time point and sharing a clonal origin, known as contemporaneous strains, may
exhibit phenotypic and genotypic variability from the early stages of infection. In this
context, we analyzed contemporaneous clinical isolates of C. glabrata obtained from
different patients (P6, P8, and P10) to determine whether genotypic and phenotypic
variability exists among isolates derived from the same infectious episode. We
selected 40 contemporaneous isolates derived from blood samples from the three
patients and determined whether they share a clonal origin by microsatellite length
polymorphism (MLP) genotyping using the molecular markers RPM2, MT-I, and
ERG3, as well as the EPA1 microsatellite regions. Phenotypic characterization under
multiple stress conditions showed similar response profiles among
contemporaneous isolates from P8. Contemporaneous isolates from P10 showed
reduced growth on non-fermentable carbon sources but preserved mitochondrial
respiratory function. Isolates from P6 showed differential growth under fluconazole
stress; however, MICso showed no significant differences in susceptibility to
fluconazole, caspofungin, or micafungin using two methods. Duplication times in the
presence of fluconazole did show some differences between two contemporaneous
isolates from P6, which suggests the early emergence of phenotypic variability
among them. This variability could contribute to the underestimation of antifungal
interactions in clinical settings and possibly leading to ineffective treatments and the
subsequent acquisition of resistance to first-line antifungal agents.

Keywords: Contemporaneous isolates, Candida glabrata, Antifungal

resistance, Phenotypic and genotypic variability

Xiv



1. Introduction

Globally, fungal infections are responsible for approximately 1.7 billion cases
of superficial infections, such as dermatitis. In addition invasive fungal infections
(IFls) cause nearly 1.5 million deaths annually [1]. Although fungal infections
substantially contribute to human morbidity and mortality, the impact of these
diseases on human health is not widely appreciated and deaths resulting from these
infections are often overlooked [2]. Among the etiological agents, the genus Candida
is particularly relevant and represents the second most frequent group of fungal
pathogens worldwide [3].

Candida species (Candida spp.) are the most common fungal etiological
agent of life-threatening invasive infections in patients who are severely
immunocompromised, who have endured invasive clinical procedures, or who have
experienced major trauma, and treatment requires extended stays in intensive care
units [4—6]. Candidemia and other forms of invasive candidiasis are the most
important of the invasive mycoses [7].

In 2022, the World Organization of Health (WHQO) developed the first Fungal
Pathogens Priority List (FPPL) [8]. The FPPL focuses on fungal pathogens that
cause invasive and acute and subacute systemic fungal infections for different
resistance profiles. The pathogens were ranked in three groups: critical, high and
medium. There are five Candida spp. included in these groups. Candida albicans
(C. albicans) is the most common pathogenic Candida species in humans,
responsible for both debilitating mucosal infections and life-threatening systemic
infections [9,10], however, the proportion of candidemia cases caused by non-
albicans Candida (NAC) species is increasing worldwide [7]. Among the NAC
species, Candida glabrata (C. glabrata) has emerged as an important pathogen due
to its increasing incidence in invasive candidiasis and is associated with high
mortality rates [11,12].

C. glabrata, now classified as Nakaseomyces glabratus [13], leads the high priority
group and is the second most prevalent Candida spp. yeast pathogen in humans
just after C. albicans. Although C. glabrata is a natural commensal yeast in the



human gut, genitourinary tract, and oral cavity, its incidence as an opportunistic
pathogen has increased in the last two decades [14]; causing bloodstream infections
(candidemia) with high mortality rates in immunocompromised patients. This
pathogen exhibits innately low susceptibility to azole drugs, especially fluconazole
[6,10,15]. Furthermore, some studies have found resistance to the echinocandin
class of antifungals among already azole-resistant C. glabrata clinical isolates [16].
In routine clinical practice, blood cultures remain the gold standard method for
detecting C. glabrata. Upon pathogen identification, standard protocols usually
characterize a single colony (referred to as the index strain). In the context of host-
pathogen interactions, two main hypotheses describe infection dynamics: the
Independent Action Hypothesis (IAH) and the Cooperative Hypothesis [17]. The IAH
proposes that pathogenic organisms act individually, each with its own probability of
causing systemic infection assuming a phenotypically and genotypically identical
population. Conversely, the Cooperative Hypothesis suggests that pathogens can
act collectively, enhancing their persistence and virulence through cooperative
mechanisms. Most of the healthcare centers align with the IAH [18,19].

Currently, there are limited therapeutic options to treat fungal infections, primarily
restricted to azoles, polyenes, and echinocandins, and their effectiveness can be
reduced due to delayed diagnosis or the increasing emergence of antifungal
resistance which may develop during treatment [20]. This resistance is still not fully
understood, nor is the genetic diversity of the pathogens infecting a single patient.
In this context, analyzing isolates collected sequentially during infection has helped
to identify genetic or physiological changes that are important for better
understanding disease progression and treatment outcomes [21].

Moreover, genetic and phenotypic variation mechanisms are essential for generating
diversity within species. At the phenotypic level, gene expression, epigenetic
regulation, environmental factors, and biological noise all contribute to variation in
observable traits [17,19,22]. Physical, biochemical, and morphological traits can vary
significantly depending on environmental conditions and the genetic regulation of
each organism. These phenomena are crucial for the adaptation and survival of
different populations within their hosts [9,15,16,18].



In this context, recent studies have demonstrated that, in certain cases,
contemporaneous clonal strains already display genotypic and phenotypic
differences at the time of candidemia diagnosis. These contemporaneous strains
have been studied through the isolation and characterization of multiple colonies
derived from the initial culture of the same sample, revealing the presence of both
genotypic and phenotypic differences among them [18,23].This may lead to an
underestimation of intra-patient variability, and undetected antifungal resistance has
been reported when the IAH is assumed [23]. This has been demonstrated in studies
using contemporaneous isolates, defined as multiple index strains obtained either at
the onset or during later stages of infection but from the same sample and at the
same time, which allows the assessment of the genetic and phenotypic diversity
present from the early stages of infection [5,23]. In this regard, the accurate
diagnosis of C. glabrata is essential for an appropriate antifungal therapy, since each
clinical isolate may exhibit different susceptibility profiles to different stressors,
including temperature and antifungal agents.

This study aimed to identify and characterize 8 contemporaneous strains of C.
glabrata obtained from three different patients. We obtained a total of 40
contemporaneous isolates from Patient 6 (P6), Patient 8 (P8), and Patient 10 (P10).
Genotyping analyses suggest that the contemporaneous strains from each patient
shared a clonal origin, as determined by MLP analysis and the EPA1 marker. No
phenotypic variation under different stress conditions was observed among the P8
isolates; however, phenotypic differences were detected in contemporaneous
isolates from P6 and P10.

In P10 isolates, differences in growth on non-fermentable carbon sources (YPG)
were observed compared with the expected phenotype on fermentable media.
Therefore, additional growth assays were performed using another non-fermentable
carbon source and under tetrazolium chloride (TTC) stress conditions. TTC medium
was used as an indicator of respiratory chain activity through TTC reduction. No
evidence of mitochondrial dysfunction was detected, since the isolates were able to
grow on glycerol and ethanol as non-fermentable carbon source (Gly+) and were
also capable of reducing TTC, producing a pink coloration.



Phenotypic assays revealed that contemporaneous isolates from P6 exhibited
differential responses under high concentrations of fluconazole (FLC).
Consequently, Minimum Inhibitory Concentration 50 (MICs0) assays were performed
using two methodologies and three antifungal agents belonging to two different
classes, azoles and echinocandins, including FLC (azole), caspofungin (CSP), and
micafungin (MICA) (echinocandins). No significant differences were detected among
the P6 contemporaneous isolates in the MICso assays for FLC, CSP, and MICA.
However, slight differences in the doubling times during growth in the presence of
FLC were found among the P6 isolates.

Taken together and supported by previous work from our research group (Aranda
Moreno et al. (2025) master's thesis), our findings suggest the early emergence of
phenotypic variability among contemporaneous isolates of C. glabrata from P6. This
variability may contribute to an underestimation of antifungal interactions in clinical
settings, potentially leading to ineffective treatment during infection and to the
subsequent acquisition of resistance against first-line antifungal agents, such as

azoles and echinocandins.



2.1.

2. Results

isolates from three patients.

Isolation of 40 contemporaneous clinical strains from C. glabrata

The classical model of infections proposes that most bloodstream infections,

including candidemia, are caused by genetically identical populations derived from

a single organism that successfully passes through the infection bottleneck.

Consequently, most studies addressing Candida diversity have focused on

longitudinal isolates rather than contemporaneous isolates [23].

In this study, we aimed to identify and characterize contemporaneous strains of C.

glabrata obtained from blood samples from three different patients (Table 1).

Table 1. C. glabrata clinical isolates collection chosen for this work from

different patients in our laboratory's existing collection.

Lab
Lab patient Hospital ) Sampling
Sample No Date collection
No patient No site
No
No data
14019522 16-mar-14 AN264 .
Patient 6 available
271673
(P6) No data
14019523 16-mar-14 AN359 .
available
16012786 20-feb-16 AN506 Catheter
Patient 8 :
(P8) 61094 16012787 20-feb-16 AN505 Right arm
16012788 20-feb-16 AN483 Left arm
18031203 04-may-18 AN755 Left arm
: Medial
Patient 10 18031204 04-may-18 AN756
294172 catheter
(P10) .
Proximal
18031205 04-may-18 AN757
catheter

As a result, a new collection composed of five contemporaneous strains derived from

each selected isolate was generated. We selected contemporaneous isolates from
Patient 6 (P6), Patient 8 (P8), and Patient 10 (P10). In total, we obtained 10 new




isolates from P6, 15 from P8, and 15 from P10, resulting in 40 new contemporaneous
isolates overall. All contemporaneous strains were incorporated into the collection of
the Molecular Microbiology of Fungi Laboratory, DBM, IPICYT (Fig. 1.).
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Fig. 1. C. glabrata contemporaneous strains obtained from P6, P8 and P10.

A total of 40 contemporaneous isolates were obtained from parental clinical isolates
of C. glabrata derived from Patient 6 (P6), Patient 8 (P8), and Patient 10 (P10). The
contemporaneous isolates enclosed within the orange box are contemporaneous to

each other and served as the index strains for each contemporaneous isolate set.

2.2. C. glabrata contemporaneous clinical strains likely share a clonal
origin in each patient

To rule out the possibility that the clinical samples, contemporaneous isolates among
themselves, originated from mixed candidemia, it was essential to confirm that the
contemporaneous isolates shared a common clonal origin. To address this, we
performed genotyping analyses using the microsatellite length polymorphisms
(MLP) technique.

A total of 40 contemporaneous strains were genotyped using three primer sets
directed against the molecular markers RPM2, MT-I, and ERG3, amplifying
microsatellite regions through MLP analysis (Table 2) [24]. These markers have



been shown to be highly discriminatory, reproducible, and stable across multiple

generations, making them effective for strain identification [25].

Table 2. List of primer sequences used to

contemporaneous clinical isolates

identify and genotype

Expected size

Primer Secuence 5°-3° (bp)
Fw. CGACTTCAATGCTACTTCCTCCG
EPA1 800-1000bp
Rv. GGGTGCTATGTACCTTGCGACATG
Fw. AGTGCGAGTGTATGTAAAGAATG Chromosome F
ERG3 Rv. CGTATACCTTATCTCCGTTCAA (181-353bp)
Fw. AGCAATAATAGCTTCTGACTATGAC Chromosome D
MT-1 Rv. GACAGGAGCAACCGTTAGGA (227-251bp)
Fw. ATCTCCCAACTTCTCGTAGCC Chromosome |
RPM2

Rv. ACTTGAACGACTTGAACGCC

(116-150bp)

Fw= Forward; Rv= Reverse.

After determining the relative migration distances of PCR products on 2% agarose

gels using ImageJ© for each contemporaneous group from each patient (S1-3 Figs),

no differences were detected among the alleles of the contemporaneous C. glabrata

isolates in any of the patients. Using the ImageJ© data obtained for each marker

and patient, a dendrogram was generated with the hclust function in the R

programming language®© (Fig. 2.).
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Fig. 2. Dendrogram of C. glabrata contemporaneous strains from P6, P8 and
P10 by MLP markers. The contemporaneous strains from P6, P8 and P10 share a
clonal origin because they were clustered together and separately from the reference
strains. ImageJ® and RStudio® were used to construct the dendrogram based on
the sizes of PCR products obtained with each of the three molecular markers (MT-I,
ERG3 and RPM?2).

To further confirm the clonal origin of the isolates from each patient, we also
analyzed the tandem repeat region located within the ORF of the EPA1 gene.
Variability in the number of tandem repeats within this linker domain has previously
been identified among clinical isolates [26]. However, amplification of EPA1 showed
no differences in the PCR products among isolates from the same patient (Fig. 3.).

Together, these results suggest that the contemporaneous strains from P6, P8, and
P10 originated from the same clonal population in each patient, since they

consistently clustered together and independently from the reference strains.
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Fig. 3. EPA1 microsatellites of contemporaneous isolates.
The contemporaneous isolates from P6 (A), P8 (B), and P10 (C) exhibited the same
banding pattern for the microsatellite regions of EPA1 within the ORF amplified by

PCR, and clustered independently from the reference strains.



2.3. Contemporaneous strains from P6 and P10 display phenotypic variability
Pathogen microevolution within the host has not been analyzed extensively in
contemporaneous strains, in this work, we analyzed whether our collection of
contemporaneous strains exhibited differences in their capacity to respond to
environmental and antifungal stresses within each patient group using spot-growth
assays performed under multiple stress conditions. We evaluated susceptibility
profiles associated with cell wall and membrane stress, thermal stress, oxidative
stress, mitochondrial function, and antifungal exposure (S4 Fig.). Overall, no major
growth differences were observed among the contemporaneous groups from any
patient under the tested conditions (Table 3).

Table 3. Susceptibility assays in C. glabrata contemporaneous strains
obtained from P6, P8 and P10

Susceptibility assay
Non
Cell wall and
o c Heat |ferment. Oxidative ]
= T membrane Antifungals
- £ - shock | carbon stress
c | ® » stressors
2 |0 Q source
® © £
a (.9 9 Caffeine H202 FLC
S | § |YPD,| YPG | SDS %, CSP [pg/ml],
O | o [mM], [mM], [ug/ml],
(°C) | (°C) 30°C 30°C
30°C 30°C 30°C
37[45] 30 [ 37 [0.075[0.1[0.075[0.1| 10 | 15 [8]16]20[32[0.035]0.05[0.07
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Contemporaneous isolates that exhibited resistance to stress (R) are indicated with
a ; these correspond to isolates that growth in the single-drop
assay. Contemporaneous isolates that exhibited susceptibility to stress (S) are
indicated with a ; these correspond to isolates that did not grow in

the single-drop assay.

However, the entire P10 contemporaneous group exhibited reduced growth on YPG
medium at 30°C compared with growth under standard YPD conditions (Fig. 4.). This
phenotype suggested a possible mitochondrial dysfunction, since impaired
mitochondrial activity compromises the utilization of alternative non-fermentable
carbon sources such as glycerol, thereby limiting cellular growth under these

conditions.

BG14
{264
359
486
Ps{sos
506

755
P104756

757|

Fig. 4. Phenotypic characterization of contemporaneous Candida glabrata
isolates by drop-spot assay. (A) Growth of contemporaneous isolates from P6, P8
and P10 on YPD medium under different temperature conditions. (B) Growth of the
same isolates on YPG medium as a non-fermentable carbon source stress condition
at different temperatures. The yellow box highlights the reduced growth phenotype
observed in the P10 contemporaneous isolates on YPG medium at 30°C.

In contrast, differences in growth under fluconazole stress (20ug/mL) were observed
among the P6 isolates between the two contemporaneous sets that make up the
patient group (Fig. 5). These findings suggested potential variability in antifungal
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response among contemporaneous isolates, particularly against fungistatic agents
such as fluconazole.

Fluconazole [pug/ml] , 30°C

20 32 64

12345 12345 12345 12345 12345

Fig. 5. Drop-spot assay of contemporaneous Candida glabrata isolates under
FLC stress. Growth of all contemporaneous isolates was evaluated in the presence
of increasing concentrations of FLC. The red box highlights the isolates from P6,
where differences in growth were observed between the two contemporaneous

isolate sets, suggesting variability in the response to fluconazole stress.

2.4. P10 isolates maintained functional mitochondrial respiratory activity
Functional mitochondria is essential for the utilization of non-fermentable carbon
sources such as acetate, lactate, fatty acids, ethanol, glycerol and oleate [27].
Respiratory-deficient “petite” mutants of C. glabrata have been characterized by their
inability to grow on glycerol as the carbon source (Gly-), and mitochondrial
dysfunction frequently leads to the petite Gly- phenotype.

To study this phenotype, the compound 2,3,5-triphenyltetrazolium chloride (TTC) is
used, because it is a colorless electron acceptor that is reduced under reductive
conditions to form a red formazan product in yeasts that have functional
mitochondria. For this reason, TTC is employed as a qualitative screening method
to determine dysfunctional respiratory chain.

We tested the ability of contemporaneous isolates to reduce TTC by spot growth
assay and observed that the P10 isolates formed pink colonies indicating TTC
reduction. This suggests that mitochondria in P10 strains are functional. As controls,
we used laboratory reference strains BG14 and CBS, which display a normal growth

phenotype on non-fermentable carbon sources and BrEt-derived petite strains
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CGM1938 and CGM1939, which are unable to grow on non-fermentable carbon
sources and form white colonies (S1 Table). P10 contemporaneous isolates were
able to grow on both YPG and YPE media and displayed pink coloration in the TTC
assay (Fig. 6). These results indicate that the P10 isolates maintain functional
mitochondrial respiratory activity despite the slow growth initially observed during

phenotypic characterization assays.

YPD, 30°C YPG 3%, 30°C YPE 3%, 30°C TTC 0.02%, 30°C

Fig 6. Mitochondrial function in contemporaneous isolates from P10. Drop-spot
assays were performed on YPD medium as a control, YPG and YPE media as non-
fermentable carbon source conditions, and TTC medium as an indicator of
respiratory chain activity through TTC reduction. Compared to the reference petite
strains, CGM1938 and CGM1939, the P10 contemporaneous isolates did not exhibit
a mitochondrial dysfunction phenotype. Notably, all P10 isolates were able to grow
on YPG and YPE media and developed the characteristic pink coloration in the TTC

assay, indicating preserved mitochondrial respiratory activity.

2.5. Contemporaneous isolates from P6 displayed similar MICso for FLC,
CSP and MICA

The MIC represents the lowest concentration of an antifungal drug capable of

inhibiting visible fungal growth. MICso refers to the drug concentration that inhibits

the growth in the 50% of the population of a strain and is therefore used as a

measure of the typical susceptibility profile of a microbial population rather than of

an individual clinical isolate [28]. In clinical practice, MICso values are mainly useful
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for understanding population susceptibility trends, guiding the antifungal selection,
monitoring resistance and supporting the establishment of clinical breakpoints and
epidemiological cutoff values (ECVs) [29].

Currently, two major independent standards are used for antifungal susceptibility
testing in Candida spp: the broth microdilution (BMD) method developed by the CLSI
and the BMD method established by the EUCAST [30]. Although CLSI and EUCAST
use different technical methodologies and interpretive criteria, both systems aim to
classify C. glabrata isolates similarly as susceptible or resistant [31]. For most
antifungal agents, MIC distributions and resulting breakpoints are broadly
comparable between the two systems[32,30].

To evaluate the differences in growth among the P6 contemporaneous isolates in
the presence of antifungal agents, we first analyzed their growth in liquid YPD
medium under non-stress conditions for 25 hours using the BMD method by CLSI.
Additionally, using the same methodology, we determined the MICso for FLC for each
contemporaneous isolate. First, growth curve analyses under non-stress conditions
(no antifungal) demonstrated that isolates derived from the parental isolate AN264
(from P6) displayed similar growth rates among all contemporaneous isolates and
the parental strain itself. Likewise, isolates derived from the parental isolate AN359
exhibited comparable growth rates among all contemporaneous isolates and their

corresponding parental strain (Fig. 7.).
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Fig 7. Growth curves of contemporaneous C. glabrata strains from P6
evaluated by AUC method under non-stress conditions. (A) Growth curves over
25 hours in YPD medium of contemporaneous isolates derived from parental isolate
ANZ264, including the parental strain and two laboratory reference strains, BG14
(susceptible dose dependent to FLC) and AN378 (FLCR). (B) Growth curves over 25
hours in YPD medium of contemporaneous isolates derived from parental isolate
AN359, including the parental strain and two laboratory reference strains. In both
groups, contemporaneous isolates exhibited growth curves comparable to their
corresponding parental isolate, indicating similar growth dynamics under non-stress
conditions. (AN812 = 264-1, AN813 = 264-2, AN814 = 264-3, AN815 = 264-4, AN816
=264-5; AN817=359-1, AN818 = 359-2, AN819 = 359-3, AN820 = 359-4 and AN821
= 359-5).
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The MICso values obtained for FLC also showed similar growth behavior among
isolates derived from AN264, and the same pattern was observed for isolates
derived from AN359 (Table 4).

Table 4. MICso values obtained by AUC analysis for contemporaneous C.
glabrata strains from P6 under FLC stress condition in YPD medium.

Isolate MICso(ug/m) £ SD
AN264 8609
AN264-1 8709
) AN264-2 78%02
g AN264-3 8.4 1.1
‘Uw"’ AN264-4 8.3£1.8
o AN264-5 74 £3.1
c
s AN359 78+10
é AN359-1 8010
£ AN359-2 82+009
S AN359-3 7814
AN359-4 8.2 +1.1
AN359-5 76+1.1
contrare | ANST8 57.3%8
BG14 116+ 0.2

(BG14 = FLCSPD),
FLCSPP-> <32 ug/ml; FLCR >264 ug/ml;

However, when comparing the growth curves of the parental isolates AN264 and
AN359 in the presence of 16ug/ml of FLC, we observed that, although not
statistically significant, AN264 has a decreased slope compared to AN359 (Fig. 8.)
which results in a longer doubling time for AN264 only in the presence of FLC but
not under non-stress conditions or in the presence of FLC at concentrations close to
the MICso (Table 5).
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Fig. 8. Growth kinetics of the parental isolates AN264 and AN359 under FLC

stress conditions

Growth curves over 25 hours in YPD medium of parental isolate AN264 (red) and
parental isolate AN359 (purple) are shown under different FLC concentrations.
Dashed lines indicate the growth values closest to the MICso obtained for each
parental isolate. Although no significant differences in growth were observed among
the contemporaneous isolates, AN359 displayed a shorter lag phase than AN264 in

the presence of fluconazole in the MICso concentration.

Table 5. Doubling times of P6 index strains in the presence of FLC in
YPD medium.

Doubling time (minutes)
AN264 AN359 BG14
— 51.6 + 50.3 £
E 0 52.3+0.8 23 23
=) 712+ 61.9+
03 8 759120 23 49
= 16 107.3 £ 83.9+ 65.0 +
10.7 4.3 3.0

After characterizing the overall growth behavior of the contemporaneous groups, we
selected two representative contemporaneous isolates derived from each parental

isolate to further evaluate their interaction with three of the most commonly used
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antifungal agents in clinical settings. MICso assays were performed following the
BMD by EUCAST protocol for FLC, CSP, and MICA in Roswell Park Memorial
Institute (RPMI) medium.

MICso values were determined for the selected contemporaneous isolates as well as
for the laboratory reference strains for each of the three antifungal agents. The
results again demonstrated that no significant differences in growth were observed
among the contemporaneous isolates groups in response to the fungicidal agents
CSP and MICA or the fungistatic agent FLC (Table 6).

Table 6. MICso values determined by the EUCAST protocol for
representative contemporaneous C. glabrata strains from P6 against FLC, CSP
and MICA in RPMI medium.

MICso(pg/ml) = SD
Isolate
FLC CSP MICA
w AN264 6.6+1.79 |0.073+0.003 | 0.075 + 0.0009
§ AN264-1 | 94+0.32 |0.071+£0.002 | 0.072 £ 0.001
E c AN264-2 8.6+0.2 0.072 £ 0.003 | 0.071 £ 0.002
é— % AN359 6.5+0.87 |0.073+0.004 | 0.073 £0.001
"2 AN359-1 | 8.9+0.06 |0.073+0.002 | 0.073 £ 0.001
S AN359-2 | 8.2+0.27 |0.072+0.004 | 0.072 £ 0.002
AN376 N/D’ 0.657 £ 0.03 | 0.064 = 0.001
Controls | AN378 | 37.7+1.52 N/D* 0.070 £ 0.001
BG14 9.5+0.33 |0.071+£0.001 | 0.071 £0.001

(AN812 = 264-1, AN813 = 264-2, AN817 = 359-1, and AN818 = 359-2).
FLCR 216 pg/ml (BMD by EUCAST method). CSPR->20.5 ug/ml,
MICAR->20.25ug/ml (BMD by CLSI method). N/D*= Not determined
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3. Discussion

3.1. Clinical contemporaneous strains share a clonal origin among patients
and no major phenotypic variability was found

The prevalence of C. glabrata as a causative agent of bloodstream infection (BSI),
or candidemia, has been associated not only with previous exposure to fluconazole,
but also with factors such as geographic location, age, and other characteristics of
the studied population [7]. One study identified independent factors associated with
an increased risk of Candida BSlI, including previous surgery, acute renal failure, use
of parenteral nutrition, and, in surgical patients, the presence of a catheter [33]. For
this reasons, there is a possibility that BSls may result from mixed fungemias
[34].The results of this study revealed that contemporaneous isolates of C. glabrata
obtained from different blood samples but at the same point in time, share a clonal
origin but may present phenotypic differences from the early stages of infection,
because we observed variability in growth of P10 clinical contemporaneous isolates
sets at 30°C in YPG, which suggests a possible dysfunction at mitochondrial level.
Moreover, the sets of P6 clinical contemporaneous isolates displayed growth
differences under FLC stress. This is consistent with recent reports that
demonstrated that during candidemia, fungal populations are not necessarily
completely homogeneous, even when they originate from the same infectious event
[5,23].This is relevant because C. glabrata possesses a high adaptive capacity under
adverse conditions, including oxidative stress, temperature changes, and antifungal
exposure, characteristics that contribute to its success as an opportunistic pathogen
[11,21,27].

3.2. Contemporaneous P10 strains do not display mitochondrial disfunction
Isolates from P10 initially showed a lower growth in YPG at 30° C compared to
37°C. This phenotype is strongly associated with metabolic alterations and
increased resistance to azole antifungals because loss of mitochondrial function
correlates with azole resistance [35]. Similarly, clinical azole resistant isolates of C.
glabrata have shown reduced ATP production and oxygen consumption, with several
strains exhibiting a Gly- phenotype indicative of respiratory deficiency [36].

In Saccharomyces cerevisiae, TTC reduction is associated to the mitochondrial
respiratory activity of ubiquinol-cytochrome ¢ oxidoreductase (complex lll), rather
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than cytochrome c oxidase [37]. Likewise, in Candida albicans, TTC reduction has
been associated with mitochondria-like particulate structures, further supporting its
use as a marker of mitochondrial respiratory activity [38].
Because TTC reduction depends on respiratory-chain dehydrogenases and yeast
mitochondrial activity, its application in C. glabrata as a marker of functional versus
defective respiration is well supported. However, interpretation of the assay requires
caution, as TTC reflects overall electron flow rather than the activity of a single
respiratory complex [37,39]. Furthermore, TTC is reduced mainly by proximal
respiratory complexes (I/11l), and the resulting formazan product is unstable in the
presence of oxygen. Consequently, the assay distinguishes only certain classes of
mitochondrial defects and requires strict control of experimental conditions for
interpretation [37-39].
In this study, phenotypic assays in YPE and TTC demonstrated that the
contemporaneous isolates from P10 maintain functional respiratory activity, as they
are able to grow on non-fermentable carbon sources and reduce TTC. This indicates
that the observed phenotype most likely corresponds to more subtle metabolic
adjustments rather than severe mitochondrial dysfunction.
3.3Contemporaneous clinical strains from P6 do not show differences in
growth under different antifungals stress
In C. glabrata, MICso values for FLC, CSP, MICA and other types of drugs provide
important information regarding the overall susceptibility of local or regional isolate
populations [28]. When interpreted together with the full MIC range, MICso data also
help to identify shifts in susceptibility distributions and the emergence of
subpopulations with elevated MICs that may indicate developing antifungal
resistance [28,40]. Knowing local MICso values and resistance frequencies in an
infection by C. glabrata can help determine whether FLC remains an appropriate
option or whether initial therapy with an echinocandin such as CSP or MICA is
preferable [32,41]. Here, the contemporaneous isolates from P6 showed differences
in growth under FLC stress during spot dilution assays. In addition, MICso analyses
and growth curves demonstrated similar susceptibility profiles among the isolates.
However, slight differences in the growth rate between AN264 and AN359 were

observed in the presence of FLC. These results suggest that early adaptive
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responses to antifungal stress may exist even within clonal populations. Recent
studies have proposed that phenotypic heterogeneity may represent early stages of
antifungal adaptation before the acquisition of stable resistance [18,23].

The MICso values obtained for FLC, CSP, and MICA remained within comparable
ranges among contemporaneous isolates, indicating that there are no major
differences in antifungal susceptibility within each clonal group. This is relevant
considering that azoles and echinocandins continue to be first-line therapy against
invasive C. glabrata infections [32,41].

7.1.Clinical implications of the phenotypic characterization of multiple index
strains during candidemia
Overall, the results obtained, together with previous work from our research group

(Aranda Moreno et al. (2025) master's thesis), support the idea that
contemporaneous populations of C. glabrata derived from the same clinical sample
share a clonal origin while developing phenotypic variations. These differences could
represent early adaptive events during infection and highlight the importance of
studying multiple colonies obtained from the same clinical sample to avoid
underestimating the phenotypic variation present during candidemia (Fig. 9). This
could contribute to a more accurate clinical diagnosis and, consequently, the

selection of appropriate therapeutic strategies for patient treatment.
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Fig. 9. Phenotypic variability may be underestimated in clinical practice.
In clinical practice, the timely diagnosis of C. glabrata is important for determining

susceptibility to different antifungal agents to provide appropriate treatment. In
hospital laboratories, once the etiological agent causing the disease has been
identified, the characterization of a single isolate, known as the index strain (red box),
is usually performed, since it is generally assumed that identical morphotypes do not
exhibit phenotypic variability at the time of identification. After the diagnosis of the
index strain, an appropriate treatment for the patient is established. Throughout the
candidemia episode, additional index strains may continue to be characterized to
identify possible variability and determine whether acquired resistance to different
antifungal agents has developed. These are known as longitudinal strains (blue box).
However, recent studies have shown that such variability may already be present
from the initial diagnosis of the patient. Therefore, limiting the analysis to a single
index strain could lead to an underestimation of antifungal susceptibility. By
analyzing more than one index strain at the time of diagnosis, the likelihood of
selecting an appropriate treatment increase. When multiple index strains are
simultaneously characterized at the same time point, they are referred to as

contemporaneous strains (green box).
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Materials and methods
1. C. glabrata strains

The reference strains from the Molecular Microbiology Laboratory, DBM, IPICYT
used in this study were strain BG14 and strain CBS138 (CBS) as identification
controls for the genotyping of contemporaneous clinical isolates of C. glabrata using
3 primer sets of the molecular markers ERG3, MT-I, and RPM2 by microsatellite
length polymorphisms (MLP) technique, for the analysis of the tandem repeats
region located within the ORF of the EPA7 gene. Strains CGM1938 and CGM1939
are petite mutants generated with ethidium bromide and were used as growth
controls in mitochondrial stress assays with non-fermentable carbon sources.
Strains AN376 and AN378 were used as FLCS, CASR and FLCR, CASS controls
respectively in MICso assays.
The strains used are described in S1 Table.

2. Selection of contemporaneous strains from clinical samples
All contemporaneous isolates of C. glabrata included in this study were obtained
from clinical blood samples provided by the Instituto Nacional de Ciencias Médicas
y Nutricion Salvador Zubiran (INCMNSZ) and incorporated into the collection of the
Molecular Microbiology Laboratory, DBM, IPICYT (Table 2).
The isolates originated from the initial diagnosis of C. glabrata, in which identification
and characterization were carried out from a single colony, designated as the index
strain. Strains were classified as contemporaneous when they were recovered from
the same patient on the same date and assigned consecutive sample numbers.
For propagation, each isolate was cultured in Yeast Peptone Dextrose with 2% of
glucose (YPD) liquid medium for two nights at 30°C under controlled conditions. After
incubation, cultures were standardized to an ODeoo of 1 using sterile water. Serial
1:10 dilutions of the cell suspensions were prepared until 1x10-° and plated onto
YPD solid medium for 48 hours at 30°C. From each index strain, five
contemporaneous strains were selected for subsequent analyses.
Single colonies for each selected index strain were streak purified twice and a single
isolated colony from each streak was selected and subsequently grown on YPD solid

medium for two nights at 30°C. After incubation, five strains derived from each isolate
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were retained for additional characterization and incorporated into the laboratory
collection.
As a result, a new collection consisting of five contemporaneous strains derived from
each selected isolate was established. Contemporaneous isolates from Patient 6
(P6), Patient 8 (P8), and Patient 10 (P10) were selected for this study. In total, 10
new isolates were obtained from P6, 15 from P8, and 15 from P10, resulting in 40
contemporaneous isolates overall. All strains were incorporated into the collection of
the Molecular Microbiology of Fungi Laboratory, DBM, IPICYT (samples AN812-
AN851).

3. DNA extraction
Genomic DNA from yeast strains was extracted using the FastPrep®-24 (MP
Biomedicals) protocol standardized in our laboratory. Each strain was inoculated into
5 mL of YPD broth and incubated at 30°C for 24 hours. Following incubation, cells
were harvested by centrifugation and resuspended with 500 uL of buffer A (Tris HCI
50 mM, EDTA 10 mM, NaCl 150 mM, Triton 1%, and SDS 1%) together with 500 uL
of phenol:chloroform:isoamyl alcohol. Samples were then processed in the FastPrep
system for 1 second at 4 m/s.
After centrifugation, the aqueous phase was recovered and mixed with 15 pL of NaCl
5 M and 1 mL of absolute ethanol. The resulting pellets were washed once using
70% ethanol. Subsequently, 0.2 uL of RNAase cocktail mix (RNase A: 0.1 U/mL and
RNase T1: 4 U/mL, Ambion®) was added to each sample, followed by incubation at
37°C for 30 minutes. Finally, DNA samples were resuspended in 200uL of Tris
10mM.
Once genomic DNA was obtained, samples were quantified and subsequently
adjusted to a final concentration of 10ng/ml with Tris 10mM for each sample.
Genomic DNA was stored at -20°C until further use.

4. Genotyping of C. glabrata contemporaneous strains by MLP and EPA1

microsatellites

To evaluate whether the previously identified clinical isolates of C. glabrata shared
a common clonal origin, endpoint PCR assays were performed using three primer
sets targeting the molecular markers RPM2, MT-I, and ERG3. These assays
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amplified microsatellite regions using a modified microsatellite length polymorphisms
(MLP) approach.
PCR conditions were established according to the protocol described in Lopez
Marmolejo et al. (2021) master's thesis. Reactions were carried out using homemade
DNA polymerase in a final reaction volume of 20uL. For electrophoretic analysis,
10uL of each PCR product was loaded onto a 2% agarose gel. PCR product sizes
were determined using ImageJ© software, and a dendrogram was generated using
the hclust function in the R programming language through RStudio®©.
Microsatellite regions of EPA71 within the ORF were amplified by PCR. Reaction
conditions were established according to Herrera Basurto et al. (2020) and the
manufacturer’s instructions for DreamTaq Green Polymerase® (Thermo Fisher
Scientific). Each reaction was prepared in a final volume of 5uL, and the complete
reaction products were analyzed by electrophoresis on a 2.0% agarose gel.
The primers used for genotyping are shown in Table 3.

5. Phenotypic characterization of C. glabrata contemporaneous strains
To evaluate whether contemporaneous strains exhibited differences in their ability
to respond to environmental and antifungal stresses within each patient group, we
performed spot-growth assays under multiple stress conditions.
Each contemporaneous isolate was inoculated into YPD broth and incubated for 48
hours at 30°C with shaking. After incubation, cultures were adjusted to an ODeoo of
0.05 using sterile water and subjected to spot-growth assays under different stress
and drug susceptibility conditions. Growth on YPD plates at 30°C was used as the
control condition, while growth at 37°C and 45°C was evaluated as thermal stress.
We also assessed growth on YPG medium containing 3% glycerol instead of
dextrose as a non-fermentable carbon source at both 30°C and 37°C.
To evaluate pleiotropic stress responses, strains were grown on YPD supplemented
with caffeine at concentrations of 0.04mM, 0.075mM, and 0.1mM. Cell membrane
stress was assessed using YPD supplemented with SDS at 0.04%, 0.075%, and
0.1%. Oxidative stress conditions were evaluated using YPD supplemented with
H,O, at 5mM, 10mM, and 15mM. Antifungal susceptibility assays included YPD
supplemented with caspofungin (CSP) at 0, 1.5, 2.0, and 3.0ug/mL as an

echinocandin-class fungicidal drug, and YPD supplemented with fluconazole (FLC)
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at 0, 8, 16, 32, and 64ug/mL as an azole-class fungistatic drug. All plates were
incubated at 30°C for 48 hours and subsequently photographed using the Bio-Rad
Gel Doc XR+® documentation system.

6. Evaluation of contemporaneous strains from P10 on non-fermentable

carbon sources

To further evaluate the possible mitochondrial dysfunction suggested by the
phenotypic characterization assays, the contemporaneous isolates from P10 were
subjected to additional drop-spot assays using non-fermentable carbon sources.
Each contemporaneous isolate was inoculated into YPD broth and incubated for 48
hours at 30°C with constant shaking. After incubation, cultures were adjusted to an
ODG600 of 0.05 using sterile water and subjected to spot-growth assays under
glycerol (YPG) and ethanol (YPE). We also performed a colorimetric assay using
triphenyltetrazolium chloride (TTC). This assay produces either white or pink-red
colonies, where white colonies indicate the inability to reduce TTC and therefore
suggest defective mitochondrial respiratory activity [39]. All plates were incubated at
30°C for 48 hours and subsequently photographed.

7. MICso assays for P6 contemporaneous strains
To evaluate the growth differences observed among the P6 contemporaneous
isolates in response to antifungal agents, we first analyzed their growth kinetics in
liquid YPD medium under non-stress conditions for 25 hours using the area under
the curve (AUC) method. Using the same approach, the minimum inhibitory
concentration 50 (MICso) for FLC was determined for each contemporaneous isolate
from P6.
The range of FLC concentrations tested was adapted according to the methodology
reported by the Clinical and Laboratory Standards Institute (CLSI) (FLC: 0, 0.0312,
0.125, 0.5, 1, 2, 4, 8, 16, 20, 32, and 64pg/mL), prepared as 2X stock solutions in
YPD medium. The contemporaneous clinical strains from P6 (AN264, AN359,
AN812—-AN821) were inoculated in YPD medium and incubated at 30°C. After 24
hours, 10uL of saturated culture was transferred into 5ml of fresh YPD medium and
incubated again at 30°C for 48 hours. For experimental setup, cells were adjusted
to an ODsoo of 0.005 in YPD medium. Interactions with FLC were carried out in

specialized plates for the Microbiology Reader Bioscreen C© system by combining
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100ul of cell suspension with 100ul of the corresponding FLC stock solution,
resulting in a final cellular ODeoo of 0.0025 per well and a final antifungal
concentration of 1X. Optical density measurements were recorded every 20 minutes
for 25 hours at 30°C under constant agitation. Data analysis was performed using
GraphPad Prism®.

After characterizing the general growth behavior of the contemporaneous groups,
two representative contemporaneous isolates derived from each parental isolate
were selected to further evaluate their interaction with three of the most used
antifungal agents in clinical practice. MICso assays were performed following the
protocol established by the European Society of Clinical Microbiology and Infectious
Diseases (EUCAST, Definitive Document E.Def 7.4) for FLC, caspofungin (CSP),
and micafungin (MICA) in Roswell Park Memorial Institute (RPMI) because it is a
fully defined synthetic medium, commercially available with minimal batch-to-batch
variation, which reduces an important source of variability in susceptibility testing
[42].

The antifungal concentrations tested were as follows:

« FLC:0,0.5,1,2,4,8,16, 20, 32, and 64ug/mi.

« CSP:0,0.0062,0.0125, 0.025, 0.05, 0.1, 0.5, 1, 2, and 4ug/ml.

« MICA: 0, 0.0062, 0.0125, 0.025, 0.05, 0.1, 0.25, 0.5, 0.75, and 1ug/ml.
Antifungal solutions were prepared as 2X stocks in RPMI supplemented with 2%
glucose for subsequent experimental setup. The contemporaneous clinical strains
from P6 (AN264, AN359, AN812—-AN821) were inoculated into RPMI medium and
incubated at 30°C. After 24 hours, 10ul of saturated culture was transferred into 5ml
of fresh RPMI medium and incubated at 30°C for 48 hours. Subsequently, 1ml of
cells from each inoculum was collected, washed three times with Milli-Q water, and
resuspended in 1ml of RPMI medium. Cell suspensions were then adjusted to an
ODeoo of 0.15 in 5ml of RPMI. From this suspension, 1ml was transferred into a new
tube containing 4ml of RPMI. A total of 100yl of the adjusted cell suspension was
dispensed into each well of a round-bottom plate, corresponding to approximately
60K cells per well. Additionally, 100yl of the corresponding antifungal stock solution
was added to each well. Plates were incubated statically at 30°C. After 24 hours,

cells were resuspended, and ODsoo measurements were recorded using an
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EPOCHH Plate Spectrophotometer, BioTek Instruments, Inc©. Data were analyzed
using spreadsheet software and represented using GraphPad Prism®.
MICso values were determined for the selected contemporaneous isolates as well as

for the laboratory reference strains for each of the three antifungal agents.
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Statement on the use of IA
During the development of this work, artificial intelligence tools were used as

academic and technical support. Scopus Al and Perplexity were used to search,
filter, and summarize scientific information related to the topic. Specifically,
Consensus helped obtain evidence-based summaries from previous research, while
Perplexity was used to answer specific questions and identify complementary
sources. On the other hand, ChatGPT was used exclusively to review the writing
and improve the style of the text in order to enhance clarity and coherence, without

modifying the interpretation of the results or the conclusions of the work.
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Supporting information

S1 Table. List of C. glabrata control strains used in this study.

Parental
Strain ] Genotype [ Phenotype Description
strain
BG14 Ura- Gly+
BG2 ura3A::Tn903 BG2 ura3A::Tn903 [43]
(CGM1) FLCSDPD
CBS
WT ATCC2001 Ura+ Gly+ Clinical isolate, [44].
(CBS138)
Clinical isolate from urine
AN376 WT fen1 (Y220C) | Ura+ CSPR
from P7
PDR1 Clinical isolate from blood
AN378 WT Ura+ FLCR
(G1099C) from P7
Petite obtained by EtBr
CGM1938 BG14 |ura3A:Tn903 | Ura- Gly-
from BG14
Petite obtained by EtBr
CGM1939 BG14 | ura3A::Tn903 [ Ura- Gly-
from BG14

\

ERG3

RPM2

)

S1 Fig. Genotyping with ERG3, RPM2, and MT-I molecular markers from P6.
No variation in PCR product size was detected among the contemporaneous
strains for any of the evaluated markers; however, their amplification profiles
differed from those observed in the CBS138 and BG14 reference strains.
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RPM2

MWM
AN483
AN822
AN823
AN824
AN825
AN826
ANS505
AN827

—] AN828
BG14
CBS

AN829
AN830
AN831
ANS506
AN832
AN833
AN834
AN835
AN836

bl
(-]

S2 Fig.. Genotyping with ERG3, RPM2, and MT-I molecular markers from P8.
No variation in PCR product size was detected among the contemporaneous
strains for any of the evaluated markers; however, their amplification profiles
differed from those observed in the CBS138 and BG14 reference strains.

ERG3 RPM2

P10

S3 Fig. Genotyping with ERG3, RPM2, and MT-I molecular markers from P10.
No variation in PCR product size was detected among the contemporaneous

strains for any of the evaluated markers; however, their amplification profiles differed
from those observed in the CBS138 and BG14 reference strains.
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SDS %, 30°C Caffeine [mM], 30°C
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10

BG14 @
2 34512 3 45123435

P8- ‘ : ‘ .. ‘:}’ -

P10

38



Caspofungin [ug/ml], 30°C
0.025 0.035 0.05

2 3 45 12 3 45

PG{ &l 2 {p>o

Fluconazole [pg/ml], 30°C

S1 Fig.. Succeptibility assays under differents types of stressors in
contemporaneous clinical strains in P6, P8 and P10.

Phenotypic characterization was performed for the 40 contemporaneous isolates
obtained from the three patients (P6, P8 and P10). Each new C. glabrata isolate was
inoculated into YPD broth and incubated for 48 hours at 30°C with shaking. After
incubation, cultures were adjusted to an ODeoo of 0.05 using sterile water and
subjected to spot-growth assays under different stress and drug susceptibility
conditions. Growth on YPD plates at 30°C was used as the control condition, while
growth at 37°C and 45°C was evaluated as thermal stress (A). We also assessed
growth on YPG medium containing 3% glycerol instead of dextrose as a non-
fermentable carbon source at both 30°C and 37°C (B). Cell membrane stress was
assessed using YPD supplemented with SDS at 0.04%, 0.075%, and 0.1% (C). To
evaluate pleiotropic stress responses, strains were grown on YPD supplemented
with caffeine at concentrations of 0.04mM, 0.075mM, and 0.1Mm (D). Oxidative
stress conditions were evaluated using YPD supplemented with H,O, at 5mM,
10mM, and 15mM (E). Antifungal susceptibility assays included YPD supplemented
with caspofungin (CSP) at 0, 1.5, 2.0, and 3.0ug/mL as an echinocandin-class
fungicidal drug (F), and YPD supplemented with fluconazole (FLC) at 0, 8, 16, 32,
and 64pug/mL as an azole-class fungistatic drug(G). All plates were incubated at 30°C
for 48 hours and subsequently photographed using the Bio-Rad Gel Doc XR+
documentation system. Representative photographs of three biological and
independent assays.
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