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Deciphering Mechanisms of Pathogenesis in Candida glabrata: in the Crossroad Between Drug

Resistance and Virulence

Abstract

In this thesis, the study of molecular mechanisms simultaneously involved in at least two of the
three main processes for the survival of C. glabrata in the human host: biofilm formation, virulence and
antifungal resistance; was pursued. This work presents two new regulators of biofilm formation, CgEfg1
and CgTec1, which together control 40% of all the transcriptomic changes happening in this complex
process. In addition, biofilm formation was found to depend on unexpected players, like CgDtr1 and
CgTpo4, which are key effectors of virulence in this pathogenic yeast, CgDtr1 as an acetate exporter
whose action fights oxidative and acetic acid stress, while CgTpo4 is essential to resist the action of
antimicrobial peptides and polyamines. Biofilm formation was also found to rely on the expression of
two cell peripheral proteins, CgEpa3 and CgPil2, an adhesin and an eisosome component unraveled
during the study of in vitro evolution towards azole resistance of a C. glabrata susceptible clinical isolate.
CgEpa3 and CgPil2 are thus two effectors in azole resistance, the first believed to contribute to
increased yeast aggregation, decreasing C. glabrata exposure to azole drugs, while CgPil2 contributes
for lipid homeostasis at the plasma membrane, influencing the presence of MDR transporters involved
in both antifungal resistance and biofilm formation.

Altogether, this thesis gives evidence of new molecular mechanisms with intricate functions in
biofilm formation, virulence and antifungal resistance, indicating that new therapeutic targets should be

chosen according to their importance in as many fundamental roles in C. glabrata as possible.

Keywords: Candida glabrata, biofilm formation, virulence, antifungal resistance, new effectors



Descodificando mecanismos de patogénese em Candida glabrata: no cruzamento entre
resisténcia a drogas e viruléncia

Mafalda Banazol de Santa Rita Cavalheiro

Doutoramento em Biotecnologia e Biociéncias

Orientador: Professor Doutor Miguel Nobre Parreira Cacho Teixeira

Resumo

Nesta tese, o estudo dos mecanismos moleculares simultaneamente envolvidos em pelo menos
dois dos trés principais processos de sobrevivéncia de C. glabrata no hospedeiro humano: formagao
de biofilme, viruléncia e resisténcia a antifungicos; foi perseguido. Este trabalho apresenta dois novos
reguladores de formagéo de biofiime, CgEfg1 e CgTec1, que juntos controlam 40% de todas as
alteracdes transcriptomicas que acontecem neste processo complexo. Adicionalmente, descobriu-se
que a formagao de biofilme é dependente de jogadores inesperados, como CgDtr1 e CgTpo4, que sao
efectores-chave de viruléncia nesta levedura patogénica, CgDtr1 como um exportador de acetato cuja
acgao combate o stress oxidativo e o derivado do acido acético, enquanto o CgTpo4 é essencial para
resistir a acgdo de péptidos antimicrobianos e poliaminas. A formagao de biofilme foi descoberta estar
dependente da expressado de duas proteinas celulares periféricas, CgEpa3 e CgPil2, uma adesina e
um componente de eisossomas desvendados durante o estudo da evolugdo in vitro direccionada a
resisténcia a azéis de um isolado clinico susceptivel de C. glabrata. CgEpa3 e CgPil2 sdo assim dois
efectores na resisténcia a azdis, o primeiro acredita-se contribuir para o aumento de agregacéo entre
células de levedura, diminuindo a exposigéo de C. glabrata as drogas azois, enquanto CgPil2 contribui
para a homeostase lipidica na membrana plasmatica, influenciando a presenga de transportadores
MDR envolvidos na resisténcia a antifingicos e na formagao de biofiime.

De um modo geral, esta tese da evidéncias de novos mecanismos moleculares com fungdes
intricadas na formagéao de biofilme, viruléncia e resisténcia a antifungicos, indicando que novos alvos
terapéuticos devem ser escolhidos de acordo com a sua importancia no maior niumero possivel de

papéis fundamentais em C. glabrata.

Palavras-chave: Candida glabrata, formagao de biofilme, viruléncia, resisténcia a antifungicos, novos
efectores

Vi
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INTO the MEMDIANE. ... ettt e e e e e e et et e e e e e e e e e e e e nnneneeeeeaaaaaas 26
Figure 1.4. Echinocandin resistance mechanisms in Candida glabrata based on the hot spot mutations
in FKS1 and FKS2 genes, altering the structure of the B-(1,3)-D-glucan synthase and stopping the
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Figure I1.5. Amphotericin B mechanisms of resistance in Candida glabrata rely on the alterations in the
structure of Erg6, which decrease ergosterol levels on the membrane, and on the MFS transporters
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Figure 1.6. Pyrimidine-analogue resistance in Candida glabrata. Changes of expression or mutations of
genes involved in the conversion of 5-fluorocytosine into pyrimidine-analogues. The role of MFS
transporters Aqr1, FIr1, FIr2, Fps1 and Fps2 in 5-fluorocytosine resistance...........ccccccoovcvveeeiiciieeeenne 30
Figure 1.7. Adhesins involved in the adhesion to host mucosa upon Candida glabrata infections. ...... 33
Figure 1.8. Candida glabrata mechanisms for evading phagocytosis action by macrophages. C. glabrata
employs mechanisms of chromatin reorganization and DNA damage repair, having essential effectors:
Rsc3-a, Rsc3-b and Rit109, and Rtt107 and Sgs1, respectively; uses the level of peroxisomes together
with Atg17 and Atg11 to answer phagolysosomal stress, as well as Cta1 to couple with oxidative stress;
and relies on two mannosyltransferases, Mnn10 and Mnn11, for the alkalinisation of the
phagolysosome. Such mechanisms allow C. glabrata to provoke a decrease in the production of
inflammatory cytokines, decrease of acidification, decrease of ROS formation and alters the fusion of
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Figure I1.1. Interaction of C. glabrata wild-type strain KUE100 with glass, polystyrene, silicone elastomer
and polyvinylchloride by SCFS. Average of the a maximal adhesion force, b work of adhesion and ¢
rupture distance measured on each retraction curve. d Representative force-distance curves of the
interaction with glass (black), polystyrene (red), silicone elastomer (blue) and polyvinyl chloride (green).
For every condition, at least 5 yeast cells, from at least 3 independent cell cultures, were immobilized
on the cantilever for the interaction of each material and 256 force-distance curves were recorded. Error
bars indicate standard deviations. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001......c...cccevuevnn. 52
Figure I.2. AFM imaging of human vaginal epithelial VK2/EGE7 cells in the QI™. a height image based
on the contact point position, b spring constant map corresponding to the slope of the approach force-
distance curves and ¢ adhesion map corresponding to the maximum adhesion force on the retraction
fOrCE-AISTANCE CUNVES. ...oiiiiiiiie ettt e e et e e e ettt e e et e e e e s e asse e e e s enssaeeeesnnssaeeeeannnaeeas 52
Figure 11.3. Interaction of C. glabrata wild-type strain KUE100 with human vaginal epithelial VK2/EGE7
cells by SCFS, using different contact times: 5s, 10 s, 30 s and 60 s. Characterization of these
interactions is based on the a maximal adhesion force, b work of adhesion, ¢ rupture distance, d number
of jumps and e number of tethers measured on each retraction curve. f Representative force-distance
curves are presented for each contact time (the lighter the force curve, the higher the contact time).
Horizontal lines indicate the average levels from at least 4 yeast cells, from at least 3 independent cell
cultures, immobilized on the cantilever for the interaction with epithelial cells and 64 or 16 force-distance
curves were recorded, for 5s and 10 s, and 30 s and 60 s, respectively. Error bars indicate standard
deviations. *, P<0.05; **, P<O.0T. ..uueiieiiiieee oottt e e e e e e e e e e e e e aeaaaaeeee e e e eraraaara—a 54
Figure 11.4. CgEfg1 and CgTec1 are necessary for C. glabrata biofilm formation on polystyrene surface.
Assessment of 24 h biofilm formation was performed by Presto Blue Cell Viability assay in microtiter
plates of a C. glabrata KUE100, Acgefg1 and Acgtec1 strains and b C. glabrata L5U1 strain harboring
the pGREG576 cloning vector (vv) and the same strain harboring the pGREG576_MT-I_CgEFG1 or
pGREG576_PDC1_CgTEC1 plasmids, grown in SDB medium, pH 5.6. The data is displayed in a scatter
dot plot, where each dot represents the level of biofilm formed in a sample. Horizontal lines indicate the
average levels from at least three independent experiments. Error bars indicate standard deviations.
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Figure 11.5. CgEfg1 and CgTec1 are necessary for C. glabrata adhesion to the VK2/EG6E7 human vaginal
epithelium cell line. Adhesion of a the C. glabrata parental KUE100 and Acgefg? and Acgtec1 strains
and b the C. glabrata L5U1 strain harboring the pGREG576 cloning vector (vv) and the same strain
harboring the pGREG576_MT-I_CgEFG1 or pGREG576_PDC1_CgTEC1 plasmids, to the human
vaginal epithelial cells for 30 min at 37 °C under 5% CO2. Values are averages of results from at least
three independent experiments. Error bars represent standard deviations. *, P<0.05; **, P<0.01. ..... 56
Figure 11.6. CgPwp5, CgAed2 and CgAwp13 adhesins are necessary for biofilm formation, being
regulated by CgEfg1 and CgTec1 transcription factors. Shown are the transcript levels of a CgPWP5, b
CgAED2, c CgAWP13 in the C. glabrata wild-type strain KUE100 and in the derived deletion mutants
Acgefg1 and Acgtec1, in planktonic conditions and 6 h, 24 h and 48 h of biofilm formation conditions on
polystyrene surface in liquid SDB medium, pH 5.6. Transcript levels were assessed by quantitative RT-

PCR, as described in Materials and Methods. Values are averages of results from at least three

xiii



independent experiments. Error bars represent standard deviations. d 24 h biofilm formation quantified
by Presto Blue Cell Viability assay in microtiter plates of C. glabrata KUE100 wild-type and Acgpwp5,
Acgaed?2 and Acgawp 13 deletion mutant strains grown in SDB medium, pH 5.6. The data is displayed
in a scatter dot plot, where each dot represents the level of biofilm formed in a sample. Horizontal lines
indicate the average levels from at least three independent experiments. Error bars indicate standard
deviations. *, P<0.05; **P<0.01, ***P<0.001 P; ****, P<O.00071. .....cceeiiiiieeeeiiiieeeeeiieee e eeiiee e sireee e 59
Figure 11.7. CgEfg1 is necessary for the adhesion of C. glabrata to polystyrene, silicone elastomer and
polyvinyl chloride, with 5 s of contact time. Horizontal lines indicate the average levels of C. glabrata
wild-type KUE100 strain (black) and deletion mutant Acgefg? (grey) regarding a maximum adhesion
force, b work of adhesion and c rupture distance measured on each retraction curve. d Representative
force-distance curves of the interaction with glass, polystyrene, silicone elastomer and polyvinyl
chloride, by C. glabrata wild-type KUE100 (black) and Acgefg? deletion mutant single cells (orange).
For every condition, at least 4 yeast cells, from at least 3 independent cell cultures, were immobilized
on the cantilever for the interaction with each material. 256 force-distance curves were recorded per
yeast cell. Error bars indicate standard deviations. *, P<0.05. .........ccccoiii i 61
Figure 11.8. CgTec1 is not necessary for C. glabrata adhesion to polystyrene, silicone elastomer and
polyvinyl chloride, with 5 s of contact time. Horizontal lines indicate the average levels of C. glabrata
wild-type KUE100 strain (black) and deletion mutant Acgtec? (grey) regarding a maximum adhesion
force, b work of adhesion and c rupture distance measured on each retraction curve. d Representative
force-distance curves of the interaction with glass, polystyrene, silicone elastomer and polyvinyl
chloride, by C. glabrata wild-type KUE100 (black) and Acgtec1 deletion mutant single cells (green). For
every condition, at least 4 yeast cells, from at least 3 independent cell cultures, were immobilized on the
cantilever for the interaction with each material. 256 force-distance curves were recorded per yeast cell.
Error bars indicate standard deviations. ........... ... 62
Figure I1.9. Interaction of C. glabrata wild-type strain KUE100 (black) and deletion mutant Acgefg1 (grey)
with human vaginal epithelial VK2/EGE7 cells by SCFS, using 5 s of contact time. Characterization of
these interactions is based on the a maximal adhesion force, b work of adhesion, ¢ rupture
distance, d number of jumps and e number of tethers measured on each retraction curve. f
Representative force-distance curves of the interaction of C. glabrata wild-type KUE100 (black) and
Acgefg1 deletion mutant single cells (orange) with epithelial cells. Horizontal lines indicate the average
levels from at least 4 yeast cells, from at least 3 independent cultures, immobilized on the cantilever for
the interaction with epithelial cells 64 force-distance curves were recorded. Error bars indicate standard
deviations. *, P<0.05; **, P<O.07T. .ouuuiiiiiieee oottt e e e e e e e e e e e e e e e e e e aaeeee e e e ererarara—a 63
Figure 11.10. Interaction of C. glabrata wild-type strain KUE100 (black) and deletion mutant Acgtec?
(grey) with human vaginal epithelial VK2/EGE7 cells by SCFS, using 5 s of contact time. Characterization
of these interactions is based on the a maximal adhesion force, b work of adhesion, c rupture distance,
d number of jumps and e number of tethers measured on each retraction curve. f Representative force-
distance curves of the interaction of C. glabrata wild-type KUE100 (black) and Acgtec? deletion mutant

single cells (green) with epithelial cells. Horizontal lines indicate the average levels from at least 4 yeast
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cells, from at least 3 independent cultures, immobilized on the cantilever for the interaction with epithelial
cells 64 force-distance curves were recorded. Error bars indicate standard deviations. ..................... 64
Figure 11.11. CgDTR1 expression increases C. glabrata virulence against the G. mellonella infection
model. (A) The survival of larvae injected with ~5x107 CFU/larvae of KUE100 C. glabrata wild-type (full
line), or derived Acgdtr1 deletion mutant (dashed line), is displayed as Kaplan-Meier survival curves. (B)
The survival of larvae injected with ~5x107 CFU/larvae of L5U1 C. glabrata wild-type strain, harboring
the pGREG576 cloning vector (full line) or the pPGREG576_MTI_CgDTR1 expression plasmid (dashed
line), is displayed as Kaplan-Meier survival curves. The displayed results are the average of at least
three independent experiments. *P < 0.05; ***P < 0.0071. ....coieiiiiiiieiiiiiee e e sireee e 72
Figure 11.12. CgDTR1 deletion decreases C. glabrata proliferation in G. mellonella hemolymph. The
concentration of viable C. glabrata KUE100 wild-type (light gray) and Acgdtr1 (dark gray) cells assessed
within total hemolymph recovered from G. mellonella larvae upon 1, 24, and 48 h of injection with ~5x107
CFU/larvae is shown. The displayed results are the average of at least three independent experiments,
standard deviation being represented by the error bars. **P < 0.01. ....ccooiiiriiiiii e, 73
Figure 11.13. CgDTR1 expression increases C. glabrata proliferation in G. mellonella hemocytes. The
concentration of viable KUE100 C. glabrata wild-type (light gray) and Acgdtr1 (dark gray) cells (A), or
of viable L5U1 C. glabrata wild-type harboring the pGREG576 cloning vector (light gray) or the
pGREG576_MTI_CgDTR1 expression plasmid (dark gray) cells (B) assessed upon 1, 4, 24, and 48 h
of co-culture with G. mellonella hemocytes, using a MOI of 1:5. The displayed results are relative to the
concentration of viable cells inoculated at time zero and are the average of at least three independent
experiments, standard deviation being represented by the error bars. *P < 0.05. ........ccccceeevciiereennee 74
Figure 11.14. CgDTR1 confers resistance to weak acids and hydrogen peroxide in C. glabrata. (A)
Comparison of the susceptibility to acetic acid, benzoic acid or to H202, at the indicated concentrations,
of the KUE100 C. glabrata (wild-type—wt) and Acgdtr1 strains, in BM agar plates, pH 4.5, by spot
assays. (B) Comparison of the susceptibility to acetic acid, benzoic acid or to H202, at the indicated
concentrations, of the L5U1 C. glabrata strain (wild-type—wt), harboring the pGREG576 cloning vector
(v) or the pGREG576_MT|_CgDTR1 in BM agar plates, pH 4.5, without uracil, by spot assays. The
inocula were prepared as described in the materials and methods section. Cell suspensions used to
prepare the spots were 1:5 (b) and 1:25 (c) dilutions of the cell suspension used in (a). The displayed
images are representative of at least three independent experiments..........c.ccocccvveiiiciieeccciiee e 75
Figure 11.15. CgDTR1 confers resistance to weak acids in C. glabrata. Comparison of the susceptibility
of KUE100 C. glabrata wild-type (¢) and Acgdtr1 (m) deletion mutant strain to cultivation in the presence
of 100 mM acetic acid or of 2 mM benzoic acid in BM liquid medium, pH 4.5, in comparison to control
conditions, measured in terms of variation of Optical Density at 600nm (ODeoonm). The inocula were
prepared as described in the materials and methods section. Growth curves are representative of at
least three independent eXpPeriMeENtS. .. ... e e e 76
Figure 11.16. CgDtr1 is a plasma membrane acetate exporter in C. glabrata cells. (A) Fluorescence of
exponential-phase L5U1 C. glabrata cells or BY4741 S. cerevisiae cells, harboring the
pGREG576_MTI_CgDTR1 or pPGREG576_CgDTR1 plasmids, after 5 h of copper- or galactose-induced

recombinant protein production, respectively. Results indicate that the CgDtr1-GFP fusion protein
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localizes to the plasma membrane of both S. cerevisiae and C. glabrata cells. (B) Time course
accumulation ratio of ['*C]-Acetic acid in non-adapted cells of KUE100 C. glabrata wild-type (#) or
Acgdir1 (m) strains, during cultivation in BM liquid medium in the presence of 65 mM unlabeled acetic
acid. The accumulation ratio values are averages of at least three independent experiments. Error bars
represent the corresponding standard deviations. *p < 0.05. ........ooiiiiiiiiiiiie e 77
Figure 11.17. The CgDTR1 gene transcript level is upregulated during internalization in hemocytes and
upon exposure to oxidative stress. Comparison of the variation of the CgDTR1 transcript levels in
KUE100 C. glabrata wild-type cells upon exposure to: (A) G. mellonella hemocytes, comparing non-
internalized cells collected in the supernatant of hemocyte-C. glabrata 1 h co-cultures, and after 24 and
48 h of internationalization by hemocytes; (B) 30, 60, or 100 mM of acetic acid for 1 h; or (C) 20 mM of
hydrogen peroxide for 1 h, in comparison with exponentially growing C. glabrata cells. The presented
transcript levels were obtained by quantitative RT-PCR and are CgDTRTMRNA/CgACTTmRNA levels,
relative to the values registered in wild-type exponential cells cultivated in planktonic conditions. The
indicated values are averages of at least three independent experiments. Error bars represent the
corresponding standard deviations. *P < 0.05; ***P < 0.001; ****P < 0.0001.......ccccceevviiireeeiiiiree e 78
Figure 11.18. CgTPO4 expression increases C. glabrata virulence against the G. mellonella infection
model. A) The survival of larvae injected with approximately 5x10” CFU/larvae of KUE100 C. glabrata
wild-type, derived Acgtpo4 deletion mutant or PBS as control, is displayed as Kaplan-Meier survival
curves. B) The survival of larvae injected with approximately 5x107 CFU/larvae of L5U1 C. glabrata wild-
type strain, harboring the pGREG576 cloning vector or the pGREG576_MT-I_CgTPO4 expression
plasmid, or injected with PBS as control, is displayed as Kaplan-Meier survival curves. The displayed
results are the average of at least three independent experiments, standard deviation being represented
by the grey lines. **P<0.01; ****P<0.0007 . ....ccuiiiiiiieiiie e e et e e see e see e e sae e e embeeesneeea 88
Figure 11.19. CgTpo4 is a determinant of histatin-5 resistance. Survival curves of C. glabrata KUE100
wild-type (#) and derived Acgtpo4 deletion mutant (m) cells in the presence of 35 uM of histatin-5 (A) or
of C. glabrata L5U1 wild-type cells, harboring the cloning vector pPGREG576 (¢) or the expression
plasmid pGREG576_MT-I_CgTPO4 (m) in the presence of 65 uM of histatin-5 (B), were determined over
a 60 min period. The average percentage of survival, obtained from at least three independent
experiments, is indicated by the black lines, standard deviation being represented by error bars.
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Figure 11.20. Expression of genes encoding AMPs is activated in G. mellonella, during infection by C.
glabrata. Comparison of the variation of the gallerimycin (A), galliomycin (B), IMPI (C), lysozyme (D)
and cecropin (E) transcript levels in G. mellonella, after 1 h, 4 h, 8 h, 12 h, and 24 h of infection by
KUE100 C. glabrata wild-type cells (black bars) and derived Acgtpo4 mutant cells (grey bars). The
presented transcript levels were obtained by quantitative RT-PCR and are normalized to the GmACT1
mRNA levels, relative to the values registered in G. mellonella larvae, in the same time points, treated
with PBS buffer as a control. The indicated values are averages of at least three independent
experiments. Error bars represent the corresponding standard deviations. *P<0.05; **P<0.01;
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Figure 11.22. CgTpo4 is a determinant of spermidine resistance. Survival curves of C. glabrata KUE100
wild-type (¢) and derived Acgtpo4 deletion mutant (m) cells were determined over a 60 min period, in the
presence of 5 mM of spermidine. The average percentage of survival, obtained from at least three
independent experiments, is indicated by the black lines, standard deviation being represented by error
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Figure 11.21. CgTPO4 confers resistance to polyamines in C. glabrata. A) Comparison of the
susceptibility to the polyamines, spermidine, putrescine or spermine, at the indicated concentrations, of
the C. glabrata KUE100 (Wt) and derived KUE100_Acgtpo4 mutant cells, in YPD agar plates, by spot
assays. B) Comparison of the susceptibility to spermidine, putrescine or spermine at the indicated
concentrations, of the C. glabrata L5U1 strain (wild-type - wt), harboring the pGREG576 cloning vector
(v) or the pGREG576_MT-I_CgTPO4 in YPD agar plates, by spot assays. The inocula were prepared
as described in the materials and methods section. Cell suspensions used to prepare the spots were
1:5 (b) and 1:25 (c) dilutions of the cell suspension used in (a). The displayed images are representative
of at least three independent EXPEIIMENTS. ........ooiiiiiiiii i e e srreee e 92
Figure 11.23. CgTpo4 is localized in the plasma membrane of yeast cells. Fluorescence of exponential-
phase L5U1 C. glabrata cells or BY4741 S. cerevisiae cells, harboring the pGREG_MT-I_CgTPO4 or
pGREG576_CgTPO4 plasmids, after 5 h of copper- or galactose-induced recombinant protein
production, respectively. Results indicate that the CgTpo4-GFP fusion protein localizes to the plasma
membrane in both S. cerevisiae and C. glabrata Cells. ............ccooeiiiiiiiiiii e 93
Figure 11.25. The deletion of CgTPO4 increases plasma membrane potential. Comparison of the
fluorescence intensity of C. glabrata KUE100 wild-type and derived Acgtpo4 mutant cells incubated with
the fluorescent dye DiOC6(3), whose uptake and accumulation depends on the plasma membrane
potential. A scatter dot plot representation of the data is shown, where each dot represents the
fluorescence intensity of individual cells. The average level of intensity, considering at least three
independent experiments, and at least 100 cells per experiment, is indicated by the black line (-),
standard deviation being represented by error bars. ****p<0.0001. .........cccoiieeiiiiiiie e 94
Figure 11.24. CgTPO4 expression leads to decreased spermidine accumulation in C. glabrata. Time
course accumulation ratio of [*H]-Spermidine in non-adapted cells of KUE100 C. glabrata wild-type (m)
or KUE100_Acgtpo4 (#) strains, during cultivation in YPD liquid medium in the presence of 8.5 mM
unlabeled spermidine. The accumulation ratio values are averages of at least three independent
experiments. Error bars represent the corresponding standard deviations. ***p<0.001. ..................... 94
Figure 11.26. CgTpo4 is a new determinant of C. glabrata virulence. Schematic of the proposed roles of
CgTpo4 in the resistance to histatin-5, as a plasma membrane spermidine exporter, and in the regulation

of plasma membrane POLENTIAL. ..........ciciiiiii e e e e e s arraeea e 96

Figure 111.1. Azole MIC distribution pattern for a C. glabrata cell population during evolution toward
multiazole resistance. Shown is a comparison of the MICs of fluconazole, voriconazole, posaconazole,
and clotrimazole for the 044 C. glabrata clinical isolate during prolonged exposure to therapeutic serum
fluconazole concentrations (16 ug/ml), as described in Materials and Methods. The time point at which

the clinical resistance breakpoint for each azole drug was reached is indicated by a circle. ............. 108
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Figure ll.2. The evolved strains 044Fluco21, 044Fluco31, and 044Fluco45 display increased azole drug
tolerance over that of the parental Candida glabrata 044 clinical isolate. Shown are comparisons of the
susceptibilities of these strains to the imidazole drugs clotrimazole, ketoconazole, miconazole, and
tioconazole (A), the triazole drug fluconazole (B), and amphotericin B and flucytosine (C), at the
indicated concentrations, using spot assays on BM agar plates. The inocula were prepared in liquid BM
growth medium until the exponential phase of growth was reached, followed by dilution to an ODeoo of
0.05. Cell suspensions used to prepare the spots were 1:5 (b) and 1:25 (c) dilutions of the cell
suspensions used in the plates shown on the left (a). The images displayed are representative of those
obtained in at least 3 independent eXperiments. .............eiiiii e 110
Figure 111.3. Role of ergosterol metabolism in the acquisition of azole resistance in the 044 clinical isolate.
(A) Gene expression changes registered for ergosterol biosynthetic genes along the evolution of the
044 clinical isolate toward multiazole resistance. Transcript levels were obtained by microarray
hybridization, and for each, the fold change relative to the level registered for the 044 parental clinical
isolate is shown. Values are averages of results from at least three independent experiments. P<0.05.
(B) Total ergosterol contents of 044 and azole-derived C. glabrata cells. Cells were harvested after 15
h of growth in YPD medium, and total ergosterol was extracted and quantified by HPLC. Cholesterol
was used as an internal standard in order to evaluate the yield of the ergosterol extraction. The
ergosterol contents displayed are averages of the results of at least three independent experiments.
Error bars represent standard deviations. *, P<0.05..............ummiiiiiiiiii e 111
Figure 111.4. Role of drug export in the acquisition of azole resistance in the 044 clinical isolate. (A) Gene
expression changes registered for the multidrug transporter-encoding genes, whose expression
reached >2-fold differences, along the evolution of the 044 clinical isolate toward multiazole resistance.
Transcript levels were obtained by microarray hybridization, and for each, the fold change relative to the
level registered for the 044 parental clinical isolate is shown. Values are averages of results from at
least three independent experiments. P < 0.05. (B) Time course accumulation of rabiolabeled
[®H]clotrimazole in strain 044 and the derived strains 044Fluco21, 044Fluco31, and 044Fluco45 during
cultivation in liquid BM medium in the presence of 30 mgl/liter unlabeled clotrimazole. Accumulation
values are the averages of results from at least three independent experiments. Error bars represent
standard deviations. *, P<0.05; **, P<O.07T. ..euuuruieeeee e e e e e e e e e 111
Figure |IIl.5. Correlation between adhesin gene expression and the acquisition of
clotrimazole/posaconazole resistance in the 044Fluco31 strain. (A) Gene expression changes
registered for adhesin-encoding genes along the evolution of the 044 clinical isolate toward multiazole
resistance. Transcript levels were obtained by microarray hybridization, and for each, the fold change
relative to the level registered for the 044 parental clinical isolate is shown. Values are averages of
results from at least three independent experiments. P<0.05. (B) Comparison of the differences in the
CgEPA1 and CgEPAS3 transcript levels along the evolution of the 044 clinical isolate toward multiazole
resistance. Transcript levels were obtained by quantitative RT-PCR and were normalized to CgQACT1
mRNA levels. The fold change in the level of each transcript for each evolved strain relative to the level
registered for 044 parental cells is shown. Values are averages of results from at least three independent

experiments. Error bars represent standard deviations. *, P<0.05.............cooooiiiiiieeiieee e 113
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Figure lll. 6. The evolved strain 044Fluco31 exhibits increased cell-to-cell adhesion over that of the 044
clinical isolate. Cell-to-cell aggregation was evaluated based on microscopic observation. (A) Displayed,
as scatter dot plots, are the percentage of cell aggregates per total cell population and the number of
cells per aggregate, considering aggregates of at least 10 cells. **, P<0.01; ****, P<0.0001. (B)
Adhesion of the C. glabrata 044 clinical isolate and derived strains evolving toward azole resistance to
VK2/EBGE7 human vaginal epithelial cells for 30 min at 37 °C under 5% COs.. Values are averages of
results from at least three independent experiments. Error bars represent standard deviations. **,
P<0.01. (C) Biofilm formation on polystyrene surfaces was assessed based on crystal violet staining of
the C. glabrata 044 clinical isolate and derived strains evolving toward azole resistance, which had been
grown for 15 h in RPMI medium, pH 4.0, in microtiter plates. The data are displayed in a scatter dot plot,
where each dot represents the level of biofilm formed in a sample. Horizontal lines indicate the average
levels from at least 8 independent experiments. Error bars indicate standard deviations. ................ 114
Figure 111.7. CgEpa3 confers resistance to azole antifungal drugs in C. glabrata cells. (A) Comparison of
the susceptibilities of the C. glabrata parental strain KUE100 and the Acgepal, Acgepa3, Acgepal,
Acgepa10, Acgawp12, Acgawp13 derived strains to the imidazole drugs clotrimazole, ketoconazole,
miconazole, and tioconazole and the triazole drugs fluconazole and itraconazole at the indicated
concentrations by use of spot assays on BM agar plates. (B) Comparison of the susceptibilities to
several antifungal drugs, at the indicated concentrations, of the C. glabrata L5U1 strain harboring the
pGREG576 cloning vector (vv) and the same strain harboring the pGREG576_PDC1_CgEPA3 plasmids
in BM agar plates without uracil by use of spot assays. The inocula were prepared as described in
Materials and Methods. The cell suspensions used to prepare the spots were 1:5 (b) and 1:25 (c)
dilutions of the cell suspension used in the plates shown on the left (a). The images displayed are
representative of at least three independent experiments. ..........cccccveiiiiiie e 116
Figure Ill. 8. CgEpa3 confers resistance to azole antifungal drugs in the C. glabrata evolved clinical
isolate 044Fluco31. Shown is a comparison of the susceptibilities of the 044Fluco31 C. glabrata strain,
and the derived 044Fluco31_Acgepa3 deletion mutant strain to the azole drugs clotrimazole and
fluconazole, at the indicated concentrations, determined by use of spot assays on BM agar plates. The
inocula were prepared as described in Materials and Methods. The cell suspensions used to prepare
the spots were 1:5 (b) and 1:25 (c) dilutions of the cell suspension used in the plates shown on the left
(a). The images displayed are representative of at least three independent experiments.................. 117
Figure 111.9. CgEpa3 leads to decreased intracellular accumulation of [*H]clotrimazole in C. glabrata
cells. Shown are time courses of accumulation of rabiolabeled [*H]clotrimazole in the wild-type strain
KUE100 and KUE100_Acgepa3 (A) and in strain L5U1 harboring the pGREG576 cloning vector (vv) or
the pPGREG576_PDC1_CgEPA3 vector (B) during cultivation in liquid BM medium in the presence of 30
mg/L unlabeled clotrimazole. Accumulation values are the averages of results from at least three
independent experiments. Error bars represent standard deviations. *, P<0.05; **, P<0.01. ........... 117
Figure 111.10. CQEPA3 expression does not affect CgCDR1 transcript levels. Shown are transcript levels
of CgCDR1 in the C. glabrata wild-type strain KUE100 and KUE100_Acgepa3 (A) and in strain L5U1
harboring the pGREG576 cloning vector (vv) or the pGREG576_PDC1_CgEPA3 vector (B) during
cultivation in liquid BM medium. Transcript levels were assessed by quantitative RT-PCR, as described
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in Materials and Methods. Values are averages of results from at least three independent experiments.
Error bars represent standard deviations. ......... ..o 117
Figure 111.11. CgEpa3 is required for biofilm formation. (A) Biofilm formation was assessed based on
crystal violet staining of cells of wild-type C. glabrata KUE100 and the indicated single deletion mutants,
which had been grown for 15 h in SDB medium, pH 5.6, in microtiter plates. The data are displayed on
a scatter dot plot, where each dot represents the level of biofilm formed in a sample. Horizontal lines
indicate the average levels of biofilm formed in at least 8 independent experiments. Error bars represent
standard deviations. *, P<0.05. (B) Biofilm formation on polystyrene surfaces was assessed based on
crystal violet staining of wild-type C. glabrata L5U1 cells harboring either the cloning vector pGREG576
(control) (vv) or the pGREG576_PDC1_CgEPA3 plasmid, which had been grown for 24 h in SDB
medium, pH 5.6, in microtiter plates. The data are displayed on a scatter dot plot, where each dot
represents the level of biofilm formed in a sample. Horizontal lines indicate the average levels of biofilm

formed in at least 8 independent experiments. Error bars represent standard deviations. ****, P<0.0001.

Figure 111.12. Current model for the mechanisms underlying the evolution of the 044 clinical isolate
toward multiazole resistance. Under the timeline of prolonged fluconazole exposure, indicating the days
at which resistance to each azole drug was achieved, the main biological processes found to be
upregulated in each of the azole-resistant strains are highlighted. Below, the conclusions of the
experimental results obtained are given, suggesting that while for 044Fluco21, drug resistance appears
to rely mostly on decreased drug accumulation due to increased CgCdr1 expression, the 044Fluco31
strain displays increased drug tolerance due to increased cell-to-cell adhesion, and 044Fluco45 exhibits
multiazole resistance due to the acquisition of a CgPdr1 GOF mutation leading to increased expression
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Figure 111.13. Spot assays of the susceptibilities of C. glabrata strains KUE100 and Acgpil2, Acglsp1,
Acgseg1 deletion mutants to (A) miconazole, clotrimazole, ketoconazole, tioconazole and (B)
fluconazole, itraconazole, at the concentrations indicated, in MG agar plates. The inocula were prepared
as described in Methods. The cell suspensions used to prepare the spots were 1:5 (b) and 1:25 (c)
dilutions of the cell suspension used for column (a). The images displayed are representative of at least
three independent eXPEriMENTS. ... ... e e e e e e e e e e e e e e e e 129
Figure 111.14. Spots assays of the susceptibility of C. glabrata L5U1 strains harboring the pGREG576
(vv) plasmid or the pGREG576_PDC1_CgPIL2 plasmid (CgPIL2) to (A) miconazole, ketoconazole and
clotrimazole, and to (B) fluconazole and itraconazole, at the concentrations indicated, in MG agar plates.
The inocula were prepared as described in Methods. The cell suspensions used to prepare the spots
were 1:5 (b) and 1:25 (c) dilutions of the cell suspension used for column (a). The images displayed are
representative of at least three independent experiments. ..........cccccvveeiiiiii e 130
Figure 111.16. Time course accumulation ratio of [*H]clotrimazole in the C. glabrata KUE100 (black) and
Acgpil2 (grey) strains during cultivation in liquid MG in the presence of 30 mg/L unlabeled clotrimazole.
The accumulation ratio values are averages for at least three independent experiments. Error bars
represent standard deviations. *,P<0.05; **, P<O.071. ...t 131
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Figure Ill. 15. Fluorescence of exponential-phase C. glabrata L5U1 and S. cerevisiae BY4741 cells
harboring the pGREG576_PDC1_CgPIL2 and pGREG576_GAL1_CgPIL2 plasmid (CgPil2_GFP),
respectively. The results indicate that the CgPil2-GFP fusion protein localizes to the eisosomes of the
plasma membranes of both S. cerevisiae and C. glabrata Cells. ...........ccocoiiiiiiiiiiiiii e 131
Figure 111.17. CgPil2 is required for biofilm formation. Biofilm formation was assessed by Presto Blue
Cell Viability assay in microtiter plates of wild-type C. glabrata KUE100 and the Acgpil2 deletion mutant,
and C. glabrata L5U1 strains harboring the pGREG576 (vv) plasmid or the pGREG576_PDC1_CgPIL2
plasmid, which had been grown for 24 h in SDB medium, pH 5.6. The data are displayed on a scatter
dot plot, where each dot represents the level of biofilm formed in a sample. Horizontal lines indicate the
average levels of biofilm formed in at least three independent experiments. Error bars represent
standard deviations. *, P<O.05. ........oooiiiiiieieee et e ettt e et e e e e e e aaaaaeaes 132
Figure Ill. 18. Fluorescence of exponential-phase C. glabrata KUE100 wild-type cells (above) and
Acgpil2 deletion mutant (below) cells stained with NBD-DHS. Results indicate that the CgPil2 controls
the concentration and distribution of sphingolipids at the plasma membrane of C. glabrata cells. .... 133
Figure Ill. 19. Fluorescence of exponential-phase C. glabrata KUE100 wild-type cells (above) and
Acgpil2 deletion mutant (below) cells stained with Filipin Ill. Results indicate that the CgPil2 controls the
concentration and distribution of ergosterol at the plasma membrane of C. glabrata cells.. ............... 134
Figure lIl. 20. Total ergosterol contents of C. glabrata KUE100 and Acgpil2 cells. Cells were harvested
after 15 h of growth in YPD medium, and total ergosterol was extracted and quantified by HPLC.
Cholesterol was used as an internal standard in order to evaluate the yield of the ergosterol extraction.
The ergosterol contents displayed are averages of the results of at least three independent experiments.
Error bars represent standard deviations. *, P<O.05. ... 134
Figure Ill. 21. Fluorescence of exponential-phase S. cerevisiae BY4741 wild-type (A and C) and deletion
mutant Ascpil1 cells (B and D) harboring the pDS716 recombinant plasmid (A and B) and harboring the
pGREG576_GAL1_CgQDR2 recombinant plasmid (C and D), after 5 h of galactose induction of
recombinant protein production. The images displayed are representative of at least three independent
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Figure Ill. 22. Comparison of the transcript levels of (A) CgCDR1, (B) CgQDR2 in C. glabrata KUE100
wild-type strain and deletion mutant Acgpil2 cells, in exponential phase (black) and after 1h of 30 mg/L
clotrimazole exposure (grey). Transcript levels were determined by quantitative RT-PCR, as described
in Methods, and are expressed as CgGene/CgACT1 mRNA ratios. The value reported for wild-type cells
under control conditions was considered equal to 1. The values shown are averages for at least three
independent experiments. Error bars represent standard deviations. **, P<0.01. .........c.ccccccvvreennee. 136

Figure 1V.1. Regulation CgEfg1 and CgTec1 exert upon 24h of C. glabrata biofilm formation on
polystyrene. Upregulation of ABC and MFS transporters and adhesins, increased response to stress,

changes in the metabolism that indicate yeast cells are suffering from carbon and nitrogen limitations.

Figure IV.2. Transporters of the DHA family with a role in biofilm formation: CgDtr1, CgQdr2, CgTpo1_2

and CgTpo4 control the plasma membrane potential and affect the perception of nutrient availability and
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allows the survival of C. glabrata within this model of infection. Both transporters influence the potential
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l. Introduction



1. Candida glabrata: a human opportunistic pathogen

Fungal infections are a worldwide health problem that affects human health, particularly since
there is lack of effective therapeutic options and, often, delayed diagnosis [1]. It has been estimated that
fungal pathogens are responsible for over 1.6 million deaths annually [2]. Besides threating human
health, fungal pathogens are also known to affect animals and plants, constituting the main cause for
host loss [2]. Although not being easily transmitted among humans, and only affecting mainly
immunocompromised patients, fungal pathogens should be considered dangerous threats due to the
dramatic increase of immune impaired human populations, a consequence of the recent advances in
medicine and HIV spreading [1], [3]. In addition, fungal diseases tend to become chronic, gradually
killing the host [1]. To increase the problematic, global warming is expected to lead to the upsurge of
new fungal pathogens able to grow at 37 °C by selective pressure imposed by increased levels of
temperature [4].

Among all known fungal pathogens, Candida species represent the most common causal agents
of fungemia encountered in the world [5], and the fifth most common pathogen [6]. The genus Candida
englobes approximately 200 species, from which only a few are able to infect humans [7]. Candida
species are responsible for superficial candidiasis, a mucosal infection that might be developed in
different human body niches, being designated accordingly as oral, esophageal or vulvovaginal
candidiasis [8]-[11]. Additionally, Candida species are also able to cause invasive candidiasis, a
systemic infection that results in high mortality rates (mainly between 40-60%) [12]. Candidiasis is the
most frequent fungal disease in the world, being estimated that 50-75% of women at childbearing years
have at least one episode of vulvovaginal candidiasis, while 5-8% of women have recurrent vulvovaginal
candidiasis, with at least four episodes per year [5]. Candida species are accountable for 12.7% of all
catheter-associated urinary infections and 14.6% of central line—associated bloodstream infections [6],
corresponding to the major cause of systemic fungal infections [2].

Although Candida albicans is still the most isolated Candida species from healthy and diseased
humans [13], increased isolation of non-albicans Candida species has been observed in recent years
[14]-[16], Candida glabrata being the second most common cause of candidiasis [15], [17]-[19]. Certain
reports show that C. glabrata has even supplanted C. albicans, by being the most common Candida
species isolated from diabetic patients and abdominal sources [20], from medical wards in a tertiary
teaching hospital in Southwest China [21], or from Lebanese pregnant women with 35-37 weeks of
gestation [22]. Over the last 20 years, an increased isolation of C. glabrata in the United States was
registered, clearly indicating the worldwide tendency for its increased significance as a human pathogen.
Interestingly, C. glabrata affects more adults than children and 75% of the patients was found to carry
a single strain type of C. glabrata over time, with little diversity of strain in each patient [13]. Its high
prevalence is also observed in bloodstream infections, C. glabrata being responsible for 15% of all those
caused by Candida species [23].

Candida glabrata was classified, in 1978, as belonging to the Torulopsis genus given its
incapacity for polymorphic growth. Later, C. glabrata was included in the genus Candida, after the
observation that it is able to form pseudohyphae and to cause human infections [13]. Although included
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in this genus, C. glabrata has several differences from other Candida species. First of all, C. glabrata
blastoconidia size is smaller (1-4 um) than that of other Candida species (2.5-8 um), having a haploid
genome, different from the diploid genomes of C. albicans and others [13]. C. glabrata is much closer,
phylogenetically, to Saccharomyces cerevisiae, than to other Candida species. In fact, C. glabrata
genome comprises 13 chromosomes, with 38.8% of G+C content, similar to what is found for
S. cerevisiae (38.3%) [24]. Nonetheless, some metabolic characteristics distinguish these two species.
C. glabrata seems to have lost genes related to thiamine, pyridoxine and nicotinic acid
biosynthesis, galactose and sucrose assimilation, and phosphate, nitrogen and sulfur metabolism [24].
This pathogenic yeast is considered an asexual organism, but has a putative mating-type locus, a
pheromone gene, and at least 31 orthologs of S. cerevisiae genes whose only known roles are related
to mating and meiosis [25].

C. glabrata is considered extremely fit to resist antifungal drugs [15], [26]-[28]. It's ability to
acquire drug resistance is reflected in the number of resistant clinical isolates that have been found
through the years in different reports. From the study of Pfaller and colleagues focused on 20 788
Candida invasive isolates collected over 20 years, from 39 countries, Candida glabrata was identified
as the species with highest number of isolates resistant to fluconazole and echinocandins [15]. Similar
results have also been described in two studies of the same authors, indicating the prevalence of
Candida glabrata as the number one Candida species resisting several antifungal drugs, even the most
recently used class, echinocandins [27], [28]. In another study focused on 146 C. glabrata isolates
recovered from cancer patients suffering from fungemia, 19.8% of them were identified as multiazole
resistant, 16.4% as intermediate and 10.3% as resistant to caspofungin, and 6.8% as multidrug resistant
(resistance towards fluconazole, caspofungin and amphotericin B) [29]. The clear incidence of multidrug
resistance in C. glabrata isolates is a very concerning aspect of Candida infections that should be
surveilled and addressed so that patients are not left without any therapeutic options.

Similarly to all pathogenic Candida species, C. glabrata is able to form biofilms, not only in the
host mucosa but also on indwelling devices applied on patients [30]-[33]. This ability is closely linked to
the pathogenesis and virulence of Candida species. In fact, a recent study shows how higher fatality is
linked with Candida biofilms with high metabolic activity by analyzing the ability to form biofilms of
Candida isolates recovered from different candidemia cases [34]. C. glabrata has a very unique way to
form biofilms, architecting a very different structure from other Candida species, based on a dense and
compact structure of yeast cells wrapped in an extracellular matrix (ECM), composed mainly by proteins
and carbohydrates [35]. The biofilm has the capacity to protect C. glabrata cells from environmental
stress, ensuring its prevalence and survival in the human host and resistance to antifungal drugs [13],
[36], [37]. Besides biofilm formation, different molecular mechanisms of virulence are known to improve
the ability of this yeast to infect the human host, as its adherence capacity and enzyme production and
secretion that help degrade host tissues [13], [38].

To better resist the environmental stress found in the human host, C. glabrata has a set of different
mechanisms which allow this pathogenic yeast to cope with oxidative and osmotic stress, as well as
stresses directed to the cell wall and endoplasmic reticulum (ER) [35]. The environmental stress

response is regulated by CgMsn2 and CgMsn4 transcription factors, orthologs of the regulators found
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with the same function in S. cerevisiae [39]. C. glabrata relies as well on a single catalase, CgCta1, to
fight oxidative stress, regulated by CgMsn2, CgMsn4, CgSkn7 and CgYap1 [40], as well as two
superoxide dismutases, CgSod1 and CgSod2 [41], and the glutathione biosynthetic enzymes CgGsh1
and CgGsh2 [42]. The cell wall is safely guarded by the protein kinase C (PKC)-mediated signaling
pathway [35]. ER stress is sensed by the Cglre1 endoribonuclease, which functions as a stress sensor
that together with PKC-mediated cell wall integrity and calcineurin signaling regulates the ER stress
response [43], [44].

Due to all the mechanisms C. glabrata is able to trigger, this yeast is well prepared to face our
immune response and proliferate causing persistent infections. It is essential that further research is
undertaken to better understand how to correctly tackle C. glabrata infections.

The following Subchapter |.2, which was published as a review paper, highlights in detail the main
molecular mechanisms C. glabrata uses to form biofilms and prevail in the human host, resisting to
antifungal therapy and evading the host immune response. Subchapter 1.3 highlights the complexity of
antifungal resistance and virulence mechanisms in this yeast, reviewing the known examples of

interconnectivity between drug resistance and virulence factors.



2. Candida Biofilms: Threats, Challenges, and Promising Strategies

Published as a review paper, with the following citation reference:

Mafalda Cavalheiro and Miguel C. Teixeira, Candida Biofilms: Threats, Challenges, and Promising
Strategies, Frontiers in Medicine, 5(28), 2018.

2.1. Abstract

Candida species are fungal pathogens known for their ability to cause superficial and systemic
infections in the human host. These pathogens are able to persist inside the host due to the development
of pathogenicity and multidrug resistance traits, often leading to the failure of therapeutic strategies.
One specific feature of Candida species pathogenicity is their ability to form biofilms, which protects
them from external factors such as host immune system defenses and antifungal drugs.

This review focuses on the current threats and challenges when dealing with biofilms formed by
Candida albicans, Candida glabrata, Candida tropicalis and Candida parapsilosis, highlighting the
differences between the four species. Biofilm characteristics depend on the ability of each species to
produce extracellular polymeric substances (EPS) and display dimorphic growth, but also on the biofilm
substratum, carbon source availability and other factors. Additionally, the transcriptional control over
processes like adhesion, biofilm formation, filamentation and EPS production displays great complexity
and diversity within pathogenic yeasts of the Candida genus. These differences not only have
implications in the persistence of colonization and infections, but also on antifungal resistance typically
found in Candida biofilm cells, potentiated by EPS, that functions as a barrier to drug diffusion, and by
the overexpression of drug resistance transporters. The ability to interact with different species in in vivo
Candida biofilms is also a key factor to consider when dealing with this problem.

Despite many challenges, the most promising strategies that are currently available or under

development to limit biofilm formation or to eradicate mature biofilms are discussed.

2.2. The Threats

A biofilm consists in a community of microorganisms that are irreversibly attached to a given
surface, inert material, or living tissue, producing extracellular polymers that provide a structural matrix
[45], [46]. The microorganisms in this type of community exhibit lower growth rates and higher resistance
to antimicrobial treatment, behaving very differently from planktonic cells [46]. The ability to adhere to
different types of surfaces enables microorganisms to form biofilm on medical devices, such as
intravascular catheters, prosthetic heart valves and joint replacements, or in different tissues in the host
[47], linking biofilms to persistent colonization and infections [48]. A single microbial species is able to
form biofilm although a mixture of bacterial and fungal species usually underlies biofilm formation in vivo
[47], [49]. Given that 80% of all microorganisms live in this form, biofilm formation becomes an

irrevocable field to explore [50].



Due to these general characteristics, biofilms potentiate the establishment of unyielding infections
in the human host. This is the case of biofilms formed by Candida species, causing superficial and
systemic fungal infections in immunocompromised patients [51]. These infections are very difficult to
treat due to the characteristics of these species: resistance to antifungal drugs, expression of virulence
factors and the ability to form biofilm. Indeed, mucosal infections involve biofilm formation [52], usually
including the interaction with commensal bacterial flora and host components [53]. Candida species are
the fourth most common cause of nosocomial bloodstream infection in the United States. These
infections are associated with a high mortality rate of approximately 50% [54], [55]. Biofilms are an
additional problem since they are usually found in medical devices, such as prostheses, cardioverter
defibrillators, urinary and vascular catheters, and cardiac devices [56], [57], hindering the eradication of
Candida infections.

These challenging infections may be caused by different Candida species. Candida albicans is
the most frequent pathogen responsible for Candida infections, followed by Candida glabrata [58].
Candida tropicalis is particularly relevant in urinary tract infections [59] while Candida parapsilosis is
frequently found in the skin of healthy hosts, being the causative agent of catheter-related infections
[60], [61]. Each Candida species exhibits differences in terms of biofilm formation, namely at the level
of their morphology, characteristics of the extracellular matrix and ability to confer antifungal resistance
[62]. This variability increases the challenge of finding an effective solution to tackle the threats of
Candida biofilms as a unique problem. In fact, due to the emergence of these fungal infections, there is
an urgent need to find adequate therapeutics that might be able to treat patients more efficiently. The
path to find these therapeutics certainly involves the study of the different pathogenic features of these
species such as biofilm formation.

Biofilm formation, although being a process present in all the Candida species focused above,
differs significantly from species to species, and in the dependency of surface, host niche and other
factors. For example, C. albicans mature biofilms exhibit a more heterogenous structure, composed by
blastophores and hyphae surrounded by an ECM of polysaccharide material [63]. The ECM provides
structural scaffold for adhesion between cells and with different surfaces, and a barrier between the
cells in the biofilm and the neighbouring environment [64]. Within the structure of these biofilms there is
usually water channels surrounding the microcolonies [65]. In the case of C. glabrata, the biofilm is
exclusively composed by yeast form cells in a multilayer structure intimately packed or in clusters of
cells [66]. In turn, C. tropicalis biofilm corresponds to a network of yeast, pseudohyphae and hyphae,
with intense hyphal budding [67], while C. parapsilosis exhibits a biofilm formed by clusters of yeast
cells adhered to the surface, with minimal ECM [68]. These differences highlight the complexity of the
processes underlying biofilm formation and the difficulty to find a unique way to eradicate all Candida
biofilms. Candida biofilms occur mostly in the mucosa or endothelium being involved in the development
of common candidiasis, such as vaginal and oral candidiasis, but also associated with medical devices,
such as vascular and urinary catheters and dentures [69]. Interestingly, however, in all cases, biofilm
formation compromises antifungal treatment and, when occurring in implanted medical devices, such

as central venous catheters, implant replacement is often required [50], [70].



This review highlights the main challenges found in the process of developing effective therapy
against Candida biofilms, considering differences found in biofilm formation and its regulation, as well
as antifungal resistance found in biofilms and the establishment of mixed-species biofilm. Currently

proposed promising strategies are also discussed herein.

2.3. The Challenges

2.3.1. The Complex Process of Biofilm Formation in Candida species

Biofilm formation is a multifaceted process well described for C. albicans. In this case, the early
phase of biofilm formation starts with adhesion of yeast cells to a given surface, followed by the formation
of a discrete colony. Afterwards, in the intermediate phase, cells become organized and start producing
and secreting extracellular polymeric substances (EPS). These components allow the maturation of a
three-dimensional structure, forming the biofilm as we know it, in the maturation phase. Once the mature
biofilm is formed, there is still the possibility of dissemination of progeny biofilm cells that become
detached migrating to other niches to form more biofilm [62], [71].

For C. albicans in vitro biofilm formation, the early phase takes approximately 11 h, leading to the
formation of distinct microcolonies. The intermediate phase of biofilm formation may last for 12-30 h,
being characterized by the production of EPS and the formation of a bilayer usually composed by yeast,
germ tubes and/or young hyphae. After this phase, C. albicans biofilm maturation includes the
development of a thick layer of EPS where yeasts, and hyphae are present, forming a dense network.
The maturation process usually takes approximately 38-72 h [62], [63], [71]. Following maturation
comes the dispersal phase, where mature biofilms release budding daughter cells as non-adherent
yeast cells to propagate the colonization/infection [72].

It is important to highlight that most studies on biofilm formation have been conducted in vitro. A
good example of an in vivo study was that conducted by Andes et al. that have followed the development
of C. albicans biofilm in a rat central venous catheter [73]. This study reported important differences in
biofilm formation between in vivo and in vitro experiments. For instance, the duration of the early phase
of biofilm formation in vivo was found to be smaller than that observed in vitro, several layers of yeast
cells and hyphae being already present after 8 h of in vivo biofilm formation [73]. Furthermore,
maturation of the C. albicans biofilm in vivo was observed at 24 h in the rat central venous catheter and
in an avascular implantation of small catheter in rats, contrary to the 38 to 72 h observed in vitro [73],
[74]. In the case of C. glabrata, in vivo maturation of the biofilm was only observed after 48 h in serum-
coated triple-lumen catheters in a rat subcutaneous model. Although the early phase was similar
between in vivo and in vitro conditions, after 24 h in vitro biofilms presented a confluent layer of yeast
cells while in vivo biofilms only exhibited patches of aggregated yeast cells. Moreover, in vivo C. glabrata
biofilm development is dependent of the number of cells attached to the catheter, while in vitro it is not.
The thickness of C. glabrata biofilm, 75-90 + 5 um, is approximately half of the thickness of C. albicans
biofilm [75].

The first crucial step of biofilm formation is adhesion. This process relies on several cell wall
proteins, called adhesins, that promote the attachment to other cells, both to epithelial and to other
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microbial cells, or abiotic surfaces by binding to specific amino acid or sugar residues. Generally,
adhesins are glycosyl-phosphatidylinositol-cell wall proteins (GPI-CWPs), comprising a GPI anchor, a
serine/threonine domain and a carbohydrate or peptide binding domain [76]. In C. albicans, several
adhesins belong to the Als (agglutinin-like sequence) family, which is part of the GPI_CWP family. Such
adhesins are known to bind to several proteins through its C-terminal region. Among the 8 members of
the Als family, Als3 has the most prominent role in biofilm formation, as its deletion leads to severe
biofilm defects when compared to the wild-type parental strain [77]. ALS-like proteins have also been
described to be present in other Candida species, such as C. parapsilosis, C. tropicalis, C. dubliniensis,
C. lusitaniae and C. guilliermondii [78], although still very little is known about the role of these adhesins
in each species. Another important family of adhesins in C. albicans is the hyphal wall protein (Hwp)
family, including the Hwp1. Hwp1 is a mannoprotein of the cell wall of germ-tubes and hyphal cells, with
a role in biofilm formation [33], [79]. Besides Hwp1, also four other proteins in the Hwp family are
required for biofilm development: Hwp2, Rbt1, Eap1 and Ywp1 [78]. In C. glabrata, the EPA (epithelial
adhesion) family of adhesins is the main responsible for adhesion. Most of these are encoded by genes
localized in subtelomeric regions, including the EPA1, EPA2, EPA3 and HYR1 cluster, and the EPA4
and EPAS cluster [80]. Although the EPA family in C. glabrata is predicted to comprise 17 to 23 genes,
EPA1, EPA6 and EPAY genes are described as the most important in adhesion [79].

After adhesion, biofilm development continues through morphologic modifications, increase in
cell number and production of EPS, influencing the final biofilm architecture. Analysis of the
development of biofilm and production of ECM in Candida albicans, C. parapsilosis, C. tropicalis, and
C. glabrata isolates of different origins have highlighted the differences in biofilm formation between
species. Biofilms of C. albicans are more confluent than other Candida species biofilms [62], exhibiting
different morphologic forms: oval budding, continuous septate hyphae and pseudohyphae, in infected
tissues [47]. On the surface of plastic coverslips, C. albicans biofilms exhibit a dense network of yeasts
and filamentous cells embedded in a matrix of exopolymeric material [81]. C. albicans is also considered
to be the biggest biofilm producer among the Candida species focused herein [82]. C. glabrata biofilms
exhibit an ECM with high levels of carbohydrates and proteins [66], while isolates from the same species
were observed to exhibit a scant population of blastospores, in silicone elastomer sheets [82]. On the
other hand, C. parapsilosis biofilm structure may vary according to the strain in study but usually
comprises yeast and pseudohyphae morphologies, producing a compact multilayer or non-contiguous
cell aggregates. The ECM of C. parapsilosis biofims has been shown to be mainly composed by
carbohydrates with low levels of proteins [66]. Nevertheless, other evidences show that C. parapsilosis
biofiims are the ones with less ECM produced when compared to C. albicans, C. glabrata and
C. tropicalis biofilms [82]. Regarding C. tropicalis, a biofilm formation analysis revealed a structure
composed mainly by yeast shaped cells, although some strains have exhibited filamentous forms in
thick biofilms of coaggregated cells or in a discontinuous monolayer of yeasts anchored to the surface
[66], [67]. One specific isolate was shown to produce biofilm with a thin layer of matrix-encased hyphae
[82]. Although C. tropicalis biofilms have an extracellular matrix with a low content of carbohydrates and
proteins [66], they are more resistant to detachment of the surface than those formed by C. albicans

[83]. When comparing the biofilm production by C. albicans, C. parapsilosis and C. tropicalis invasive
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isolates and C. glabrata blood isolates with non-invasive isolates, a significant higher production is
observed in first isolates for all species, except for C. tropicalis [82].

Formed biofilms are also dependent on the EPS that are produced, which give a gel-like hydrated
three-dimensional structure to the biofilm where the cells become partially immobilized [84]. EPS plays
different roles such as defense against phagocytosis, scaffold for biofilm integrity and prevention of drug
diffusion. The production of EPS is dependent on the species and strain the carbon source and the rate
of medium flow. For instance, it is known that C. tropicalis has a higher production of EPS matrix than
C. glabrata. On the other hand, the increase of flow rate of the medium has shown to increase
significantly the formation of the matrix [83]. Usually, the major component of Candida biofilm EPS are
polysaccharides (nearly 40%), although some differences are observed according to each Candida
species [63], [83]. In Candida albicans and C. tropicalis, the major carbohydrates present in the biofilm
are glucose and hexosamine (39.6% and 27.4%, respectively). Proteins, phosphorus, and uronic acid
may also be present but in small amounts [83]. A biochemical analysis of C. albicans biofilm matrix in
in vitro and in vivo models led to the identification of the following distribution of macromolecular
components: 55% of proteins and their glycosylated counterparts, 25% of carbohydrates, 15% of lipids,
and 5% of noncoding DNA. a-1,2-Branched a-1,6-mannans were the more abundant polysaccharides
found associated with unbranched a-1,6-glucans, forming a mannan—glucan complex on the matrix [85].
Although being relatively minor components of the ECM of C. albicans, 3-1,3-glucan and 3-1,6-glucan
are also important components of this structure. Together with mannan, an interdependency between
the synthesis or incorporation of these compounds seems to take place in the ECM since the inhibition
of one of these three components leads to the decrease of the concentration of the others. Moreover,
mannan and B-1,6-glucan, seem to be essential for ECM formation since the single deletion of genes
encoding proteins involved in their production (ALG11, MNN9, MNN11, VAN1, MNN4-4, PMR1, and
VRG4 for mannan production and BIG1 and KRE5 for 3-1,6-glucan production) nearly led to the
complete elimination of the biofilm matrix [86]. The majority of the identified lipids were neutral
glycerolipids, polar glycerolipids and, in a smaller percentage, sphingolipids [85].

Candida biofilms have thus a variety of possible architectures, adhesion properties, cellular
morphologies and EPS composition, as illustrated in Figure 1.1, which are, not only species-, but in some
cases strain-dependent, that turn the process of fighting these structures clinically very difficult. To
increase the complexity of the problem, several other external factors related to the environment
surrounding the biofilm also influence the final biofilm produced.
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Figure 1.1. Comparative schematic of the three stages of biofilm formation by Candida albicans, Candida glabrata,
Candida tropicalis and Candida parapsilosis, highlighting the different capacities to produce extracellular matrix
(ECM), the varying components present in the ECM, and the ability to exhibit different cell morphologies.

2.3.2. External Factors Influencing Biofilm Development

Each step of biofilm formation depends on the environmental conditions experienced by Candida
species (Table 1.1).

One important factor is the substratum to which the biofilm is attached. There are several options
of substratum used to study Candida biofilms in vitro: polystyrene [87], polymethylmethacrylate [63],
polyvinyl chloride [88], cellulose cylindrical filters [88], acrylic [89] and denture base materials [90] have
been described for C. albicans biofilm formation, while silicone elastomer catheter disks have been
tested for different Candida species [31], [63]. Among these, hydrophobic surfaces lead to the formation
of two phases in C. albicans biofilm. The first phase corresponds to the adhesion of blastospores to the
surface and a second phase where hyphae elements are embedded in EPS with water channels that
allow the diffusion of nutrients and passage of waste disposal between the bottom layer and the surface
[63]. On the other hand, substratum may influence the adhesion process itself, e.g., soft lining materials
of dentures lead to higher adhesion when compared to acrylic surfaces [91]. It also influences the size
of the developed Candida biofilm [90]. C. albicans biofilms are larger in latex and silicone elastomer
surfaces, and smaller in polyurethane and on silicone, when compared to polyvinyl chloride [31].
Chandra et al. have tested the effect of different modifications on the surface of biomaterials on the
formation of C. albicans biofilms. This work has led to the discovery that polyetherurethane with 6% of
polyethylene oxide significantly reduces the total biofilm biomass, as well as the metabolic activity of the
cells in the biofilm [92]. In turn, Estivill et al. have studied the biofilm formation of C. albicans, C. glabrata,
C. parapsilosis, C. tropicalis, and C. krusei on polyvinyl chloride, polyurethane, and Teflon. All species
exhibited increased biofilm formation on Teflon, except for C. glabrata, for which the best surface for
biofilm formation was found to be polyvinyl chloride. C. tropicalis showed the highest number of cells
recovered from biofilm development in a polyurethane catheter, while on polyvinyl chloride catheter,

10



C. parapsilosis was the one with the highest number of cells [93]. These differences in preference for
surface material, that again appear to vary in a species- and strain-dependent manner, highlight the
importance of selecting the most adequate biomaterials to prevent or, at least limit, the propensity for
the development of biofilm-seeded infections by Candida species. Besides the substratum, a relevant
factor influencing biofilm formation is the available carbon source. When comparing the number of cells
per biofilm formed by C. albicans and C. glabrata, a clear increase is observed when glucose is used
as the carbon source, comparatively to sucrose [94] or, in the case of C. albicans, also to galactose [87].
The test of different concentrations of glucose, has revealed that even low concentrations of glucose
induce C. glabrata biofilm [95]. Moreover, the medium used to evaluate biofilm formation in vitro has
shown to be responsible for differences in morphology. On a polymethylmethacrylate surface,
C. albicans biofilm cells have been shown to predominantly include yeast shaped cells in YNB medium,
and hyphal cells in RPMI 1640 medium [63]. This indicates that biofilm formation does not require a
given morphology, reinforcing the fact that biofilm development is intrinsically dependent on the
environmental conditions. The presence of saliva has been described as another influencing factor of
biofilm formation in Candida species. Its addition to the medium leads to a significant decrease of
C. albicans or C. glabrata biofilm formation [94]. Nonetheless, in the presence of saliva C. albicans
exhibits more biofilm formation than C. glabrata, C. tropicalis, and C. parapsilosis, while the later exhibits
higher adhesion capacity to abiotic surfaces. On buccal epithelial cells, C. glabrata exhibits the highest
capacity of adhesion [96].

Fluid flow rate also affects biofilm formation, affecting EPS production, among other factors.
Hawser et al. observed that under static conditions, EPS production was minimal when compared to the
use of liquid flow. In fact, increasing the speed of flow, the ECM produced was significantly higher, totally
wrapping the cells of C. albicans biofilm, whose metabolic activity did not change with such alterations.
Nevertheless, a shaking speed of 60 rpm was found to inhibit biofilm formation [97]. Moreover, Al-Fattani
and Douglas showed that C. albicans and C. tropicalis biofilms had more ECM produced when grown
under conditions of continuous flow in a modified Robbins device than in static conditions [83].
Furthermore, C. albicans biofilms under shear stress were found to become thinner but denser, when

compared to static conditions, and once again metabolic activity did not suffer any modification [98].

2.3.3. Regulation of Biofilm Formation in Candida species

Biofilm formation is regulated by several transcription factors, including those involved in
adhesion, hyphal formation, and EPS production, as assembled in Figure 1.2 and Table I.1. The study
of the elaborated regulatory network that underlies biofilm formation is a promising field of research, as
it is expected to lead to the discovery of the best targets to tackle biofilm formation by Candida species
in the host.

Nobile et al. have identified important transcription factors essential for biofilm formation using a
C. albicans library of 165 transcription factor deletion mutants that were tested for biofilm growth in vitro
and in vivo on rat denture and catheter models [99]. The biofilm defective deletion mutants identified
were efg1A/A, ber1A/A, tec1A/A, ndt80A/A, rob1A/A, and brg1A/A. Resorting to Chromatin

ImmunoPrecipitation-on-chip, it was possible to unravel the promoter regions bound by each
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transcription factor during biofilm formation. The six transcription factors were found to regulate a high
degree of overlapping target genes as well as to control the expression of each other [99].

In C. albicans, the main regulators of biofilm development are also involved in filamentous growth,
given the typical hyphal differentiation that takes place during this process. That is the case of Efg1 and
Cph1 that positively control the expression of genes required for hyphal growth, such as ECE1, HYR1,
HWP1, and ALS3[100]-[104]. These transcription factors also control the expression of cell wall-related
genes due to the usual morphological alterations involved in the transition from yeast to hyphae [105],
[106]. The Aefg1 and Aefg1Acph1 deletion mutants have been shown to be incapable of filamentation
or biofilm development, being only able to form a sparse monolayer of adherent elongated cells[107].
C. albicans Efh1 was found to be a homolog of Efg1, regulating, together with Efg1, a set of genes
involved in filamentation [108]. In C. parapsilosis, Efg1 has been shown to be a morphological switch
regulator [109], and to have a role in biofilm formation since its absence leads to reduced biofilm [110].
Surprisingly, in C. glabrata, which is unable to form hyphae, a homolog of Efg1, encoded by ORF
CAGLOL0O1771g, has been found but remains uncharacterized [111]. In turn, Cph1 is the terminal
transcription factor of the MAP kinase pathway in C. albicans, mediating a feedback regulation of this
pathway [104]. This protein belongs to the STE-like transcription factor family being present in
C. albicans, C. tropicalis, and C. parapsilosis. In C. glabrata, the Cph1 ortholog is the Ste12 transcription
factor involved in the regulation of filamentation induced by nitrogen starvation [111], [112].

Also involved in filamentous growth regulation in C. albicans is the Ndt80 transcription factor. This
regulator has also been associated to the control of cell separation, azole resistance, virulence and
biofilm formation [99], [113], [114]. Likewise, Brg1 has a role in the transcriptional control of hyphal
growth-related genes in C. albicans, since the absence of both copies of the BRG7 gene leads to
impaired hyphal development. Meanwhile, its overexpression was found to lead to the increased
expression of hyphae-specific genes, including ALS3, HWP1, and ECE1. C. albicans Brg1 is, in turn,
repressed by the Nrg1 C2H2 zinc finger transcription factor, involved in the control of cell morphology
and pathogenicity, by repressing filamentous growth [115], [116]. The C. tropicalis Nrg1 homolog was
similarly found to have a role in repressing filamentation [117], while other predicted homologs in
C. parapsilosis, C. tropicalis and C. glabrata remain uncharacterized [111]. Besides Nrg1, C. albicans
and C. fropicalis count with Cup9 and SIf1 regulators to suppress filamentous growth [117]. In turn,
Ume6 transcription factor has also been found in C. parapsilosis, playing an important role in biofilm
development [110], and in C. albicans and C. tropicalis, as a regulator of filamentous growth [117].
Another negative regulator of filamentous growth and biofilm formation in C. albicans is Rfg1 [116],
[118], [119]. Together with Nrg1, Rfg1 down-regulates the expression of ALS3, ECE1, and HWP1
hyphae-specific genes [120], [121].
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Table I.1. Factors influencing Candida biofilms.

Factors influencing Candida biofilms

Transcription

Drug resistance

. Preferred Preferred carbon Genes Model/
EPS Adhesins factors substratum source Drug Involved Evidence
Fluconazole
Voriconazole
Ravuconazole . .
AmphotericinB, - BIO-prOStTetIC
Efg1, Ber1, Nystatin, mode
T;Cb11, NBdt810, Chlorhexidine
. ob1, brgt, Terbinafine
Polysaccharides glucose Als1-7 Als9, . L
Candida hexosamine lipids, proteins ~ Hwp1, Hwp2.  CPri g% Latex. Siicon o Amphotericin, Silicone
; ic aci _ up1, Ume6, elastomer, ucose Nystatin, Fluconazole, -
albicans phosphorus uronic acid non Rbt1, Eap1, elastomer model
coding DNA Ywp1 Cup9, SIf1, Teflon Chlorhexidine
Rfg1, Csr1, . | CDR1,CDR2, _ Plastic coverlips
Gcen4, Tye7‘ uconazole MDR1 in vitro
Rcal, Ace2, MNN9 MNNT7,
VAN1 MNN4-4,
Fluconazole VRG1 PMR, In vitro
BIG1 KRE5
FKS1
In vitro in over
Fluconazole - denture acrylic
strips
Candida Polyvinyl Caspofungin,
glabrata B Epai-7 Hyrt Cst6, Ace2 chloride Glucose Amphotericin B, In vitro over
Nystatin, - poly-styrene
Ketoconazole, surface
5-flucytosine
Candida Pﬂiiiiiﬁﬂiesrﬂiﬁfe Als-like Nrg1 Cup9 SIft Teflon, ] Fluconazole ) é’;l‘;’tg‘t’yfgs;
tropicalis phosphorus uronic acid proteins Ume6 Tec1 Polyurethane AmphotericinB surface
Fluconazole
Voriconazole
Candida Cpilzs—_?i?ésoo EE?SCE]E; Teflon . Ravuconazole . Bio-prosthetic
parapsilosis ) proteins AG eg AmphotericinB, model
Nystatin Chlorhexidine
Terbinafine

Main EPS produced, important adhesins, TFs regulating biofilm, most advantageous substratum and carbon source for biofilm formation and biofilm drug resistance found for Candida albicans,
Candida glabrata, Candida tropicalis, and Candida parapsilosis.
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Bcr1, a C2H2 zinc finger transcription factor, is also an important regulator of biofilm formation, but
not of hyphal formation. Bcr1 regulates the expression of cell surface proteins encoded by the HYR1,
ECE1, RBT5, ECM331, HWP1, ALS3, ALS1, and ALS9 genes [122], controlling the adhesion process
in C. albicans, during the early phase of biofilm formation. Moreover, the absence of Becr1 in an in vivo
rat model of catheter-based infection was found to abrogate biofilm formation after 48 h of infection.
Interestingly, the overexpression of ALS3 in a bcr1/ber1 background completely restored the biofilm
formation phenotype [77]. In C. parapsilosis, a homolog of Bcr1 was identified as one of the most
important transcription factors regulating biofilm formation [110], [111], [123], [124]. Bcr1 is itself
positively regulated by the transcription factor Tec1, in C. albicans [122]. Tec1 positively regulates
morphogenesis and is essential for hyphae formation upon serum induction, macrophage evasion and
expression of aspartyl proteinase genes [107], [125]. In turn, Efg1 and Cph2 are known to regulate Tec1
[126], [127]. C. parapsilosis has been found to have a homolog of Tec1 [111]. Tec1 of C. tropicalis is an
important transcription regulator promoting filamentation [117].

Regulation of biofilm matrix biogenesis has also been studied, although not so extensively.
C. albicans Csr1 regulator is involved in the control of adherence [128] and development of the ECM of
C. albicans biofilms [129]. More specifically, Csr1 negatively controls the concentration of -1,3-glucan
present in the matrix by activating CSH7 and IFD6, and inhibiting the expression of GCA1, GCA2, and
ADHS5. Csr1 has also been found to participate in the control of filamentous growth [129]. On the other
hand, a transcription factor that positively controls glycolytic genes, Tye7, was found to be essential for
biofilm cohesiveness in C. albicans [130].

The Rca1/Cst6 in C. albicans, is a regulator of hyphal formation by positively controlling the
expression of hyphal genes like GWP1, ECE1, HGC1, and ALS3 and the transcription factor Efg1 [131].
In C. glabrata, Cst6 is another important transcription regulator of biofilm formation. This protein is a
bZIP transcription factor of the ATF/CREB family that negatively controls the expression of the EPA6
gene, which encodes an important adhesin found in C. glabrata biofilms [132].

In C. albicans, an Ace2 transcriptional regulator was also found conserving the C2H2 zinc finger
domain [111]. The absence of Ace2 leads to hyperfilamentation and hypervirulence in C. albicans [133],
[134], although it has been shown to be required for biofilm formation in normoxia conditions [135] and
filamentous growth under hypoxic conditions [136]. The C. parapsilosis and C. glabrata Ace2 homologs
also play important roles in biofilm formation [110], [137].

Although having specific transcription factors regulating biofilm formation, C. glabrata has a
number of related genes whose expression is controlled by subtelomeric silencing. HYR1, EPA1, EPA2,
EPAS3, EPA4, EPA5, EPA6, and EPA7 genes of C. glabrata have been found to be repressed by this
process, given their loci proximity to a telomere. This regulation is mediated by the Sir complex (Sir2—
Sir4), Rap1, Rif1, yKu70, and yKu80 [80], [138], as well as the Swi/Snf complex [132]. Both Swi/Snf and
Sir complexes appear to underlie the regulation of biofilm formation which is specific for C. glabrata,
when compared with other Candida species.

Given the multifactorial nature of biofilm formation, its regulatory network is highly complex,
involving the control of adhesion, hyphal formation, ECM production, and other processes (Figure 1.2).
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Finding a general regulator to tackle the regulatory control of biofilm in all Candida species is thus a

very challenging goal.

2.3.4. Antifungal Resistance through Biofilm Formation

Biofilm formation has been tightly linked to the development of resistance to antifungal drugs
(Table 1.1). For example, resistance acquisition during biofilm formation was observed in a study where
48 h biofilms of C. albicans were found to exhibit five- to eightfold higher resistance to all antifungals
when compared to planktonic cells [139]. Increased resistance exhibited by C. parapsilosis biofilms to
fluconazole, voriconazole, ravuconazole, amphotericin B, nystatin, chlorhexidine, and terbinafine have
also been registered [140].

This enhancement of resistance when Candida species grow as biofilms might be explained by
several factors. One of them is the increased metabolic activity occurring in the early development of
biofilm. Chandra et al. have shown that although MICs of amphotericin B, fluconazole, nystatin, and
chlorhexidine were 0.5, 1, 8, and 16 pg/mL, respectively, in the early stage of C. albicans biofilm
formation on polymethylmethacrylate strips, after 72 h of biofilm formation, MICs of amphotericin B,
fluconazole, nystatin, and chlorhexidine had changed to 8, 128, 32, and 256 ug/mL, respectively [63].
Interestingly, however, the defective biofilm formation mutants, Aefg? and Aefg1Acph1, which only
exhibit an adherent monolayer of elongated cells, show the same resistance toward fluconazole and
amphotericin B as the wild-type. These results suggest that resistance to antifungal drugs is related to
adherence, regardless of normal biofilm formation [107].

Another issue to consider is the possible role of the ECM in antifungal drug resistance. Some
authors advocate that EPS contributes as a barrier to prevent the diffusion of drugs, showing that
Candida cells resist 20% better to amphotericin B with EPS, when compared to the same cells upon
EPS removal [62]. Indeed, the extracellular -1,3-glucan matrix has been proven to bind to amphotericin
B, while its absence from the matrix, increases C. albicans susceptibility to fluconazole and amphotericin
B [141]. Other evidences were given in a study where radiolabeled drug (*H-fluconazole) is only
sequestrated in the presence of matrix mannan and B-1,6-glucan, demonstrating the importance of
these molecules in antifungal resistance [86].

Alterations in gene expression during C. albicans biofilm formation include the upregulation of
CDR and MDR genes encoding azole resistance transporters [81]. This upregulation seems to be
important for the development of antifungal resistance in the early phase of the biofilm formation, while
in the maturation process, changes in sterol composition appear to be more relevant [62]. Nevertheless,
it has been shown that a set of isogenic C. albicans strains carrying single or double deletions of genes
encoding efflux pumps (Acdr1, Acdr2, Amdr1, Acdr1/cdr2, and Amdr1/cdr1) could form biofilm like the
parental strains, still displaying antifungal resistance. This gives evidence that antifungal resistance in
biofilm does not depend on a single mechanism [81]. Interestingly, overexpression of COR1, CDR2 and
TPO1_2 genes has also been observed in C. glabrata biofilms [142], [143]. Tpo1_2 is a major facilitator
superfamily transporter known to have a role in antifungal resistance [144] and to be necessary for the
normal expression of ALS1, EAP1 and EPA1 genes involved in adhesion [143]. In fact, C. glabrata

biofilms have shown to be significantly more resistant than planktonic cells [142], [145].
16



Showing that some specific mechanism of biofilm formation might be behind the resistance to
antifungal drugs, ALS3 and HWP1 were found to be induced upon exposure to caspofungin in C.
albicans biofilms but not in planktonic growing cells [146]. Additionally, the deletion of MNN9, MNN11,
VAN1, MNN4-4, VRG4, PMR1, BIG1, KRE5 and FKS1 genes was found to lead to higher susceptibility
to fluconazole in biofilm cells, but not in planktonic cells [86]. Interestingly, exposure to 80 pg/mL of
fluconazole was found to lead to almost no changes in gene expression in SC5314 C. albicans biofilms,
while exposure to caspofungin or amphotericin B results in massive gene expression changes,
suggesting that biofilm cells were innately protected against azole drugs [146].

Similar to what has been described for other microorganisms, persister cells are also found within
biofilms formed by C. albicans. Persister cells are dormant, non-dividing cells that have high tolerance
to antimicrobial drugs. This tolerance is believed to be possible thanks to the dormancy of the cell, which
enables the binding of antimicrobial drugs to their specific target, while making it impossible to the drug
to inhibit the function of the target molecule. This tolerance, however comes at the price of non-
proliferation [147]. In C. albicans, biofilm persister cells display resistance to fluconazole, while the same
cells grown in non-biofilm planktonic culture are sensitive to fluconazole. Interestingly, these persister
cells cultivated in biofilm exhibit increased expression of the CDR genes [81]. This phenomenon was
also observed for C. albicans cells in biofilm exposed to amphotericin B and chlorhexidine, but

independently of the expression of drug efflux pumps [148].

2.3.5. Multi-species Biofilm Formation and Quorum Sensing

Candida species biofilms have been usually studied as single species biofilm, although in vivo a
very different reality is observed. Generally, biofiims are composed by multiple species that interact as
a community having synergistic and/or antagonistic relationships. The synergistic interactions involve
metabolic cooperation while antagonistic interactions include competition for nutrients and the
generation of inhibitory compounds [149].

The formation of mixed biofiims of Candida species has been described with different
combinations between Candida species or with Candida and bacteria. C. albicans, C. glabrata, C.
krusei, and C. fropicalis have been shown to form biofilm with each other [94], [150]. Although increased
biofilm formation was observed for most combinations of Candida species, for C. tropicalis this increase
was only observed when in interaction with C. albicans [150].

Candida albicans biofilms have also been shown to be favored by combination with four species
of bacteria: Streptococcus mutans, Streptococcus sanguinis, Actinomyces viscosus, and Actinomyces
odontolyticus. Increased hyphae development, accompanied by the overexpression of HWP1, ALSS3,
and EPA1, was observed in mixed-species biofilm, both on acrylic surfaces or in reconstituted human
oral epithelia (RHOE). Moreover, tissue damage and invasiveness is higher when all these five species
are infecting and forming biofilm on RHOE. When compared to single Candida or single bacteria
biofilms, mixed-species biofilm are significantly more invasive [151].

Multispecies biofilm formed upon denture stomatitis that frequently involves C. albicans, S.
mutans, S. sanguinis, and Actinomyces naeslundii has also been investigated. Evidence of the

increased pathogenicity of C. albicans in the presence of these bacteria was obtained, suggesting that
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in these conditions the use of antibacterial agents could have an effect in decreasing fungal proliferation
[152]. Interestingly, S. mutants and C. albicans have been shown to have a synergetic relationship since
their coexistence leads to increased biofilm formation, when compared to single biofilms, despite the
negative effect S. mutants has on hyphae formation. This dual-species biofilm displays two layers: S.
mutans cells attached to the surface followed by C. albicans cells as a second layer [94]. Interestingly,
S. mutans was also reported to increase biofilm formation of C. glabrata [94]. Multispecies biofilm
formation on infected mice has also been investigated, considering C. albicans in coexistence with
epithelial cells, neutrophils and commensal oral bacteria, such as Enterococcus/Lactobacillus sp. and
Staphylococcus sp. [53].

Staphylococcus aureus interaction with C. albicans has been described in more detailed. Both
species are able to cooperate in order to form a polymicrobial biofilm, even in the presence of serum
which does not allow the formation of S. aureus single species biofilm. Visualization of these dual-
species biofilm showed a first layer of C. albicans biofilm attached to the surface covered by a S. aureus
monolayer that is included in the ECM formed by Candida cells. This ECM has proven to protect
S. aureus from killing by vancomycin [153]. This positive interaction has shown to be also dependent on
hyphae formation by C. albicans [154]. Staphylococcus epidermis has also been shown to cooperate
with C. albicans, forming a multispecies biofilm that allows the protection of S. epidermidis against
vancomycin and of C. albicans against fluconazole [83], [155] and amphotericin B [83].

When a synergistic relationship takes place, quorum sensing is an essential process that allows
communication between species. Quorum sensing has been described mostly in bacteria, although
several studies have already reported the use of quorum sensing between bacteria and Candida species
[53], [156]. This process comprises the production and release of a signal molecule (autoinducer),
which, according to the cell density, will increase in concentration and orchestrate a collective and
coordinated expression of given genes, in all the species involved for the development of biofilm [149].
One example of quorum sensing has been described for the interaction between C. albicans and
Streptococcus gordonii. These two species have been shown to coaggregate thanks to two cell wall
anchored proteins of S. gordonii, SspA and SspB [156], [157], the later interacting directly with exposed
C. albicans Als3 [158]. The positive interaction between these two species is based on the production
and release of a chemical molecule denominated autoinducer 2 by S. gordonii [159]. This interaction
has several advantages to C. albicans, such as the enhancement of hyphae formation and resistance
to farnesol [156].

Farnesol is also a quorum-sensing molecule but produced as a secondary product of sterol
biosynthesis and secreted by C. albicans [160]. When accumulated, it prevents the formation of
filamentous growth and biofilm [161]-[164]. Generally, farnesol is mostly secreted in the later stages of
biofilm formation by C. albicans [164]. Among pathogenic Candida species, only C. albicans and
C. dubliniensis are known to secrete farnesol [165]. Farnesol is considered to be an autoinducer
molecule that influences the expression of genes involved in antifungal resistance, cell wall
maintenance, phagocytic response, surface hydrophobicity, iron metabolism and heat shock [162].
Given its effect and synergistic action with antifungal therapy, it has been considered as a potential

therapeutic agent [166]. In C. parapsilosis, farnesol has also been described as having an inhibitory
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effect on growth and biofilm formation [167], [168]. The presence of exogenous farnesol has been shown
to lead to increased expression of oxidoreductases and a change in the expression of genes related to
sterol metabolism [167]. Moreover, reference strains of C. parapsilosis, C. tropicalis, C. dubliniensis and
C. albicans were found to have reduced biofilm production upon exposure to farnesol. However,
C. glabrata and Candida krusei biofilm development was found to remain unaltered upon exposure of
this quorum-sensing molecule.

Along with farnesol, a few other molecules produced by C. albicans have been proposed to work
as quorum-sensing molecules, including morphogenic autoregulatory substance, phenylethyl alcohol
and tryptophol [169], tyrosol, and farnesoic acid. Although through different pathways, farnesoic acid,
just like farnesol, is involved in regulating the yeast-to-hyphae transition [161], [169]. Depending on the
strain, C. albicans might produce farnesol or farnesoic acid, both having an inhibitory effect of
filamentous growth [169]. Tyrosol, on the other hand, has an opposite effect on yeast-to-hyphae
transition, increasing cell density and promoting the formation of germ tubes and the transition from
yeast to hyphae [170]. Tyrosol is produced by planktonic and biofilm cells, having a stimulating effect in
hyphae formation in the early stage of biofilm development [164].

Interaction of C. albicans with Aspergillus nidulans has been shown to be competitive thanks to
the production of farnesol. In fact, the presence of exogenous farnesol or the co-culture of A. nidulans
with C. albicans activates apoptosis in A. nidulans cells. This activation takes place in a mitochondria
dependent way, through the FadA G protein complex signal transduction pathway[171].

Another antagonistic relationship is the one described between C. albicans and Pseudomonas
aeruginosa. In this specific case, P. aeruginosa is known to attach to C. albicans filaments, forming
biofilm over the hyphae instead of the surface. The formation of biofilm ultimately leads to the death of
C. albicans filamentous cells, although yeast cells remain viable [172]. In fact, the presence of secreted
factors by P. aeruginosa causes downregulation of genes involved in adhesion and biofilm formation,
and increases the expression of genes encoding drug exporters, such as CDR1 and SNQ2, and the
YWP1 gene encoding a protein involved in biofilm dispersal, in C. albicans biofilms [173]. This negative
effect over C. albicans is related to a quorum sensing molecule produced and secreted by P. aeruginosa,
the 3-o0xo0-C12 homoserine lactone. Other compounds with a 12-carbon backbone, like dodecanol, have
a similar effect on C. albicans filamentous growth [174]. On the other hand, farnesol produced by
C. albicans leads to a decreased quinolone signal from Pseudomonas that regulates the production of
extracellular proteases, hydrogen cyanide and redox-active phenazines [175]. According to Holcombe
et al., the factors secreted by P. aeruginosa seem to have a specific effect in the maturation phase of
biofilm formation by Candida species [173]. C. glabrata, C. tropicalis, C. parapsilosis and C. dubliniensis
biofilm formation is also inhibited upon interaction with P. aeruginosa [176], which has a growth inhibitory
effect on these Candida species [177], [178]. Interestingly, P. aeruginosa proliferation is also inhibited

in the presence of C. albicans, C. glabrata and C. krusei [176].
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2.4. Promising Strategies

Although no definitive solution for Candida biofiims has been found yet, there are several
promising strategies being implemented nowadays, as well as intense research being developed in the
search for novel solutions that alone or together with others might become the answer to this problem.

The current therapies with partial success to fight this challenge are based on two different
approaches. The first, called “lock” therapy is directed to eradicate biofilm formation in catheters prior to
their contact with the patient. The strategy consists in diffusing a high concentration of an antimicrobial
drug into the catheter lumen, letting the agent act during a period of several hours or days. This
technique avoids systemic toxicity since the antimicrobial drug only acts in the catheter [179]. Examples
of success using the “lock” therapy are the tests performed on silicone catheters infected with different
C. albicans and C. glabrata isolates, where micafungin (5 and 15 mg/L), caspofungin (5 and 25 mg/L),
and posaconazole (10 mg/L) were used as antimicrobial agents. All antifungals used with this technique
help decrease Candida biofilms, being micafungin the most effective [180]. Nevertheless, when using
amphotericin B lipid formulation (1,000 mg/L), known to have activity against Candida biofilms [140], in
a ‘lock’ therapy approach, an effective eradication of Candida biofilms was not observed [181].
Moreover, an interesting antimicrobial agent tested in ‘lock’ therapy is ethanol. Combined ‘lock’ therapy
using 0.3 mL of 70% ethanol and 5 mg/L of micafungin was effective eliminating a catheter-related
candidemia in a male infant [182]. Ethanol is an advantageous antimicrobial agent given its low cost
and effectiveness against Candida species.

The other approach is catheter coating. Modification of the coating of the catheter with
minocycline-rifampin, chlorhexidine, or silver sulfadiazine decreases the number of bloodstream
infections caused by central venous catheters [183]. Coating with nanomaterials or nanoparticles has
been studied as a possible improvement in the effect of reducing the occurrence of these infections.
Although this technology has been developed with the main focus of eliminating bacteria, the use of
silane system coatings on titanium and zirconia specimens has been described in a process of implant
modification for the elimination of Candida albicans biofilms [184].

Given the absence of a real solution, new fields have been explored in order to find a different
path to eliminate Candida biofilms. Research has been developed to find new natural products or
synthetic peptides that might have an antifungal action. The study of different compounds has revealed
interesting candidates with antifungal activity. Such is the case of phenylpropanoids and terpenoids of
plant origin [185], [186], and phenazines produced by P. aeruginosa [187], which inhibit yeast-to-hyphal
transition and biofilm formation in C. albicans. Besides these compounds, several high-throughput
screenings have been performed trying to identify the best candidates to inhibit Candida biofilms. Siles
et al. have screened a library of 1,200 off-patent drugs approved by the Food and Drug Administration,
finding 38 active compounds against C. albicans biofilms. Another high-throughput screening has
identified the SM21 compound as the best inhibitor of yeast-to-hypha transition, from a library of 50,240
small molecules, not having any toxic effect when tested in different human cell lines [188]. Moreover,
some synthetic peptides also display significant antifungal activity, as is the case of KSL-W. This peptide
significantly affects the growth, yeast-to-hypha transition and biofilm formation of C. albicans [189].
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Karlsson et al. have used an antifungal 3-peptide in coating nanotechnology. This approach was based
on the design of polymer films that enable the localized release of the B-peptide from the surface. When
testing film surfaces coated with this polymer, a significant reduction of cell viability, metabolic activity
and hyphal elongation was observed [190].

Besides coating the surfaces with given molecules, another strategy is based on the modification
of polymers incorporated in medical devices. Synthesis of water insoluble and organo-soluble
polyethylenimine derivates with subsequent quaternization of N-methyl polyethylenimine with alkyl
bromides was evaluated regarding the antifungal activity obtained. The resulting cationic polymers are
capable of inhibiting C. albicans, C. tropicalis, and C. dubliniensis growth very effectively. The mode of
action of these polymers is believed to be related to the disruption of membrane integrity [191].
Furthermore, chitosan hydrogel is another available polymer from natural origin that may be used to
modify the surface of medical devices. Chitosan is very effective in impairing biofilm formation of
C. albicans, C. parapsilosis, C. glabrata, C. tropicalis, C. krusei, and C. guilliermondii, having been
tested positively in a in vivo catheter mouse model against C. parapsilosis biofilm formation [192].

Although most antifungal agents fail to eliminate Candida biofilms, there is still hope thanks to
some relatively new drug formulations. That is the case of lipid formulations of polyene antifungals, such
as liposomal amphotericin B and amphotericin B lipid complex. When used against C. albicans biofiims
formed in a bioprosthetic model, the results show MICs like those obtained with planktonic cells. Also,
the echinocandins, caspofungin and micafungin, have effective action against C. albicans and
C. parapsilosis biofilms in the same model [140]. Interestingly, when biofilm precursor planktonic cells
were exposed to subinhibitory levels of voriconazole, nystatin or chlorhexidine, and subsequently left to
form biofilm, the same antifungal resistance of biofilms was not observed. In fact, a significant decrease
of the capacity of the cells to form biofilm was observed [140]. Another interesting drug that has been
discovered to have a role in acting against in vitro filamentous growth in C. albicans and against biofiims
in C. albicans, C. glabrata, and C. parapsilosis is acetylsalicylic acid, usually known as aspirin. A
decrease in biofilm formation was observed for aspirin concentrations between 0.43 and 1.73 mM [193].

An alternative approach to eradicate Candida biofilms consists in the photodynamic inactivation.
This technique is based on the use of visible light and a nontoxic dye called photosensitizer that when
activated leads to the production of reactive oxygen species which subsequently kill the targeted
microbial cells due to the damage provoked on DNA, proteins, and/or cell membrane. Different
photosensitizers have been tested against Candida biofilms demonstrating the great potential of this
technique as an antimicrobial therapy. The photosensitizer toluidine blue (0.1 mg/mL) has been used
successfully, reducing up to 60% the formation of C. albicans biofilms [194]. Another promising
photosensitizer is methylene blue, capable of preventing C. parapsilosis biofilm formation ex vivo on
mouse tongues after being activated by red LED light [195]. Interestingly, the combination of
photodynamic inactivation strategy, using toluidine blue, together with chitosan, results in an
enhancement of the effect of both approaches against Candida biofilms [196]. The nontoxicity of the

dyes and the low cost of the technique highlight the great potential of this alternative approach [197].
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2.5. Conclusion and Future Perspectives

This review highlights the overwhelming complexity of the intracellular mechanisms leading to the
formation of Candida biofilms, including those controlling adhesion, changes in cell morphology and
EPS production, especially considering that these have been shown to be in many cases species, or
even strain, specific. Additionally, external factors, including the surface where the biofilm forms, which
may be a layer of epithelial cells or very diversified plastic polymers, the cocktail of nutrients and
inhibitors that are present in the surrounding environment or the presence of other synergistic or
antagonistic microorganisms, have a tremendous effect on the final characteristics of the formed biofilm.

All this variability poses concerning challenges from the clinical point of view, leading to the
successful persistence of Candida infections associated with high mortality rates. All the tactics
against Candida biofilms implemented so far are only able to address this problem partially. Therefore,
treatment and prevention of Candida biofilms must suffer improvements so that an effective solution
might be applied. As discussed, more recent strategies have the potential to be improved although
continuous research for new therapies or for the best combination between the available ones are also
possible approaches. Nonetheless, the specific knowledge on all the mechanisms behind biofilm
formation and antifungal resistance in each Candida species will be crucial for the delineation of a more
effective strategic plan in the fight against Candida infections.

Despite all gathered knowledge, there is still a lot to be scrutinized, including many aspects
regarding the formation of biofilms by non-albicans Candida species, whose study is decades behind
that of C. albicans. Table 1.1 and Figure 1.2 highlight a lot of the blanks that are still to be filled regarding
the specific mechanisms used by C. glabrata, C. parapsilosis, and C. tropicalis, which are emerging as
important human pathogens. Additionally, it will also be highly relevant to ascertain the differences
between biofilms formed by commensal Candida populations and those related to increased

pathogenesis and persistent infections.
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3. In the crossroad between Candida glabrata antifungal resistance

and virulence

The ability of Candida glabrata to prevail in the human host, even upon the administration of
antifungal therapy, is linked to the molecular mechanisms of virulence and antifungal resistance set in
place by this yeast. This Subchapter focuses on those molecular mechanisms, highlighting examples of

cross-talk between antifungal resistance and virulence in C. glabrata.

3.1. The Establishment of Antifungal Resistance

Therapeutic failure corresponds to loss of response from a patient to a drug administered at a
standard dose. Such failure is usually due to a multitude of factors relative to the drug itself, the host
and the microbial pathogen [198]. In the case of Candida infections, which are usually linked to
immunocompromised patients, the propensity for therapeutic failure is increased. The risk of failure is
also linked to the use of antifungal drugs as prophylaxis, which gives the possibility of commensal
Candida species to develop resistance mechanisms upon exposure to drugs at prolonged periods
[198]-[200]. In addition, the capacity of Candida species, especially Candida glabrata, to exhibit such
molecular mechanisms is itself a cause for an increase in the probability of failure to any given
therapeutic strategy implemented [201].

According to the factors that are being analysed when studying antifungal resistance, one can
describe resistance in different ways. It is possible to discuss resistance in terms of clinical resistance
or mycological resistance. The first is the failure to eliminate the patient’s fungal infection, though the
drug administered has in vitro activity against the pathogen in case, while mycological resistance, is the
ability of the fungus to survive and grow in the presence of the drug that should eradicate it or at least
limit its in vitro growth [201]. Within mycological resistance, we may encounter two types of antifungal
resistance: primary or secondary. Primary antifungal resistance corresponds to a natural resistance to
the antifungal agent exhibit by the pathogen, which does not require pre-exposure of the pathogen to
the drug for its development. Secondary resistance is an acquired resistance that results from the
exposure of the pathogen to the drug, resulting in the development of new molecular mechanisms of
resistance [198], [202].

Different methods may be applied to analyse resistance. Antifungal susceptibility testing is usually
applied to the study of a given clinical isolate to evaluate the risk of failure of a given drug. Standardised
in vitro methods for such testing have been developed by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) and the Clinical and Laboratory Standards Institute (CLSI), being
usually applied to identify strains with high probability of leading to clinical resistance. Epidemiological
cutoff values have been established but for some drugs/species, like caspofungin and C. glabrata,
standardised testing cannot be applied due to the unreliable behaviour of the drug or species in case
[203]. Nevertheless, antifungal susceptibility testing should always be carefully analysed given that there

isn’t an absolute association between the results of the test and the clinical response [198].
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As pointed out above, by several applications of antifungal susceptibility testing, C. glabrata is
the Candida species found to have a higher number of clinical isolates exhibiting antifungal resistance,
to any of the classes of antifungals used [15], [29], which indicates that C. glabrata infections are more
prone to failure than those of other Candida species. This propensity for acquiring antifungal resistance
is linked to several antifungal resistance mechanisms developed by C. glabrata in response to the action
of antifungal drugs. The molecular mechanisms leading to acquired resistance to the different available
antifungal drugs will be reviewed herein.

3.1.1. Molecular Mechanisms of Azole Resistance in Candida glabrata

Azoles are widely used for the treatment of Candida infections [204], by targeting the cytochrome
P450 sterol 14a-demethylase, Erg11, that catalyses the conversion of lanosterol into ergosterol [205],
[206]. By inhibiting its target, azoles cause the inability to produce and renovate sterols in the plasma
membrane, changing its fluidity and hampering important processes, such as signalling, exocytosis and
endocytosis [13]. C. glabrata displays several different mechanisms to fight these compounds (Figure
[.3), and they can present themselves alone or in combination in a single isolate [198]. The most
commonly developed mechanisms for reaching antifungal resistance is the upregulation of drug efflux
pumps from the ATP binding cassette (ABC) superfamily and Major Facilitator Superfamily (MFS) [207].

Present in all organisms, ABC transporters are ubiquitous proteins that use energy provided by
the hydrolysis of ATP to transport through the membrane different types of substrates. ABC proteins are
defined by their two nucleotide-binding domain (NBD), which are highly conserved, holding the ATP-
binding motif, and two transmembrane domains (TMDs), which are comprised by several
transmembrane spanning segments (TMS) that determine substrate specificity [208], [209]. The
subfamily found to have a role in azole resistance in C. glabrata is the pleiotropic drug resistance (PDR)
subfamily, to which CgCdr1, CgCdr2 and CgSng2 belong. Transporters belonging to this subfamily in
yeast are known to extrude several xenobiotics like fungicides, azoles, mycotoxins, herbicides and other
antifungal drugs [210]. CgCdr1, CgCdr2 and CgSng2 were found to be necessary for full resistance of
C. glabrata to azole drugs [211]-[214]. CgCdr1 expression was shown to cause reduced intracellular
accumulation of fluconazole in azole resistant clinical isolates [211]. CgCdr1, CgCdr2, CgSng2 were
found to be upregulated in azole resistant strains, while their deletion compromises significantly the
ability to resist azole drugs [211]-[213]. In addition, CgYor1 ABC transporter has been found to be
upregulated in C. glabrata upon azole exposure, suggesting that at least one more ABC transporter is
connected to the acquisition of azole resistance in this yeast [215], [216].

MFS transporters have also been implicated in azole resistance in C. glabrata. MFS transporters
use the electrochemical proton-motive force for the translocation of different substrates. MFS proteins
are characterized by 12 or 14 TMS with a cytoplasmic loop in between, being classified accordingly as
belonging to the drug:H+ antiporter-1 (DHA1), (12 TMS), or the drug:H+ antiporter-2 (DHA2), (14 TMS),
families [217]. The first MFS transporter implicated in C. glabrata drug extrusion was CgAqr1, a homolog
of the previously known S. cerevisiae ScAqr1, a transporter involved in acetic acid and antifungal
resistance. CgAqr1 was found to be necessary for the decrease of intracellular accumulation of

3H-clotrimazole [218]. CgQdr2 is another DHA transporter that has been linked to an important role in
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miconazole, tioconazole, clotrimazole, and ketoconazole resistance. It has been shown that this
transporter is also necessary for decreased *H-clotrimazole intracellular accumulation in C. glabrata
[219]. CgTpo3 and CgFIr2 were also found to decrease 3H-clotrimazole intracellular accumulation,
having a role in azole resistance [220], [221]. Moreover, CgTpo1_1 and CgTpo1_2 were also found to
confer resistance to clotrimazole, miconazole, ketoconazole, tioconazole, itraconazole and fluconazole,
being CgTpo1_2 upregulated upon the response of C. glabrata to clotrimazole exposure [144]. In
addition, CgAqr1, CgQdr2, CgTpo1_1, and CgTpo3 have been implicated in the clinical acquisition of
clotrimazole drug resistance, given that their transcript levels were significantly upregulated in
C. glabrata azole resistant isolates [222].

ABC and MFS transporters have been shown to be regulated by the transcription factor CgPdr1,
which is the main regulator of azole resistance in C. glabrata. CgPdr1, a homolog of the ScPdr1 and
ScPdr3 regulators of multidrug transporters genes in S. cerevisiae, was first analysed by Vermitsky and
colleagues (2004). They found that the upregulation of CgCDR1 and CgCDR2 genes in an azole
resistant isolate was connected with a single amino acid substitution in the CgPdr1 transcription factor,
believed to be the cause of azole resistance [214], [215]. Another study has shown that other alterations
in the sequence of CgPDR1 gene also lead to azole resistance in C. glabrata [223], these alterations
being nowadays identified as gain-of-function (GOF) mutations of CgPdr1 [224], [225]. CgPdr1
autoregulates itself and its overproduction leads to higher upregulation of CgCDR1 gene and,
consequently, to higher azole resistance. In CgPdr1 GOF mutants the production of CgPdr1 polypeptide
is synthesized at higher frequency but less stable than the wild-type protein [226]. Interestingly, CgPdr1
is also known to regulate virulence and adhesion in this pathogenic yeast [224], [227], [228], as will be
discussed later on. In opposition to CgPdr1, C. glabrata expresses a transcription factor that negatively
regulates pleiotropic drug resistance, CgStb5 [229].

Given that azole compounds act by disrupting the biosynthesis of ergosterol, leading to ergosterol
depletion and the production of toxic sterol intermediates, some of the resistance mechanisms of
C. glabrata are directly linked with the ergosterol pathway. Although not usually found in C. glabrata
clinical isolates [225], [230], certain cases show that C. glabrata may exhibit the upregulation of
CgERG11 gene or its mutation, a mechanism more common in other Candida species [225], [231],
[232]. Interestingly, only an azole resistant clinical isolate of C. glabrata was found to present a single-
amino-acid substitution (G315D) in CgERG11 gene, which turned CgErg11 non-functional [233]. In
addition, a point mutation in CgERG3 gene was found in an azole resistant clinical isolate, leading to
decreased levels of toxic sterols in the plasma membrane and, consequently, to decreased azole toxicity
[234]. Upon C. glabrata exposure to fluconazole, several other genes involved in the biosynthetic
pathway of ergosterol are also found to be upregulated: CgERG2, CgERG3, CgERG4 and CgERG10,
as well as genes involved in sterol uptake: CgAUS1, CgUPC2A, CqUPC2B, CgSUT1, CgSUT2, and
CgPDR16 [235]. Controlling the gene that encodes the target of azole drugs, CgERG11, and the genes
encoding enzymes from the sterol biosynthesis pathway, CgUpc2A is an important transcription factor
whose role is also linked to azole resistance [236], [237]. The absence of CQUPCZ2A gene in an azole
susceptible-dose-dependent and an azole resistant isolate was found to increase the susceptibility of

both isolates to fluconazole, and decrease the ergosterol levels of C. glabrata [236]. CgUpc2A is also
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involved in the control of the expression of CgAUST gene [237]. In the Acgerg? deletion mutant, the
disruption of CgAUS1, encoding a sterol uptake transporter, was found to lead to high sensitivity to
fluconazole and voriconazole. It seems that upon loss of the biosynthesis of ergosterol, CgAus1
becomes an important player in azole resistance allowing C. glabrata to cope with the loss of ergosterol,
and, subsequently, fight the action of azole drugs [235].

C. glabrata strains may suffer loss of mitochondrial functions, which has been linked to
enhancement of azole resistance. The absence of mitochondrial function translates into the inability to
grow in nonfermentable carbon sources and a deficient growth in media supplemented with glucose.
This phenotype is called petite and its due to the partial or total loss of mitochondrial genome, or
mutation in the mitochondrial DNA [238]. In petite cells, although CgERG11 gene is not upregulated,
the genes encoding the drug efflux pumps CgCDR1, CgCDR2 and/or CgSNQ2 usually are, leading to
azole resistance [212], [238], [239]. It is believed that the upregulation of multidrug resistance
transporters is due to the petite mutations, which are known to influence nuclear gene expression in
yeast [238]. Moreover, loss of mitochondrial functions leads to the triggering of anaerobic metabolism,
which is known to stimulate the action of CgErg11, and subsequently the production of ergosterol,
helping C. glabrata cope with the action of azole drugs [240]. Indeed, petite mutants have been found
to have higher levels of ergosterol and in certain cases to be amphotericin B susceptible, due to the
increased number of available amphotericin B target molecules [238]. An interesting mitochondrial
matrix cochaperone, CgMge1, was found to increase resistance towards fluconazole when
overexpressed in C. glabrata [241], linking once more mitochondrial functions with resistance. A more
recent study shows that the overexpression of CgMGET gene decreases the formation of toxic sterols

upon fluconazole exposure, especially under acidic conditions [242].

Figure 1.3. Main molecular mechanisms of azole resistance in Candida glabrata. Upregulation of ABC and MFS
transporters by the activation of Pdr1 with GOF mutations and due to mitochondrial dysfunction. Alterations in
the ergosterol biosynthetic pathway: upregulation of ERG 11 gene by Upc2A transcription factor, alterations in the
structure of Erg11 and Erg3 and sterol uptake by Aus1 and overexpression of MGE1 contributing to decrease the
production of toxic sterols and replace the sterols into the membrane.
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3.1.2. Molecular Mechanisms of Echinocandin Resistance in Candida glabrata

Echinocandins are the most recent class of antifungal drugs, being in the front-line for the fight
against invasive candidiasis [243], [244]. Echinocandins act by inhibiting the g-(1,3)-D-glucan synthase
involved in the synthesis of $-(1,3)-glucan, an essential component of the cell wall of Candida species.
Echinocandins target the FKS subunits of this enzyme, encoded by the FKS1, FKS2 and FKS3 genes.
By compromising the synthesis of $-(1,3)-glucan, these compounds provoke dramatic changes in the
cell wall of fungal cells, which in the case of C. albicans become rounded and enlarged before lysis
[243].

Although at first efficient even against C. glabrata invasive candidiasis, an upraise of resistance
has been observed, with 4.9% of C. glabrata resistant isolates in 2001 turning into 12.3% in 2010. This
increase in C. glabrata resistance towards echinocandins was linked with amino acid substitutions in
CgFks1 and CgFks2 proteins [244]. Indeed, several mutations in hot spot regions of the encoding genes
have been shown to lead to drug resistance [245]-[249]. These mutations, however, were also found to
decrease the catalytic efficiency of the enzyme [245] (Figure 1.4).

Given that hot spot mutations in CgFKS71 and CgFKS2 are the unique molecular mechanism
described so far for C. glabrata echinocandin resistance, new molecular diagnostic tools, for example a
dual assay based on the allele-specific molecular beacon and DNA melt analysis, with subsequently
asymmetric PCR, use the detection of such mutations in order to guide antifungal therapy, [250].
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Figure 1.4. Echinocandin resistance mechanisms in Candida glabrata based on the hot spot mutations in FKS1
and FKS2 genes, altering the structure of the pB-(1,3)-D-glucan synthase and stopping the inhibition by
echinocandins.

3.1.3. Molecular Mechanisms of Polyene Resistance in Candida glabrata

Amphotericin B is the main polyene drug used in the treatment of fungal infections, due to the
high toxicity found to be associated to the majority of polyenes. Amphotericin B has limited toxicity that
allows its intravenous administration. Like all polyene drugs, amphotericin B acts by bind to ergosterol,

leading to the formation of pores in the plasma membrane. This ultimately results in disruption of the
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osmotic integrity of the plasma membrane, leaking intracellular magnesium and potassium and leading
to cell lysis. Polyenes are also known to cause the disruption of oxidative enzymes [251].

Amphotericin B resistance in C. glabrata is usually due to changes in the biosynthesis of
ergosterol, which modifies the levels or type of ergosterol on the membrane (Figure 1.5). For instance,
common mechanisms of resistance are mutations in the CgERG6 gene that lead to lower ergosterol
levels on the plasma membrane. Such mechanism was already found in several C. glabrata
amphotericin B resistant clinical isolates with missense mutations in CgERG6, leading to lower levels of
ergosterol and to the accumulation of sterol intermediates on the plasma membrane [252], [253].

Moreover, certain MFS transporters have been shown to be necessary in the fight of C. glabrata
against amphotericin B, such as CgTpo1_1, CgTpo1_2 and CgFIr2 [144], [221], although the clear

mechanism as to their action on amphotericin B resistance as not yet been assessed.

Figure 1.5. Amphotericin B mechanisms of resistance in Candida glabrata rely on the alterations in the structure
of Erg6, which decrease ergosterol levels on the membrane, and on the MFS transporters Tpo1_1, Tpo1_2 and
Fir2.

3.1.4. Molecular Mechanisms of Pyrimidine-analogue Resistance in Candida glabrata

Pyrimidine-analogues constitute the last class of antifungal drugs used to tackle Candida
infections. 5-fluorocytosine is the single one of these compounds used for therapy, and is usually used
in combination with other antifungal drugs. 5-fluorocytosine is transported into the fungal cell by the
cytosine permease. Then, it is converted into 5-fluorouridine monophosphate and 5-fluorouridine

diphosphate, which is turned into 5-fluorouridine triphosphate by the action of cytosine deaminase and
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uridine phosphoribosyl transferase inside the cells. 5-fluorouridine triphosphate is incorporated into
fungal RNA instead of uridylic acid, blocking the synthesis of proteins. In addition, 5-fluorocytosine is
also converted into 5-fluorodeoxyuridine monophosphate that inhibits CDC21 gene of Candida species,
a thymidylate synthase, essential for DNA synthesis [254]-[256].

Candida resistance to 5-fluorocytosine is generally developed thanks to downregulation or
mutations of genes involved in the conversion of this compound into 5-fluorouridine or 5-fluoro-
deoxyuridine monophosphate, avoiding their negative actions upon DNA and RNA synthesis [257], [258]
(Figure 1.6). A study of 3 C. glabrata resistant mutants unravelled mutations in CgFUR1 and CgFCY1
genes, encoding the uridine phosphoribosyl transferase and cytosine deaminase, respectively, which
lead to null phenotypes for CgFur1 and CgFcy1, being the cause of 5-fluorocytosine resistance [259].
Another study links 5-fluorocytosine resistance with the decrease activity of uridine phosphoribosyl
transferase, CgFur1 [260]. Moreover, a study of selected resistant mutants of C. glabrata revealed
missense mutation in CgFCY1 and CgFCY2 genes, encoding cytosine deaminase and cytosine
permease, respectively. In addition, the CgCDC21 and CgFCY?2 genes were found to be upregulated in
one resistant mutant, while CgFUR1 gene was downregulated in another resistant mutant. In this study,
no differences were found in the uptake of 5-fluorocytosine [256].

An interesting study focused on the global proteomic response of C. glabrata to 5-fluorocytosine,
assess through an iTRAQ-MS-based approach, shows that 32 proteins are differently expressed, half
of which under the control of CgPdr1. This work identified two MFS transporters, CgFir1 and CgFlir2,
found to have a role in controlling the accumulation of 5-fluorocytosine, being an additional resistance
mechanism against this drug [221]. It is important to notice that CgFIr2 is also important for azole
resistance, being a very likely cause for the failure of combination therapy in C. glabrata infections. One
other MFS transporter, CgAqr1, and two aquaglyceroporins, CgFps1 and CgFps2, have been implicated
in 5-fluorocytosine resistance, being also implicated in decreasing the intracellular concentration of the
drug [218], [261].

It is important to notice that besides having different mechanisms to reach 5-fluorocytosine
resistance, C. glabrata was also shown to display intrinsic resistance towards this antifungal drug. In
the study of Pfaller and colleagues (2002), 1% of 1,267 C. glabrata isolates were found to have primary
resistance towards 5-fluorocytosine [262]. Therefore, the use of this antifungal drug should be carefully

evaluated and considered only in combined therapy.
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Figure 1.6. Pyrimidine-analogue resistance in Candida glabrata. Changes of expression or mutations of genes
involved in the conversion of 5-fluorocytosine into pyrimidine-analogues. The role of MFS transporters Agr1, Fir1,
FIr2, Fps1 and Fps2 in 5-fluorocytosine resistance.

3.1.5. Mechanisms of Multidrug Resistance in Candida glabrata

Although Candida glabrata displays specific responses to the exposure of each given drug, this
pathogenic yeast also exhibits mechanisms known to be used for the resistance to more than one family
of antifungal drugs, resulting in multidrug resistance.

That is the case of CgMsh2 activity, involved in mismatch DNA repair in C. glabrata. Disruption
of CgMSH2 and nonsynonymous mutations in its sequence in several clinical isolates were found to
lead to a hyper-mutator phenotype with increased resistance to the antifungal drugs caspofungin,
fluconazole and amphotericin B. The absence of CgMSH2 was found to be accompanied by mutations
in the hot spot region of CgFKS71 and CgFKS2, mutations in CgPDR1 and, in one specific case, a
mutation in CgERG6 gene. It is believed that this hyper-mutator phenotype enables C. glabrata to more
easily develop resistance to different antifungal compounds, resulting in multidrug resistance [263].

30



3.2. The Virulence Features of the Pathogenic Yeast Candida glabrata

To infect the human host, Candida glabrata counts with different features that enable this
pathogenic yeast to prevail and evade the immune system of the host. The following sections will attend
to the main mechanisms used by C. glabrata to infect the human host and models of infection, pointing

out their importance in the triumph of this pathogen over the host.

3.2.1 Candida glabrata Adherence to the Human Mucosa

Fungal pathogens rely on adherence to ensure their survival in the human host. C. glabrata has
shown to be able to strongly adhere to several mammalian cell types, such as epithelial cell lines [264]-
[266] and coronary endothelial cells [267], and to mediate binding to immune cells, like macrophages
[268]. This yeast also adheres tightly to fibronectin present in the host ECM [269]. Adherence to host
tissues is performed by adhesins (Figure 1.7), some of those already presented in the previous
Subchapter. C. glabrata has a very high number GPI-CWPs, with 67 predicted adhesins identified [270],
divided into different adhesins families [271]. GPI-CWPs are composed by a N-terminal hydrophobic
signal sequence and a C-terminal consensus sequence, without internal transmembrane domains. The
first part targets the protein to the ER, and the C-terminal has another hydrophobic domain that is
cleaved and replaced by the GPI anchor in the membrane of the ER, which will become in the end the
plasma membrane [271].

The major family of adhesins in C. glabrata is the EPA family with 18 or 23 genes sequenced for
CBS138 and BG2 strains, respectively [272]. EPA proteins bind to host tissues by recognizing host cell
glycans through their adhesin (A) domains. These domains have in their structure eleven strands that
form an antiparallel g-sandwich motif called anthrax protective antigen (PA14) domain and count with
two inner loops, CBL1 and CBL2, which are also involved in calcium binding, and on L1, L2 and L3
loops, for their binding specificity to glycans with galactose terminal residues, preferentially galactose-
B-1-3 glycans [273], [274].

CgEpa1l has been shown to be an essential adhesin for C. glabrata adherence to the human
laryngeal carcinoma cell line HEp2 [264]. This adhesin is very similar to two other, CgEpa6 and CgEpa?,
which share 94% similarity [275]. These three adhesins have been found to play the most important
roles when it comes to C. glabrata adhesion to host cells. All three are involved in the adhesion to
uroepithelial cells in vitro and in bladder colonization in a murine urinary tract infection model [276], as
well as in the mouse kidney colonization [275]. These proteins are also implicated in the recognition of
C. glabrata by NCR1, a mouse ortholog of the human natural killer (NK) cells cytotoxic receptor NKp46
[277].

EPA family has other members that seem to also be necessary for the full capacity of adherence
of this species. For instance, De Las Pefias and colleagues (2003) have shown that the entire cluster
of genes to which CgEPA1 gene belongs is necessary for the full virulence of C. glabrata in a
immunocompetent BalbC mice systemic infection model [80]. In addition, CgEPAZ2 gene, encoding

another EPA adhesin, is expressed in C. glabrata cells recovered from the liver of a murine model of
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systemic infection and upon hydrogen peroxide exposure [278], suggesting an important role in
virulence.

The importance of EPA adhesins in C. glabrata virulence is intrinsically related to their function in
recognizing and adhering specific ligands on the host cells and ECM. CgEpa1, CgEpa6 and CgEpa7
have been shown to prefer ligands containing a terminal galactose residue, being CgEpa6 the one with
a broader ligand specificity range for glycans [279]. One of these ligands is the Galf3-1,3-GalNAc
disaccharide, called Thomsen-Friedenreich or T antigen, which is present in mucin-type O-glycans
[273], [274]. Mucins are well known to be glycans present in several tissues, such as colon tissue and
uterine tissue, as well as in saliva, and CgEpa1 recognizes them [280], enabling C. glabrata adhesion
to host tissues.

Fascinatingly, the expression of given adhesin-encoding genes, seems to depend upon host
environmental conditions. For instance, CgEPAG6 expression is induced in hypoxic conditions and in the
presence of parabens and sorbate, that if present upon C. glabrata adherence to human vaginal
epithelial cells, augment the process of adhesion [281]. Moreover, the expression of this adhesin is
dependent on the presence of nicotinic acid, a precursor of NAD* (nicotinamide adenine dinucleotide),
which C. glabrata is not able to synthesize. Therefore, upon the presence of nicotinic acid in the
environment, the expression of CgEPAG6 is no longer repressed, being activated by the Sir2, a NAD*-
dependent histone deacetylase, promoting adhesion on that specific environment [276]

An interesting aspect of CgEPA1 gene expression is that it was found to be regulated, not only
by subtelomeric silencing described previously, but also by the major regulator of azole resistance in
C. glabrata, the CgPdr1 transcription factor. In fact, CgPdr1 GOF mutations have been associated with
higher virulence of C. glabrata strains in murine models of disseminated infection, together with azole
resistance [224]. Vale-Silva and colleagues (2013) studied the interaction of C. glabrata with murine
bone marrow-derived macrophages and human acute monocytic leukemia cell line-derived
macrophages, and different epithelial cell lines: Chinese hamster ovary modified cell line Lec2, human
cervix adenocarcinoma cells and human colorectal adenocarcinoma cells. Their worked showed that
GOF mutations on CgPdr1 result in decreased adherence to and uptake by macrophages, while higher
adherence was observed for the epithelial cell lines [266]. This enhanced virulence upon GOF mutations
in this transcription factor was correlated with the increased expression of CgEPA1 gene, highlighting
the importance of this adhesin in the colonization of bladder and kidney in a murine model of urinary
tract infection [228].

Another interesting family of C. glabrata adhesins is the PA14 domain containing cell wall protein
(Pwp) family, constituted by 7 members, which have some similarity with EPA adhesins, specially due
to the conservation of the PA14 domain [78], [267]. From this family the most well-known adhesin is
Pwp7, which participates in C. glabrata adhesion to human umbilical vein endothelial cells [267]. The
adhesin-like wall protein (Awp) family has 12 members, 6 of those being correlated with the
hyperadhesive phenotype of C. glabrata clinical isolates [270], [282]. Additionally, the Awp5 adhesin
was found to have an important role in the adhesion to human umbilical vein endothelial cells, being
better known as Aed1 (adherence to endothelial cells-1) [267]. Both these families of adhesins are still

poorly characterize in terms of their importance in adherence and virulence in C. glabrata. Although the
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majority is not yet characterized, adhesins have a major importance in C. glabrata adherence and
virulence, being present in high numbers in this yeast's genome. In fact, a recent study found the

presence of 101 and 107 adhesin-like genes in two C. glabrata clinical isolates [283].

Figure 1.7. Adhesins involved in the adhesion to host mucosa upon Candida glabrata infections.

C. glabrata possesses yet another family of cell wall proteins, which are not adhesins, but
contribute to the interaction of this pathogen with host cells. The YPS family comprises 11 members
that are GPl-anchored aspartyl proteases, usually designated yapsins. The YPS family was found to be
necessary for the control of CgEpa1 presence on the cell wall, resulting its deletion in an hyperadhesive
phenotype towards epithelial cells. In turn, Yps1 and Yps7 participate in the maintenance of the cell wall
in stationary phase, while all YPS genes are necessary for C. glabrata survival within macrophages,
thanks to their action avoiding the production of nitric oxide by macrophages. The importance of yapsins
in C. glabrata virulence was further demonstrated in a murine model of disseminated candidiasis by
Kaur and colleagues (2007) [284].

3.2.2. Candida glabrata Phenotypic Switching

C. glabrata has the ability to adapt to the human host at different levels, exhibiting altered
phenotypes according to the host niche, a feature usually called phenotypic switching. Within the human
host, C. glabrata may present itself in four different colony morphologies: white, light brown, dark brown
and very dark brown [285]. Different clinical isolates have been shown to have the capacity of phenotypic
switching, exhibiting different phenotypes upon collection from different parts of the human host. For
instance, a clinical isolate recovered from the vaginal tract was found to have dark brown phenotype
while being genetically identical to another clinical isolate recovered from the oral cavity, whose
phenotype was mostly white [286]. From all possible phenotypes C. glabrata may present, the dark
brown phenotype is the one that exhibits higher virulence in a mouse model of systemic infection [287].
From the study of the genes differentially expressed between the white and dark brown phenotypes of
C. glabrata, it was discovered that the two phenotypes differ mainly in terms of copper assimilation,
sulfur assimilation, and stress response [288]. Although the specific mechanisms that allow phenotypic
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switching in C. glabrata are not clear, this feature seems to be of high importance upon this yeast

colonization of human body niches.

3.2.3. Evading Macrophage Action: Candida glabrata Modulation of the Phagolysosome

Once inside the human host, C. glabrata has to face different environmental stresses, and one of
the most difficult to fight is phagocytosis, mainly performed by macrophages. The phagolysosome
environment is very aggressive towards pathogens, with low pH, ROS, starvation of carbon source and
presence of hydrolytic enzymes [289], [290]. Nevertheless, C. glabrata is able to survive within such
environment and even replicate in such hostile conditions [289], [291], instead of causing high damage
to macrophages or macrophage apoptosis, like C. albicans [291].

Upon phagocytosis, C. glabrata suffers modification to cope with the stresses encountered
(Figure 1.8). 23 genes (CCH1, SLM1, SHO1, ARG81, GPR1, GPA2, FRES, CAGLOM12496g, LRG1,
GNT1, ERG5, SLG1, OST6, MNN4, MNS1, PMT2, PMT4, YGR106C, BAR1, CDC12, CKA2, HEK2 and
MPS23) were found to be necessary for the mechanisms developed by C. glabrata, within a screening
of 433 deletion mutants. These genes are involved in cell wall biosynthesis, calcium homeostasis,
nutritional and stress responses, protein glycosylation and iron homeostasis in C. glabrata. However,
upon phagocytosis, 18 genes mediate cell surface exposure of g-glucans or chitin, found to mediate
also TNF-«a induction, and 15 genes are responsible for decreasing ROS production within the
phagolysosome, 9 of those participating in C. glabrata oxidative stress resistance [292].

Other alterations are also necessary for C. glabrata resistance to phagolysosomes, such as the
induced expression of CgCTA71 and peroxisome proliferation [289]. CgCta1 is the single catalase of
C. glabrata being responsible for resistance to oxidative stress [40], a stress C. glabrata suffers within
this environment [289]. Although at first increased, the number of peroxisomes declines throughout the
process of phagocytosis due to autophagy, which is initiated as a mechanism to cope with
phagolysosome-imposed stress. This mechanism allows survival of C. glabrata within this environment;
indeed, without CJATG11 or CgATG17 genes, involved in pexophagy and non-selective autophagy,
such survival becomes compromised [289].

C. glabrata was also found to suffer modifications on the chromatin structure and resistance to
micrococcal nuclease digestion, and to developed an altered epigenetic signature, with decreased
protein acetylation and increased cellular lysine deacetylase activity upon phagocytosis [293]. This
adaptation was found to be extremely important given that ACgrsc3-a, ACgrsc3-b, Cgrsc3-aAbA, and
ACgrtt109 mutants deficient in chromatin organization and ACgrtt107 and ACgsgs1 mutants defective
in DNA damage repair were found to display decreased virulence in a murine model of disseminated
candidiasis [293].

The changes occurring within C. glabrata cells lead to clear alterations in the behaviour of
macrophages and phagolysosomes, which allow their survival and replication within these cells of the
human host (Figure 1.8). C. glabrata was found to be able to inhibit the production of proinflammatory
cytokines, such as TNF-a, IL-13, IL-6, IL-8, and IFN-y, as well as to decrease ROS production by

infected-macrophages [291]. The alterations C. glabrata imposes onto macrophages upon being
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phagocytized increase until the point of changing the maturation of the phagolysosome, altering the
fusion of lysosomes with the phagosome [291]. C. glabrata replication within phagolysosomes was
found to be accompanied by an increase in the pH within this structure [291], [294], which ranges
between 4.5-5.5, being an acidic environment essential for the activity of hydrolytic enzymes [290]. In
fact, when analysing replicating C. glabrata macrophages, the internal pH of the phagolysosome was
found to be 6.1 [291] and with decreased phagosomal hydrolase activity [294]. Such alteration of pH
seems to be due to the presence of C. glabrata cells [291], whose mannosyltranferases, such as
CgMnn10 and CgMnn11, were found to be necessary for extracellular environment alkalinisation in vitro
and inside phagolysosomes [294].

This altered environment permits the survival of C. glabrata cells and they proliferation, ultimately

causing the lysis of the macrophage itself, freeing viable C. glabrata cells within the host [291].

3.2.4. Candida glabrata Production of Hydrolytic Enzymes

In order to progress in the invasion of host tissues, yeast pathogens often resort to hydrolytic
enzymes [295], [296]. Although not particularly recognized by it, C. glabrata virulence might also rely on
specific enzymes that are secreted upon contact with host tissues to ensure this yeast survival and
proliferation. Such enzymes destroy the proteins and lipids of the cell host membranes, leading to
membrane dysfunction or rupture [297], or host proteins and lipids of the extracellular matrix of host
tissues, improving invasion [295]. Hydrolytic enzymes can be divided into proteinases and
phospholipases, according to their target, proteins or lipids, hydrolysing peptide bonds or phospholipids,
respectively [297].

Although not as much as C. albicans, C. glabrata was found to display phospholipase activity.
Such hydrolytic activity was found to be present in a higher number of persistent isolates than in non-
persistent isolates of candidemia cases [297], which highlights its significance in C. glabrata virulence.
C. glabrata clinical isolates recovered from the oral cavity have also shown to have phospholipase
activity [298]. C. glabrata isolates recovered from the oral cavity and from blood samples were also
found to demonstrate proteinase activity [298], [299]. Berila and colleagues (2011) have further showed
that apparently both proteinase and phospholipase activities are present in the majority of the C. glabrata
clinical isolates they analysed, irrespective of their source [300]. However, other studies appear to
contradict these results, showing that the majority of C. glabrata recovered isolates did not present
proteinase or phospholipase activity [301], [302]. Interestingly, clinical isolates of this pathogenic yeast
also display hemolysin production [303]. Hemolysin is a very advantageous feature when it comes to

degrade hemoglobin to acquire iron, a very difficult to find element within the human host [13].
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Figure 1.8. Candida glabrata mechanisms for evading phagocytosis action by macrophages. C. glabrata employs mechanisms of chromatin reorganization
and DNA damage repair, having essential effectors: Rsc3-a, Rsc3-b and Rit109, and Rtt107 and Sgs1, respectively; uses the level of peroxisomes together
with Atg17 and Atg11 to answer phagolysosomal stress, as well as Cta1 to couple with oxidative stress; and relies on two mannosyltransferases, Mnn10 and
Mnn11, for the alkalinisation of the phagolysosome. Such mechanisms allow C. glabrata to provoke a decrease in the production of inflammatory cytokines,

decrease of acidification, decrease of ROS formation and alters the fusion of lysosomes with the phagosome.
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3.2.5. Unexpected Players in C. glabrata Virulence

Some virulence features in C. glabrata come as a surprise given their absence on the majority of
other Candida species causing disease. That is the case of the CgAce2 transcription factor responsible
for mother and daughter cell separation in C. glabrata [304]. CgAce2 is an ortholog of ScAce2, which in
S. cerevisiae also controls the separation of mother and daughter cells and the expression of early G1-
phase genes [305]. This transcription factor was found to be connected to C. glabrata’s virulence.
Indeed, Acgace?2 deletion mutant cells exhibit increased virulence in a murine model of invasive
candidiasis [304]. It has been hypothesized that upon the loss of this transcription factor, the abundant
display of cytoplasmic proteins on the cell wall leads to an increase of the immunogenicity [137], [306],
defined by an elevation of the number of proinflammatory cytokines [304].

Ste12 is another transcription factor found to be necessary for the full virulence of C. glabrata in
a murine model of systemic candidiasis. Although its role in virulence is not clear, this regulator was
found to be necessary for nitrogen starvation induced filamentation [112].

Another interesting feature of C. glabrata is pigmentation. Although not much explored,
C. glabrata has been shown to produce indole pigments: pityriacitrin, malassezia indole,
pityriaanhydride and pityriarubin C; in a pigment-induced medium supplemented with tryptophan as the
sole source of nitrogen [307]. For the production of indole pigments C. glabrata uses the Ehrlich
pathway, being indispensable the presence of CgAro8 enzyme, which transforms tryptophan into indole
pyruvate. C. glabrata pigmented cells were found to exhibit higher virulence than non-pigmented cells.
Indole pigments help cells resist the action of neutrophils, as well as the oxidative action of hydrogen
peroxide, and increase the capacity of C. glabrata to damage human oral epithelial cell line TR146,
measured by the activity of released lactate dehydrogenase (LDH) [308]. The pigmentation role in
virulence is not that surprising if one considers that other fungal pathogens like Cryptococcus

neoformans, also use pigments as a virulence factor [309].

3.3. Candida glabrata Antifungal Resistance, Virulence and Biofilm Formation
Have More in Common Than Meets the Eye

Although usually discussed as separated topics, antifungal resistance, virulence and biofilm
formation have been found to share common strategic pathways within fungal pathogens [310].
C. glabrata is no exception, having molecular mechanisms found to be behind the development of at
least two of these processes (Table 1.2).

One of those mechanisms relies on the action of the CgPdr1 transcription factor. As discussed
above, CgPdr1 is known as the master regulator of multidrug resistance, controlling the expression of
multiple drug efflux pumps. GOF mutations on this transcription factor were found to not only enhance
resistance, but also to increase virulence, augmenting tissue colonization in the kidney, spleen and liver
of infected mice [224]. The increased virulence found in the colonization of bladder and kidney in
a murine model of urinary tract infection, due to CgPdr1 GOF mutations, were found to be connected

with the increased expression of CgEPAT gene [228]. In turn, CgEpa1 adhesin is an essential player in
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C. glabrata biofilm formation, especially in the first step, adhesion, contributing for hydrophilic and
hydrophobic interactions [143], [311], [312]. In fact, just like CgEpa1, CgEpa3 is involved in adhesion
and biofilm formation [75], [313] and when the EPA1-3 cluster is deleted, C. glabrata virulence in a
systemic infection mouse model becomes compromised [80]. Interestingly, CgEpa2 was also implicated
in the ability of C. glabrata to resist oxidative stress [278].

Meanwhile, different GOF mutations on CgPdr1 were also found to increase the expression of
CgPUP1 gene, encoding a mitochondrial protein, and CgCDR1 gene, encoding an important multidrug
resistance transporter [227]. Deletion of both these genes in an azole resistant isolate was found to lead
to a decrease in virulence in mice injected intravenously, with less kidney colonization and tissue burden,
comparatively to the initial isolate. In addition, their deletion also resulted in decreased antifungal
resistance, indicating the full connection between the two processes in C. glabrata [227].

Another mechanism generally associated with increase antifungal resistance is the loss of
mitochondrial function. Nevertheless, mitochondrial defects have been found to be associated with
changes in the virulence of C. glabrata. Brun and colleagues, (2005), have induced the formation of
C. glabrata petite mutants, whose loss of mitochondrial function was accompanied with decreased
virulence against a murine model of systemic infection, comparatively to the parental strains [314]. On
the other hand, a petite mutant was found to have increased virulence in systemic and vaginal murine
infection models, while being azole resistant due to the upregulation of CgCdr1, CgCdr2 and CgSnqg2
ABC transporters [239]. Although both studies show different results regarding the virulence of petite
mutants, mitochondrial defects clearly have influence over C. glabrata virulence. Interestingly,
downregulation of mitochondrial activity is also observed in cells within C. glabrata biofilms, once they
become exposed to fluconazole [242]. Nevertheless, such downregulation has already been described
to happen during normal maturation of C. albicans biofilms [315].

Biofilm formation was recently found to rely on different MFS transporters in C. glabrata: CgTpo4,
CgDtr1, CgQdr2 and CgTpo1_2 [143], [316], [317]. The absence of these transporters was found to
significantly decrease the ability of this pathogenic yeast to form biofilms [316]. CgTpo1_2 has been
implicated in the virulence of C. glabrata, being necessary for the survival of this pathogenic yeast upon
phagocytosis [143], as well as for azole resistance [144]. On the other hand, as described above,
CgQdr2 is an important player in azole resistance [219]. Such studies give evidence of the importance
of MFS transporters in the three main processes behind the success of C. glabrata infections.

Calcineurin is a Ca?*-calmodulin activated protein phosphatase 2B, which consists in two
subunits: with a catalytic A subunit and a Ca?*-binding regulatory B subunit. This phosphatase is
responsible for the control of intracellular calcium homeostasis. Calcium is a vital secondary messenger
for most cellular processes in fungi [318], [319]. Calcineurin has been shown to be essential for crucial
processes in C. glabrata, like plasma membrane integrity and ER stress response, growth at human
host temperature (37°C) and pH homeostasis [43]. Calcineurin, as well as the CgCzr1 transcription
factor, which is activated by its action, are needed for full virulence in murine systemic and ocular
infection models, but only calcineurin was found to be necessary for C. glabrata infection of a murine
urinary tract infection model [43]. In addition, at least one of the calcineurin mutants for either subunit

were found to be susceptible to different antifungal drugs: fluconazole, posaconazole, ketoconazole,
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itraconazole, miconazole, voriconazole micafungin, caspofungin and anidulafungin [43], [319].
Recovered azole tolerance is observed upon the complementation of the deletion mutant with CgCNB1
gene [319]. In turn, the absence of CgCZR1 gene was found to affect more azole resistance than
echinocandin resistance [43]. Interestingly, the use of a psychotic drug, fluphenazine, known to be a
calmodulin antagonist, which makes impossible its connection with calcineurin for the activation of
CgCzr1 regulator, was found to have a significant effect decreasing C. glabrata biofilm formation
together with caspofungin [320]. The decrease of virulence and antifungal resistance was also observed
upon the use of both drugs [320], indicating a very important role of the calcineurin pathway in all of
these processes in C. glabrata. In fact, in the study of Schwarzmiiller and colleagues (2014), the deletion
of 14 genes was found to decrease biofilm formation in C. glabrata, being CgCNB1 one of those genes,
highlighting its importance, not only in virulence and antifungal resistance, but also in biofilm formation
[321]. Given the wide importance of calcineurin in C. glabrata, it constitutes a valuable new drug target,
with both non-azole ergosterol biosynthesis inhibitors and calcineurin inhibitors being shown to act
synergistically, against C. glabrata, C. albicans and C. krusei [322].

There are two endogenous regulators of calcineurin, CgRcn1 and CgRcn2. The first participates
in the activation and repression of the calcineurin pathway while CgRcn2 only displays action in the
inhibition of the pathway. By stimulating the calcineurin pathway, CgRcn1 leads to the activation of
CgCzr1. CgRcn1 was found to also have a role in antifungal resistance in C. glabrata. Deletion of
CgRCN1 gene resulted in decrease resistance towards micafungin and fluconazole, while its
reintroduction resulted in the recovery of the wild-type phenotype [323].

A putative calcium channel, Cch1-Mid1, has been linked to the ability of C. glabrata to resist
fluconazole exposure. In yeast, Cch1 is an N-glycosylated integral membrane protein, being the catalytic
subunit of the channel, while Mid1 is believed to be a regulatory subunit required for the function of the
catalytic subunit. Insertions in CgCCH1 and CgMID1 genes lead to increased susceptibility to
fluconazole and defective calcium uptake [324]. Interestingly, deletion of CgCCH1 gene also decreases
the ability of C. glabrata to form biofilms [321], turning CgCch1 as an important player in azole resistance
and biofilm formation.

Cglre1 is a kinase/endoribonuclease that, together with calcineurin and CgSIt2, from the mitogen-
activated protein kinase (MAPK) signaling pathway, has the function of activating the unfolded protein
response (UPR). Cglre1 interacts with unfolded proteins in the ER, leading to the activation of stress
responsive genes. The absence of Cg/RE1 gene was found to decrease the mortality of
cyclophosphamide-immunosuppressed mice, and lower fungal burden in the kidney and spleen in a
mouse model of disseminated candidiasis [44]. In turn, CgSIt2, which is also involved in cell wall
integrity, was found to be necessary for the normal production of chitin and for resistance to caspofungin
in C. glabrata [325]. Just like calcineurin, CgSIt2 was found to be necessary for the full virulence of
C. glabrata in a mouse model of disseminated candidiasis [326], highlighting the importance of all these
three players, calcineurin, Ire1 and Slt2, in virulence and antifungal resistance in this pathogenic yeast.

The ability of C. glabrata to respond to oxidative stress has been found to be necessary for its
virulence, but also for biofilm formation. The unique catalase of C. glabrata, CgCta1, is regulated by

CgYap1, CgSkn7, CgMsn2 and CgMsn4 transcription factors that have important roles in in stress
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responses [40]. CgSkn7 has been found to be essential for resistance to oxidative stress, being
responsible for activating, upon hydrogen peroxide exposure, CgTRX2, CgTRR1, CgTSA1and CgCTA1
genes encoding important players in the oxidative stress response [327]. Upon the loss of CgSKN7
gene, C. glabrata was found to have decreased virulence in a murine model of disseminated candidiasis
[327] and to have decreased capacity to form biofilms [321]. Another transcription factor involved in the
response to stress is CgSte20. This transcription factor is involved in the adaptation to hypertonic stress
and participates in the maintenance of the cell wall integrity [328]. The absence of CgSTE20 gene has
been found to attenuate the virulence of C. glabrata in a model of murine candidiasis [328], and to
increase the formation of biofilms [321].

The plasticity of C. glabrata genome is by itself a mechanism through which both virulence and
antifungal resistance may be enhanced. The formation of new chromosomes in C. glabrata happens by
the duplication of chromosome segments carrying a centromere, with the subsequent addition of new
telomeric ends [329]. The study of Bader and colleagues (2012) shows how specific karyotypic changes
may occur in the C. glabrata genome, allowing this species to adapt to a different environment. Genomic
changes have been found to underlie different cell surface properties, leading to differential resistance
to caspofungin [330]. Other studies on C. glabrata clinical isolates have highlighted the association of
new formed chromosomes with antifungal resistance and virulence. The segments duplicated were
found to have the sequence of important genes in antifungal resistance, such as CgCDR1 and CgCDR2,
and in virulence, such as several YPS genes and the CAGLOE02321g gene, encoding a putative
phospholipase B [329], [331].

Overall, antifungal resistance and virulence seem to find themselves in the crossroad for
successful infections of C. glabrata. All the mechanisms found to enhance both processes in this
pathogenic yeast together with the mechanisms of biofilm formation, highlight the potential of this yeast
as a pathogen within the human host. The information gathered herein gives evidence of the molecular
mechanisms that C. glabrata resorts to and that should be thus considered when developing future

therapeutic strategies.
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Table 1.2. Candida glabrata common molecular mechanisms and effectors involved in at least two of the main
processes used by this yeast to succeed in the human host: antifungal resistance, virulence and biofilm formation.

Candida glabrata Common Molecular Mechanisms and Effectors Involved in the Main Processes

Antifungal Resistance

Virulence

Biofilm
Formation

Activation of MDR
transporters

GOF Mutations Pdr1
Transcription Factor

Activation of Epa1 adhesin, increase of
tissue colonization in the kidney, bladder,
spleen and liver of infected mice

Activation of Epa1

adhesin

Epa1 Adhesin -

Necessary for full virulence in a murine

Participates in the

model of urinary tract infection, increase of first step of biofilm

tissue colonization in the kidney, bladder,
spleen and liver of infected mice

formation,
adhesion

Cdr1 ABC Transporter Efflux of antifungal drugs

Necessary for full virulence in mice
injected intravenously, increase of kidney
colonization and tissue burden

Necessary for azole

Pup1 Mitochondrial Protein .
resistance

Necessary for full virulence in mice
injected intravenously, increase of kidney
colonization and tissue burden

Upregulation of CgCdr1,
CgCdr2 and CgSnq2 ABC
transporters

Loss of Mitochondrial
Function

Contradictory results of virulence in murine
model of systemic infection but increase of
virulence in a vaginal murine infection
model

Observed in
biofilms exposed
to fluconazole,
might be
connected to the
maturation of the
biofilm

Qdr2 MFS Transporter Efflux of azole drugs

Necessary for
biofilm formation

Tpo1_2 MFS Transporter Efflux of azole drugs

Necessary for the survival upon
phagocytosis

Necessary for
biofilm formation

Necessary for azole and

Calcineurin . ) )
echinocandin resistance

Necessary for full virulence in murine
systemic, ocular and urinary tract infection
models, essential for plasma membrane
integrity and ER stress response, growth
at human host temperature (37°C) and pH
homeostasis

Necessary for
biofilm formation

Czr1 Transcription Necessary for azole

Necessary for full virulence in murine
systemic and ocular infection models

Activation of Czr1 transcription factor

Factor resistance
Necessary for micafungin
Rcn1 .
and fluconazole resistance
. Necessary for caspofungin
Calmodulin y P 9

resistance

Necessary for full virulence in Galleria
mellonella model of infection

Necessary for
biofilm formation

Cch1 Putative
Calcium Channel
Subunit

Calcium-Calcineurin Pathway

Necessary for fluconazole
resistance

Necessary for
biofilm formation

Necessary for cell wall
integrity and chitin
production for caspofungin
resistance

SIt2 MAPK Signalling Pathway

Necessary for full virulence in a mouse
model of disseminated candidiasis

Skn7 Transcription Factor -

Necessary for full virulence in a mouse
model of disseminated candidiasis,
activates Cta1 for the oxidative stress
response

Necessary for
biofilm formation

Ste20 Transcription Factor -

Necessary for full virulence in a model of
murine candidiasis, participates in the
adaptation to hypertonic stress and
maintenance of the cell wall integrity

Negative regulator
of biofilm
formation

Duplication of CDR1 and
CDR?2 genes increases
antifungal resistance,
increase of caspofungin
resistance

Karyotypic Changes in the
Genome

Duplication of several YPS genes and

CAGLOE02321g gene, encoding a putative

phospholipase B, increases virulence

41



4. Thesis Outline

Candida glabrata infections have increased in recent years due to the increase of
immunocompromised patients and the extensive use of antifungal drugs for treatment and prophylaxis.
This pathogenic yeast is well-known for its fast acquisition of resistance against such antifungal drugs
and for its capacity to form biofilms in indwelling devices, which are very hard to eradicate. Antifungal
resistance and pathogenesis, characteristics of this species, result at times in the failure of all available
therapeutic solutions, which ultimately leads to high mortality rates. In order to surpass this problematic,
an in-depth knowledge of the molecular mechanisms C. glabrata employs to persist in the human host
is thus necessary. Only by achieving such goal, it will be possible to design new therapeutic strategies.

This thesis is focused on this problematic, starting in Chapter I, by describing C. glabrata as an
opportunistic pathogen, following an introduction of the main molecular mechanisms of biofilm formation
in Candida species, adapted from a review paper published in 2018. In addition, Chapter | addresses
the main molecular mechanisms of antifungal resistance and virulence developed by C. glabrata, ending
with the description of the main motivation and outline of this thesis.

Chapter Il is composed by the study of two new transcription factors, CgEfg1 and CgTec1, found
to regulate biofilm formation in C. glabrata. The role of these transcription factors in the adhesive
properties of C. glabrata towards medically relevant surfaces and the transcriptome changes occurring
from planktonic growth to mature biofilm development are analysed. Two new MFS transporters, CgDtr1
and CgTpo4, are also characterized in this Chapter, found to have roles in biofilm formation and
virulence in C. glabrata. This Chapter englobes one published paper and two submitted ones.

Given that the development of new therapeutic strategies should rely not only in fighting biofilm
formation and virulence, but also tackle antifungal resistance, evidences of new players in this process
are presented in Chapter Ill. Two cell peripheral proteins, CgEpa3 and CgPil1, with roles in biofilm
formation are described in this chapter for conferring resistance to azole drugs, a discovery resulting
from an in vitro evolution of an azole susceptible clinical isolate towards azole resistance. This Chapter
is comprised by one published paper and another in preparation.

Chapter IV discusses all the results presented in this work, highlighting the integration between
different molecular mechanisms that cross-talk to favour biofilm formation, antifungal resistance and
virulence, and provides a perspective on how this knowledge may be used to improve the success of

current therapeutic approaches towards the effective eradication C. glabrata infections.
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Il. Candida glabrata biofilm formation:
new regulators and effectors of a
complex process
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1. From the first touch to biofilm establishment by the human

pathogen Candida glabrata: a genome-wide to nanoscale view

1.1. Abstract

Candida glabrata is an opportunistic pathogen that adheres to human epithelial mucosa and
forms biofilm to cause persistent infections. In this work, Single-cell Force Spectroscopy (SCFS) was
used to glimpse at the adhesive properties of C. glabrata as it interacts with clinically relevant surfaces,
the first step towards biofilm formation. Following a genetic screening, RNA-sequencing revealed that
half of the entire transcriptome of C. glabrata is remodelled upon biofilm formation, around 40% of which
under the control of the transcription factors CgEfg1 and CgTec1. Using SCFS, it was possible to
observe that CgEfg1, but not CgTec1, is necessary for the initial interaction of C. glabrata cells with both
abiotic surfaces and epithelial cells, while both transcription factors orchestrate biofilm maturation.
Overall, this study characterizes the network of transcription factors controlling massive transcriptional

remodelling occurring from the initial cell-surface interaction to mature biofilm formation.

1.2. Introduction

The use of medical devices has increased over the years, driven by the necessity to improve the
quality of life and by the fast development of new technology [57]. Although bringing enormous
advantages, medical devices also have a dark side related to the emergence of microbial infections [57],
[332], [333]. Medical devices, once inserted in the human host, provide a favourable surface in which
microorganisms may develop biofilms, giving rise to persistent colonization and, often, a very hard to
eradicate source of infection [334]. Once the biofilm is formed on such devices, disseminated cells can
move to other host niches, and just as well originate new biofilms [335].

Candida glabrata is an opportunistic pathogen that is able to use such surfaces to form biofilms
and prevail in the human host [31], [335], [336]. It is considered the second most common cause of
candidiasis [17], [18], being associated to both invasive disseminated infections as well as oral,
esophageal or vulvovaginal candidiasis [8]-[11]. C. glabrata is able to adhere to abiotic surfaces like
polyvinyl chloride, polyurethane, polystyrene, silicone, Teflon and denture acrylic surfaces [31], [66],
[75], [93], [337], [338], but it is as well able to adhere to different epithelial cells, like the human cultured
epithelial cells HEp2 [264] or the human vaginal epithelial cell line VK2/EGE7 [313].

Adhesion is a complex interplay between physico-chemical interactions (hydrophobicity,
electrostatic interactions) and adhesin-mediated interactions. Adhesins are GPI-CWPs divided into
seven subfamilies based on the phylogenetic analysis of their putative N-terminal ligand-binding regions
[78], [271]. The most studied C. glabrata family of adhesins is the EPA family, given the importance of
its 17 members in the adherence of this fungal pathogen [78]. The cellular proliferation and production
of an ECM gives continuation to C. glabrata biofilm formation, in a thick structure of yeast cells that
exhibits higher resistance to antifungal drugs than planktonic cells [35], [145], being the perfect niche

for the protection of C. glabrata cells.
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In this work, C. glabrata’s ability to adhere to different clinically-relevant surfaces was assessed
by SCFS, revealing the forces established between C. glabrata and plastic surfaces used in medical
devices, but also the ability to establish interactions with human vaginal epithelial cells (VK2/EGE7 cell
line). From a screening of potential transcription factors involved in the control of biofilm formation, only
two were found to be necessary for adhesion to human vaginal epithelial cells and biofilm formation in
C. glabrata: CgEfg1 and CgTec1. Given their relevance on biofilm formation, the study of the
transcriptomic remodelling occurring in C. glabrata cells from planktonic cultivation to 24h of biofilm
formation, in the presence or absence of CgEFGT or CgTEC1 genes, was pursuit through RNA-
sequencing (RNA-seq). In order to assess the importance of CgEfg1 and CgTec1 at the scale of cell-
surface molecular interactions, SCFS was used to measure how the expression of CgEFG1 and

CgTEC1 modulate the interaction forces between C. glabrata and clinically-related surfaces.

1.3. Methods

1.3.1. Strains and Growth Medium

Candida glabrata CBS138, KUE100 [339] and L5U1 (cgura3A0 cgleu2A0) [340] strains, the later
kindly provided by John Bennett, NIAID, NIH, Bethesda, were used in this study. Cells were batch-
cultured at 30 °C with orbital agitation (250 rpm) in the following growth media. Yeast extract Peptone
Dextrose (YPD) growth media, containing per liter: 20 g glucose (Merck), 10 g yeast extract (Difco) and
20 g bacterial-peptone (LioChem). BM minimal growth medium contained per liter: 20 g glucose (Merck);
2.7 g (NH4)2SO4 (Merck); 1.7 g yeast nitrogen base without amino acids or (NH4)2SO4 (Difco).
Sabouraud’s dextrose broth (SDB) contained 40 g glucose (Merck) and 10 g peptone (LioChem) per
liter.

The VK2/EGE7 human epithelium cell line (ATCC® CRL-2616™) was used for adhesion assays.
This cell line is derived from the vaginal mucosa of healthy premenopausal female submit to vaginal
repair surgery and immortalized with human papillomavirus 16/E6E7. Cells maintenance was achieved
with Keratinocyte Serum Free (KSF) medium, containing 0.1 ng/mL human recombinant epidermal
growth factor (EGF), 0.05 mg/mL bovine pituitary extract and additional 44.1 mg/L calcium chloride.
Cells were maintained at 37 °C, with 95% air and 5% CO..

1.3.2. Cloning of the C. glabrata CQEFG1 and CgTEC1 genes (ORF CAGLOM07634g and
CAGLOM01716g)

The pGREG576 plasmid from the Drag & Drop collection [341] was used to clone and express
the C. glabrata ORF CAGLOM07634g and CAGLOMO01716g in S. cerevisiae, as described before for
other heterologous genes [342]. pPGREG576 was acquired from Euroscarf and contains a galactose
inducible promoter (GAL7) and the yeast selectable marker URA3. The CgEFG1 and CgTEC1 genes
were generated by polymerase chain reaction (PCR), using genomic DNA extracted from the sequenced
CBS138 C. glabrata strain, with the primers present in Supplementary Table Sll.1. To enable expression
of the CgTEC1 gene in C. glabrata, the GAL1 promoter was replaced by the constitutive PDC1
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C. glabrata promoter, while for CQEFG1 the replacement was performed using the copper-induced MT-/
C. glabrata promoter. The PDC1 and MT-/ promoters DNA was generated by PCR, using the primers in
Supplementary Table SlI.1. The recombinant plasmids pGREG576_CgEFG1, pGREG576_CgTECT,
pGREG576_MT-I_CgEFG1 and pGREG576_PDC1_CgTEC1 were obtained through homologous

recombination in S. cerevisiae and verified by DNA sequencing.

1.3.3. Disruption of the C. glabrata CQEFG1 and CgTEC1 genes (ORF CAGLOMO07634g,
CAGLOMO01716g).

The deletion of the CgEFG1 and CgTEC1 genes was carried out in the parental strain KUE100,
using the method described by [339]. The target genes were replaced by a DNA cassette including the
CgHIS3 gene, through homologous recombination. The pHIS906 plasmid including CgHIS3 was used
as a template and transformation was performed as described previously [339]. Recombination locus

and gene deletion were verified by PCR using the primers indicated in Supplementary Table SlI.1.

1.3.4. Biofilm Quantification

C. glabrata strains were tested regarding their capacity to form biofilm on a polystyrene surface,
recurring to the PrestoBlue Cell Viability assay. For that, the C. glabrata strains were grown in SDB
(pH 5.6) medium and harvested by centrifugation at mid-exponential phase. The cells were inoculated
with an initial Optical Density at 600nm (ODsoonm) = 0.05+0.005 in 96-well polystyrene microtiter plates
(Greiner) in SDB (pH 5.6) medium. Cells were cultivated at 30 °C during 24+0.5 h with mild orbital
shaking (70 rpm). After the incubation time, each well was washed two times with 100 uL of sterile
phosphate-buffered saline (PBS) pH 7.4 (PBS contained per liter: 8 g NaCl (Panreac), 0.2 g KCI
(Panreac), 1.81 g NaH2PO4H20 (Merck), and 0.24 g KH2PO4 (Panreac), to remove the cells unattached
to the formed biofilm. Then, Presto Blue reagent was prepared in a 1:10 solution in the medium used
for biofilm formation, adding 100 pL of the solution to each well. Plates were incubated at 37 °C for
30 min. Afterwards, absorbance reading, at the wavelength of 570 nm and 600 nm for reference, was
determined in a microplate reader (SPECTROstar Nano, BMG Labtech).

1.3.5. Human vaginal epithelial cell adherence assay

For the adhesion assays, VK2/E6E7 human epithelium cells were grown and inoculated in 24-well
polystyrene plates (Greiner) with a density of 2.5x10° cell/mL a day prior to use. Additionally, C. glabrata
cells were inoculated with an initial ODsoonm = 0.05+0.005, cultivated at 30 °C, during 16+0.5 h, with
orbital shaking (250 rpm) in YPD medium. In order to initiate the assay, the culture medium of
mammalian cells was removed and substituted by new culture medium, in each well, and, subsequently,
C. glabrata cells were added to each well, with a density of 12.5x10° Colony Forming Units (CFU)/well,
corresponding to a multiplicity of infection (MOI) value of 10. Then, the plate was incubated at 37 °C,
5% COz2, for 30 min. Afterwards, each well was wash 3 times with 500 pL of PBS pH 7.4, following the
addition of 500 pL of Triton X-100 0.5% and incubation at room temperature for 15 min. The cell
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suspension in each well was then recovered, diluted and spread onto agar plates to determine CFU

count, which represent the proportion of adherent cells to the human epithelium.

1.3.6. RNA sample extraction and preparation

Cells were grown in SDB (pH 5.6) medium. Planktonic cells were cultured at 30 °C with orbital
agitation (250 rpm), while biofilm cells were cultured at 30 °C, in square Petri dishes, with orbital agitation
(30 rpm). Total RNA was extracted from wild-type and single deletion mutant cells during planktonic
exponential growth and upon 24 h of biofilm growth. Total RNA was isolated using an Ambion Ribopure-

Yeast RNA kit, according to manufacturer's instructions.

1.3.7. RNA-sequencing of C. glabrata cells in planktonic and biofilm conditions

Strand specific RNA-seq library preparation and sequencing was carried out as a paid service by
the NGS core from Oklahoma Medical Research Foundation, Oklahoma City, Oklahoma, USA. Prior to
RNA-seq analysis, quality control measures were implemented. Concentration of RNA was ascertained
via fluorometric analysis on a Thermo Fisher Qubit fluorometer. Overall quality of RNA was verified
using an Agilent Tapestation instrument. Following initial QC steps sequencing libraries were generated
using the lllumina Truseq Stranded Total RNA library prep kit with ribosomal depletion via RiboZero
Gold according to the manufacturer’s protocol. Briefly, ribosomal RNA was depleted via pull down with
bead-bound ribosomal-RNA complementary oligomers. The RNA molecules were then chemically
fragmented and the first strand of cDNA was generated using random primers. Following RNase
digestion, the second strand of cDNA was generated replacing dTTP in the reaction mix with dUTP.
Double stranded cDNA then underwent adenylation of 3' ends following ligation of lllumina-specific
adapter sequences. Subsequent PCR enrichment of ligated products further selected for those strands
not incorporating dUTP, leading to strand-specific sequencing libraries. Final libraries for each sample
were assayed on the Agilent Tapestation for appropriate size and quantity. These libraries were then
pooled in equimolar amounts as ascertained via fluorometric analyses. Final pools were absolutely
quantified using gPCR on a Roche LightCycler 480 instrument with Kapa Biosystems lllumina Library
Quantification reagents. Sequencing was performed on an lllumina HiSeq 3000, producing 2x150 bp
paired-end reads, 2 GB clean data, yielding 52 M reads per sample. Paired-end reads were obtained
from wild-type (Candida glabrata KUE100) and correspondent deletion mutant strains Acgefg? and
Acgtec1 (CAGLOMO07634g and CAGLOMO01716g, respectively). Two replicates of each sample were
obtained from three independent RNA isolations, subsequently pooled together. Samples reads were
trimmed using Skewer [343] and aligned to the C. glabrata CBS138 reference genome, obtained from
the Candida Genome Database (CGD) [344], using TopHat [345]. HTSeq [346] was used to count
mapped reads per gene. Differentially expressed genes were identified using DESeq2 [347] with an
adjusted p-value threshold of 0.01 and a logz fold change threshold of -1.0 and 1.0. Default parameters
in DESeg2 were used. Significantly differentially expressed genes were clustered using hierarchical

clustering in R [348]. C. albicans and S. cerevisiae homologs were obtained from the CGD and
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Saccharomyces Genome Database (SGD) [349], respectively. Accession number. The data sets were

deposited at the Gene Expression Omnibus, NCBI database, with the reference number GSE140427.

1.3.8. Transcriptomic analysis

The RNA-sequencing analysis provided three datasets: wild-type in planktonic growth vs wild-
type biofilm growth; Acgefg? vs wild-type upon biofilm growth; and Acgtec? vs wild-type upon biofilm
growth. The genes of each dataset were submitted to several analyses using different databases and
bioinformatic tools, so they could be grouped according to their biological functions. This was
accomplished mainly by resorting to the description of the C. glabrata genes found on the CGD
(http://www.candidagenome.org). The uncharacterized genes were clustered based on the description
of ortholog genes in S. cerevisiae or in C. albicans, according to the SGD or in CGD, respectively. Go-
Stats from GoToolBox web server [350] allowed the determination of the main Gene Ontology (GO)
terms to which the genes were related. From this organization, several genes related to cell adhesion

were chosen for the following gene expression analysis.

1.3.9. Single gene expression analysis

The levels of CgPWP5, CgQAED2 and CgAWP13 transcripts in the KUE100 wild-type, Acgefg1
and Acgtec1 deletion mutant cells upon 6 h, 24 h and 48 h of biofilm formation on polystyrene surface
and planktonic conditions, were assessed by quantitative real-time (RT)-PCR. Cells were grown in SDB
(pH 5.6) medium. Planktonic cells were cultured at 30 °C with orbital agitation (250 rpm), while biofilm
cells were cultured at 30 °C, in square Petri dishes, with orbital agitation (30 rpm). Total RNA was
extracted from planktonic and biofilm conditions (6 h, 24 h and 48 h of biofilm formation). Synthesis of
cDNA for real time RT-PCR experiments, from total RNA samples, was performed using the
Multiscribe TM reverse transcriptase kit (Applied Biosystems), following the manufacturer’s instructions,
and using 10 ng of cDNA per reaction. The RT-PCR step was carried out using NZY gPCR Green
Master Mix (2x) (NZYTECH). Primers for the amplification of the CgPWP5, CgAED2, CgAWP13 and
CgACT1 cDNA were designed using Primer Express Software (Applied Biosystems) (Supplementary
Table Sll.1). The RT-PCR reactions were conducted in a thermal cycler block (7500 Real-Time PCR
System - Applied Biosystems). The CgACT1 mRNA level was used as an internal control as before
[219].

1.3.10. Single-cell force spectroscopy

For the interaction of C. glabrata strains with plastic surfaces and human vaginal epithelial cells,
SCFS was implemented. Yeast cell probes were prepared by adding stationary-phase C. glabrata cells
to the petri dish with the plastic materials attached by glue or to the petri dish with prepared epithelial
cells. Triangular shaped tipless cantilevers (NP-O10, Microlevers, Bruker Corporation) were coated with
concanavalin A (conA). For the coating, the cantilevers were immersed overnight in 100 ug/mL of conA
solution and washed in acetate buffer pH 5.2 before use. Single yeast cells placed on the petri dish were
attached onto the conA-coated cantilevers using Nanowizard 1l AFM (Bruker, JPK BIOAFM),
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approaching the cantilever onto a single cell for 30 s. Interaction of C. glabrata cells with plastic surfaces
was followed with force measurements at room temperature (25 °C), under acetate buffer pH 5.2. For
the interaction of C. glabrata cells with human vaginal epithelial cells, Nanowizard 11l AFM equipped with
CellHesion module (Bruker, JPK BIOAFM) was used and VK2/EBE?7 cells (7x10*) were platted on a petri
dish under the KSF culture medium, at 37 °C, with 95% air and 5% CO2 to grow overnight. Single-cell
measurements were conducted under this environment thanks to the petri dish heater (Bruker, JPK
BIOAFM). The nominal spring constant (Kc) of the cantilevers used for the interaction with the plastic
surfaces was approximately 0.35 N/m, and 0.06 N/m for the cantilevers used to measure interactions
between yeast and epithelial cells. The cantilevers were all calibrated. Their sensitivity ranged from
~14 to 30 nm/V and their spring constants, determined by the thermal noise method, were in agreement
with the manufacturer: the Kc ranged from 0.03 to 0.12 for the nominal 0.06 N/m and 0.175 to 0.7 for
the nominal 0.35 N/m. Several force-distance curves were recorded for an area of 10 ym x 10 um of the
plastic surface and applied force of 1 nN, and with an area of 3 ym x 3 ym of the epithelial cell and
applied force of 0.5 nN. Cell probes were approached and retracted to the plastic surfaces with a speed
of 5 um/s and a contact time of 0 s, 0.5 s, 1 s and 5 s and to the human vaginal epithelial cells with a
speed of 20 ym/s and 5 s, 10 s, 30 s and 60 s of contact time. At least 5 yeast cells, from at least
3 independent cultures, were immobilized on the cantilever for the interaction of each material, and at
least 4 yeast cells, from at least 3 independent cultures, were immobilized on the cantilever for the
interaction with epithelial cells. Adhesion force, work of adhesion, rupture distance, number of jumps
and tethers histograms were obtained by calculating the maximum adhesion peak, the area under the
curve, the last rupture distance and counting the number of jumps and tethers for each force-distance
curve. 256, 100 and 25 force-distance curves were recorded for the interaction with the materials, with
0's, 0.5-1 s and 5 s, respectively, and 64 and 16 force-distance curves were recorded for the interaction
with epithelial cells, with 5 and 10 s, and 30 s and 60 s, respectively.

1.3.11. Atomic force microscopy (AFM)

Topographic images of VK2/EGE7 epithelial cells were obtained using the Nanowizard Ill AFM
(JPK Instruments) coupled with an axiovert microscope from Zeiss with QI™ mode. VK2/EGE7 cells
(7x10%) were platted on a petri dish under the KSF culture medium, at 37 °C, with 95% air and 5% CO:
to grow overnight, following imaging under this environment. MLCT cantilevers (Bruker probes) with a
spring constant of 0.012 N/m were used. The cantilevers spring constants were determined by the
thermal noise method. QI™ settings used are the following: Z-length: 3 um; applied force: 4 nN; speed:
150 um/s. JPK data processing (JPK Instrument, Berlin, Germany) software was used for image

processing as described before [351].
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14. Results

1.4.1. C. glabrata is strongly adherent to plastic surfaces used in medical devices

Given the importance of adhesion as the first step of biofilm formation, the interaction forces
established between a single KUE100 C. glabrata cell and glass, polystyrene, silicone elastomer and
polyvinyl chloride were quantified. To do so, a noninvasive technique was used, SCFS, with tipless
cantilevers coated with conA to immobilize a single C. glabrata cell. Each cell probe was slowly
approached towards the surface material, for different periods of time: 0s, 0.5 s, 1 s and 5 s; and
withdrawn at constant speed. The cell probes and surfaces were kept submersed in acetate buffer,
pH 5.2, for all the experiments. 256 force-distance curves were recorded according to a 10x10 um? force
map, between the C. glabrata KUE100 single-cell probes and the different materials.

C. glabrata interaction with each surface was studied based on the maximum adhesion force,
work of adhesion and rupture distance measured on the force-distance curves and plotted as repartition
histograms. The maximum adhesion force measured corresponds to the maximum adhesion force felt
during the entire interaction, the work of adhesion consists in the complete set of forces establish during
the interaction (area under the retraction force-distance curve) and the rupture distance is the distance
from the contact point to the last force establish during interaction. The mean value and their standard
deviation were extracted from a gaussian fit.

Interaction forces between a yeast cell and glass show a maximum adhesion force of about 1 nN
(Figure 1l.1a), work of adhesion of 6.58x107'®J (Figure 11.1b) and rupture distance of approximately
1.2 um (Figure 1l.1c). The representative force-distance curve for the interaction with glass is depicted
in Figure 11.1d (black line), showing a small peak of adhesion and an elongation before the rupture. The
adhesion of C. glabrata to other hydrophobic surfaces was further tested, using currently used medical
materials, namely polystyrene, silicone elastomer and polyvinyl chloride [31], [93], [352]. The values of
maximum adhesion force towards polystyrene, silicone elastomer and polyvinyl chloride obtained where
~14 nN, ~10 nN, ~19 nN, respectively. All of these C. glabrata-material interactions are significantly
more adhesive than towards glass (Figures Il.1a and 1l.1b), although no differences are observed in
terms of rupture distance (Figure Il.1c). The representative force-distance curves show very high peaks
of adhesion with small elongation before the rupture of the interaction, suggesting that mainly non-
specific interactions, like hydrophobic or electrostatic [353], [354], are at play when a C. glabrata cell
adheres to polystyrene, silicone elastomer or polyvinyl chloride (Figure 11.1d red, blue and green,
respectively). Moreover, an adhesion frequency of 100% was observed for C. glabrata interaction with
all the abiotic surfaces tested.

Increasing the contact time of the yeast cell and surface from 0 s to 0.5 s, 1 sor 5 s is
accompanied by an increase in maximum adhesion force and work of adhesion (Supplementary Figure
SlI.1). For glass and polystyrene, C. glabrata adhesion is promoted by the increase of the contact time
between yeast cell and material surface, suggesting sensitivity to contact. However, this behavior was
not expected for the interaction with materials given that it is typical for biological interactions, mainly
adhesin interactions, depending on the association rate [355]. For silicone elastomer and polyvinyl
chloride, any of the contact times tested lead to higher adhesion force than 0 s of contact time, but no

50



difference exists between 0.5 s, 1 s or 5 s, suggesting that all the possible interactions are established
in a short amount of time (less than 0.5 s) and are then unsensitive to contact time. Interestingly, the
rupture distance does not change with any of the contact times used: 0 s, 0.5 s, 1 s or 5 s. Nevertheless,
it is clear that extending contact time strengthens the adhesion of this pathogenic yeast to the medical

materials tested.

1.4.2. C. glabrata adheres to human vaginal epithelial cells

To study the interaction of the wild-type C. glabrata KUE100 with human epithelial cells, the
human vaginal epithelial cell line VK2/E6GE7 was selected due to the frequent vulvovaginal infections
C. glabrata is known to cause [356]. The epithelial cells were first characterized by imaging them using
AFM, in the Quantitative Imaging™ (QI™) mode (Figure 11.2) [351], [357]. One very obvious
characteristic of these cells is the height of the nucleus, more than 10 um on almost all tested cells,
which makes AFM imaging challenging. Comparing Figure 11.2 to the QI™ images of other living
adherent mammalians cells, like chinese hamster ovary and human colorectal tumor cells, it is possible
to observe similarities in height [351].

The interactions established between a single C. glabrata cell and a single human vaginal
epithelial cell were studied resorting to SCFS. C. glabrata cell probes were prepare with tipless
cantilevers modified with conA. The epithelial cells were grown in KSF medium, at 37 °C, 5% CO2 and
maintained in these conditions during the experiments. Each cell probe was approached towards a given
epithelial cell with an extended speed of 20 um/s, for different periods of time: 5s, 10 s, 30 s and 60 s;
and withdrawn at constant speed. Adhesion maps were recorded during constant approach and
retraction of the C. glabrata KUE100 single-cell probes towards each single epithelial cell.

C. glabrata KUE100 wild-type interaction with each epithelial cell was studied in terms of not only
maximum adhesion force, work of adhesion and rupture distance, but also regarding the number of
jumps and tethers, that were measured on the force-distance curves and plotted as repartition
histograms. Mean value and their standard deviation were extracted from a gaussian fit. A jump
translates the attachment of the yeast-cell-probe to an adhesive unit, generally initially coupled to the
cytoskeleton, following its unfolding, and finally its rupture [358]. In turn, a tether consists basically on
the formation of a membrane nanotube, which is extruded and elongated resulting in a long plateau due
to the pulling of the membrane reservoir [358]-[362]. Membrane nanotubes have been found in epithelial
cells [363] and other cell types [359] and are considered important for cell-to-cell adhesion and
intercellular communication [364], [365]. The formation of tethers is affected by the actin cytoskeleton
and glycocalyx connected to the membrane [359]. With just 5 s of contact time between cells, interaction
forces can be measured, showing a maximum adhesion force of about 0.55 nN, work of adhesion of
5.98x107"% J, rupture distance of approximately 35 ym and an average of 1.63 jumps per force-distance
curve and 2.55 tethers per force-distance curve (Figure 11.3a, b, c, d and e, respectively). The force-
distance curves of the interaction reveal the presence of jumps and tethers and generally long distances
for the rupture of the interaction (Figure 11.3f). This analysis results from the measurement of at least 4
yeast cells, from at least 3 independent cultures, recording around 64 force-distance curves per yeast

cell.
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Figure I1.1. Interaction of C. glabrata wild-type strain KUE100 with glass, polystyrene, silicone elastomer and polyvinylchloride by SCFS. Average of the a maximal
adhesion force, b work of adhesion and ¢ rupture distance measured on each retraction curve. d Representative force-distance curves of the interaction with glass (black),
polystyrene (red), silicone elastomer (blue) and polyvinyl chloride (green). For every condition, at least 5 yeast cells, from at least 3 independent cell cultures, were
immobilized on the cantilever for the interaction of each material and 256 force-distance curves were recorded. Error bars indicate standard deviations. *, P<0.05;

**, P<0.01; ***, P<0.001; ****, P<0.0001.
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Figure I1.2. AFM imaging of human vaginal epithelial VK2/E6E7 cells in the QI™. a height image based on the contact point position, b spring constant map corresponding
to the slope of the approach force-distance curves and ¢ adhesion map corresponding to the maximum adhesion force on the retraction force-distance curves.



The overall results show that, in general, different contact times between the yeast and epithelial
cells do not alter adhesion force, work of adhesion, rupture distance or number of tethers (Figure 11.3a,
b, ¢, e and f). These results are very surprising given that the presence of jumps suggests a role
developed by adhesins in the interaction between yeast and epithelial cell, and therefore, a specific
biologic interaction, expected to depend on contact time. It is possible that the adhesin/s at play have a
remarkably small kinetic association constant (Kon) and the differences rely between 0 s and 1 s of
contact time. Interestingly, the main aspect that seems to change with contact time for C. glabrata is the
number of jumps (Figure 11.3d). Jumps have previously been described to translate the involvement of
integrins in the adhesion process, especially when the number of jumps is higher than the number of
tethers [362]. In fact, upon 30 s of contact time C. glabrata presents slightly higher numbers of jumps
per force-distance curve, which might indicate a role of adhesins in these first moments of the interaction
with epithelial cells. Nevertheless, for other contact times the differences are not clear between the
number of jumps and tethers (Figure 11.3d and e).

Comparing the interaction of C. glabrata and human vaginal epithelial cells with the interaction of
C. glabrata and the plastic materials, the adhesion force measured on the interaction with plastic
surfaces was found to be up to 40-fold higher (Supplementary Figure Sll.2a). Interestingly, the work of
adhesion does not change significantly between the two types of interaction, except regarding the
interaction of C. glabrata with polyvinyl chloride (Supplementary Figure Sll.2b). Logically, the rupture
distance analysis shows the exact opposite results, the interaction of wild-type C. glabrata shows much
higher average values of rupture distance than the interaction of C. glabrata with any of the materials
tested (Supplementary Figure Sll.2c). The differences between C. glabrata adhesion to the materials
and epithelial cells is also clear by the comparison between the representative force-distance curves of

each case (Supplementary Figures Sll.2d and e).

1.4.3. CgEfg1 and CgTec1 are involved in C. glabrata biofilm formation

Although in Candida albicans a lot is already known about the major regulators of biofilm
formation, very little has been uncovered for C. glabrata. According to the work of Nobile and colleagues
(2012) the regulatory network of biofilm formation in C. albicans is composed by CaEfg1, CaTec1,
CaRob1, CaNdt80, CaBcr1, CaBrg1 [99]. In order to unravel possible transcription factors for biofilm
formation in C. glabrata, we found the predicted orthologs in C. glabrata, of these transcription factors:
CgEfg1 (CAGLOMO07634g), CgEfg2 (CAGLOLO1771g), CgTec1 (CAGLOMO01716g), CgTec2
(CAGLOF04081), CgNdt80 (CAGLOL13090g) and Bcr1 (CAGLOL00583g). No orthologs were found in
the C. glabrata genome for CaRob1 or CaBrg1. Deletion mutants for the selected genes were built and
tested for the ability to form 24 h biofilms on a polystyrene surface, with SDB medium, pH 5.6, using the
PrestoBlue Cell Viability assay. From this screening, only two genes, CgEFG1 and CgTEC1, were found
to be necessary for biofilm formation on these conditions (Figure Il.4a). Additionally, the overexpression
of CQEFG1 or CgTEC1 genes in the C. glabrata wild-type strain L5U1 was found to lead to an increase
in biofilm formation (Figure I1.4b). These differences indicate a clear role of CgTec1 and CgEfg1 in
biofilm formation in C. glabrata, but also suggests that other regulators must yet be found and are

probably different from the ones responsible for C. albicans biofilm formation.
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Figure I1.3. Interaction of C. glabrata wild-type strain KUE100 with human vaginal epithelial VK2/EGE7 cells by SCFS, using different contact times: 5s, 10 s, 30 s and
60 s. Characterization of these interactions is based on the a maximal adhesion force, b work of adhesion, ¢ rupture distance, d number of jumps and e number of tethers
measured on each retraction curve. f Representative force-distance curves are presented for each contact time (the lighter the force curve, the higher the contact time).
Horizontal lines indicate the average levels from at least 4 yeast cells, from at least 3 independent cell cultures, immobilized on the cantilever for the interaction with
epithelial cells and 64 or 16 force-distance curves were recorded, for 5s and 10 s, and 30 s and 60 s, respectively. Error bars indicate standard deviations. *, P<0.05;

**, P<0.01.
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Figure 11.4. CgEfg1 and CgTec1 are necessary for C. glabrata biofilm formation on polystyrene surface.
Assessment of 24 h biofilm formation was performed by Presto Blue Cell Viability assay in microtiter
plates of a C. glabrata KUE100, Acgefg1 and Acgtec1 strains and b C. glabrata L5U1 strain harboring
the pGREG576 cloning vector (vv) and the same strain harboring the pGREG576_MT-I_CgEFG1 or
pGREG576_PDC1_CgTEC1 plasmids, grown in SDB medium, pH 5.6. The data is displayed in a scatter
dot plot, where each dot represents the level of biofilm formed in a sample. Horizontal lines indicate the
average levels from at least three independent experiments. Error bars indicate standard deviations.

e, P<0.0001.

1.4.4. CgEfg1 and CgTec1 are involved in C. glabrata adherence to the human vaginal

epithelium

Given the importance of CgEfg1 and CgTec1 in biofilm formation in C. glabrata, their involvement

in C. glabrata’s adherence capacity to the human vaginal epithelial VK2/EGE7 cell line was also

investigated. Adhesion of wild-type C. glabrata cells and Acgefg? and Acgtec? mutant cells was

evaluated after 30 min of contact, at 37 °C, 5% CO2, with a MOI of 10. The results are presented as a

percentage of adhered cells (ratio between the CFU/mI after incubation with the epithelial cells and the

initial CFU/mI estimated for each suspension). The deletion of CEFGT or CgTECT in C. glabrata is

accompanied by a decrease in its capacity to adhere to the human vaginal epithelium (Figure 11.5a). On

the other hand, the overexpression of CgEFG1 or CgTECT genes in the C. glabrata wild-type strain

L5U1 led to an increase in the adherence capacity of C. glabrata (Figure I1.5b). These results provide

evidence that both CgTec1 and CgEfg1 have important roles in C. glabrata adhesion to the human

vaginal epithelium, evidencing a new role for CgTec1, which is not found for CaTec1, but a similar one

between the Efg1 transcription factors of both species [366].
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Figure 11.5. CgEfg1 and CgTec1 are necessary for C. glabrata adhesion to the VK2/EGE7 human vaginal
epithelium cell line. Adhesion of a the C. glabrata parental KUE100 and Acgefg1 and Acgtec1 strains and b
the C. glabrata L5U1 strain harboring the pGREG576 cloning vector (vv) and the same strain harboring the
pGREG576_MT-I_CgEFG1 or pGREG576_PDC1_CgTEC1 plasmids, to the human vaginal epithelial cells
for 30 min at 37 °C under 5% CO,. Values are averages of results from at least three independent
experiments. Error bars represent standard deviations. *, P<0.05; **, P<0.01.

1.4.5. Transcriptome-wide changes of C. glabrata cells upon biofilm formation

Going further on the analysis of the role of CgEfg1 and CgTec1 transcription factors in the control
of biofilm formation in C. glabrata, an RNA-seq analysis was performed to measure the transcriptome-
wide remodeling occurring after 24 h of biofilm formation, in comparison to planktonic cultivation, in the
wild-type and the two deletion mutant cells: Acgefg? and Acgtec1. This analysis enabled the
identification of the transcriptional remodeling that underlies adaptation to biofilm and planktonic growth
by C. glabrata cells, as well as to identify the genes whose expression is affected by the CgEfg1 and/or
CgTec1 transcription factors.

Incredibly, upon 24 h of C. glabrata KUE100 biofilm formation, a total of 3072 genes exhibit
differential expression, when compared to planktonic growing cells (Supplementary Table SlI.2), which
represents approximately half of the whole transcriptome. Within this total number, 1567 genes were
found to be upregulated and 1505 genes downregulated. In other to see where the main differences lay,
we organized the upregulated genes according to the biological processes they are related to
(Supplementary Figure SII.3). Biofilm formation requires the upregulation of several functional groups
relative to: RNA metabolism and translation, carbon and energy metabolism, cell cycle, response to
stress, amino acid metabolism, lipid metabolism, cell wall organization, adhesion and biofilm formation.

Adhesion to surfaces and between cells is the first step of biofilm formation, being required to
maintain the mature biofilm [57], [76]. Thus, the observed upregulation of genes related to adhesion was
clearly expected. These include CgEPA1, CgEPA2, CgEPA3, CgEPA9, CgEPA10, CgEPA12,
CgEPA20, CgEPAZ23, encoding cluster | adhesins, as well as CgPWP1, CgPWP2, CgPWP3, CgPWP5,
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encoding cluster Il adhesins, CgAED1 and CgAED2, encoding cluster Ill adhesins, and CgAWP1,
CgAWP3, CgAWP4, CgAWP6, CgAWP13, encoding cluster IV adhesins. Interestingly, CgTECT and
CgEFG1 were also found to be upregulated in biofilm cells, but not their predicted paralogs CgEFG2 or
CgTEC?2. This observation is consistent with the role played by the C. glabrata CgEfg1 and CgTec1, but
not by CgEfg2 and CgTec2, in biofilm formation, as described in this study.

Interestingly, also among the upregulated genes in biofilm cells are a number of genes encoding
MDR transporters from the MFS, previously shown to confer antifungal resistance in C. glabrata,
including CgQDR2 [219], CgAQR1[218], CgTPO1_2 [144] and CgTPO3 [220], along with the
uncharacterized ORFs CAGL0B02343g and CAGL0J00363g, which are predicted MFS-MDR

transporters.

1.4.6. CgEfg1 and CgTec1 transcriptional control upon biofilm formation

The absence of CgEFG1 gene in C. glabrata, upon 24 h of biofilm formation on a polystyrene
surface leads to 1164 genes differentially expressed. CgEfg1 was found to activate 650 genes and
repressed 514 genes, directly or indirectly (Supplementary Table SII.3). In turn, in 24 h C. glabrata
biofilm cells, CgTec1 transcription factor was found to control a total of 1082 genes, activating 487 genes
and repressing 595 genes, directly or indirectly (Supplementary Table Sll.4). Out of the 1567 genes
found to be upregulated in biofilm cells, 466 are regulated by CgEfg1 and 389 are regulated by CgTec1.
The significant number of genes activated and repressed by both transcription factors highlights their
impact as regulators of biofilm formation in C. glabrata.

When grouping the genes activated by CgEfg1 by function (Supplementary Figure Sll.4), it is
possible to observe that the main functional groups being activated by this transcription factor upon
biofilm formation are unknown function, protein metabolism, response to stress, amino acid metabolism,
carbon and energy metabolism, lipid metabolism and adhesion and biofilm formation. When performing
the same classification for the genes activated by CgTec1 (Supplementary Figure SlI.5), we observe
that the main functional groups are unknown function, response to stress, protein metabolism, cell cycle,
carbon and energy metabolism and cell wall organization.

Although activating similar functional groups, others seem to be differentially regulated by each
transcription factor, suggesting that each one has their own biological targeted processes. For instance,
CgEfg1 seems to contribute to the regulation of important genes for adhesion and biofilm formation,
activating thirteen of the nineteen adhesin-encoding genes activated upon 24 h of biofilm formation:
CgPWP5, CgAED1, CgAED2, CgAWP13, CgAWP3, CgAWP1, CgPWP1, CgAWP4, CgPWP3,
CgEPAY, CgEPA10, CQEPA12 and CgEPAZ20 (Supplementary Table SII.5). Interestingly, CgEfg1 also
activates the genes encoding CgTec1 and CgBcr1 transcription factors, a behavior similar to what has
been described for the biofilm network set in place in C. albicans [99]. In turn, CgTec1 seems to be more
relevant to other important functional groups upon biofilm formation, such as the cell wall organization,

cell cycle and invasive/filamentous growth and virulence.
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1.4.7. CgEfg1 and CgTec1-activated adhesins are required for biofilm formation

In order to confirm the previous observations and discern at which stage of biofilm formation
CgEfg1 and CgTec1 play a more significant role, the expression of CgPWP5, CgAED2 and CgAWP13
adhesin-encoding genes was assessed at planktonic conditions and at 6 h, 24 h and 48 h of biofilm
formation, in the KUE100 wild-type strain and deletion mutants Acgefg? and Acgtec1 cells (Figure Il.6a,
b and c). These adhesin-encoding genes were selected given their upregulation upon biofilm formation
and activation by both transcription factors (Supplementary Table 11.5). Also, two of these adhesins,
CgPwp5 and CgAed2, were found to be necessary for 24 h biofilm formation on a polystyrene surface
(Figure 11.6d). CgAwp13 had already been identified as an abundant protein present on the cell wall of
a very polystyrene-adherent clinical isolate [282], but herein, the individual deletion of CgAWP13 was
found not to lead to a decrease in C. glabrata biofilm formation. However, the role in biofilm formation
of CgPwp5 and CgAed?2 adhesins is reported here for the first time.

The three tested adhesins are particularly upregulated in later stages of biofilm formation (24 h
and 48 h), suggesting that they may be more relevant in yeast cell to yeast cell adhesion than to the
initial steps of adhesion to polystyrene. Upon the deletion of CgEfg1 or CgTec1, the expression of
CgPWP5, CQAED2 and CgAWP13 genes is not downregulated in planktonic conditions nor upon 6 h of
biofilm formation. Significantly, upon 24 h and 48 h, the three adhesin-encoding genes are found to be
strongly upregulated in the wild-type strain, but not in the Acgefg1 or Acgtec1 deletion mutants, indicating
that both CgEfg1 and CgTec1 are relevant in later stages of biofilm formation (Figure 11.6).

1.4.8. CgEfg1, but not CgTec1, is involved in C. glabrata adhesion to plastic surfaces

Given the results from the transcriptome-wide changes upon the deletion of CgEFG1 or CgTEC1
genes, indicating their importance in the control of different adhesin-encoding genes (Figure 11.6), we
explored their impact in the adhesion of C. glabrata to glass, polystyrene, silicone elastomer and
polyvinyl chloride. Just like for the wild-type C. glabrata KUE100 strain, SCFS was applied with 5 s of
contact between the yeast cell and surface, being the force-distance curves analysed regarding
maximum adhesion force, work of adhesion and rupture distance (Figures 11.7 and 11.8). The deletion of
CgEFG1 gene significantly affects the capacity of C. glabrata to adhere to any of the plastic surfaces
tested, but no difference was found regarding the interaction with glass. C. glabrata maximum adhesion
force towards polystyrene and polyvinyl chloride, and work of adhesion towards silicone elastomer and
polyvinyl chloride, were found to decrease upon CgEFG1 deletion (Figure 1.7a and b). In turn, no clear
differences seem to exist between the KUE100 wild-type and the deletion mutant Acgtec? in terms of

maximum adhesion force, work of adhesion or rupture distance (Figure I1.8).

58



d - CgPWP5 b - CgAED2
2 25- * 2 15- e
k] — @8 KUE100 g S @8 KUE100
o o
% 20 Acgefg1 % Acgefg1
ot B scgtect < B scgtect
< 45 <
= =
o 14
£ £
= 101 =
g g
8 51 8
< <
g O 2
£ £
(‘\\C’
O

NS W

& N

(o CgAWP13 d

1.5

]

1 @8 KUE100
Acgefg1
B8 Acgtect

»n
o
1

-
(5
1
-
(=]
1

o
o
1
e
3
1
>

mRNA/ CgACT1 mRNA (fold change)
%
I3
*
Corrected Absorvance
I PE i

1%,
1
*
*

o
=}

\V
&> o & W
. 0@ §,Q> 00;6
& € s

Figure 11.6. CgPwp5, CgAed2 and CgAwp13 adhesins are necessary for biofilm formation, being regulated by
CgEfg1 and CgTec1 transcription factors. Shown are the transcript levels of a CgPWP5, b CgAED?2,
c CgAWP13 in the C. glabrata wild-type strain KUE100 and in the derived deletion mutants Acgefg? and
Acgtec1, in planktonic conditions and 6 h, 24 h and 48 h of biofilm formation conditions on polystyrene surface
in liquid SDB medium, pH 5.6. Transcript levels were assessed by quantitative RT-PCR, as described in
Materials and Methods. Values are averages of results from at least three independent experiments. Error bars
represent standard deviations. d 24 h biofilm formation quantified by Presto Blue Cell Viability assay in microtiter
plates of C. glabrata KUE100 wild-type and Acgpwp5, Acgaed2 and Acgawp13 deletion mutant strains grown
in SDB medium, pH 5.6. The data is displayed in a scatter dot plot, where each dot represents the level of
biofilm formed in a sample. Horizontal lines indicate the average levels from at least three independent
experiments. Error bars indicate standard deviations. *, P<0.05; **P<0.01, ***P<0.001 P; ****, P<0.0001.

1.4.9. CgEfg1, but not CgTec1, is involved in C. glabrata adhesion to human vaginal
epithelial cells

As shown previously (Figure 11.5), both CgEfg1 and CgTec1 are necessary to reach wild-type
adherence levels upon 30 min of contact with human vaginal epithelium. To check if they are also
required for the initial steps of the adhesion process, that take place in seconds, the interaction forces
established by Acgefg? and Acgtec1 deletion mutant cells with a single epithelial cell were measured
through SCFS, for a period of contact of 5 s, and compared to that of the parental wild-type strain. Upon
the deletion of CgEFG1 gene, the maximum adhesion force of the interaction decreases significantly,
while the number of jumps and tethers diminishes significantly, which can be depicted in the

representative force-distance curves of the interaction of the wild-type and Acgefg? deletion mutant with
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an epithelial cell (Figure 11.9). These results point out the importance of CgEfg1 in the capacity of
C. glabrata to adhere to these epithelial cells, right at the initial point of interaction of the two cells.

On the other hand, the loss of CgTEC1 gene did not result in such variance from the adherence
profile of the wild-type strain (Figure 11.10). It seems that CgTec1 transcription factor has a role in the
adherence to the human vaginal epithelium but not as important as the role of CgEfg1 and does not

contribute to the first moments of interactions between C. glabrata and a human vaginal epithelial cell.

1.5. Discussion

C. glabrata is an effective pathogenic yeast, that uses adhesion and biofilm formation to better
adapt to the environment and infect the human host. This work increases the understanding of the
molecular basis of this process, from the transcriptome remodeling perspective to the nanoscale
interaction level.

SCFS has allowed the in-depth study of the adhesion process of C. glabrata to several clinically
relevant surfaces. The simplest adhesion of a single C. glabrata cell to glass was found to be higher
than what has been found for other bacterial species like Staphylococcus epidermidis, Staphylococcus
aureus and Streptococcus mutans, all ranging values of 4-5 nN of maximum adhesion force to
borosilicate glass [367]. C. glabrata's maximum adhesion force towards polystyrene, silicone
elastomer and polyvinyl chloride obtained (~14 nN, ~10 nN, ~19 nN, respectively), was even higher than
the obtained with glass, and the values found by Valotteau and colleagues (2019), for C. glabrata
adhesion to hydrophobic methyl-terminated substrates (adhesion force of 0.3-0.5 nN and rupture
distance of 0.2-0.4 pm) [311]. Nevertheless, it is lower than the interaction measured with other
hydrophobic surfaces (~50 nN) [368]. C. albicans presents lower levels of maximum adhesion force
(~40 nN) than C. glabrata, when comparing the same surfaces, while both present much higher
adhesion forces than Saccharomyces cerevisiae (about 5 nN) [369], which is consistent with the role of
adhesion in pathogenesis.

The interaction of C. glabrata with human vaginal epithelial cells (Figure 11.3) revealed an
adhesion profile similar to what has been found for other pathogens adhering to human epithelia. Similar
to what we found, the interaction of C. albicans with macrophages exhibited a maximum adhesion force
of 0.5 nN and the work of adhesion between 1-10x10-'° J. Moreover, the study of force-distance curves
also showed the presence of jumps and tethers [370]. In turn, the interaction of a single cell of human
bronchial epithelium to a monolayer of Pseudomonas aeruginosa, revealed an adhesion force of
0.67 nN and work of adhesion of about 4.14x10°'® J [371], a bit higher than what is observed for
C. glabrata or C. albicans. Although considering different microorganisms and epithelial cells, the values
obtained are not that far apart from one and other, clearly indicating the capacity of these pathogens to

adhere to human cells, an important characteristic in their colonization and infection ability.
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Figure I.7. CgEfg1 is necessary for the adhesion of C. glabrata to polystyrene, silicone elastomer and polyvinyl chloride, with 5 s of contact time.
Horizontal lines indicate the average levels of C. glabrata wild-type KUE100 strain (black) and deletion mutant Acgefg? (grey) regarding a maximum
adhesion force, b work of adhesion and c¢ rupture distance measured on each retraction curve. d Representative force-distance curves of the
interaction with glass, polystyrene, silicone elastomer and polyvinyl chloride, by C. glabrata wild-type KUE100 (black) and Acgefg? deletion mutant
single cells (orange). For every condition, at least 4 yeast cells, from at least 3 independent cell cultures, were immobilized on the cantilever for the

interaction with each material. 256 force-distance curves were recorded per yeast cell. Error bars indicate standard deviations. *, P<0.05.
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adhesion force, b work of adhesion and c¢ rupture distance measured on each retraction curve. d Representative force-distance curves of the
interaction with glass, polystyrene, silicone elastomer and polyvinyl chloride, by C. glabrata wild-type KUE100 (black) and Acgtec? deletion mutant
single cells (green). For every condition, at least 4 yeast cells, from at least 3 independent cell cultures, were immobilized on the cantilever for the
interaction with each material. 256 force-distance curves were recorded per yeast cell. Error bars indicate standard deviations.
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Figure 11.9. Interaction of C. glabrata wild-type strain KUE100 (black) and deletion mutant Acgefg? (grey) with human vaginal epithelial VK2/EGE7
cells by SCFS, using 5 s of contact time. Characterization of these interactions is based on the a maximal adhesion force, b work of adhesion,
c rupture distance, d number of jumps and e number of tethers measured on each retraction curve. f Representative force-distance curves of the
interaction of C. glabrata wild-type KUE100 (black) and Acgefg1 deletion mutant single cells (orange) with epithelial cells. Horizontal lines indicate
the average levels from at least 4 yeast cells, from at least 3 independent cultures, immobilized on the cantilever for the interaction with epithelial
cells 64 force-distance curves were recorded. Error bars indicate standard deviations. *, P<0.05; **, P<0.01.
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from at least 4 yeast cells, from at least 3 independent cultures, immobilized on the cantilever for the interaction with epithelial cells 64 force-distance
curves were recorded. Error bars indicate standard deviations.



The dramatically increased capacity of C. glabrata to adhere to medical materials when compared
to epithelial cells (Supplementary Figure SlI.2), correlates with the difficulty to eradicate C. glabrata from
the human host, when it is attached to medical devices, when compared to when it is just interacting
with host cells. This highlights the need to change the materials used in medical devices, so that they
are not a perfect match for adherence to C. glabrata and other pathogens.

To further pursuit the study of biofilm formation, we performed a genetic screening that identified
CgEfg1 and CgTec1 transcription factors as necessary to biofilm formation and adhesion to the human
vaginal epithelium. This screening also revealed that the regulatory network of C. glabrata controlling
biofilm formation is different from the one described for C. albicans [99]. Nevertheless, upon biofilm
formation, both species suffer major alterations in the transcriptome, C. glabrata with 3072 genes with
altered expression, and C. albicans with 2235 genes differentially expressed, comparatively to
planktonic conditions, according to Nobile et al., (2012) [99]. In both species, genes differently
expressed are related to adhesion and metabolism [372]. Adhesion allows the starting point and
sustenance of the biofilm, being easy to relate its significance in biofilm formation. Regarding
metabolism, our data set shows upregulation of biosynthesis of positively charged amino acids,
indicating that the cells are suffering from nitrogen limitation. Moreover, 13 out of the 18 genes required
for the biogenesis of peroxisomes, where fatty acid 3-oxidation occurs, were found to be upregulated
upon C. glabrata biofilm formation, suggesting biofilm cells might also be experiencing carbon source
limitation. An indication also found by Fox and colleagues study on transcriptomics modulation upon
biofilm formation [372].

The importance of CgEfg1 and CgTec1 in the control of biofilm formation is very clear given the
number of genes differently expressed upon biofilm formation and controlled by each transcription
factor. It seems from our data sets, that both CgEfg1 and CgTec1 have an important role contributing
to the production of ECM and biofilm proteins, given the activation of genes belonging to the functional
groups of protein metabolism and carbon and energy metabolism. Although CgEfg1 controls a lot of
genes regarding adhesion, CgTec1 seems to be more relevant to cell wall organization, cell cycle and
invasive/filamentous growth and virulence. Such results suggest that CgTec1 might be involved in the
control of pseudohyphae formation, similar to one of the roles of its C. albicans ortholog [125].

When evaluating the capacity of wild-type and Acgefg? and Acgtec? deletion mutants to adhere
to clinically relevant surfaces by SCFS, agreeing results were found. Although CgTec1 is not necessary
for the first moments of adhesion to plastic surfaces or epithelial cells, CgEfg1 was found to have a
significant role. The clear importance of CgEfg1 in C. glabrata adhesion is most likely related to its role
in the activation of 13 adhesin-encoding genes, upon 24 h of biofilm formation. Such influence on
adhesion is likely extended to the beginning of biofilm formation, given that upon CgEFG1 deletion, but
not CgTEC1 deletion, a decreased in the expression of CgAWP1, CgAWP4, CgEPA6, CgEPA7 and
CgEPA8 adhesin-encoding genes was observed in planktonic cells (Supplementary Table SII.5), a
feature that may underlie the differential ability of these cells to adhere to biotic and abiotic surfaces in
their first contact. To corroborate this idea, the work of El-Kirat-Chatel and colleagues (2015) shows that

Acgepab deletion mutant has decreased adhesion force to hydrophobic surfaces when compared to the
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wild-type [368], suggesting that CgEpab is one of the adhesins controlled by CgEfg1, responsible for its
importance in C. glabrata’s first moments of adhesion to the plastic surfaces studied herein.

Overall, this work describes two new major regulators of adhesion and biofilm formation, CgEfg1
and CgTec1, constituting promising targets for the development of new therapeutic strategies to fight

C. glabrata promoted candidiasis.
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2. A new determinant of Candida glabrata virulence: the acetate

exporter CgDtr1

2.1. Abstract

Persistence and virulence of Candida glabrata infections are multifactorial phenomena, whose
understanding is crucial to design more suitable therapeutic strategies. In this study, the putative
multidrug transporter CgDtr1, encoded by ORF CAGLOMO06281g, is identified as a determinant of
C. glabrata virulence in the infection model Galleria mellonella. CgDTR1 deletion is shown to decrease
the ability to kill G. mellonella larvae by decreasing C. glabrata ability to proliferate in G. mellonella
hemolymph, and to tolerate the action of hemocytes. The possible role of CgDtr1 in the resistance to
several stress factors that underlie death induced by phagocytosis was assessed. CgDTR1 was found
to confer resistance to oxidative and acetic acid stress. Consistently, CgDtr1 was found to be a plasma
membrane acetic acid exporter, relieving the stress induced upon C. glabrata cells within hemocytes,
and thus enabling increased proliferation and virulence against G. mellonella larvae.

2.2. Introduction

Infections caused by Candida species are recognized as the 4" most common cause of
nosocomial infections [373]. Candidiasis is considered to be responsible for more than 400,000 life-
threatening infections worldwide every year [374]. Candida glabrata is the second most common cause
of invasive candidiasis, with an estimated death rate of 40-50% [58]. Infections caused by this
pathogenic yeast have increased worldwide [13], [61], which is likely due to the relatively high
prevalence of antifungal drug resistance among C. glabrata clinical isolates [58], [375]. It may also be
the result of its ability to survive under stress conditions, such as those imposed by the host immune
system [375]. Additionally, C. glabrata is able to survive on inanimate surfaces for more than 5 months,
while C. albicans can only sustain about 4 months and C. parapsilosis only 2 weeks [376]. It is, thus,
crucial to fully understand these pathogenesis-related phenomena in order to design better ways to
prevent and control superficial and invasive candidiasis caused by C. glabrata.

In this work, the predicted C. glabrata Drug:H+ antiporter (DHA) CgDtr1, encoded by the ORF
CAGLOM06281g, is shown to play a role in virulence and biofilm formation. ORF CAGLOMO06281g is
predicted to encode an ortholog of the S. cerevisiae Dtr1 protein, which was characterized as a
dityrosine transporter required for spore wall synthesis [377]. Dtr1 was further shown to confer
resistance to the antimalarial drug quinine, the antiarrhythmic drug quinidine and weak acids [377].
Within the DHA family in C. glabrata, seven other homologous transporters have been characterized so
far [378], and found to confer resistance to drugs and other stress factors, such as azoles, flucytosine,
benomyl, acetic acid, and polyamines, mostly by contributing to decrease the intracellular accumulation
of those molecules [144], [218]-[221], [340]. Interestingly, the C. albicans DHA transporters CaMdr1,

CaNag3, CaNag4 and, more recently, CaQdr1, CaQdr2, and CaQdr3 were found to further play a role
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in its virulence, although the molecular mechanisms behind this observation are still to be fully elucidated
[379]-[381]. More recently, the DHA transporters CgTpo1_1 and CgTpo1_2 were also found to
contribute to increase C. glabrata virulence, through increasing antimicrobial peptide resistance and
tolerance against phagocytosis, respectively [143].

In this study, the impact of CgDtr1 expression in the context of virulence was studied, using
Galleria mellonella as an infection model. The influence of CgDtr1 in C. glabrata proliferation in this host
and in the presence of G. mellonella hemocytes was further evaluated. Additionally, the activity of

CgDtr1 against phagocytosis-related stresses, including oxidative and acidic stress, was inspected.

2.3. Methods

2.3.1. Strains, plasmids and growth medium

Candida glabrata CBS138 (prototrophic), KUE100 (prototrophic) [339] and L5U1 (cgura3A0;
cgleu2A0) [340] strains were used in this study. C. glabrata cells were cultivated in rich YEPD medium,
RPMI 1640 medium or BM minimal medium. YEPD medium contained per liter: 20g D-(+)- glucose
(Merk), 20 g bacterial-peptone (LioChem) and 10 g of yeast-extract (Difco); whereas RPMI 1640
medium (pH 4) contained 10.4 g RPMI 1640 (Sigma), 34.5 g morpholinepropanesulfonic acid (MOPS,
Sigma) and 18 g glucose (Merck) per liter. BM media contained 20 g/L of D-(+)-glucose (Merck), 1.7 g/L
of Yeast-Nitrogen-Base, without amino acids or ammonium sulfate (Difco) and 2.65 g/L ammonium
sulfate (Merck). L5U1 strain was grown in BM medium supplemented with 60 mg/L leucine (Sigma).
Saccharomyces cerevisiae strain BY4741 (MATa, ura3A0, leu2A0, his3A1, met15A0) and the derived
single deletion mutant BY4741_Adir1 were obtained from the Euroscarf collection and grown in BM
medium supplemented with 20 mg/L methionine, 20 mg/L histidine, 60 mg/L leucine, and 20 mg/L uracil

(all from Sigma). Solid media contained additionally 20 g/L of Bactoagar (Difco).

2.3.2. Cloning of the C. glabrata CgDTR1 gene (ORF CAGLOM06281g)

The pGREG576 plasmid from the Drag & Drop collection [341] was used to clone and express
the C. glabrata ORF CAGLOM06281gin S. cerevisiae, as described before [219]. CAGLOM06281g DNA
was generated by PCR, using genomic DNA extracted from the sequenced CBS138 C. glabrata strain,
and the following specific primers: 5'-
GAATTCGATATCAAGCTTATCGATACCGTCGACAATGAGCACCTCCAGCAACAC-3' and 5 -
GCGTGACATAACTAATTACATGACTCGAGGTCGACTCAGAAACTGTCTTTAACCC- 3. The

designed primers contain, besides a region with homology to the first and last 20 nucleotides of the

CAGLOM06281g coding region (italic), nucleotide sequences with homology to the cloning site flanking
regions of the pGREG576 vector (underlined). The amplified fragment was co-transformed into the
parental S. cerevisiae strain BY4741 with the pGREG576 vector, previously cut with the restriction
enzyme Sall, to obtain the pGREG576_CgDTR1 plasmid. To enable gene expression in C. glabrata,
the GAL1 promoter present in the pGREG576_CgDTR1 plasmid was replaced by the copper-inducible
C. glabrata MTI promoter, giving rise to the pPGREG576_MT|_CgDTR1 plasmid. The MTI promoter DNA
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was generated by PCR with the specific primers: 5'-
TTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCTGTACGACACGCATCATGTGGCAATC-3"and
5-GAAAAGTTCTTCTCCTTTACTCATACTAGTGCGGCTGTGTTTGTTTTTGTATGTGTTTGTTG-3'.

The designed primers contain, besides a region with homology to the first and last 27 nucleotides of the

first 1,000 bp of the MTI promoter region (italic), nucleotide sequences with homology to the cloning site
flanking regions of the pGREG576 vector (underlined). The amplified fragment was co-transformed into
the parental strain BY4741 with the pGREG576_CgDTR1 plasmid, previously cut with Sacl and Notl
restriction enzymes to remove the GAL1 promoter, to generate the pPGREG576_MTI/_CgDTR1 plasmid.
The recombinant plasmids pGREG576_CgDTR1 and pGREG576_MTI|_CgDTR1 were verified by DNA

sequencing.

2.3.3. Disruption of the C. glabrata CgDTR1 gene (ORF CAGLOM06281g)

The deletion of the CgDTR1 gene was carried out in the parental strain KUE100, as described
before [339]. The target genes were replaced by a DNA cassette including the CgHIS3 gene, through

homologous recombination. The replacement cassette was prepared by PCR using the following

primers: 5-
[TTTGATTTTTTTACCATAATTTGTTTAAGATTATTTACCATAATAGCAGTAACGGGGCCGCTGATC
ACG-3' and 5 -

ACACTAAATTTTAAACTTAGAATTCATTGAAGGCCCCTTAGAAATTATAAGTTTCACATCGTGAGGC
TGG-3". The pHIS906 plasmid including CgHIS3 was used as a template and transformation was
performed as described previously. The 3' sequences of the primers, GGCCGCTGATCACG and
CATCGTGAGGCTGG were attached to flanking region of CgHIS3. The underlined 56 bp sequences
were flanking sequence of each gene. The replacement of CgDTR1 by the CgHIS3 cassette was verified
by PCR, using as primers: 5-CAGCTTTATCTCAGAAAACCAG-3', which is complementary to a region
in the cassette; and 5 -GCTAAGAGATTGGCTGAGAG-3', which is complementary to a region
downstream of the CgDTR1 3' end. Additionally, gene deletion was further verified by PCR using the
following pairs of primers: 5-CAACACTAGCGGTGAGTG-3'and 5-CTGCCTCCTTTATCTGCGA-3". No

PCR product was identified from template DNA of the mutant, while clear PCR products were identified

from template DNA of parental strain KUE100.

2.3.4. Galleria mellonella survival and proliferation assays

Galleria mellonella larvae were reared in our lab insectariums, on a pollen grain and bee wax diet
at 25 °C in the darkness. Last instance larvae weighting 250+25 mg were used in the killing assays and
the larvae infection was based on the protocol previously described [143], [382], [383]. C. glabrata
strains were cultivated in YEPD until stationary phase, harvested by centrifugation and resuspended in
PBS (pH 7.4). 3.5 uL of yeast cell suspension, containing ~5x107 cells, were injected into each
caterpillar via the last left proleg. For each condition, 10 larvae were used to follow the larval survival

over a period of 72 h. Control larvae were injected with PBS (pH 7.4). For proliferation assays, three
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living larvae at 1, 24, and 48 h post-injection were punctured in the abdomen with a sterile needle and

hemolymph was collected.

2.3.5. C. glabrata phagocytosis assays in G. mellonella hemocytes

G. mellonella hemocytes were isolated as described before [384]. Hemocytes suspended in
Grace insect medium (GIM) (Sigma) supplemented with 10% fetal bovine serum, 1% glutamine, and
1% antibiotic (10,000 U penicillin G, 10 mg streptomycin).

Cultures of C. glabrata cells were grown until mid-exponential phase (ODsoonm=0.4—0.6) and the
appropriate volume was collected to have 7x10? cells/mL in PBS. Galleria hemocyte monolayer medium
was replaced with GIM without antimycotics, and then cells were infected with the yeast suspensions
with a multiplicity of infection (MOI) of 1:5. After 1 h of infection at 37 °C, the hemocytes were carefully
washed twice with cell culture medium. Viable intracellular yeast cells were measured after 1, 4, 24, and

48 h of infection, upon hemocyte lysis with 0.5% Triton X-100.

2.3.6. Susceptibility assays in C. glabrata and S. cerevisiae

The susceptibility of the C. glabrata or S. cerevisiae cells toward toxic concentrations of the
selected drugs and acetic acid was evaluated as before, through spot assays or cultivation in liquid
growth medium [218], [219]. The tested drugs included the following compounds, used in the specified
concentration ranges: the azole antifungal drugs fluconazole (10-200 mg/L), ketoconazole (10-50 mg/L),
clotrimazole (1-20 mg/L), thioconazole (0.2-1 mg/L) and miconazole (0.2-1 mg/L), the polyene antifungal

drug amphotericin B (0.1-0.5 mg/L), and the fluoropyrimidine 5-flucytosine (0.02-5 mg/L).

2.3.7. CgDtr1 sub-cellular localization assessment

The sub-cellular localization of the CgDtr1 protein was determined based on the observation of
BY4741 S. cerevisiae or L5U1 C. glabrata cells transformed with the pGREG576_CgDTR1 or
pGREG576_MTI_CgDTR1 plasmids, respectively. S. cerevisiae cell suspensions were prepared by
cultivation in BM-U medium, containing 0.5% glucose and 0.1% galactose, at 30 °C, with orbital shaking
(250 rev/min), until a standard culture ODsoonm (Optical Density) = 0.4 + 0.04 was reached. At this point
cells were transferred to the same medium containing 0.1% glucose and 1% galactose, to induce protein
expression. C. glabrata cell suspensions were prepared in BM-U medium, until a standard culture
ODe0onm=0.5 = 0.05 was reached, and transferred to the same medium supplemented with 50 yM CuSO4
(Sigma), to induce protein overexpression. After 5 h of incubation, the distribution of CgDtr1_GFP fusion
protein in S. cerevisiae or in C. glabrata living cells were detected by fluorescence microscopy in a Zeiss
Axioplan microscope (Carl Zeiss Microlmaging), using excitation and emission wavelength of 395 and
509 nm, respectively, and images captured using a cooled CCD camera (Cool SNAPFX, Roper

Scientific Photometrics).
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2.3.8. '“C-acetate accumulation assay

Accumulation assays using radiolabelled, ['“C]-acetate were carried out as described before
[218]. To estimate the accumulation of radiolabelled compound (Intracellular/Extracellular) in yeast cells,
cells were grown in BM medium, resuspended in BM medium, to obtain dense cell suspensions
(ODe0onm=5.0 £ 0.1, equivalent to ~2.2 mg/(dry weight) mL). The radiolabeled compound was added to
the cell suspensions (3.5uM of ['“C]-acetic acid (American Radiolabeled Chemicals; 0.1 mCi/mL) and
65 mM of unlabeled acetic acid) and accumulation of radiolabeled compound was followed for 30 min
until equilibrium was reached. Radioactivity was measured in a Beckman LS 5000TD scintillation

counter.

2.3.9. Gene expression measurement

The transcript levels of CgDTR1 were determined by quantitative real-time PCR (RT-PCR). Total
RNA was extracted from cells grown in the presence of acetic acid or hydrogen peroxide, and also when
internalized within larvae hemocytes. At the end of each incubation period, total RNA obtained from the
C. glabrata cell population was extracted using the hot phenol method [385]. Total RNA was converted
to cDNA for the real-time Reverse-Transcription PCR (RT-PCR) using the MultiScribe Reverse
Transcriptase kit (Applied Biosystems) and the 7500 RT-PCR thermal cycler block (Applied
Biosystems). The real time PCR step was carried out using adequate primers (CgDTR1 Forward: 5'-
GGAGCCAAAATGAGAATGATATGTC-3'; CgDTR1 Reverse: 5-ACCACCTTGAAATCGGTGATG-3';
CgACT1  Forward: 5-AGAGCCGTCTTCCCTTCCAT-3" ; CgACT1 Reverse: 5 -
TTGACCCATACCGACC ATGA-3'), SYBR Green® reagents (Applied Biosystems) and the 7500 RT-
PCR thermocycler block (Applied Biosystems). Default parameters set by the manufacturer were
followed, and fluorescence was detected by the instrument and plotted in an ampilification graph (7500
Systems SDS Software, Applied Biosystems). CgACT1 gene transcript level was used as an internal
reference. To avoid false positive signals, the absence of non-specific amplification with the chosen

primers was confirmed by the generation of a dissociation curve for each pair of primers.

2.4. Results

2.4.1. CgDtr1is a determinant of C. glabrata virulence against the G. mellonella infection
model
Using G. mellonella larvae as an infection model, the possible effect of CgDTR1 deletion in
C. glabrata ability to exert its virulence was assessed. The survival of the larvae was followed for 72 h
upon injection of 5x107 cells. The wild-type KUE100 C. glabrata strain was found to be able to kill 30%
more larvae than the derived Acgdtr1 deletion mutant (Figure 11.11A). Additionally, the overexpression
of CgDTR1 in the L5U1 C. glabrata wild-type was found to lead to a 50% decrease in G. mellonella
survival rate, when compared with L5U1 cells harboring the cloning vector pGREG576 (Figure I1.11B).

Interestingly, it was also possible to observe that the L5U1 wild-type strain appears to be much less
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virulent than the KUE100 wild-type strain. This data strongly suggest that the CgDtr1 transporter is

involved in the pathogenesis of C. glabrata.
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Figure I1.11. CgDTR1 expression increases C. glabrata virulence against the G. mellonella infection model. (A) The
survival of larvae injected with ~5x107 CFU/larvae of KUE100 C. glabrata wild-type (full line), or derived Acgdtr1
deletion mutant (dashed line), is displayed as Kaplan-Meier survival curves. (B) The survival of larvae injected with
~5x107 CFU/larvae of L5U1 C. glabrata wild-type strain, harboring the pGREG576 cloning vector (full line) or the
pGREG576_MTI_CgDTR1 expression plasmid (dashed line), is displayed as Kaplan-Meier survival curves. The
displayed results are the average of at least three independent experiments. *P < 0.05; ***P < 0.001.

2.4.2. CgDTR1 expression increases C. glabrata cell proliferation in G. mellonella
hemolymph

Given the observation that CgDtr1 expression increases the ability of C. glabrata cells to kill
G. mellonella larvae, a deeper analysis of the underlying mechanisms was undertaken. The proliferation
of C. glabrata cells within this infection model was then assessed. The hemolymph of injected larvae
was recovered 1, 24, and 48 h after injection and the number of viable C. glabrata cells evaluated. After
1 and 24 h of injection the number of wild-type and Acgdir? cells was found to be undistinguishable
(Figure 11.12). However, upon 48 h of injection, a time in which a greater difference was detected in
terms of larvae survival rate, the concentration of wild-type cells was found to be 4.5-fold higher than
that of the mutant population (Figure 11.12). This difference in terms of cell proliferation may very well
explain the different ability to kill the host, especially considering that the mutant displays no growth

defect in vitro.
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Figure I1.12. CgDTR1 deletion decreases C. glabrata proliferation in G. mellonella hemolymph. The concentration
of viable C. glabrata KUE100 wild-type (light gray) and Acgditr1 (dark gray) cells assessed within total hemolymph
recovered from G. mellonella larvae upon 1, 24, and 48 h of injection with ~5x107 CFU/larvae is shown. The
displayed results are the average of at least three independent experiments, standard deviation being represented
by the error bars. **P < 0.01.

The exact reason why the Acgdtr1 mutant is unable to proliferate as much as the wild-type within
the G. mellonella hemolymph was then pursued. First, the hypothesis that the two strain exhibit
differences at the level of antimicrobial peptide (AMP) resistance was explored. The resistance of both
strains to the AMP histatine-5 was evaluated, however, no differences were observed (results not
shown). Second, the resistance of each strain to phagocytosis by hemocytes, the insect equivalent to
mammalian macrophages, was inspected. C. glabrata cells were exposed to a cell culture of
G. mellonella hemocytes. The concentration of viable C. glabrata cells found within the hemocytes was
measured after 1, 4, 24, and 48 h after co-culture. After 1, 4, and 24 h of phagocytosis the number of
viable wild-type cells internalized within hemocytes was found to be undistinguishable of the number of
Acgdir1 cells internalized within hemocytes (Figure 11.13A). After 48 h of injection, the population of wild-
type cells found within hemocytic cells was found to be 3-fold higher than Acgdfr? mutant cells
(Figure 11.13A). A similar experiment was carried out using the L5U1 C. glabrata wild-type cells harboring
the pGREG576_MTI_CgDTR1, leading to CgDTR1 overexpression upon CuSOQO4 induction, or the
cloning vector pPGREG576. Consistent with the previous results, the overexpression of CgDTR1 was

found to lead to a 25% increase in cell proliferation within hemocytes (Figure 11.13B).
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Figure I1.13. CgDTR1 expression increases C. glabrata proliferation in G. mellonella hemocytes. The concentration
of viable KUE100 C. glabrata wild-type (light gray) and Acgdtr1 (dark gray) cells (A), or of viable L5U1 C. glabrata
wild-type harboring the pPGREG576 cloning vector (light gray) or the pGREG576_MTI_CgDTR1 expression plasmid
(dark gray) cells (B) assessed upon 1, 4, 24, and 48 h of co-culture with G. mellonella hemocytes, using a MOI of
1:5. The displayed results are relative to the concentration of viable cells inoculated at time zero and are the average
of at least three independent experiments, standard deviation being represented by the error bars. *P < 0.05.

2.4.3. CgDtr1 confers resistance to weak acid and oxidative stress, but not to antifungal

drugs

Given its predicted function as a multidrug resistance transporter, together with the results
described above, it appeared reasonable to hypothesize that the role of CgDtr1 in C. glabrata
proliferation within G. mellonella hemocytes is related to defending the yeast cell against the stress
factors encountered within hemocytic cells. Considering the identification of the S. cerevisiae DTR1
gene as a determinant of weak acid resistance, the eventual role of CgDTR1 in this context was
evaluated, especially considering that the phagolysosomes of mammalian macrophages are highly
acidic and rich in acetic acid [386]. Based on spot assays, the deletion of CgDTR1 was found to
moderately decrease acetic and benzoic acid tolerance in the KUE100 C. glabrata strain (Figure Il.14A).
Given the importance of Reactive Oxygen Species (ROS) in the killing of phagocytosed yeast cells, the
effect of the expression of CgDTR1 in the resistance to hydrogen peroxide was further assessed.
Significantly, the deletion of CgDTR1 was also found to severely impair growth in the presence of 20 mM
H20:2 (Figure 11.14A). Based on the analysis of the growth curves of the same populations in liquid
medium, it is possible to see that the deletion of the C. glabrata CgDTR1 gene dramatically increases
yeast susceptibility to acetic acid, increasing in about 20 h the period of lag-phase induced upon stress
exposure (Figure 11.15). Upon exposure to 2 mM benzoic acid, wild-type cells were found to undergo a
period of 40 h of lag-phase, before exponential growth could be resumed, but in these conditions the

Acgdtr1 deletion mutant population was found to be unable to resume growth even after 80 h of
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lag-phase (Figure 11.15). Consistent with the previous results, the overexpression of the CgDTR1 gene
in the L5U1 C. glabrata wild-type strain was found to increase its resistance to the acetic and benzoic
acid stress, as well as to H202 (Figure 11.14B). Interestingly, it was also possible to observe that the
L5U1 wild-type strain appears to be much more susceptible to weak acid and oxidative stress than the
KUE100 wild-type strain. Furthermore, the heterologous expression of the CgDTR1 gene was found to
slightly increase the resistance of the S. cerevisiae wild-type and Adtr1 deletion mutant strains against
both weak acids and H202 (results not shown).

Given the predicted role of CgDtr1, as a member of the drug:H+ antiporter family, in drug/chemical
stress resistance, the susceptibility to antifungal drugs was additionally assessed. The tested drugs
include the azoles miconazole, thioconazole, clotrimazole, ketoconazole, itraconazole, and fluconazole,
the polyene amphotericin B, and the fluoropyrimidine 5-flucytosine. However, no difference in terms of
drug susceptibility was observed when comparing the proliferation of wild-type and Acgdir1 deletion

mutant strains (results not shown).
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Figure 1.14. CgDTR1 confers resistance to weak acids and hydrogen peroxide in C. glabrata. (A) Comparison of
the susceptibility to acetic acid, benzoic acid or to H,0O5, at the indicated concentrations, of the KUE100 C. glabrata
(wild-type—wt) and Acgdltr1 strains, in BM agar plates, pH 4.5, by spot assays. (B) Comparison of the susceptibility
to acetic acid, benzoic acid or to H,O», at the indicated concentrations, of the L5U1 C. glabrata strain (wild-type—
wt), harboring the pGREG576 cloning vector (v) or the pGREG576_MTI/_CgDTR1 in BM agar plates, pH 4.5,
without uracil, by spot assays. The inocula were prepared as described in the materials and methods section. Cell
suspensions used to prepare the spots were 1:5 (b) and 1:25 (c) dilutions of the cell suspension used in (a). The
displayed images are representative of at least three independent experiments.
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Figure I1.15. CgDTR1 confers resistance to weak acids in C. glabrata. Comparison of the susceptibility of KUE100
C. glabrata wild-type (®) and Acgdir1 (m) deletion mutant strain to cultivation in the presence of 100 mM acetic
acid or of 2 mM benzoic acid in BM liquid medium, pH 4.5, in comparison to control conditions, measured in terms
of variation of Optical Density at 600nm (ODsoonm). The inocula were prepared as described in the materials and
methods section. Growth curves are representative of at least three independent experiments.

2.44. CgDTR1is a plasma membrane acetate exporter

C. glabrata cells harboring the pPGREG576_MT|_CgDTR1 plasmid were grown to mid-exponential
phase in minimal medium, and then transferred to the same medium containing 50 yM CuSO4, to induce
the expression of the fusion protein. At a standard ODeoonm of 0.5+0.05, obtained after around 5 h of
incubation, cells were inspected through fluorescence microscopy. In C. glabrata cells, the CgDtr1_GFP
fusion protein was found to be predominantly localized to the cell periphery (Figure II.16A). S. cerevisiae
cells harboring the pGREG576_CgDTR1 plasmid were also tested for the subcellular localization of
CgDtr1, to verify that in these cells, the C. glabrata transporter was localized similarly. At a standard
ODsoonm of 0.5+0.05, obtained after around 5 h of incubation with 1% galactose to induce protein
expression, fluorescence was found mostly in the cell periphery (Figure 11.16A). Intracellular Dtr1-GFP
staining is also observed, possibly corresponding to mislocalized protein aggregates resulting from
exaggerated overexpression. Altogether, these results strongly suggest plasma membrane localization,
differently from what was observed for its S. cerevisiae homolog, Dtr1, shown to be localized only at the
prospore membrane [377].

Given the registered plasma membrane localization, the possible role of CgDtr1 as an acetate
exporter was analysed. The accumulation of ["*C]-labeled acetic acid in non-adapted C. glabrata cells
suddenly exposed to the presence of 65 mM cold acetic acid, which induces a mild growth inhibition in
both the parental strain and Acgdtr? cells, was thus tested. The intracellular accumulation of
radiolabelled acetate was found to be 2-fold higher in cells devoid of CgDTR1 than in parental KUE100
cells (Figure 11.16B). Altogether, the presented evidences point out to CgDtr1 as a plasma membrane

acetate exporter.
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Figure I1.16. CgDtr1 is a plasma membrane acetate exporter in C. glabrata cells. (A) Fluorescence of exponential-
phase L5U1 C. glabrata cells or BY4741 S. cerevisiae cells, harboring the pGREG576_MT|_CgDTR1 or
pGREG576_CgDTR1 plasmids, after 5 h of copper- or galactose-induced recombinant protein production,
respectively. Results indicate that the CgDtr1-GFP fusion protein localizes to the plasma membrane of both
S. cerevisiae and C. glabrata cells. (B) Time course accumulation ratio of ['*C]-Acetic acid in non-adapted cells of

KUE100 C. glabrata wild-type (®) or Acgdtr1 (m) strains, during cultivation in BM liquid medium in the presence
of 65 mM unlabeled acetic acid. The accumulation ratio values are averages of at least three independent
experiments. Error bars represent the corresponding standard deviations. *p < 0.05.

2.4.5. CgDTR1 transcript levels are upregulated during internalization in hemocytes and

in the presence of hydrogen peroxide stress

Considering the importance of CgDtr1 for proliferation within hemocytes, its transcript levels were
followed during internalization in hemocytes. A dramatic upregulation of CgDTR1 expression was
registered during the internalization of C. glabrata cells by G. mellonella hemocytes (Figure I1.17A).
Interestingly, upon 1 h of co-culture with hemocytes, C. glabrata cells that were not internalized by
hemocytes already exhibit a 4-fold upregulation of CgDTR1 transcript levels. Upon 24 or 48 h of
internalization of C. glabrata cells in hemocytes the transcript levels of CgDTR1 were found to be
100-fold upregulated, which highlights the importance of this gene in the context of the adaptation of
this pathogen to growth inside macrophages. In order to evaluate which could be the stimuli that leads
to this upregulation, changes in CgDTR1 transcript levels occurring in C. glabrata cells upon 1 h of
exposure to either acetic acid or hydrogen peroxide were assessed. Of the two stresses only hydrogen
peroxide was found to induced a significant upregulation of CgDTR1 expression, while surprisingly

exposure to acetic acid led to the downregulation of CgDTR1 expression (Figures I1.17B, C).
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Figure 11.17. The CgDTR1 gene transcript level is upregulated during internalization in hemocytes and upon exposure to oxidative stress. Comparison of the
variation of the CgDTR1 transcript levels in KUE100 C. glabrata wild-type cells upon exposure to: (A) G. mellonella hemocytes, comparing non-internalized cells
collected in the supernatant of hemocyte-C. glabrata 1 h co-cultures, and after 24 and 48 h of internationalization by hemocytes; (B) 30, 60, or 100 mM of acetic
acid for 1 h; or (C) 20 mM of hydrogen peroxide for 1 h, in comparison with exponentially growing C. glabrata cells. The presented transcript levels were obtained
by quantitative RT-PCR and are CgDTRTmMRNA/CgACTTmRNA levels, relative to the values registered in wild-type exponential cells cultivated in planktonic
conditions. The indicated values are averages of at least three independent experiments. Error bars represent the corresponding standard deviations. *P < 0.05;
***P < 0.001; ****P < 0.0001.
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2.5. Discussion

In this study, the multidrug transporter CgDtr1 was shown to play a role in C. glabrata
pathogenesis, protecting these cells from stress agents present in macrophagic cells.

The deletion of CgDTR1 was found to lead to an increased larvae survival upon infection,
decreasing in 30% the killing ability of C. glabrata cells. The use of G. mellonella as a model, had been
previously exploited for the study of Candida albicans [387] and C. glabrata [143] virulence, and appears
to be particularly useful in this context since it is difficult to cause C. glabrata-induced mortality in mice,
even when facing neutropenia [388]. Furthermore, the larval innate immune system has a strong
similarity to the mammalian innate immune system, especially when considering the hemocyte-
dependent cellular response, very similar to that displayed by mammalian macrophages [389], in which
C. glabrata is able to survive and replicate for a very prolonged time [291]. These features make the use
of G. mellonella larvae an interesting and simplified model to further understand what happens inside
the human host.

Although previous reports had shown that some Candida DHA genes [143], [380], [381],
homologs of CgDTR1, play a role in virulence, the exact mechanisms underlying these observations
remained unclear. In this work, the deletion of the CgDTR1 gene was found to decrease the ability of
C. glabrata to kill G. mellonella larvae. This decreased killing ability was found to correlate with
diminished proliferation in G. mellonella hemolymph. Our results of in vitro interaction between yeast
cells and hemocytes seem to support the hypothesis that CgDtr1 contributes for cell proliferation within
macrophages. It is clear that Acgdir1 cells are more susceptible to stress factors found inside phagocytic
cells, including acidic and oxidative stress. Additionally, the dramatic upregulation of CgDTR1 transcript
levels in C. glabrata cells upon internalization in G. mellonella hemocytes, which correlates with
increased CgDTR1 expression induced upon exposure to oxidative stress, further suggests that CgDtr1
is an important factor for adaptation to proliferate inside host macrophages.

Consistent with a role in weak acid stress resistance, CgDtr1 was found in this study to be a
plasma membrane acetate exporter. Weak acids have an impact on membrane organization and
function, while their intracellular accumulation may lead to higher oxidative stress, protein aggregation,
membrane ftrafficking inhibition and changes in plasma and vacuolar membrane spatial organization
[390], [391]. The expression of a number of genes encoding DHAs have been found to contribute to
weak acid tolerance in S. cerevisiae, including AQR1 and AZR1[392], [393], TPO2 and TPO3 [394] and
TPO1 [395]. Interestingly, CgDtr1 shares with its S. cerevisiae homolog Dtr1 a role in weak acid stress
tolerance. However, given its plasma membrane localization and the inability of C. glabrata to undergo
sporulation, it is unlikely that CgDtr1 shares Dtr1’s role as dityrosine transporter in S. cerevisiae prospore
membrane [377]. Tolerance against weak acids is important for at least C. albicans, as well as probably
other pathogenic Candida species, to thrive within the host, since significant concentrations of both
acetic and lactic acids have been found in the vaginal tract [396], and within the phagolysosome of
human macrophages [386]. Furthermore, a synergistic action between some drugs and acetic acid was
found, reinforcing the importance of weak acid resistance mechanisms in the context of antifungal
therapy [218].
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Altogether, the results from the present study strongly suggest that CgDtr1 plays an important
role in the virulence of C. glabrata infections, possibly as a fitness factor [397], facilitating its proliferation

within the host by protecting against weak acid stress.
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3. Role of CgTpo4 in polyamine and antimicrobial peptide

resistance: determining virulence in Candida glabrata

3.1. Abstract

Candida glabrata is an emerging fungal pathogen, whose success depends on its impressive
ability to resist antifungal drugs but also to thrive against host defenses.

In this study, the predicted multidrug transporter CgTpo4 (encoded by ORF CAGLOL10912g) is
described as a new determinant of virulence in C. glabrata. CgTpo4 expression was found to increase
C. glabrata ability to kill the infection model Galleria mellonella. This effect was found to correlate with
the role found for Tpo4 in AMP resistance, specifically against histatin-5. Interestingly, G. mellonella
was found to strongly activate AMP expression in response to C. glabrata infection, suggesting AMPs
are a key antifungal defense in this infection model. CgTpo4 was also found to be a plasma membrane
exporter of polyamines, especially spermidine, suggesting that CgTpo4 is able to export polyamines
and AMPs, thus conferring resistance to both stress agents. CgTP0O4 deletion was also found to alter
the membrane potential of C. glabrata cells, a physiological parameter affected by polyamine
homeostasis.

Altogether, this study presents the polyamine exporter CgTpo4 as a determinant of C. glabrata
virulence, which acts by protecting the yeast cells from the overexpression of AMPs, deployed as a host

defense mechanism.
3.2. Introduction

Candida species are among the top 10 most frequently isolated nosocomial bloodstream
pathogens, with an annual incidence rate of up to 4.8 cases, in Europe, and 13.3 cases, in the US, per
100 000 inhabitants [16]. Despite the fact that Candida albicans is still the predominant cause of invasive
candidiasis, a higher proportion of patients has been infected by non-albicans Candida species [398].
Candida glabrata is one of the main examples, since it has risen as the most frequently isolated
non-albicans pathogenic Candida species, accounting for 20% of the diagnosed cases of candidiasis in
both Europe and North America [58], [399]. The frequency and relative high mortality levels (up to 45%
for C. glabrata) of these infections [374] are generally attributed to the capacity of these pathogenic
yeasts to efficiently develop MDR, to tolerate host defenses mechanisms, to maintain high proliferative
and repopulation capacity through biofilm formation, and to display ability to withstand prolonged harmful
conditions such as nutrient starvation and oxidative stress [400], [401].

C. glabrata can resist the confrontation with host immune cells, as a significant fraction of
phagocytised cells are able to survive and replicate inside the macrophages. Since the host defense
mechanisms are multifaceted, a number of different evasion strategies have evolved [397]. These
include avoidance of contact with macrophages, rapid escape from host immune cells, ability to
withstand macrophage antimicrobial activities and, most importantly, use macrophages as an
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intracellular niche for protection and replication processes [397]. Besides this, in the event of Candida
infection, other virulence factors, such as biofilm development and resistance to antimicrobial peptides,
also play crucial roles for colonization and infection establishment [402]. Antimicrobial peptides, small
positively charged amphipathic molecules, work directly against microbes, mainly through a mechanism
that involves membrane disruption and pore formation, meaning that being able to resist them can be
highly positive for the yeast to complete its infection cycle [403].

During the past three decades, antifungal drug resistance became a serious concern for the
medical community. The fact that C. glabrata isolates are able to quickly develop resistance to new
drugs enables them to keep causing prevalent infectious that are difficult to eliminate [404]. Transporters
of the DHA family, belonging to the MFS, well characterized in the model yeast Saccharomyces
cerevisiae, are known to take part in multi-drug resistance as well as in other important physiological
stress response mechanisms, including weak acid and polyamine resistance and transport [144], [378],
[405].

In this work, the predicted C. glabrata DHA, CgTpo4, encoded by the ORF CAGLOL10912g, is
shown to play a role in virulence against the infection model Galleria mellonella. ORF CAGLOL10912g
was predicted to encode an ortholog of the S. cerevisiae TPO4 gene, which was characterized as a
determinant of resistance to polyamines [406]. Within the DHA family in C. glabrata, eight other
homologous transporters have been characterized so far [378]. These include CgAqr1, CgDtr1, CgFir1,
CgFlIr2, CgQdr2, CgTpo1_1, CgTpo1_2 and CgTpo3, that were found to confer resistance to drugs and
other stress factors, such as azoles, flucytosine, benomyl, mancozeb, acetic acid and polyamines,
mostly by contributing to decrease the intracellular accumulation of those molecules [144], [218], [220],
[221], [340], [407]. Additionally, the C. albicans DHA transporters CaMdr1, CaNag3, CaNag4, CaQdr1,
CaQdr2 and CaQdr3, as well as the C. glabrata DHA transporters CgTpo1_1, CgTpo1_2 and CgDtr1,
were found to further play a role in its virulence, although the exact molecular mechanisms behind this
observation are still to be fully elucidated [143], [379]-[381], [407], [408].

Here, the impact of CgTPO4 expression in the context of virulence against the infection model
Galleria mellonella was addressed. The larval immune system has high similarity to the mammalian
innate immune system in what concerns both the phagocytic cells and the humoral response, involving
antimicrobial peptides, to eliminate infecting microbes [409]. The influence of CgTpo4 in C. glabrata
success of the infections in this host and the consequent impacts on the larval survival rate was
evaluated. Given the obtained indications, the role of CgTpo4 in this process was investigated, with
emphasis in its activity in antimicrobial peptide and polyamine resistance. These elements allow a
deeper understanding of the mechanisms involved in C. glabrata virulence, a poorly characterized

subject.
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3.3. Methods

3.3.1. Strains, plasmids and growth medium

Candida glabrata KUE100 [339] and L5U1 (cgura3A0 cgleu2A0) [340] strains, the later kindly
provided by John Bennett, NIAID, NIH, Bethesda, were used in this study. C. glabrata cells were
cultivated in YPD medium, containing: 20 g/L D-(+)- glucose (Merck), 20 g/L bacterial-peptone
(LioChem) and 10 g/L of yeast-extract (Difco). BM basal minimal medium used for the susceptibility
assays contained 20 g/L glucose (Merck), 1.7 g/L yeast nitrogen base without amino acids or NH4+
(Difco) and 2.65 g/L (NH4)2SO4 (Merck). S. cerevisiae BY4741 wild-type strain, used in gene cloning
through homologous recombination was grown in either YPD medium or BM-U medium, that resulted
from BM supplementation with 20 mg/L methionine, 20 mg/L histidine and 60 mg/L leucine (all from
Sigma). C. glabrata L5U1 strains were cultured in BM medium supplemented with 20 mg/L uracil and

60mg/L leucine.

3.3.2. Cloning of the C. glabrata CgTPO4 gene (ORF CAGLOL10912g)

The pGREG576 plasmid from the Drag & Drop collection [341] was used to clone and express
the C. glabrata ORF CAGLOL10912g in S. cerevisiae, as described before for other heterologous genes
[219]. CAGLOL10912g DNA was generated by PCR, using genomic DNA extracted from the sequenced
CBS138 C. glabrata strain, and the primers indicated in Table 1l.1. The amplified fragment was co-
transformed into S. cerevisiae BY4741 strain with the pGREG576 vector, digested with Sall, to obtain
through homologous recombination the pPGREG576_CgTPO4 plasmid. To enable CgTPO4 expression
in C. glabrata, the GAL1 promoter was replaced by the copper-inducible MT-I C. glabrata promoter,
giving rise to the pGREG576_MT-I_CgTPO4 plasmid. The MT-I promoter DNA was generated by PCR,
using genomic DNA extracted from the CBS138 C. glabrata strain, and the primers indicated in
Table Il.1. The amplified fragment was co-transformed into S. cerevisiae BY4741 strain with the
pGREG576_CgTPO4 plasmid, digested with Sacl and Notl to remove the GAL1 promoter, to generate
through homologous recombination the pGREG576_MT-I_CgTPO4 plasmid. Constructs were verified
by DNA sequencing.

3.3.3. Deletion of the C. glabrata CgTPO4 gene (ORF CAGLOL10912g)

The deletion of the C. glabrata CgTPO4 gene (ORF CAGLOL10912g) was carried out in the
parental strain KUE100, using the method described by Ueno et al. [339]. The target gene CgTPO4 was
replaced by a DNA cassette including the CgHIS3 gene, through homologous recombination. The
replacement cassette was prepared by PCR using the primers indicated in Table 1l.1. The pHIS906
plasmid including CgHIS3 was used as a template and transformation was performed as described
previously [339]. Recombination locus and gene deletion were verified by PCR using the primers
indicated in Table 11.1.
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3.3.4. Galleria mellonella survival assays

Galleria mellonella larvae were reared in our lab insectarium, on a pollen grain and bee wax diet
at 25 °C in the darkness. Last instance larvae weighting 25025 mg were used in the survival assays
and the larvae infection was based on the protocol previously described [383]. C. glabrata strains were
cultivated in YPD until stationary phase, harvested by centrifugation and resuspended in PBS (pH 7.4).
A micrometer device was used to control a microsyringe and inject 3.5 uL of yeast cell suspension
(approximately 5x107 cells per injection) into each caterpillar via the last left proleg, which had been
previously surface sanitized with 70% (v/v) ethanol. Following injection, larvae were placed in Petri
dishes and stored in the dark at 37 °C. For each condition, 10 larvae were used to follow the larval
survival over a period of 72 h. Caterpillars were considered dead when they displayed no movement in

response to touch. Control larvae were injected with PBS (pH 7.4).

3.3.5. Galleria mellonella hemocyte-yeast interaction assays

To isolate G. mellonella hemocytes, larvae previously anesthetized on ice and surface sterilized
with 70% (v/v) ethanol were punctured in the abdomen with a sterile needle and the outflowing
hemolymph was immediately collected into a sterile microtube containing anticoagulant buffer (98 mM
NaOH, 145 mM NaCl, 17 mM EDTA, 41 mM citric acid [pH 4.5]) in a 1:1 proportion. The hemolymph
was centrifuged at 250 x g for 10 min at 4 °C to pellet hemocytes and washed twice with PBS
(centrifuged at 250 x g for 5 min at 4 °C). The hemocyte pellet was then gently suspended in 1 mL of
GIM (Sigma) supplemented with 10% fetal bovine serum, 1% glutamine, and 1% antibiotic (10,000 U
penicillin G, 10 mg streptomycin). Suspended hemocytes were counted with a hemocytometer and
incubated at 25 °C in 24-well plates at a concentration of 2x10° cells/mL. Monolayers of primary Galleria
hemocytes were used for experiments the next day. All preparations and assays were carried out under
sterile conditions.

Cultures of C. glabrata cells were grown in YPD medium until mid-exponential phase (ODeoonm =
0.4-0.6). The optical density of the cultures was measured, and the appropriate volume was collected
to have 7x102 cells/mL in PBS. Galleria hemocyte monolayer medium was replaced with GIM without
antimycotics, and then cells were infected with the yeast suspensions with a MOI of 1:5. After 1 h of
infection at 37 °C, the hemocytes were carefully washed twice with PBS, followed by the addition of
GIM. The viable intracellular yeast cells were quantified 1 h, 4 h, 24 h and 48 h after infection. Cell
monolayers were lysed with 0.5% Triton X-100, and CFU were determined by plating dilutions of cell

lysates on YPD-agar plates followed by incubation at 30°C for 24 h.

3.3.6. Gene expression measurement

The transcript levels of genes encoding the G. mellonela antimicrobial peptides gallerimycin,
galliomycin, IMPI (insect metalloproteinase inhibitor), lysozyme and cecropin were determined by
RT-PCR. Three larvae per treatment for each time point (10 and 21 h post infection) were cryopreserved,
sliced and homogenized in 1 mL of Trizol reagent (Sigma Aldrich). Whole animal RNA was extracted
according to the manufacturer’'s protocol. RNA was treated with Turbo DNase (Ambio, Applied
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Biosystems) according to manufacturer's recommendations and quantified spectrophotometrically
(NanoDrop ND-1000). Total RNA was converted to cDNA for the real-time Reverse Transcription PCR
using the MultiScribe Reverse Transcriptase kit (Applied Biosystems) and the 7500 RT-PCR thermal
cycler block (Applied Biosystems). The real time PCR step was carried out using adequate primers
(Table 11.1), SYBR Green® reagents (Applied Biosystems) and the 7500 RT-PCR thermocycler block
(Applied Biosystems). Default parameters set by the manufacturer were followed, and fluorescence was
detected by the instrument and plotted in an amplification graph (7500 Systems SDS Software, Applied
Biosystems). G. mellonella Actin encoding gene transcript level was used as an internal reference.

3.3.7. Candidacidal assays of histatin-5 and spermidine

To evaluate the effect of CgTPO4 expression in histatin-5 resistance and spermidine resistance,
wild-type and Acgtpo4 C. glabrata mutants were batch cultured in minimal medium until mid-exponential
phase (ODsoonm=0.4-0.6), while C. glabrata L5U1 cells harboring the pGREG576_MT-I_CgTPO4
plasmid were grown to mid-exponential phase (ODsoonm=0.5£0.05) in minimal medium containing 50 pM
CuSO0s. Cells were then washed twice and resuspended in sterile PBS to an ODsoonm=0.01£0.001 and
supplemented with 35 uM and 65 pM of histatin-5 (Sigma) for the wild-type KUE100 and Acgtpo4, and
for C. glabrata L5U1 cells, respectively, or supplemented with 5 mM of spermidine. Cell suspensions
were incubated at 30 °C under agitation (250 rpm) and cell viability was measured at 30 min intervals,
based on the counting of CFU, determined by plating dilutions of the cell suspensions on YPD-agar
plates followed by incubation at 30 °C for 24 h. Each result was compared with the initial cell content of

the suspension in order to obtain a survival curve.

3.3.8. Subcellular localization of the CgTpo4 transporter

C. glabrata L5U1 cells harboring the pGREG576_MT-/_CgTPO4 plasmid were grown to mid-
exponential phase in minimal medium containing 50 uM CuSOas. At a standard ODeoonm=0.5+0.05,
obtained after around 5 h of incubation, cells were inspected through fluorescence microscopy.
S. cerevisiae BY4741 cells harboring the pGREG576_CgTPO4 plasmid were grown in BM-U medium
with 1% galactose to induce protein expression. The distribution of CgTpo4_GFP protein in S. cerevisiae
or in C. glabrata living cells was detected by fluorescence microscopy in a Zeiss Axioplan microscope
(Carl Zeiss Microlmaging), using excitation and emission wavelength of 395 and 509 nm, respectively.
Fluorescence images were captured using a cooled CCD camera (Cool SNAPFX, Roper Scientific
Photometrics).

3.3.9. Susceptibility assays in C. glabrata

The susceptibility of C. glabrata cells towards toxic concentrations of the selected drugs and
polyamines was evaluated as before, through spot assays [218], [219]. C. glabrata cell suspensions
used to inoculate the agar plates were mid-exponential cells grown in adequate minimal medium, until
culture ODsoonm=0.4+0.02 was reached and then diluted in sterile water to obtain suspensions with
ODs00nm=0.050.005. These cell suspensions and subsequent dilutions (1:5; 1:25) were applied as 4 pL
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spots onto the surface of solid medium, without uracil for strains transformed with the pGREG576
derived plasmids, and supplemented with adequate chemical stress concentrations. The tested drugs
and chemicals included the following compounds, used in the specified concentration ranges: the
polyamines spermine (10-15 mM), spermidine (4-10 mM) and putrescine (10-20 mM), the azole
antifungal drugs fluconazole (10-200 mg/L), ketoconazole (10-50 mg/L), clotrimazole (1-20 mg/L),
tioconazole (0.2-1 mg/L) and miconazole (0.2-1 mg/L), the polyene antifungal drug amphotericin B (0.1-

0.5 mg/L), and the fluoropyrimidine 5-flucytosine (0.02-5 mg/L).

3.3.10. Spermidine accumulation assays

To analyse the accumulation ratio (intracellular/extracellular concentration) of radiolabeled
[H]-spermidine (Amersham Biosciences) in C. glabrata wild-type and Acgtpo4 strains, the two were
grown in YPD medium (at pH 4.0) until mid-exponential phase (ODeoonm=0.5 + 0.05), harvested by
filtration, washed with fresh medium and finally resuspended in 5 mL of this same medium to obtain
dense cell suspensions (ODsoonm=0.7 + 0.05). These cell suspensions were incubated for 5 min at 30 °C
with agitation (150 rpm). After that time, 0.1 uM of [*H]-spermidine (Amersham Biosciences) was added
to the cell suspension together with 8.5 mM unlabelled spermidine (Sigma). The intracellular
accumulation of radiolabelled spermidine was followed during 60 min by filtering, at adequate intervals,
200 pL of the cell suspension through pre-wetted glass microfibre filters (Whatman GF/C). The filters
were washed with ice-cold Tris-Magnesium Sulfate buffer (0.1 M Mes, 41 mM Tris, both from Sigma,
adjusted to pH 4.0) and the radioactivity was measured in a Beckman LS 5000TD scintillation counter.
Extracellular concentration of [*H]-spermidine was estimated by measuring the radioactivity of 50 L of
the culture supernatant. Intracellular concentration of [*H]-spermidine was calculated considering the

internal cell volume (Vi) of the two strains constant and equal to 2.5 mL (mg dry weight)"' [410].

3.3.11. Estimation of plasma membrane potential

The estimation of the plasma membrane potential was carried out by measuring the fluorescence
intensity of cells exposed to the fluorescent carbocyanine 3,3'-Dihexyloxacarbocyanine lodide
(DiOC6(3)) [411]. Cells were cultivated in YPD medium until mid-exponential phase, washed twice in
Mes/glucose buffer [10 mM Mes, 0.1 mM MgCI2 and 20 g/L glucose (pH 5.6)] and resuspended in
Mes/glucose buffer, supplemented with 250 nM DiOC6(3) (Molecular Probes), followed by incubation in
the dark for 30 min at 30 °C with orbital agitation (250 rpm). After centrifugation cells were observed
with a Zeiss Axioplan microscope equipped with adequate epifluorescence filters (BP450- 490 and
LP520). Fluorescence emission was collected with a CCD camera (CoolSNAPFX, Roper Scientific
Photometrics). For the excitation of the fluorescent molecule, radiation with a wavelength of 480 nm was
used. The images were analysed using MetaMorph 3.5. The fluorescence intensity values, obtained
pixel-by-pixel in the region of interest, were calculated for a minimum of 100 cells per experiment,

considering a minimum of 3 independent experiments, per strain.
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Table Il. 1. List of primers used in this study. Unless otherwise indicated, the primers were generated in this study.

Name Sequence (5°-3°)

CgTPO4 gene cloning

pGREG—,fﬁ/TP 04 |GAATTCGATATCAAGCTTATCGATACCGTCGACAATGGCCGGTACAAATCAAG

bGREG_CgTPO4_Re
v

GCGTGACATAACTAATTACATGACTCGAGGTCGACCTATACCATTCTAGAGGAG

IPGREG576 GAL-to-MTI promotor replacement

pPGREG_MTI_FW |TTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCTGTACGACACGCATCATGTGGCAATC
PGREG_MTI_Rev |GAAAAGTTCTTCTCCTTTACTCATACTAGTGCGGCTGTGTTTGTTTTTGTATGTGTTTGTTG
CgTPO4 gene disruption
ACgTPO4_FW G?GAE_IS AGC'I'GGAAATATAGTATAAGCGTTACAAAGCGAATAAC GAATACATACACCACGGCCGC
ACgTPO4_Rev Aé?ég CAAAAGTATTCAATTTTTTAAAAATTTAAAGCAAATCGAAAAAAAGGACTACATCGTGAGG
ACg TPO4_conf FW |CAAGTTGGTGATACTAATAGCA
Acg TP g:;co”f CACTTCACTCAAGGGAGC
RT-PCR experiments
P1RT Galle CGCAATATCATTGGCCTTCT [412]
P2RT Galle CCTGCAGTTAGCAATGCAC [412]
P1RT Galli TCGTATCGTCACCGCAAAATG [413]
P2RT Galli GCCGCAATGACCACCTTTATA [413]
P1RT IMPI AGATGGCTATGCAAGGGATG [412]
P2RT IMPI IAGGACCTGTGCAGCATTTCT [412]
P1RT Lys TCCCAACTCTTGACCGACGA [412]
P2RT Lys AGTGGTTGCGCCATCCATAC [412]
P1RT Cecr ATTTGCCTGCATCGTAGCG [414]
P2RT Cecr CTTGTACTGCTGGACCAGCTTTT [414]
P1RT Act IATCCTCACCCTGAAGTACCC [412]
P2RT Act CCACACGCAGCTCATTGTA [412]
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3.4. Results

3.4.1. CgTPO4is a determinant of C. glabrata virulence against the G. mellonella infection

model

Using G. mellonella larvae as infection model, the possible effect of CgTPO4 deletion in
C. glabrata ability to exert its virulence was assessed. The survival of the larvae was evaluated after
24 h, 48 h and 72 h upon injection of 5x10” fungal cells. The wild-type KUE100 C. glabrata strain was,
thus, found to be able to kill 30% more larvae than the derived Acgfpo4 deletion mutant (Figure 11.18A).
Additionally, the overexpression of CgTPO4 in the L5U1 C. glabrata wild-type, using the expression
vector pGREG576_MT-I_CgTPO4, was found to lead to a 70% decrease in G. mellonella survival rate,
when compared with L5U1 cells harboring the cloning vector pGREG576 (Figure 11.18B). This data

shows that CgTpo4 is a determinant of C. glabrata virulence against the infection model G. mellonella.
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Figure 11.18. CgTPO4 expression increases C. glabrata virulence against the G. mellonella infection model. A)
The survival of larvae injected with approximately 5x10” CFU/larvae of KUE100 C. glabrata wild-type, derived
Acgtpo4 deletion mutant or PBS as control, is displayed as Kaplan-Meier survival curves. B) The survival of larvae
injected with approximately 5x10” CFU/larvae of L5U1 C. glabrata wild-type strain, harboring the pGREG576
cloning vector or the pGREG576_MT-/_CgTPO4 expression plasmid, or injected with PBS as control, is displayed
as Kaplan-Meier survival curves. The displayed results are the average of at least three independent experiments,
standard deviation being represented by the grey lines. **P<0.01; ****P<0.0001.
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3.4.2. CgTPO4 confers resistance to the human antimicrobial peptide histatin-5, but not
to phagocytosis

Based on the observation that CgTPO4 increases C. glabrata ability to kill G. mellonella larvae,
an effort was put into the identification of the role of CgTpo4 in this context.

The first hypothesis tested was that CgTpo4 could protect the yeast cells from stress induced
during phagocytosis. To assess that, C. glabrata cells were exposed to a cell culture of G. mellonella
hemocytes. The concentration of viable C. glabrata cells found within the hemocytes was measured
after 1 h, 4 h, 24 h and 48 h after co-culture. At all time-points, the number of viable wild-type cells
internalized within hemocytes was found to be undistinguishable of the number of Acgtpo4 cells
internalized within hemocytes (results not shown).

Another possible mechanism by which the CgTpo4 transporter may increase C. glabrata ability
to kill G. mellonella larvae is by mediating resistance to AMPs present in the insect’'s hemolymph. To
test if this transporter is involved in AMP resistance, cell cultures of both wild-type and derived Acgtpo4
deletion mutant were grown until mid-exponential phase and incubated in the presence of histatin-5,
which is known to possess candidacidal properties [415]. Upon 1 h of incubation in the presence of
35 uM histatin-5, about the same concentration found in the human saliva, 60% of the C. glabrata wild-
type population was seen to survive, whereas only 30% of the Acgtpo4 mutant population remains viable
in the same period (Figure 11.19A). Furthermore, overexpression of CgTPO4 in a wild-type background
increases C. glabrata resistance to this antimicrobial peptide (Figure 11.19B). This might explain why the
deletion of this transporter causes yeast cells to become less virulent, since the increased effectiveness

of antimicrobial peptides action on the mutant cells might be compromising the progress of infection.
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Figure 11.19. CgTpo4 is a determinant of histatin-5 resistance. Survival curves of C. glabrata KUE100 wild-type
(#) and derived Acgtpo4 deletion mutant (m) cells in the presence of 35 uM of histatin-5 (A) or of C. glabrata L5U1
wild-type cells, harboring the cloning vector pPGREG576 (¢) or the expression plasmid pGREG576_MT-I_CgTPO4
(m) in the presence of 65 uM of histatin-5 (B), were determined over a 60 min period. The average percentage of

survival, obtained from at least three independent experiments, is indicated by the black lines, standard deviation
being represented by error bars. *P<0.05; **P<0.01.
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3.4.3. Antimicrobial peptide gene expression is highly activated in G. mellonella larvae

in response to infection by C. glabrata

In order to evaluate the importance of AMPs in the response to C. glabrata infection, the transcript
levels of five immune-responsive genes, encoding peptides with antimicrobial properties were assessed
through quantitative RT-PCR. The assessed AMPs were gallerimycin, galliomycin, IMPI, lysozyme and
cecropin. Interestingly, a stepwise increase in the expression of gallerimycin and galliomycin in larvae
injected with C. glabrata cells was observed, this increase reaching dramatic 60-fold and 25-fold higher
transcript levels at 24 h after infection, when compared to control larvae, respectively (Figure 11.20A-B).
The results obtained for the three other tested AMPs were less impressive, but still significant with
lysozyme and cecropin encoding genes showing a 4-fold upregulation after 24 h of C. glabrata infection
(Figure 11.20D-E), suggesting that these AMPs constitute a later response to fight the fungal infection.
No significant change in IMPI expression during infection by C. glabrata was registered (Figure 11.20C).

To evaluate whether the decreased virulence exhibited by Acgtpo4 deletion mutant, when
compared to the wild-type strain, could be related to decreased ability of G. mellonella to detect the
mutated pathogen and activate its immune response, the expression of the same AMP encoding genes
was measured in G. mellonella larvae exposed to Acgtpo4 mutant cells. Interestingly, the deletion of
CgTPO4 did not change significantly the larval response to infection in terms of AMP expression, except
for the levels registered after 1 h and 12 h of exposure, where the larvae appear to respond even more
intensely to the mutant strain, when compared to the wild-type strain (Figure 11.20A-E).

Altogether, these results show that C. glabrata cells are recognized as external agents stimulating
the host immune responses in the infection model G. mellonella. Additionally, CgTpo4 does not seem

to affect the host’s ability to activate its defenses.

3.4.4. CgTPO4 is a determinant of polyamine resistance in C. glabrata

Given that the TPO transport proteins have been characterized as polyamine transporters in
S. cerevisiae [406], [416], it seemed relevant to evaluate if CgTpo4 had similar transport abilities. This
effect appeared particularly relevant since AMP transport has been linked to polyamine transporters, as
exemplified in the case of histatin-5 in C. albicans cells [417].

To this end, the susceptibility against inhibitory concentrations of polyamines exhibited by
Acgtpo4 deletion mutant cells was compared to that of the parental wild-type strain. Using spot assays,
the Acgtpo4 mutant showed higher spermidine and putrescine susceptibility than the wild-type strain, a
stronger effect being apparent for spermidine (Figure I1.21A). Consistently, overexpression of CgTPO4
from an expression plasmid in a wild-type C. glabrata strain, in comparison with the same strain
harboring the corresponding cloning vector, was found to lead to increased resistance to spermidine
and putrescine (Figure I1.21B). Additionally, cell cultures of both wild-type and derived Acgtpo4 deletion
mutant were grown until mid-exponential phase and incubated in the presence of spermidine. Upon 1 h
of incubation in the presence of 5 mM spermidine, 70% of the C. glabrata wild-type population was seen
to survive, whereas only 50% of the Acgfpo4 mutant population remains viable in the same period
(Figure 11.22), confirming the results obtained through spot assays.
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Figure 11.22. CgTPO4 confers resistance to polyamines in C. glabrata. A) Comparison of the susceptibility to the
polyamines, spermidine, putrescine or spermine, at the indicated concentrations, of the C. glabrata KUE100 (Wt)
and derived KUE100_Acgtpo4 mutant cells, in YPD agar plates, by spot assays. B) Comparison of the
susceptibility to spermidine, putrescine or spermine at the indicated concentrations, of the C. glabrata L5U1 strain
(wild-type - wt), harboring the pGREGS576 cloning vector (v) or the pPGREG576_MT-I_CgTPO4in YPD agar plates,
by spot assays. The inocula were prepared as described in the materials and methods section. Cell suspensions

used to prepare the spots were 1:5 (b) and 1:25 (c) dilutions of the cell suspension used in (a). The displayed
images are representative of at least three independent experiments.
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Figure 11.21. CgTpo4 is a determinant of spermidine resistance. Survival curves of C. glabrata KUE100 wild-type
(#) and derived Acgtpo4 deletion mutant (m) cells were determined over a 60 min period, in the presence of 5 mM
of spermidine. The average percentage of survival, obtained from at least three independent experiments, is
indicated by the black lines, standard deviation being represented by error bars. *P<0.05.
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3.4.5. CgTpo4 is a plasma membrane polyamine exporter

In order to assess the role of CgTpo4 in polyamine resistance, it is crucial to confirm its subcellular
localization. In C. glabrata cells harboring the pGREG576_MT-I_CgTPO4 plasmid, the CgTpo4_GFP
fusion protein was found to be predominantly localized to the cell periphery (Figure 11.23). S. cerevisiae
cells harboring the pGREG576_CgTPO4 plasmid were also tested for the subcellular localization of
CgTpo4, to verify if, this transporter was localized similarly (Figure 11.23).

To assess the exact role of this transporter in polyamine resistance, the intracellular accumulation
of radiolabeled [*H]-spermidine was performed for both wild-type and Acgtpo4 cells. The Acgtpo4
deletion mutant exhibited three-fold higher intracellular accumulation of radiolabeled spermidine when
compared with the wild-type strain, meaning that CgTPO4 expression is strongly related to a decreased
polyamine accumulation in C. glabrata cells (Figure 11.24). Therefore, and in resemblance to its
orthologue in S. cerevisiae, there are strong indications to suggest that the CgTpo4 transporter plays a
role in polyamine resistance, by mediating the extrusion of polyamines from within the yeast cell to the

extracellular medium.

Candida glabrata Saccharomyces cerevisiae

CgTpo4d GFP

Figure 11.23. CgTpo4 is localized in the plasma membrane of yeast cells. Fluorescence of exponential-phase L5U1
C. glabrata cells or BY4741 S. cerevisiae cells, harboring the pGREG_MT-/_CgTPO4 or pGREG576_CgTPO4
plasmids, after 5 h of copper- or galactose-induced recombinant protein production, respectively. Results indicate
that the CgTpo4-GFP fusion protein localizes to the plasma membrane in both S. cerevisiae and C. glabrata cells.

3.4.6. CgTPO4 deletion leads to increased membrane potential in C. glabrata cells

Given the cationic nature of polyamines, their homeostasis impacts the plasma membrane
potential. As such, the role of CgTpo4 in this physiological parameter was evaluated indirectly, by
monitoring the accumulation of the fluorescent dye DIOCG6(3) [411]. The obtained results show that the
Acgtpo4 deletion mutant cells exhibit higher membrane potential than wild-type cells. The deletion of
CgTPO4 leads to a 2-fold increase in the average cellular fluorescent intensity (Figure 11.25). Altogether
these results suggest that this gene may play a role in maintaining the plasma membrane potential,

directly or indirectly through the transport of polyamines.
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Figure 11.25. CgTPO4 expression leads to decreased spermidine accumulation in C. glabrata. Time course
accumulation ratio of [*H]-Spermidine in non-adapted cells of KUE100 C. glabrata wild-type (m) or
KUE100_Acgtpo4 (#) strains, during cultivation in YPD liquid medium in the presence of 8.5 mM unlabeled
spermidine. The accumulation ratio values are averages of at least three independent experiments. Error bars

represent the corresponding standard deviations. ***p<0.001.
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Figure 11.24. The deletion of CgTPO4 increases plasma membrane potential. Comparison of the fluorescence
intensity of C. glabrata KUE100 wild-type and derived Acgtpo4 mutant cells incubated with the fluorescent dye
DiOC6(3), whose uptake and accumulation depends on the plasma membrane potential. A scatter dot plot
representation of the data is shown, where each dot represents the fluorescence intensity of individual cells. The
average level of intensity, considering at least three independent experiments, and at least 100 cells per
experiment, is indicated by the black line (-), standard deviation being represented by error bars. ****p<0.0001.

94



3.5. Discussion

In this study, the CgTpo4 transporter, predicted to be a multidrug transporter of the MFS, is
demonstrated to play a role in C. glabrata virulence, this effect being proposed to be based on its ability
to confer AMP resistance, and to act as a plasma membrane polyamine exporter (Figure 11.26).

CgTpo4 was shown to increase the ability of C. glabrata cells to kill the infection model
G. mellonella. Since this model system presents an immune system which is highly similar to the
mammalian innate immune system, dependent of phagocytic cells (hemocytes and macrophages,
respectively) that allow C. glabrata to survive and replicate for a prolonged time, and the release of
antimicrobial stress inducers such as AMPs, the use of Galleria mellonella is considered a suitable
model to understand virulence mechanisms in the human host [143], [227], [418].

During the triggering of an inflammatory response, neutrophils and macrophages are recruited
and basophils and mast cells in the nearby connective tissues are stimulated to produce peptides that
help eliminating the foreign pathogen [419]. Increased levels of AMP expression in G. mellonella had
been observed upon exposure to Salmonella enterica serovar typhimurium, reaching after 16 h of
injection an 80-fold, 10-fold and 15-fold increase in gallerimycin, galliomycin and lysozyme expression,
respectively [420]. In the case of infection by Legionella pneumophila, G. mellonella larvae displayed
3-fold higher expression of gallerimycin and galliomycin after 24 h of injection [421]. In this study, the
activation of immune-response genes encoding AMPs in response to C. glabrata were observed for the
first time, demonstrating that these mechanisms are indeed activated in G. mellonella against
C. glabrata infections. Interestingly, antifungal activity had been registered in G. mellonella hemolymph
[422]. Additionally, some of the G. mellonella AMPs have been shown to display antifungal activity,
specifically lysozyme has been shown to inhibit C. albicans growth [423], while gallerimycin was found
to exhibit activity against the environmental fungi Matarhizium anisophiae [424], Sclerotinia minor and
Erysiphe cichoracearum [425]. The profile of AMP activation induced by C. glabrata is slightly different
from that registered during infections with other species, suggesting that G. mellonella perception and
reaction to the presence of pathogens varies from species to species. In the case of C. glabrata,
registered herein, gallerimycin and galliomycin seem to be the most activated AMPs, eventually
corresponding to the most effective AMPs against this fungal pathogen in G. mellonella.

In the attempt to find the molecular basis of CgTpo4 activity as a virulence determinant, CgTpo4
was found not to affect C. glabrata proliferation upon phagocytosis, but rather to contribute to the
resistance to AMPs. Indeed, CgTpo4 was found to confer resistance to the human AMP histatin-5.
Histatins are histidine-rich antimicrobial proteins found in saliva secreted by Ebner's glands, and they
offer early defense against incoming microorganisms, especially fungi [426]. Histatin-5 is the smallest
of the major salivary histatins and the most active in terms of its antifungal properties that resorts to
proteolysis to eliminate threats [426]. The observation made in this study that CgTpo4 confers histatin-5
resistance is coherent with the previous observation that two other members of the DHA family, CaFlu1,
in C. albicans [427], and CgTpo1_1, in C. glabrata [143], also confer resistance to this AMP. These facts

point out to the possibility that several members of the DHA family, including CgTpo4, are required for
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full protection against AMPs, in both larval and human hosts, contributing in that fashion to increase
yeast survival and proliferation during the infection cycle.

Given that the TPO transport proteins have been characterized as polyamine exporters in
S. cerevisiae [406], [416] and in C. glabrata [144], [220], and the fact that AMP transport has been linked
to polyamine transporters [417], it seemed relevant to evaluate if CgTpo4 had similar polyamine
transport functions. Although no role in antifungal drug resistance could be attributed to CgTpo4, this
transporter was found to act as a plasma membrane polyamine exporter. Since Acgtpo4 deletion mutant
cells were shown to display on average a 2-fold higher plasma membrane potential than wild-type cells,
it is possible to suggest that this transporter is involved, directly or indirectly, in the maintenance of
plasma membrane potential, by controlling the homeostasis of polycationic polyamines and entrance of
H* inside the cell. This appears to be consistent with the participation of several DHA transporters in the
transport of cations and polycations in S. cerevisiae [406], [428], [429] and in C. glabrata [144], [220], a
process that is bound to affect plasma membrane potential. This role is even more necessary upon the
presence of both spermidine and histatin-5 simultaneously. Polyamines are present in the saliva of
healthy individuals and increases in concentration in pancreatic cancer patients [430]. Given the
presence of both molecules in the saliva, it is important to consider the effects of histatin-5 together with
other components of the saliva.

Previous reports have already shown that DHA encoding genes CaQDR1, CaQDR2 and
CaQDR3, in C. albicans [381], and CgDTR1, CgTPO1_1 and CgTPO1_2, in C. glabrata [143], [407],
are involved in the infection outcome of pathogenic yeasts. This study adds CgTpo4 to this battery of
virulence factors coming from a family of transporters of drugs, xenobiotics and inhibitory chemical
compounds, reinforcing the notion that effectors of resistance to host-induced stress are key factors in

pathogenesis, and constitute interesting new drug targets for antifungal therapy.

1 Virulence

Histatin-5

Spermidine

Histatin-5
(AMPs)

Figure 11.26. CgTpo4 is a new determinant of C. glabrata virulence. Schematic of the proposed roles of CgTpo4
in the resistance to histatin-5, as a plasma membrane spermidine exporter, and in the regulation of plasma
membrane potential.
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1. A transcriptomics approach to unveiling the mechanisms of in
vitro evolution towards fluconazole resistance of a Candida glabrata

clinical isolate

1.1. Abstract

Candida glabrata is an emerging fungal pathogen. Its increased prevalence is associated with its
ability to rapidly develop antifungal drug resistance, particularly to azoles. In order to unravel new
molecular mechanisms behind azole resistance, a transcriptomics analysis of the evolution of a
C. glabrata clinical isolate (isolate 044) from azole susceptibility to posaconazole resistance (21t day),
clotrimazole resistance (31t day), and fluconazole and voriconazole resistance (45" day), induced by
longstanding incubation with fluconazole, was carried out. All the evolved strains were found to
accumulate lower concentrations of azole drugs than the parental strain, while the ergosterol
concentration remained mostly constant. However, only the population displaying resistance to all
azoles was found to have a gain-of-function mutation in the C. glabrata PDR1 gene, leading to the
upregulation of genes encoding multidrug resistance transporters. Intermediate strains, exhibiting
posaconazole/clotrimazole resistance and increased fluconazole/voriconazole MIC levels, were found
to display alternative ways to resist azole drugs. Particularly, posaconazole/clotrimazole resistance after
31 days was correlated with increased expression of adhesin genes. This finding led us to identify the
Epa3 adhesin as a new determinant of azole resistance. Besides being required for biofilm formation,
Epa3 expression was found to decrease the intracellular accumulation of azole antifungal drugs.
Altogether, this work provides a glimpse of the transcriptomics evolution of a C. glabrata population
toward multiazole resistance, highlighting the multifactorial nature of the acquisition of azole resistance

and pointing out a new player in azole resistance.
1.2. Introduction

Candida glabrata is today the second or third most common cause of candidiasis, most likely
because of its resistance to antifungal drugs, particularly azole drugs, which are used as prophylaxis
and first- or second-line therapy [202], [431]. Early azole formulations, such as the imidazoles
miconazole, clotrimazole and ketoconazole are frequently used for the treatment of fungal
mucocutaneous infections even though they exhibit some toxicity in the treatment of systemic infections
[432]. The triazole drug fluconazole has been extensively used in prophylaxis and in the treatment of
candidiasis, favoring the increase of drug-resistant C. glabrata infections [431], [433]. Triazole drugs are
significantly safer and more tolerable in systemic therapy then imidazoles [434], while newer triazoles
such as posaconazole and voriconazole, exhibit broader-spectrum and more-potent activity than
fluconazole [435].

The most common cause of clinically acquired azole resistance is the upregulation of genes

encoding drug efflux pumps from the ATP-binding cassette (ABC) superfamily and the major facilitator
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superfamily (MFS). One particular ABC transporter, Candida glabrata Cdr1 (CgCdr1), is often involved
in the acquisition of fluconazole resistance in C. glabrata isolates [211], [214]. Additionally,
CgCdr2/Phd1 and CgSng2, two other ABC drug efflux pumps, have also been associated with
fluconazole resistance in C. glabrata, their overexpression often resulting from the acquisition of
gain-of-function (GOF) mutations in CgPDR1 gene [213], [214]. Several MFS multidrug transporters
have also been linked to fluconazole resistance in C. glabrata [378]. For example, azole resistance has
been associated with the overexpression of the drug:H* antiporters (DHA) CgQdr2, CgTpo1_1,
CgTpo1_2 and CgTpo3 [144], [219]-[221]. In the case of posaconazole, a study of seven posaconazole-
resistant Candida albicans isolates revealed no changes in the expression of the drug transporters Cdr1,
Cdr2, and Mdr1 [436], suggesting that posaconazole resistance may be dissociated from antifungal
transport.

In many C. albicans clinical isolates, azole resistance arises from point mutations that lead to
conformational changes in Erg11, the primary target of azoles [437]. In C. glabrata, a G944A mutation
in ERG11 gene was associated with fluconazole, voriconazole and polyene resistance in one specific
isolate [233]. A second fluconazole-resistant isolate of C. glabrata was revealed to have increased
expression of ERG11 due to duplication of the entire chromosome containing this gene [438]. However,
in all other studies on azole-resistant clinical isolates of C. glabrata, no mutation or upregulation of
ERG11 gene was observed, suggesting that this is not an important mechanism for clinical acquisition
of resistance to azoles [230], [238], [439]. On the other hand, an E139A mutation in the ERG3 gene,
also involved in the ergosterol biosynthesis, was found to lead to increased resistance to fluconazole in
C. glabrata strains [234], while in Candida parapsilosis, a similar mutation appeared in a posaconazole-
resistant strain [440]. Mutation of the ERG3 gene leads to the formation of ergosta-7,22-dien-33-ol as
the major sterol produced, instead of ergosta-5,7,24(28)-trienol [441]. This alteration prevents azole
action, since the toxic sterols that accumulate upon the inhibition of Erg11 can no longer be synthesized
by this pathway.

Resistance to azole drugs has mostly been examined as a whole, with little distinction between
the mechanisms that may be specific to each azole drug. However, several epidemiological surveys on
fluconazole, voriconazole and posaconazole resistance in C. glabrata have revealed that several clinical
isolates display different levels of resistance to each of these drugs [28], [442], [443]. In this work, the
azole-susceptible C. glabrata isolate 044, recovered from a positive blood culture, was exposed for
prolonged periods to serum-level concentrations of fluconazole resulting in multiazole resistance: after
21 days, posaconazole resistance was reached, followed by clotrimazole resistance after 31 days and,
finally, fluconazole and voriconazole resistance upon 45 days of induction. A transcriptomics
characterization of the evolution of the 044 clinical isolate from azole susceptibility to stepwise
acquisition of resistance to multiple azoles was carried out. On the basis of transcriptomics data, the
role of adhesin-encoding genes, especially CgEPA3, was investigated in the context of azole drug
resistance, establishing a fascinating link between cell to cell adhesion, biofilm formation and drug

resistance.
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1.3. Materials and Methods

1.3.1. Strains and growth medium

The 044 clinical isolate of Candida glabrata studied herein was collected from a patient attending
Centro Hospitalar de Sao Joéo, in Porto, Portugal. C. glabrata strains 044Fluco21 (posaconazole
resistant), 044Fluco31 (resistant to posaconazole and clotrimazole), and 044Fluco45 (resistant to
posaconazole, clotrimazole, fluconazole and voriconazole) were obtained in this study through the
directed evolution of the 044 clinical isolated, as described below. Additionally, the wild-type KUE100
and CBS138 C. glabrata strains were used. Cells were batch-cultured at 30 °C with orbital agitation
(250 rpm) in the following growth media: yeast extract-peptone-dextrose (YPD) growth media,
containing per liter: 20 g glucose (Merck), 20 g yeast extract (Difco) and 10 g bacterial-peptone
(LioChem); BM minimal growth medium contained per liter: 20 g glucose (Merck), 2.7 g (NH4)2SO4
(Merck), 1.7 g yeast nitrogen base without amino acids or (NH4)2S0O4 (Difco); The Roswell Park Memorial
Institute (RPMI) 1640 medium contained 18 g glucose (Merck), 10.4 g RPMI-1640 (Sigma), 34.53 g
morpholinepropanesulfonic acid (MOPS; Sigma) per liter; Sabouraud’s dextrose broth (SDB) contained
40 g glucose (Merck) and 10 g peptone (LioChem) per liter.

The VK2/EBE7 human epithelium cell line (ATCC® CRL-2616™) was used for adhesion assays.
This cell line is derived from the vaginal mucosa of healthy premenopausal female subjected to vaginal
repair surgery and was immortalized with human papillomavirus 16/E6E7. Cells maintenance was
achieved with keratinocyte-serum free medium, containing 0.1 ng/mL human recombinant epidermal
growth factor (EGF), 0.05 mg/mL bovine pituitary extract and an additional 44.1 mg/L calcium chloride.
Cells were maintained at 37 °C, with 95% air and 5% CO:.

1.3.2. In vitro induction of multiple azole resistance

Three, randomly selected colonies of the 044 clinical isolate, exhibiting susceptibility to all azoles
tested, was incubated in 10 mL of YPD medium overnight in a rotating drum at 150 rpm, 35 °C. A 1-mL
aliquot of this culture, containing 10° blastoconidia, was transferred to different vials, each containing
9 mL of culture medium with or without 16mg/mL fluconazole, a concentration of drug that corresponds
to therapeutic levels in serum obtained during antifungal treatment [444], and was incubated overnight
as described above. The following day, aliquots from each culture containing 10° blastoconidia were
again transferred to fresh medium containing the same antifungal and were reincubated as described
above. Each day, for the 80 days of the assay, a 1-mL aliquot from each subculture was mixed with
0.5 mL of 40% glycerol and was frozen at -70 °C for later testing. To assess resistance stability, the
resistant isolates obtained were subcultured daily in the absence of the drug for 30 days. Three colonies
from each isolate were incubated in 10 mL drug-free YPD medium at 35 °C, 150 rpm. The following day,
aliquots were transferred into fresh medium. At each subculture, a 1-mL aliquot of the suspension was
mixed with 0.5 mL of 40% glycerol, and the mixture was frozen at -70°C, for further testing.
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1.3.3. Drug susceptibility assays

The MIC values of each antifungal drug were determined according to the M27-A3 protocol and
the M27-S4 supplement of the Clinical and Laboratory Standards Institute (CLSI) [445]. Interpretative
criteria for fluconazole and voriconazole were those of the CLSI: for fluconazole, a susceptible—dose-
dependent (S-DD) MIC of <32mg/ml and a resistance (R) MIC of =64mg/ml; for voriconazole, a wild-
type MIC of <0.5 mg/ml and a non-wild-type MIC of =1 mg/ml. Although susceptibility breakpoints have
not yet been established for posaconazole or clotrimazole, strains inhibited by <4 mg/ml were
considered to be susceptible to posaconazole or clotrimazole, respectively, considering that their
breakpoints should be 4-fold higher in C. glabrata than in C. albicans, as is the case for fluconazole
[446], [447]. Every 5 days of incubation, with or without the antifungal, MIC values were redetermined
for fluconazole, voriconazole, posaconazole, and clotrimazole. Candida glabrata type strain CBS138
was used in each testing assay, as recommended.

The antifungal drug susceptibilities of the 044 clinical isolate and the derived azole-resistant
strains (1), of the KUE100 parental strain and the derived Acgepa?, Acgepa3, and Acgepa10 deletion
mutants (2), and of the C. glabrata wild-type strain L5U1 harboring the pGREG576 vector or the
pGREG576_PDC1_CgEPAS3 plasmids (3) were evaluated by spot assays, as described previously
[219].

1.3.4. Transcriptomic analysis

The C. glabrata 044 clinical isolate and the derived 044Fluco21 (posaconazole-resistant),
044Fluco31 (posaconazole- and clotrimazole-resistant), and 044Fluco45 (posaconazole-, clotrimazole-,
fluconazole-, and voriconazole-resistant) strains were harvested in the mid-exponential phase of growth
in YPD medium. Three independent cultures from each strain were used for transcriptional profiling.
RNA extraction was performed as described elsewhere [448]. The quality and integrity of the purified
RNA were confirmed using a bioanalyzer. The DNA chips used for this microarray analysis were
manufactured by Agilent using a design for C. glabrata [167]. The microarray was designed using eArray
by Agilent Technologies, based on the annotation of C. glabrata CBS138 available at the Yeast Gene
Order Browser in 2014 [449]. cDNA synthesis, hybridization, and scanning were performed using
protocols similar to those described in reference [167], except that hybridization was carried out using
an Agilent hybridization oven at 65 °C for 17 h at 100 rpm, according to a previously described protocol
[448]. Data were analyzed using the LIMMA package in Bioconductor (www.bioconductor.org), as
described before [448]. Each gene was represented by two probes spotted in duplicate, which were
used separately to calculate the log fold change (FC) (Tables S1 to S3 at
http://ibb.tecnico.ulisboa.pt/Cavalheiro_etal SuplData.pdf). Only genes exhibiting a logz FC of >1 and

a P value of <0.05 for at least one probe were selected for further analysis. GO enrichment analysis
was performed with the GOToolBox Web server [350] for each group of upregulated and downregulated
genes, considering C. glabrata genes or their Saccharomyces cerevisiae homologs. Predictive analysis
of the transcription factors controlling the observed transcriptional alterations was conducted using the
PathoYeastract database [450].
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1.3.5. Cloning of the C. glabrata CgEPA3 gene (ORF CAGLOE06688g)

The pGREG576 plasmid from the Drag&Drop collection [341] was used to clone and express the
C. glabrata open reading frame (ORF) CAGLOE06688g in S. cerevisiae, as described before for other
heterologous genes [342]. pGREG576 was acquired from Euroscarf and contains a galactose-inducible
promoter (GAL 1) and the yeast selectable marker URA3. The CgEPA3 gene was cloned in two sections,
both generated by PCR, using CBS138 genomic DNA and the primers listed in Table 1ll.1. To enable
expression of the EPA3 gene in C. glabrata, the GAL1 promoter was replaced by the constitutive
C. glabrata PDC1 promoter. The PDC1 promoter DNA was generated by PCR using the primers listed
in Table 1l.1. The recombinant plasmids pGREG576_CgEPA3 and pGREG576_PDC1_CgEPA3 were

obtained through homologous recombination in S. cerevisiae and were verified by DNA sequencing.

1.3.6. Disruption of the C. glabrata CgEPA1, CQEPA3, CgQEPA9, CgQEPA10, CJAWP12 and
CgAWP13 (ORF CAGLOE06644g, CAGLOE06688g, CAGLO0A01366g,
CAGL0A01284g, CAGL0G10219g, and CAGLOH10626g) genes

The deletion of the CgEPA1, CgEPA3, CgEPA9, CgEPA10, CgAWP12, and CgAWP13 genes
was carried out in the parental strain KUE100, using the method described in reference [339]. The target
genes were replaced, through homologous recombination, by a DNA cassette including the CgHIS3
gene. The pHIS906 plasmid including CgHIS3 was used as a template, and transformation was
performed as described previously [339]. The deletion of CgEPA3 in the 044Fluco31 background was
carried out using the method described in reference [451]. The gene was replaced through homologous
recombination by a SATT flipper cassette. PCR was used to prepare the replacement cassettes and to

verify recombination loci and gene deletions, using the primers listed in Table 111.1.

1.3.7. Gene expression analysis

The levels of CQEPA1 and CgEPAS3 transcripts in the azole-susceptible isolate 044 and the azole-
resistant derived strains, as well as the levels of CgCDR1 transcripts in the wild-type strain KUE100 and
its derived Acgepa3 deletion mutant strain, and in strain L5U1 harboring the cloning vector pGREG576
or the CgEPAS3 expression plasmid pGREG576_PDC1_CgEPAS3, were assessed by quantitative real-
time PCR. Total-RNA samples were obtained from cell suspensions harvested under control conditions,
in the absence of drugs. Synthesis of cDNA for real-time RT-PCR experiments, from total-RNA samples,
was performed using the Multiscribe reverse transcriptase kit (Applied Biosystems), following the
manufacturer’s instructions, and using 10 ng of cDNA per reaction. The RT-PCR step was carried out
using SYBR green reagents. Primers for the amplification of the CgEPA1, CgEPA3, CgCDR1, and
CgACT1 cDNA were designed using Primer Express software (Applied Biosystems) (Table Ill.1). The
RT-PCRs were conducted in a thermal cycler block (7500 Real-Time PCR system; Applied Biosystems).
The CgACT1 mRNA level was used as an internal control. The relative values obtained for the wild-type
strain under control conditions were set at 1, and the remaining values are presented relative to that

control.
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Table Ill. 1. List of primers used in this study.

Name

| sequence (3'-5)

CgEPA3 gene cloning

pGREG_CgEPA3 | FW

TGCTATTAGGTCAACCTTGTAACAGCTGCCATAGCTATTCGAACTATAGCTTAAG

pGREG_CgEPA3 | Rev

CAGTTGCCACGATGACTAGTCAGCTGGAGCTCAGTACATTAATCAATACAGTGCG

pGREG_CgEPA3_Il_ FW

GTCATCGTGGCAACTGTGATTTTCTTTCTAGATTCCTACT

pGREG_CgEPA3_Il_Rev

CGTGAAAAAAAGACTAAATTCAGCTGGAGCTCAGTACATTAATCAATACAGTGCG

PGREG576 GAL-to-PDCI promotor replacement

pGREG_PDCI_FW

TTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCAGCATTTTTATACACGTTTTAC

PGREG_PDCI_Rev

GAAAAGTTCTTCTCCTTTACTCATACTAGTGCGGCTGTTAATGTTTTTTGGCAATTG

CgEPA1, CgEPA3, CgEPAY, CgEPA10, AWP12 and AWP13 gene disruption

ACgEPA1_FW

GCACTAGTCGCCGGACAAAATCAAACCAATTAACGTTTCTGATTTAGAGTTCTTACTTCT
TTTTCGAAAC

ACgEPA1_Rev

GGTCGGAGTGCTACATTTTGGTCCTTTATATTATTGAAGGTATCAAATCGTAACATTTTC
GACACCACCG

ACgEPA3 FW

GCACTAGTCGCCGGTAACTAAAAAAAAGAAAACATTGAAAAAGACTAGTTAAATTAAGC
TAATACTACCA

ACgEPA3 Rev

GGTCGGAGTGCTACATTAAGACAAGGGAATTAAAGATAATACTATAACAAAGAGAAATA
AGTAACTAATT

ACgEPA3_SAT1_FW

ATCATTCCTGGTTTGACAATGGAACTTTACTCTTACCCTATTGTCAGTGGTACTCCTCCC
ATGGACGGTGGTATGTTTTA

ACgEPA3_SAT1_Rev

GCTTCGAAGCTTTACCCTTGTACTCTGAAAAATTAGGGATATTAAAGACAGAACTAGAG
GTTAGGCGTCATCCTGTGCTC

ACgEPA9_FW

TCACTAAGTGGATGAAATGCAGAAAGAATACAATTTAACCCTCTTCAATGCGATCCGGC
GGCCGCTGATCACG

ACgEPA9_Rev

CAACTGCCAAAGGGTTCACAAGTTGAATACCAGGCCAACCATCATCAGTGGCAGGGCG
ACATCGTGAGGCTGG

ACgEPA10_FW

GCACTAGTCGCCGGGCTAATACCTGATCGTAGACTATATTACTTCATAAAACTTTTGTTA
CCTACCCGTA

ACgEPA10_Rev

GGGAAAGAAAAATCAACCACATTGGCAAAACGTAGACATCTTGTCAACTGCCAAAGCAT
CGTGAGGCTGG

ACgAWP12_FW

TACTTAAAATTTCCTTTCTCAATCAACAAAAATATCCATTAACTGAAAAAGAATACGGCG
GCCGCTGATCACG

ACgAWP12_Rev

TATCAATGTTCATATTGAAAGAAACAGCCTATCTAAAAATCATGGCTGGACGAACGCGA
CATCGTGAGGCTGG

ACgAWP13_FW

ATTACGTGACAAAAGACAGATAAAGGAATTCTAAATATCCATCTACAAGACCATTCGGC
GGCCGCTGATCACG

ACgAWP13_Rev

CCTATCTAAAAATCATGGCTGGACGAACGTTTGTATTACTGTACATGTTGGGCATTCGA
CATCGTGAGGCTGG

ACgEPA1_conf FW

TAAATAAGTTTTTATCTCGACC

ACgEPA1_conf_Rev GGTTTTCATTGACCGAAG
ACgEPA3_conf FW CGGAACTTCATTGGTATG
ACgEPA3_conf_Rev CATACCAATGAAGTTCCG

ACgEPA3_SAT1_conf FW

CCCAGAACCCATTTGGTTATCC

ACgEPA3_SAT1_conf_Rev

GCCCAGATAACAACACAAGTCC

ACgEPA9 conf FW

CTTTTGGTATCTGACTCTGTTAT

ACgEPA9 _conf_Rev GGTCCCAAGAGATTTTACC
ACgEPA10_conf FW TGTCTCAGTCTATGGCTTTC
ACgEPA10_conf_Rev CTCAAGTGTCTCCCAACA
ACgAWP12_conf FW GCCTGTGGATATTGCTACT
ACgAWP12_conf_Rev GTCACTGATTGAAAGTTCTCG
ACgAWP13_conf FW GTATATTTTCAAGTGCTGCAT
ACgAWP13_conf_Rev CTACCGTGGTTTCACTTG
RT-PCRexperiments

CgEPA1_FW TTGATTGCTGCAGAAGGGATT
CgEPA1_Rev ATGGCGTAGGCTTGATAATTTCC
CgEPA3_FW GTTCCTGTCACCAGCACCATATACTA
CgEPA3 _Rev CCTTGGCAACTAGGTGTTTGG
CgCDR1_FW GCTTGCCCGCACATTGA
CgCDR1_Rev CCTCAGGCAGAGTGTGTTCTTTC
CgACT1_FW AGAGCCGTCTTCCCTTCCAT
CgACT1_Rev TTGACCCATACCGACCATGA
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1.3.8. [*H]clotrimazole accumulation assays

[®H]clotrimazole transport assays were carried out as described before [219]. To estimate the
accumulation of clotrimazole (intracellular/extracellular [*H]clotrimazole), yeast cells were grown in BM
medium until the mid-exponential phase and were harvested by filtration. Cells were washed and
resuspended in BM medium to obtain dense cell suspensions (optical density at 600nm
[ODs0onm]=5.0+0.2, equivalent to approximately 2.2 mg [dry weight] mL™"). After a 5-min incubation at
30 °C, with agitation (150 rpm), 0.1uM [*H]clotrimazole (American Radiolabelled Chemicals; 1 mCi/mL)
and 30 mg/L of unlabeled clotrimazole were added to the cell suspensions. The intracellular
accumulation of labeled clotrimazole was followed for 30 min, as described elsewhere [219]. To
calculate the intracellular concentration of labeled clotrimazole, the internal cell volume (Vi) of the

exponential cells was considered constant and equal to 2.5uL (mg [dry weight] ") [452].

1.3.9. Quantification of total cellular ergosterol

Ergosterol was extracted from cells using the following method adapted from reference [453], as
described before [143]. Cells were cultivated in YPD medium with orbital agitation (250 rpm) until
stationary phase, harvested by centrifugation, and resuspended in methanol. Cholesterol (Sigma) was
added as an internal standard to estimate the ergosterol extraction yield. The extracts were analysed
by high-pressure liquid chromatography (HPLC) with a 250-mm by 4-mm C18 column (LiChroCART
Purospher STAR RP-18, end-capped, 5 mm) at 30 °C. Samples were eluted in 100% methanol at a flow
rate of 1 mL/min. Ergosterol was detected at 282 nm with a retention time of 12.46+0.24 min, while
cholesterol was detected at 210 nm with a retention time of 15.36+0.35 min. Results are expressed in

micrograms of ergosterol per milligram (wet weight) of cells.

1.3.10. Biofilm quantification

C. glabrata strains were tested for their capacity for biofilm formation by use of the crystal violet
method. For that, the C. glabrata strains were grown in SDB medium and harvested by centrifugation at
mid-exponential phase. The cells were inoculated with an initial ODeoonm=0.05+0.005 in 96-well
polystyrene microtiter plates (Greiner) in either SDB (pH 5.6) or RPMI (pH 4) medium. Cells were
cultivated at 30 °C for 15+0.5 h or 2440.5 h with mild orbital shaking (70 rpm). After the incubation time,
each well was washed three times with 200 uL of deionized water to remove cells not attached to the
biofilm matrix. Then 200 uL of a 1% crystal violet (Merck) alcoholic solution was used to stain the biofilm
present in each well. Following 15 min of incubation with the dye, each well was washed with 250 uL of
deionized water. The stained biofilm was eluted in 200 uL of 96% (vol/vol) ethanol, and the absorbance
of each well was read in a microplate reader at a wavelength of 590 nm (SPECTRO-star Nano; BMG
Labtech).
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1.3.11. Human vaginal epithelial cell adherence assay

For the adhesion assays, VK2/E6E7 human epithelial cells were grown and inoculated in 24-well
polystyrene plates (Greiner) with a density of 2.5x10° cells/ml a day prior to use. Additionally, C. glabrata
cells were inoculated with an initial ODesoonm=0.05+0.005 and were cultivated at 30 °C for 16+0.5 h with
orbital shaking (250 rpm) in YPD medium. In order to initiate the assay, the culture medium of
mammalian cells was removed and replaced by new culture medium in each well, and, subsequently,
Candida glabrata cells were added to each well, with a density of 12.5x10°% CFU/well, corresponding to
a multiplicity of infection (MOI) of 10. Then the plate was incubated at 37 °C under 5% CO2 for 30 min.
Afterwards, each well was washed 3 times with 500 pL of 1x phosphate-buffered saline (PBS) (pH 7.2),
followed by the addition of 500 uL of 0.5% Triton X-100 and incubation at room temperature for 15 min.
The cell suspension in each well was then recovered, diluted, and spread onto agar plates to determine
the CFU count, which represents the proportion of cells adherent to the human epithelium.

1.3.12. Acession number

The data sets were deposited at the Array Express Database with reference number E-MTAB-
6787.

1.4. Results

1.4.1. Acquisition of resistance in a susceptible C. glabrata clinical isolate

The 044 clinical isolate was found to exhibit susceptibility to all the azole drugs tested. Specifically,
the MIC values obtained for fluconazole, voriconazole, posaconazole, and clotrimazole are 4 pg/mL,
0.25 ug/mL, 0.5 pg/mL, and 0.125 pug/mL, respectively. After exposure to therapeutic serum fluconazole
concentrations, the 044 yeast population evolved in a stepwise manner toward multiazole resistance.
Specifically, after 21 days, posaconazole resistance was reached (MIC, >4 ug/mL), followed by
clotrimazole resistance (MIC, >4 pg/mL) after 31days and, finally, fluconazole and voriconazole
resistance upon 45 days of induction (MICs, =64 and >4 ug/mL, respectively) (Figure 1; Table S.1 at
http://ibb.tecnico.ulisboa.pt/Cavalheiro_etal SuplData.pdf). The populations obtained at these time

points were designated 044Fluco21 (posaconazole resistant), 044Fluco31 (posaconazole and
clotrimazole resistant), and 044Fluco45 (posaconazole, clotrimazole, fluconazole, and voriconazole
resistant).

By use of spot assays, the 044 clinical isolate and derived populations were further characterized
in terms of antifungal drug resistance. This additional assay confirmed the progressive acquisition of
resistance to fluconazole and clotrimazole (Figure 11l.2A and B) and showed that these strains had
indeed become multiazole resistant, since increased resistance to ketoconazole, miconazole, and
tioconazole was also observed (Figure 11I.2A). Interestingly, no change in resistance to flucytosine or
amphotericin B, two other antifungal drugs of different classes, was observed (Figure 111.2C).
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Figure lll.1. Azole MIC distribution pattern for a C. glabrata cell population during evolution toward multiazole
resistance. Shown is a comparison of the MICs of fluconazole, voriconazole, posaconazole, and clotrimazole for
the 044 C. glabrata clinical isolate during prolonged exposure to therapeutic serum fluconazole concentrations

(16 pg/ml), as described in Materials and Methods. The time point at which the clinical resistance breakpoint for
each azole drug was reached is indicated by a circle.

1.4.2. Transcriptional remodeling underlying the stepwise acquisition of resistance to

posaconazole, clotrimazole and fluconazole/voriconazole

In order to gain insights into the molecular mechanisms underlying the phenotypic changes
leading to differential acquisition of resistance to four azoles, the transcriptome-wide changes occurring
on the 21%t, 318, and 45" days of fluconazole induction were analyzed by microarray hybridization. It
should be noted that the design of the microarrays used was based on the available CBS138 genome;
thus, it is possible that specific characteristics of the transcriptome of the clinical isolate analyzed may
have been missed in this study. To make sure that the transcriptome observations reflected the evolving
population, and not just a specific isolate, a large number of colonies were mixed and analyzed as a
whole. Total RNA was extracted from cell populations growing exponentially in YPD medium in the
absence of fluconazole in order to ensure that the transcriptome changes observed corresponded to
stable transcriptional modifications. Each sample was compared to the azole-susceptible C. glabrata
044 clinical isolate (control), considering a 1.5-fold threshold, with an associated P value of <0.05.
Overall, the expression of 355 genes was downregulated, whereas the expression of 299 genes was
upregulated, in the posaconazole-resistant population obtained after 21 days of fluconazole induction
(Tables S2 and S3 at http://ibb.tecnico.ulisboa.pt/Cavalheiro_etal SuplData.pdf). At day 31, when the

population had further acquired clotrimazole resistance, the expression of 73 genes was downregulated,
whereas that of 199 genes was found to be upregulated, relative to expression in the parental clinical
isolate (Table S4 and S5). Finally, at day 45, upon the acquisition of fluconazole/voriconazole
resistance, the expression of 6 genes was downregulated, whereas that of 27 genes was found to be
upregulated, relative to expression in the parental clinical isolate (Tables S6 and S7). There is very little
overlap between the differentially expressed genes in the different populations, with only 44 genes
whose altered expression was maintained from day 21 to day 31, and 9 upregulated genes on day 31
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whose activated expression was maintained until day 45 (Figure S1

at http://ibb.tecnico.ulisboa.pt/Cavalheiro_etal SuplData.pdf). GOToolBox was used to identify the

Gene Ontology (GO) biological-process terms overrepresented in each data set (Figure S2).

1.4.3. Acquisition of azole drug resistance is accompanied by decreased azole drug

accumulation

Two of the most typical changes that occur in azole-resistant strains are alterations in the
concentration of ergosterol [454]-[456] and the activation of drug efflux pumps, leading to reduced
accumulation of the drug. Indeed, in the strains that evolved from clinical isolate 044, changes at the
level of the expression of ergosterol biosynthetic genes were observed, especially in the case of ERG11,
whose expression was almost 3-fold higher in the 044Fluco31 strain than in the parental strain but
returned to basal levels in the 044Fluco45 strain (Figure 111.3A). The total ergosterol concentrations in
the susceptible clinical isolate 044 and the derived 044Fluco21, 044Fluco31, and 044Fluco45 cells were
therefore determined; they were found to remain constant in the 044Fluco21 and 044Fluco31 cells and
to decrease slightly in the 044Fluco45 strain (Figure 111.3B). No change in the sequence of the ERG11
gene was identified in the four strains studied.

The expression levels of the multidrug transporter genes CDR7 and CDR2 were increased
> 2-fold only in 044Fluco45 cells (Figure Ill.4A). This is consistent with the identification of a
nonsynonymous point mutation in the sequence of the transcription factor gene PDR1. This point
mutation, leading to a Y372C substitution, is in the same position as the Pdr1 Y372N gain-of-function
(GOF) mutation identified in other azole-resistant isolates of C. glabrata [224] and is similar to that
mutation. It is indeed likely that this Y372C substitution constitutes a new Pdr1 GOF mutation, since
Pdr1 was found to control nearly 50% of the upregulated genes in this population in cells growing
exponentially in the absence of fluconazole or any other stress. Indeed, in an attempt to identify the
transcription factors (TFs) that underlie the observed transcriptome-wide remodeling, the
PathoYeastract database [450] was used (Table 111.2). In this search, the PathoYeastract data used
were based solely on data published specifically for C. glabrata, demonstrating experimentally the
regulatory association between the transcription factors and their target genes in this yeast. The
regulators of the expression of the majority of the genes upregulated during the acquisition of multiazole
resistance are unknown. The TF that controls the highest number of upregulated genes is Hal9, a TF of

unknown function, for the posaconazole-resistant strain and Pdr1 for the remaining two evolved strains.
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Figure lll.2. The evolved strains 044Fluco21, 044Fluco31, and 044Fluco45 display increased azole drug tolerance over that of the parental Candida glabrata 044 clinical isolate.
Shown are comparisons of the susceptibilities of these strains to the imidazole drugs clotrimazole, ketoconazole, miconazole, and tioconazole (A), the triazole drug fluconazole
(B), and amphotericin B and flucytosine (C), at the indicated concentrations, using spot assays on BM agar plates. The inocula were prepared in liquid BM growth medium until
the exponential phase of growth was reached, followed by dilution to an ODgo of 0.05. Cell suspensions used to prepare the spots were 1:5 (b) and 1:25 (c) dilutions of the cell
suspensions used in the plates shown on the left (a). The images displayed are representative of those obtained in at least 3 independent experiments.

110



Gene Expression (fold-change)

o

N w

-

tited

¢

o

10

20

30

CgERG11
CgERG1
CgERG2
CgERG4
CgERG24
CgERG27
CgERG26
CgERGS5
CgERG25
CgERG3
CgERG6
CgERG7

40

50

Ergosterol Content/Cells (ng/mg)

0.4+

0.2

Time (days) CGERGY &

Figure 1I.3. Role of ergosterol metabolism in the acquisition of azole resistance in the 044 clinical isolate. (A)
Gene expression changes registered for ergosterol biosynthetic genes along the evolution of the 044 clinical
isolate toward multiazole resistance. Transcript levels were obtained by microarray hybridization, and for each,
the fold change relative to the level registered for the 044 parental clinical isolate is shown. Values are averages
of results from at least three independent experiments. P<0.05. (B) Total ergosterol contents of 044 and azole-
derived C. glabrata cells. Cells were harvested after 15 h of growth in YPD medium, and total ergosterol was
extracted and quantified by HPLC. Cholesterol was used as an internal standard in order to evaluate the yield of
the ergosterol extraction. The ergosterol contents displayed are averages of the results of at least three
independent experiments. Error bars represent standard deviations. *, P<0.05.
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Figure lll.4. Role of drug export in the acquisition of azole resistance in the 044 clinical isolate. (A) Gene
expression changes registered for the multidrug transporter-encoding genes, whose expression reached >2-fold
differences, along the evolution of the 044 clinical isolate toward multiazole resistance. Transcript levels were
obtained by microarray hybridization, and for each, the fold change relative to the level registered for the 044
parental clinical isolate is shown. Values are averages of results from at least three independent experiments.
P<0.05. (B) Time course accumulation of rabiolabeled [*H]clotrimazole in strain 044 and the derived strains
044FIluco21, 044Fluco31, and 044Fluco45 during cultivation in liquid BM medium in the presence of 30 mg/liter
unlabeled clotrimazole. Accumulation values are the averages of results from at least three independent
experiments. Error bars represent standard deviations. *, P<0.05; **, P<0.01.
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Table lll. 2. Distribution of the transcription factors predicted to regulate the genes upregulated in the evolved strains
relative to expression in the 044 clinical isolate?.

Strain TF % of regulated genes
044Fluco21 (posaconazole resistant) Hal9 10.51
Pdr1 4.07
CAGL0G088449g 2.71
Ace2 2.37
Yap1 2.37
Skn7 0.68
Yap5 0.68
Yap6 0.68
044Fluco31 (clotrimazole/posaconazole resistant) Pdr1 6.77
Yap1 4.69
Hal9 4.17
CAGL0G088449g 1.56
Yap5 1.04
Yap6 1.04
Upc2a 0.52
Skn7 0.52
044Fluco45 (multiazole resistant) Pdr1 43.75
Yap1 18.75
CAGL0GO08844g 6.25
Skn7 6.25

9The transcription factors (TFs) are listed in the order of the percentage of upregulated genes for each strain,
based on the information gathered in the PathoYeastract database, filtered to consider only transcriptional
associations known to occur under stress (32). The different rankings of Pdr1 are shown in boldface.

The ability of the evolved cells to reduce the intracellular accumulation of azole drugs was then
evaluated using [*H]clotrimazole as a model azole drug. Remarkably, the intracellular accumulation of
[*H]clotrimazole decreased in all three resistant cell populations (Figure Il.4B). Specifically, the
044Fluco21 cell population was found to accumulate 4 times less clotrimazole than the 044 parental
clinical isolate. The 044Fluco31 and 044Fluco45 cells exhibited even lower levels of accumulated
clotrimazole, reaching levels nearly 10-fold-lower than those registered in the 044 clinical isolate (Figure
[11.4B). Although reduced drug accumulation is consistent with the expression profile of the multiazole-
resistant strain 044Fluco45, no clear changes in the expression of drug-resistant transporters were
observed in the 044Fluco21 and 044Fluco31 intermediate strains (Figure 1ll.4A), and no change in the

sequence of the PDR1 gene was observed.

1.4.4. Acquisition of clotrimazole drug resistance is accompanied by increased adhesion

The expression of adhesin-encoding genes, including the epithelial adhesins Epa1, Epa3, Epa9,
and Epa10 and the putative adhesins Awp12, Awp13, Pwp1, Pwp3, Pwp4, and CAGLOE00231g
(Figure Ill.5A), was increased. The transcript levels of the CgEPA1 and CgEPA3 genes were verified
using quantitative reverse transcription (RT-gPCR), confirming their transient upregulation, which

reached maximal levels in the 044Fluco31 population (Figure 111.5B).
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This observation prompted us to test the ability of the strains in which azole resistance had
evolved to adhere and form biofilms. Indeed, 044Fluco31 cells were found by bright-field microscopy to
exhibit a significantly higher level of cell aggregates than 044 and 044Fluco21 cells. The percentage of
044Fluco31 cells found to constitute cell aggregates, considering at least 10 cells/aggregate, reached
an average of >50%, in contrast to only 10% for the remaining cell populations (Figure IIl.6A).
Additionally, the number of cells per aggregate, determined by microscopy, was found to be consistently
higher for the 044Fluco31 strain (Figure I1l.6A). Moreover, 044Fluco31 exhibited higher adherence to
human vaginal epithelial cells than the other strains (Figure 111.6B). Interestingly, the evolved strain
044Fluco21 also exhibited moderately increased adhesion to the epithelial cells tested, despite the
observation that there was no clear upregulation of adhesin-encoding genes in this population
(Figure 111.6B). This suggests that alternative mechanisms whose nature is unclear mediate increased
adhesiveness in these C. glabrata cells. Since no differences in biofilm formation on polystyrene dishes
was observed (Figure I11.6C), the increased expression of adhesin-encoding genes in 044Fluco31 cells
appears to correlate with their ability to display cell-to-cell adherence and to adhere to epithelial cells.
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Figure lIl.5. Correlation between adhesin gene expression and the acquisition of clotrimazole/posaconazole
resistance in the 044Fluco31 strain. (A) Gene expression changes registered for adhesin-encoding genes along
the evolution of the 044 clinical isolate toward multiazole resistance. Transcript levels were obtained by microarray
hybridization, and for each, the fold change relative to the level registered for the 044 parental clinical isolate is
shown. Values are averages of results from at least three independent experiments. P<0.05. (B) Comparison of
the differences in the CgEPA1 and CgEPAS3 transcript levels along the evolution of the 044 clinical isolate toward
multiazole resistance. Transcript levels were obtained by quantitative RT-PCR and were normalized to CgACT1
mRNA levels. The fold change in the level of each transcript for each evolved strain relative to the level registered
for 044 parental cells is shown. Values are averages of results from at least three independent experiments. Error
bars represent standard deviations. *. P<0.05.
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1.4.5. The CgEpa3 adhesin is a new determinant of azole drug resistance

Given the observation that a high level of expression of adhesin-encoding genes correlates with
increased azole resistance in the evolved strain 044Fluco31, the possible role in azole drug resistance
of CgEPA1, CgQEPA3, CgEPA9, CgEPA10, CgAWP12, and CgAWP13, accounting for most of the more
highly upregulated adhesin-encoding genes, was assessed. Deletion of the CgEPA3 gene, but not the
remaining adhesin-encoding genes, increased the susceptibility of C. glabrata to miconazole,
ketoconazole, tioconazole, clotrimazole, and fluconazole (Figure 111.7A). These results were confirmed
by standard assessment of the fluconazole and clotrimazole MICs for the wild-type strain (16 and
2 mg/L, respectively) and the A cgepa3 deletion mutant strain (8 and 1 mg/L, respectively).
Overexpression of CgEPAS3 in the wild-type strain L5U1 was consistently found to increase C. glabrata
resistance to miconazole, ketoconazole, tioconazole, clotrimazole, and fluconazole, confirming the role
of this gene as a determinant of azole drug resistance (Figure I1l.7B). To ensure that the deletion of
CgEPAS3 also influences drug resistance in the 044Fluco31 background, the effect of its deletion on
azole resistance was tested. Deletion of CgEPA3 was found to increase the susceptibility of the
044Fluco31 strain to clotrimazole and fluconazole (Figure 111.8), suggesting that the effect of this adhesin
is not strain dependent.

Since C. glabrata CgEpa3 was identified as conferring resistance to azole drugs, its possible
involvement in reducing clotrimazole accumulation in yeast cells was examined. The accumulation of
radiolabeled clotrimazole in nonadapted C. glabrata cells suddenly exposed to 30 mg/L clotrimazole
was approximately 2 times higher in cells devoid of CgEpa3 than in wild-type KUE100 cells
(Figure 111.9A). Overexpression of CgEPA3 in the wild-type strain L5U1 was consistently found to
decrease the accumulation of radiolabeled clotrimazole (Figure 111.9B). These findings strongly suggest
that CgEpa3 contributes to C. glabrata resistance to azole drugs by reducing their accumulation within
yeast cells.

To exclude the possibility that the results observed were due to an indirect effect of CgEPA3
expression on the expression of the drug efflux pump CgCdr1, the effect of deletion or overexpression
of CgEPA3 on the levels of CgCDR1 transcripts was evaluated. Interestingly, the expression of CgEPA3
was found to have no effect on CgCDR1 transcript levels (Figure 111.10), suggesting that CgEpa3 affects

azole drug accumulation independently of drug efflux pump activity.
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Figure Il.7. CgEpa3 confers resistance to azole antifungal drugs in C. glabrata cells. (A) Comparison of the susceptibilities of the C. glabrata parental strain
KUE100 and the Acgepal, Acgepa3, Acgepa9, Acgepal0, Acgawp12, Acgawp13 derived strains to the imidazole drugs clotrimazole, ketoconazole,
miconazole, and tioconazole and the triazole drugs fluconazole and itraconazole at the indicated concentrations by use of spot assays on BM agar plates. (B)
Comparison of the susceptibilities to several antifungal drugs, at the indicated concentrations, of the C. glabrata L5U1 strain harboring the pGREG576 cloning
vector (vv) and the same strain harboring the pGREG576_PDC1_CgEPAS3 plasmids in BM agar plates without uracil by use of spot assays. The inocula were
prepared as described in Materials and Methods. The cell suspensions used to prepare the spots were 1:5 (b) and 1:25 (c) dilutions of the cell suspension used
in the plates shown on the left (a). The images displayed are representative of at least three independent experiments.
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Figure Ill. 9. CgEpa3 confers resistance to azole antifungal drugs in the C. glabrata evolved clinical isolate
044Fluco31. Shown is a comparison of the susceptibilities of the 044Fluco31 C. glabrata strain, and the derived
044Fluco31_Acgepa3 deletion mutant strain to the azole drugs clotrimazole and fluconazole, at the indicated
concentrations, determined by use of spot assays on BM agar plates. The inocula were prepared as described
in Materials and Methods. The cell suspensions used to prepare the spots were 1:5 (b) and 1:25 (c) dilutions of
the cell suspension used in the plates shown on the left (a). The images displayed are representative of at least
three independent experiments.
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Figure I11.8. CgEpa3 leads to decreased intracellular accumulation of [*H]clotrimazole in C. glabrata cells. Shown
are time courses of accumulation of rabiolabeled [*H]clotrimazole in the wild-type strain KUE100 and
KUE100_ A cgepa3 (A) and in strain L5U1 harboring the pGREG576 cloning vector (vv) or the
pGREG576_PDC1_CgEPAS3 vector (B) during cultivation in liguid BM medium in the presence of 30 mg/L
unlabeled clotrimazole. Accumulation values are the averages of results from at least three independent
experiments. Error bars represent standard deviations. *, P<0.05; **, P<0.01.
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Figure 1l1.10. CgEPA3 expression does not affect CgCDR1 transcript levels. Shown are transcript levels of
CgCDR1 in the C. glabrata wild-type strain KUE100 and KUE100_Acgepa3 (A) and in strain L5U1 harboring the
pGREG576 cloning vector (vv) or the pGREG576_PDC1_CgEPA3 vector (B) during cultivation in liquid BM
medium. Transcript levels were assessed by quantitative RT-PCR, as described in Materials and Methods. Values
are averages of results from at least three independent experiments. Error bars represent standard deviations.
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1.4.6. The CgEpa3 adhesin promotes biofilm formation.

The effect of deleting CgEPA3, CgEPA1, or CQEPA10 on in vitro biofilm formation on 96-well
polystyrene microplates was further assessed. Deletion of CgEPA3, but not deletion of CgEPA1T or
CgEPA10, resulted in an almost 2-fold decrease in the level of total biofilms formed relative to that for
the parental strain (Figure 11.11A). The overexpression of CgEPAS3 in the wild-type L5U1 strain was

consistently found to increase the ability of C. glabrata to form biofilms on polystyrene (Figure 111.11B).

2.5
2.5+
: * i A | *dkk | B
2.04 " 2.0- .
E L " v E
s 151 I, . S 1.5
% ] A 8
[
2 1.0 N % WYl 2 1o
< v <
0.5 A 0.5- ®
o9
0.0 T Y T T 0.0
Q N > Q Q
N .3 @ N Ky
< ‘Q N ? Y%
& s X

Figure lll.11. CgEpa3 is required for biofilm formation. (A) Biofilm formation was assessed based on crystal violet
staining of cells of wild-type C. glabrata KUE100 and the indicated single deletion mutants, which had been grown
for 15 h in SDB medium, pH 5.6, in microtiter plates. The data are displayed on a scatter dot plot, where each dot
represents the level of biofilm formed in a sample. Horizontal lines indicate the average levels of biofilm formed in
at least 8 independent experiments. Error bars represent standard deviations. *, P<0.05. (B) Biofilm formation on
polystyrene surfaces was assessed based on crystal violet staining of wild-type C. glabrata L5U1 cells harboring
either the cloning vector pPGREG576 (control) (vv) or the pPGREG576_PDC1_CgEPA3 plasmid, which had been
grown for 24 h in SDB medium, pH 5.6, in microtiter plates. The data are displayed on a scatter dot plot, where
each dot represents the level of biofilm formed in a sample. Horizontal lines indicate the average levels of biofilm
formed in at least 8 independent experiments. Error bars represent standard deviations. ****, P<0.0001.

1.5. Discussion

In this study, a transcriptomics analysis of the evolution of an azole-susceptible clinical isolate
toward azole resistance, induced by long-standing incubation with a therapeutic concentration of
fluconazole in serum, was carried out. The selected approach enabled the identification of the changes
in gene expression occurring with time during 45 days of evolution toward a simple and stable solution.
One of the surprising observations is that the number of differentially expressed genes, relative to
expression in the initial azole-susceptible strain, decreases with time of evolution. At day 21, when the
cells were resistant to posaconazole only, 654 genes were found to be expressed differently, while that
number decreased to 272 after 31 days and to just 33 at day 45, when the cells reached multiazole
resistance. The evolved azole-resistant populations at each time point were found to display significant
differences in the molecular mechanisms that are set in place to develop resistance, as summarized in

Figure 111.12. The multiazole-resistant strain 044Fluco45 exhibits the upregulation of genes encoding
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multidrug resistance (MDR) transporters CgCDR1, CgCDR2, and CgTPO1_2, decreased accumulation
of azole drugs, and a likely gain-of-function (GOF) mutation in the multidrug transcription factor Pdr1.
Although the point mutation observed in the PDR1 sequence, leading to a Y372C substitution, has not
been described before, it is indeed very likely to constitute a GOF mutation, given that it is in the same
position as the Pdr1 Y372N GOF mutation identified previously [224]. Altogether, the results for strain
044Fluco45 are consistent with the recurrent observation that the development of GOF mutations in
Pdr1, leading to the upregulation of drug efflux pumps, is the main mechanism of azole resistance
acquisition in clinical isolates [213], [214]. Based on the evolutionary path observed in the
transcriptomics analysis, our current model is that the fluconazole-exposed population appears to be
iteratively selected toward resistance at minimum cost, which appears to be, in the long term, the
acquisition of Pdr1 GOF mutations, associated with drug efflux pump overexpression. Before reaching
that optimal solution, the population goes through transcriptome-wide remodeling, likely reflecting the
transient selection of more-fit subpopulations. When the Pdr1 GOF solution is reached by part of the
population, these optimized cells are selected, leading to the dilution of other subpopulations until their
disappearance.

Interestingly, the 044Fluco21 and 044Fluco31 populations do not exhibit the typical molecular
mechanisms related to azole resistance in C. glabrata but still exhibit increased MICs for all azole drugs,
resistance to posaconazole and to both posaconazole and clotrimazole, respectively, and increased
ability to limit the intracellular accumulation of [*H]clotrimazole, compared to the 044 clinical isolate. In
the 044Fluco21 posaconazole-resistant strain, the expression of cellular processes such as protein
synthesis, cell cycle, and DNA damage response, which are apparently unrelated to azole resistance,
is upregulated. Thus, although the slight upregulation of CgCDR1 in the 044Fluco21 strain may, at least
partially, account for the posaconazole resistance phenotype, further characterization of the
mechanisms of posaconazole resistance acquisition in C. glabrata are required.

The 044Fluco31 strain was found to display upregulation of the ERG71 gene; however, the
concentration of ergosterol was found to remain constant in this strain. Assuming that the increased
ERG11 gene expression results in increased Erg11 protein expression, this may at least prevent the
decrease in the ergosterol content that fluconazole exposure is bound to induce and may thus decrease
azole susceptibility by maintaining the Erg11/drug molecule ratio. Although upregulation of the ERG11
gene [231], [457] and the augmentation of ergosterol levels [456] are associated with azole resistance
in Candida albicans, in the case of C. glabrata, the expression level or amino acid substitutions of the
ERG11 gene do not seem to correlate with azole resistance acquisition in the clinical setting [230], [238],
[458]. Given that there is no corresponding increase in ergosterol levels (as observed), the increased
expression of ERG11 may only partially, not completely, explain the observed gain in azole resistance
in strain 044Fluco31. This observation prompted us to analyze in more detail the molecular basis
underlying the posaconazole and clotrimazole resistance exhibited by strains 044Fluco31. Strain
044Fluco31 was found to exhibit upregulation of several adhesin-encoding genes, accompanied by an
increased ability to adhere to other C. glabrata cells and to epithelial cells. Among the adhesin-encoding
genes upregulated in the 044Fluco31 strain, we focused our research on three adhesins of the EPA
family, encoded by the CgEPA1, CgEPA3, and CgEPA10 genes. Significantly, the expression of Epa3
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was found to decrease C. glabrata susceptibility to azole drugs, directly or indirectly leading to
decreased accumulation of azole drugs. These results indicate Epa3 as an important, though
unexpected, player in azole resistance. Our current model is that the role of CgEpa3, and possibly that
of other adhesins, in azole resistance, might be to protect the cells from the extracellular concentration
of the drug by promoting cell aggregation. Interestingly, comparing the genome of an azole-susceptible
C. glabrata isolate with that of an azole-resistant C. glabrata isolate showed a higher number of adhesin-
like genes in the resistant isolate [283]. As expected, CgEpa3 was also found to play a role in C. glabrata
adhesion and biofilm formation, a finding consistent with the predicted role of CgEpa3 and its
upregulation in C. glabrata biofilms in vitro [312].

Altogether, the analysis of the evolution toward multiazole resistance of the 044 clinical isolate
suggests that prolonged exposure to fluconazole progressively selects the subpopulation that evolves
to higher resistance with lower costs, leading to what appears to be a unique response to fluconazole
induction. Indeed, the final transcriptional profile reached by the 044Fluco45 strain gives evidence of
the important role of Pdr1 GOF mutations and the activation of MDR transporters in this context.
Nevertheless, in the path to full resistance, several other, eventually more subtle, mechanisms of azole
resistance may be employed by the evolving population, including the overexpression of adhesin-
encoding genes. This study highlights the role of one of these genes, CgEpa3, in azole drug resistance,
further supporting the notion that azole resistance is a multifactorial process, composed of different

molecular mechanisms that should be considered in the design of better-suited therapeutic strategies.
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Figure Ill.12. Current model for the mechanisms underlying the evolution of the 044 clinical isolate toward multiazole resistance. Under the timeline of prolonged
fluconazole exposure, indicating the days at which resistance to each azole drug was achieved, the main biological processes found to be upregulated in each of
the azole-resistant strains are highlighted. Below, the conclusions of the experimental results obtained are given, suggesting that while for 044Fluco21, drug
resistance appears to rely mostly on decreased drug accumulation due to increased CgCdr1 expression, the 044Fluco31 strain displays increased drug tolerance

due to increased cell-to-cell adhesion, and 044Fluco45 exhibits multiazole resistance due to the acquisition of a CgPdr1 GOF mutation leading to increased
expression of CgCdr1 and CgCdr2.
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2. Eisosome component Pil2 participates in azole drug resistance

and biofilm formation in Candida glabrata

2.1. Abstract

The second most common cause of candidiasis is Candida glabrata, a resourceful pathogenic
yeast able to acquire resistance to all antifungal drugs used as therapy and to form biofilms on medical
devices. Understanding the multiple molecular events that underlie the success of C. glabrata infections
is crucial to overcome therapeutic failure.

In this work, the role of eisosome components was assessed, leading to the identification of
CgPil2 (encoded by ORF CAGL0GO01738g) as an azole resistance determinant, participating in biofilm
formation in C. glabrata. Aiming to understand the role of CgPil2, a CgPil2-GFP fusion was used to find
that this protein is localized in a punctate pattern at the plasma membrane, typical of eisosome
localization. CgPil2 was also found to be required to decrease the accumulation of 3H-radiolabeled-
azoles, as well as to the normal biofilm formation in C. glabrata. Also, CgPIL2 deletion was found to
affect sphingolipids and ergosterol composition, suggesting that this component of eisosomes is
necessary to maintain lipid homeostasis at the plasma membrane. Interestingly, the CgPil2 control of
lipid composition at the plasma membrane affects the expression and localization of MDR transporters,
like CgQdr2, that are responsible for azole resistance and biofilm formation in this pathogenic yeast.

Our current model is that CgPil2 confers azole resistance and influences biofilm formation by
affecting plasma membrane lipid composition and, consequently, the correct localization and expression
levels of multidrug transporters in C. glabrata.

2.2. Introduction

Candida glabrata is a pathogenic yeast responsible for mucosal and invasive candidiasis within
immunocompromised patients, being considered the second most common cause of such diseases,
right after Candida albicans [17], [18]. Invasive candidiasis caused by C. glabrata is known to lead to
high mortality rates, ranging from 30-60% [17], [459]. Although different classes of antifungal drugs are
available for treatment, their recurrent use as prophylaxis and treatment, has led to enhanced antifungal
resistance, especially in the case of C. glabrata [460]. It's fast ability to develop resistance to a wide
range of antifungal drugs, particularly azoles, raises concern on long-term therapeutic failure and
highlights the need to understand the mechanisms underlying drug resistance in this pathogen.

The main known mechanism described as responsible for the rapid development of azole
resistance in C. glabrata is the activation of multidrug efflux pumps of the ABC transporter superfamily,
namely Cdr1, Cdr2 and Snq2 [461], and of the MFS, such as Qdr2, Aqr1, Tpo3, Tpo1_1, Tpo1_2 [144],
[218]-[220]. This activation is usually due to GOF mutations in the Pdr1 transcription factor encoding
gene, controlling the expression of some of these transporters [214], [219]. Another C. glabrata
mechanism of azole resistance found mainly in vitro corresponds to the loss of mitochondrial function,
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the so called petite phenotype, that signals for the activation of Pdr1, and indirectly leads to the
upregulation of MDR transporters [462]. Nevertheless, such mechanism is very rarely found on resistant
clinical isolates [463].

Besides antifungal resistance, C. glabrata is able to form biofilms on medical devices and human
mucosa, as a means to infect and persist in the human host [35]. C. glabrata develops a biofilm
composed mainly by a thick layer of yeast cells well aggregated to each other, wrapped by an ECM
[464]. Besides enabling Candida species survival, biofilm formation is in itself a mechanism for
antifungal resistance. The EPS of the ECM, as well as the different metabolism exhibited by persister
cells, contribute to increased tolerance to antifungal compounds [335], making biofilm formation a
precious pathogenic feature for this yeast.

In a previous study from our group, the evolution towards azole resistance, occurring upon
prolonged exposure to serum-like concentrations of fluconazole, was followed at the transcriptome level
[313]. Progressive acquisition of resistance to different azoles was found to rely on the selection of
subpopulations that evolve towards a higher and more efficient resistance process, that culminated in
the acquisition of a GOF mutation in PDR1 [313]. The final multi-azole resistant strain displayed changes
in the expression of only a few genes, including an uncharacterized ORF CAGL0G01738g very similar
to the Saccharomyces cerevisiae PIL1 gene, that encodes a component of a lipid-raft like structure
called eisosome. The observed upregulation of CgPIL2 in a multi-azole resistance strain prompted us
to analyse whether eisosomes and eisosome components could be correlated with C. glabrata azole
resistance and biofilm formation.

Eisosomes are very stable plasma membrane half-pipe linear invaginations, composed by the
lipid domain described as Membrane Compartment of Can1 (MCC) and membrane-associated proteins,
which together form a complex [465]. In S. cerevisiae, the eisosome components/proteins are quite well
identified and described, having specific functions within this complex [466]. In this non-pathogenic
yeast, eisosome proteins include Pil1, the core eisosome protein that confers its half-pipe shape, Lsp1,
which also contains BAR (Bin/Amphiphysin/Rvs) domains [467] that bind to the plasma membrane
promoting its curvature [468], and Seg1, responsible for recruiting Pil1 to the plasma membrane, for
eisosome formation [469]. Eisosomes affect cell wall synthesis, serve as scaffolds to recruit proteins
and are involved in stress resistance [470]. Regulation of the synthesis of sphingolipids and ergosterol
also influences the formation of eisosomes in S. cerevisiae [470]. Both S. cerevisiae Apil1 and
C. albicans Apil1Alsp1 deletion mutants lead to broad invaginations of the material of the cell wall [465],
[471], suggesting they play an important role in the stability of the cell wall and plasma membrane.

To our knowledge, nothing is known about the formation and function of eisosomes in C. glabrata,
although different homologs of S. cerevisiae and C. albicans have been identified. In this study,
C. glabrata CgPil2, CgLsp1 and CgSeg1 were screened for a possible role in antifungal resistance.
Given its identification as an azole resistance determinant, the impact of CgPIL2 deletion in azole
accumulation, biofilm formation, sphingolipid and ergosterol metabolism and the expression and sub-
cellular localization of drug efflux pumps was evaluated providing interesting clues on the role played
by Pil2 and eisosomes in azole resistance in C. glabrata.
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2.3. Methods

2.3.1. Strains and growth medium

Candida glabrata KUE100 [339] and L5U1 (cgura3A0 cgleu2A0) [340] strains, the later kindly
provided by John Bennett, NIAID, NIH, Bethesda, were used in this study. Saccharomyces cerevisiae
strain BY4741 (MATa ura3A0 leu2A0 his3A1 met15A0) and its single deletion mutant BY4741_Apil1
were obtained from the Euroscarf collection. Cells were batch-cultured at 30 °C with orbital agitation
(250 rpm) in the following growth media. YPD growth media, containing per liter: 20 g glucose (Merck),
10 g yeast extract (Difco) and 20 g bacterial-peptone (LioChem). Minimal growth (MG) medium
contained per liter: 20 g glucose (Merck); 2.7 g (NH4)2SO4 (Merck); 1.7 g yeast nitrogen base without
amino acids or (NH4)2SO4 (Difco). Wild-type S. cerevisiae BY4741 and strains derived from it were
grown in MGI medium, obtained by supplementation of MG with 20 mg/L methionine, 20 mg/L histidine
and 60 mg/L leucine, (all from Sigma). C. glabrata strains derived from L5U1, were grown in MGII
medium, obtained by supplementation of MG with 60 mg/L leucine (all from Sigma). SDB contained 40 g
glucose (Merck) and 10 g peptone (LioChem) per liter.

2.3.2. Cloning of the C. glabrata CgPIL2 (ORF CAGL0G01738g)

The pGREG576 plasmid from the Drag & Drop collection [341] was used to clone and express
the C. glabrata ORF CAGL0OGO01738gin S. cerevisiae, as described before for other heterologous genes
[342]. pGREG576 was acquired from Euroscarf and contains a promoter GAL 7 and the yeast selectable
marker URA3. The CgPIL2 gene was generated by PCR, using genomic DNA extracted from the
sequenced CBS138 C. glabrata strain, with the primers present in Table 111.3. To enable expression of
the CgPIL2 gene in C. glabrata, the GAL1 promoter was replaced by the constitutive PDC1 C. glabrata
promoter. The PDC1 promoter DNA was generated by PCR, using the primers in Table 1ll.3. The
recombinant plasmids pGREG576_GAL1_CgPIL2 and pGREG576_PDC1_CgPIL2 were obtained

through homologous recombination in S. cerevisiae and verified by DNA sequencing.

2.3.3. Disruption of C. glabrata genes

The deletion of CgPIL2, CgLSP1 and CgSEG1 genes (ORFs CAGL0G01738g, CAGLOL08932g
and CAGL0J01419g, respectively) was carried out in the parental strain KUE100, using the method
described by [339]. The target genes were replaced by a DNA cassette including the CgHIS3 gene,
through homologous recombination. The pHIS906 plasmid including CgHIS3 was used as a template
and transformation was performed as described previously [339]. Recombination locus and gene

deletion were verified by PCR using the primers indicated in Table 111.3.

2.3.4. Drug susceptibility assays

The MIC values of each antifungal drug were determined according to the M27-A3 protocol and
the M27-S4 supplement of the CLSI [445], for the wild-type KUE100 and deletion mutant Acgpil2.
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The antifungal drug susceptibilities of the C. glabrata KUE100 parental strain and the derived
Acgpil2 deletion mutant, and of the C. glabrata strain L5U1 harboring the pGREG576 vector or the
pGREG576_PDC1_CgPIL2 plasmids were evaluated by spot assays, as described previously [219].

2.3.5. [*H]clotrimazole accumulation assays

[PH]clotrimazole transport assays were carried out as described before [219] for the wild-type
KUE100 and Acgpil2 deletion mutant cells. To estimate the accumulation of clotrimazole
(intracellular/extracellular [*H]clotrimazole), yeast cells were grown in MG medium until the mid-
exponential phase and were harvested by filtration. Cells were washed and resuspended in MG medium
to obtain dense cell suspensions (optical density at 600nm [ODesoo] = 5.0+0.2, equivalent to
approximately 2.2 mg [dry weight]/mL). After a 5 min incubation at 30 °C, with agitation (150 rpm),
0.1 uM [PHiclotrimazole (American Radiolabelled Chemicals; 1 mCi/mL) and 30 mg/L of unlabelled
clotrimazole were added to the cell suspensions. The intracellular accumulation of labelled clotrimazole
was followed for 30 min, as described elsewhere [219]. To calculate the intracellular concentration of
labelled clotrimazole, the internal cell volume (Vi) of the exponential cells was considered constant and
equal to 2.5 ul (mg [dry weight]") [452].

2.3.6. Biofilm quantification

C. glabrata strains were tested regarding their capacity to form biofilm on a polystyrene surface,
recurring to the PrestoBlue Cell Viability assay. For that, the C. glabrata strains were grown in SDB
(pH 5.6) medium or MGIl medium in the case of L5U1 wild-type strain harboring pGREG576 vector or
the pGREG576_PDC1_CgPIL2 plasmids, and harvested by centrifugation at mid-exponential phase.
The cells were inoculated with an initial ODeoonm = 0.05+0.005 in 96-well polystyrene microtiter plates
(Greiner) in SDB (pH 5.6) medium. Cells were cultivated at 30 °C during 24+0.5 h with mild orbital
shaking (70 rpm). After the incubation time, each well was washed two times with 100 pL of sterile PBS
pH 7.4 (PBS contained per liter: 8 g NaCl (Panreac), 0.2 g KCI (Panreac), 1.81 g NaH2PO4-H20 (Merck),
and 0.24 g KH2PO4 (Panreac), to remove the cells unattached to the formed biofilm. Then, Presto Blue
reagent was prepared in a 1:10 solution in the medium used for biofilm formation, adding 100 uL of the
solution to each well. Plates were incubated at 37 °C for 30 min. Afterwards, absorbance reading, at the
wavelength of 570 nm and 600 nm for reference, was determined in a microplate reader (SPECTROstar
Nano, BMG Labtech).

2.3.7. Assessment of the subcellular localization of CgPil2, CgCdr1 and CgQdr2

pGREG576-GAL 1-CgQDR?2 plasmid was constructed previously [219], while pDS716_CgCDR1
plasmid was kindly provided by Dominique Sanglard, Institute of Microbiology, University Hospital of
Lausanne, (IMUL), Switzerland, Lausanne. The subcellular localization of the CgPil2, CgCdr1 and
CgQdr2 proteins was determined based on the observation of S. cerevisiae BY4741 and Ascpil1 cells
transformed with the pGREG576_GAL71_CgPIL2 or pGREG576-GAL1-CgQDR2 or pDS716_CgCDR1
plasmids, and C. glabrata L5U1 cells transformed with pPGREG576_PDC1_CgPIL2. These cells express
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either CgPil2_GFP, CgCdr1_GFP and CgQdr2_GFP fusion proteins, whose localization may be
determined using fluorescence microscopy. S. cerevisiae cell suspensions were prepared by cultivation
in MGI medium, containing 0.5% glucose and 0.1% galactose, at 30 °C, with orbital shaking (250 rpm),
until a standard culture optical density at ODe00=0.4+0.04 was reached. At this point, cells were
transferred to the same medium containing 0.1% glucose and 1% galactose to induce protein
expression. C. glabrata cell suspensions were prepared in MGIl medium until a standard culture ODeoo
of 0.4+0.04 was reached; they were then transferred to the same medium, protein overexpression was
induced for 5 h. The distribution of the CgPil2_GFP, CgCdr1_GFP and CgQdr2_GFP fusion proteins in
S. cerevisiae or in C. glabrata living cells was detected by fluorescence microscopy with a Zeiss
Axioplan microscope (Carl Zeiss Microimaging) using excitation and emission wavelengths of 395 and
509 nm, respectively. Fluorescence images were captured using a cooled Zeiss Axiocam 503 color

(Carl Zeiss Microscopy).

2.3.8. Assessment of the subcellular localization of sphingolipids by NBD-DHS staining

The subcellular localization of the sphingolipids in C. glabrata KUE100 and Acgpil2 deletion
mutant cells was determined based on C6 NBD-dihydrosphingosine (NBD-DHS; 1 mg/mL in methanol;
Santa Cruz Biotechnology) staining, using fluorescence microscopy. Cells were grown in MG medium,
at 30 °C, with orbital shaking (250 rpm), overnight. Cells were transferred to the same medium and
grown until a standard culture ODsoo of 0.2+0.04 was reached. NBD-DHS was added to 2mL of
4x107 cells/mL, to a final concentration of 5 uM, and cell suspensions were incubated for 30 min, at
30 °C, with orbital shaking (250 rpm). Cells exposed to NBD-DHS were centrifuged (13,500 rpm for
2 min), washed twice and resuspended in sterile H20 to final 107 cells/mL aliquots. NBD fluorescence
was detected by fluorescence microscopy with a Zeiss Axioplan microscope (Carl Zeiss Microimaging)
using excitation and emission wavelengths of 395 and 509 nm, respectively. Fluorescence images were

captured using a cooled Zeiss Axiocam 503 color (Carl Zeiss Microscopy).

2.3.9. Assessment of the subcellular localization of ergosterol by filipin Ill staining

The subcellular localization of the ergosterol in C. glabrata KUE100 and Acgpil2 deletion mutant
cells was determined based on filipin Il (1 mg/mL in PBS, pH 7.4, Sigma) staining, using fluorescence
microscopy. Cells were grown in YPD medium, at 30 °C, with orbital shaking (250 rpm), overnight. Cells
were transferred to the same medium and grown until a standard culture ODeoo of 0.4+0.04 was reached.
Cells were washed twice with PBS, pH 7.4, and filipin Ill was added to a final concentration of 5 ug/mL
and cell suspensions were incubated for 30 min, in the dark, at room temperature. Cells exposed to
filipin Il were centrifuged (13,500 rpm for 2 min), washed twice and resuspended in PBS, pH 7.4.
Filipin 11l fluorescence was detected by fluorescence microscopy with a Zeiss Axioplan microscope (Carl
Zeiss Microimaging) using excitation and emission wavelengths of 340 and 385 nm, respectively.

Fluorescence images were captured using a cooled Zeiss Axiocam 503 color (Carl Zeiss Microscopy).
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2.3.10. Quantification of total cellular ergosterol

Ergosterol was extracted from cells using the following method adapted from reference [453], as
described before [143]. C. glabrata KUE100 and Acgpil2 cells were cultivated in YPD medium with orbital
agitation (250 rpm) until stationary phase, harvested by centrifugation, and resuspended in methanol.
Cholesterol (Sigma) was added as an internal standard to estimate the ergosterol extraction yield. The
extracts were analysed by HPLC with a 250 mm by 4 mm C18 column (LiChroCART Purospher STAR
RP-18, end-capped, 5 mm) at 30 °C. Samples were eluted in 100% methanol at a flow rate of 1 mL/min.
Ergosterol was detected at 282 nm with a retention time of 12.46+0.24 min, while cholesterol was
detected at 210 nm with a retention time of 15.36+0.35 min. Results are expressed in micrograms of

ergosterol per milligram (wet weight) of cells.

2.3.11. Gene expression analysis

The levels of CgCDR1, CgCDR2 and CgQDR2 transcripts in the wild-type strain KUE100 and its
derived Acgpil2 deletion mutant strain, at exponential phase or exposed 1 h to 30 mg/L of clotrimazole,
were assessed by quantitative real-time PCR. Total-RNA samples were obtained from cell suspensions
harvested under control conditions, in the absence of drugs. Synthesis of cDNA for real-time RT-PCR
experiments, from total-RNA samples, was performed using the Multiscribe reverse transcriptase kit
(Applied Biosystems), following the manufacturer’s instructions, and using 10 ng of cDNA per reaction.
The RT-PCR step was carried out using SYBR green reagents. Primers for the amplification of the
CgCDR1, CgQDR2, and CgACT1 cDNA were designed using Primer Express software (Applied
Biosystems) (Table 1I.3). The RT-PCRs were conducted in a thermal cycler block (7500 Real-Time PCR
system; Applied Biosystems). The CgACT7 mRNA level was used as an internal control. The relative
values obtained for the wild-type strain under control conditions were set at 1, and the remaining values
are presented relative to that control.
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Table lll. 3. List of pri

mers used in this study.

Name

| Sequence (5°-3")

CgPIL1 gene cloning

PpGREG_CgPIL1_Fw

GAATTCGATATCAAGCTTATCGATACCGTCGACAATGCACAGAACTTACTCTTTGA

PpGREG_CgPIL1_Rv

GCGTGACATAACTAATTACATGACTCGAGGTCGACTCAAGCAGCTTGAGATTCTTCA

PGREG576 GAL1-to-PDCI promoter replacement

pGREG_PDC1_Fw

TTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTAGCATTTTTATACACGTTTTAC

pGREG_PDC1_Rv

GAAAAGTTCTTCTCCTTTACTCATACTAGTGCGGCTGTTAATGTTTTTTGGCAATTG

Deletion of CgPIL1, CgLSP1, CgSEG1 and CgURA3

CTTATTTCTAGTAGAATGTGTAGTTTTTCATTTGTGGATAAGCACTGTAACAACAAGGCC

ACgPIL2_Fw GCTGATCACG

\CaPIL2 Ry GGGTATTCTCAGAAGTTAAGATAATGGAAAAACGTCGTCCAGTAGTAAAGACACATCAT
grite_ CGTGAGGCTGG

ACgPIL2 Fw _conf | GCACAAGACATATTCATTGA

ACgPIL2 Rv_conf | CATGTAAGCGATCTTGTC

ACgLSP1_Fw

GTGCGAAGCTGAAGCTTGCAATAGCTTGTCTTTAATTAGAGAAGGGGAGTTCGAACGGC
CGCTGATCACG

ACgLSP1_Rv

ATAAAGGTACAATCCAATTTTTATAGATTGGATCCTTAGTTTTCACCTTCATGGTGCATCG
TGAGGCTGG

ACgLSP1_Fw_conf

GCTGTCAAGCCAACTCTATCCT

ACgLSP1_Rv_conf

CTTCCTGTTGTTCTTCTTCCCATTGT

AAACGCTTATTTTAGTGGCAAGATATCCTTGATAAAGGCCAACAGGTGGATATAAAGGC

ACGSEGT_Fw CGCTGATCACG

NCoSEGT Ry TAAAAATTTAATACAAATATCTTGAATTAATAGTATATCTTGCCCCTTAGTGATTCCATCG
9 - TGAGGCTGG

ACgSEG1_Fw_conf | GAAATTACAATGACCAGATGC

ACgSEG1_Rv_conf | ACGAACATTAGCAACACC

RT-PCR experiments

CgACT1_Fw AGAGCCGTCTTCCCTTCCAT
CgACT1_Rv TTGACCCATACCGACCATGA
CgCDR1_Fw GCTTGCCCGCACATTGA
CgCDR1_Rv CCTCAGGCAGAGTGTGTTCTTTC
CgQDR2_Fw TCACTGCATAGTTTCATATCGGACTA
CgQDR2_Rv CAACTTCAGATAGATCAGGACCATCA
2.4. Results
2.4.1. CgPil2 confers azole resistance in C. glabrata

Given the previous observation that CgPIL2 is upregulated in a C. glabrata multi-azole resistant
strain [313], the possible role of the C. glabrata predicted eisosome protein components in antifungal
resistance was assessed. Susceptibility assays were performed for the wild-type strain KUE100 and the
derived deletion mutants Acgpil2, Acglsp1, Acgseg1, for different azole antifungal drugs. The Acgpil2
deletion mutant, but not the remaining strains, was found to be more susceptible to the imidazoles
ketoconazole, tioconazole and, particularly, clotrimazole, when compared to the parental strain, but not
to the triazoles fluconazole and itraconazole (Figure 111.13).
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Miconazole Ketoconazole

Tioconazole Clotrimazole
Control 0.65 pg/mL 0.5 pg/mL 25 pg/mL
A) a) b) ¢ a b) o a) b) c)
Acgseg1
Acglsp1
Acgpil2
KUE100

Fluconazole ltraconazole

B) Control 220 pg/mL 45 pg/mL

a) b) c) a) b) )] a) b) C)

Acgseg1
Acglsp1
Acgpil2

KUE100

Figure II1.13. Spot assays of the susceptibilities of C. glabrata strains KUE100 and Acgpil2, Acglsp1, Acgseg1 deletion mutants to (A) miconazole, clotrimazole,
ketoconazole, tioconazole and (B) fluconazole, itraconazole, at the concentrations indicated, in MG agar plates. The inocula were prepared as described in Methods.
The cell suspensions used to prepare the spots were 1:5 (b) and 1:25 (c) dilutions of the cell suspension used for column (a). The images displayed are
representative of at least three independent experiments.
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The MICso determined for the Acgpil2 deletion mutant by the standard National Committee for
Clinical Laboratory Standards (NCCLS) method, confirmed the increased susceptibility exhibited by this
strains to clotrimazole (MIC of 1mg/L), when compared to the wild-type strain (MIC of 2mg/L), while no
difference in MIC levels could be detected for fluconazole.

Consistent with the previous results, the overexpression of CgPil2, from the pGREG576_PDC1
_CgPIL2 recombinant plasmid, in C. glabrata was found to increase the resistance to imidazoles

(Figure 111.14A) and, to a lower extent, to triazoles as well (Figure 111.14B).

Miconazole Ketoconazole Clotrimazole
Control 0.7 pg/mL 75 pg/mL 13 pg/mL
a) b) c) a) b) c) a) b c) a) b) c)
(A) ;
L5U1+CgPIL2
L5UT+vv
Fluconazole Itraconazole
140 pg/mL 28 pg/mL
a) b) c) a) b) c)
(B)
L5U1+CgPIL2
L5UT+vv

Figure lll.14. Spots assays of the susceptibility of C. glabrata L5U1 strains harboring the pGREG576 (vv) plasmid
or the pGREG576_PDC1_CgPIL2 plasmid (CgPIL2) to (A) miconazole, ketoconazole and clotrimazole, and to (B)
fluconazole and itraconazole, at the concentrations indicated, in MG agar plates. The inocula were prepared as
described in Methods. The cell suspensions used to prepare the spots were 1:5 (b) and 1:25 (c) dilutions of the
cell suspension used for column (a). The images displayed are representative of at least three independent
experiments.

2.4.2. CgPil2 localization exhibits a punctate pattern at the plasma membrane

Given the clear importance of CgPil2 in azole resistance, the localization of CgPil2 coupled to
GFP was evaluate in S. cerevisiae and C. glabrata by fluorescence microscopy. S. cerevisiae cells
harboring the pGREG576_GAL71 CgPIL2 plasmid, and C. glabrata cells harboring the
pGREG576_PDC1_CgPIL2 plasmid showed the CgPil2-GFP fusion localized in specific patches of the
plasma membrane (Figure I11.15), most likely corresponding to the eisosomes of the plasma membrane.
In fact, such specific punctate pattern of localization has been observed previously by the expression of
components of eisosomes fused with GFP, like CaPil1, CaLsp1 and CaSur7, in C. albicans [465], [472],

and ScCan1 in S. cerevisiae [473].

2.4.3. CgPil2 is required to reduce the intracellular accumulation of azoles in C. glabrata

To assess if the role of CgPil2 in clotrimazole resistance could be related with altering the partition
of the drug across the plasma membrane, the accumulation of *H-labeled clotrimazole in non-adapted
C. glabrata cells was followed after sudden exposure to the presence of 30 mg/L cold clotrimazole. Upon
the deletion of CgPIL2 gene, C. glabrata cells were found to accumulate 2-fold higher levels of
radiolabeled clotrimazole than its parental strain (Figure 111.16), suggesting that the role of CgPil2 in

clotrimazole resistance indeed involves an effect in drug partitioning.
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Candida glabrata

Saccharomyces cerevisiae

Figure lll. 16. Fluorescence of exponential-phase C. glabrata L5U1 and S. cerevisiae BY4741 cells harboring the
pGREG576_PDC1_CgPIL2 and pGREG576_GAL1_CgPIL2 plasmid (CgPil2_GFP), respectively. The results
indicate that the CgPil2-GFP fusion protein localizes to the eisosomes of the plasma membranes of both
S. cerevisiae and C. glabrata cells.
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Figure II1.15. Time course accumulation ratio of [*H]clotrimazole in the C. glabrata KUE100 (black) and Acgpil2
(grey) strains during cultivation in liquid MG in the presence of 30 mg/L unlabeled clotrimazole. The accumulation
ratio values are averages for at least three independent experiments. Error bars represent standard deviations.
*,P<0.05; **, P<0.01.
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2.4.4. CgPil2 component of eisosomes is necessary for biofilm formation

Given the importance of biofilm formation for the success of C. glabrata infections, the possible
role of CgPil2 in this process was assessed. For that, in vitro biofilm formation of the C. glabrata KUE100
wild-type strain, Acgpil2 deletion mutant, L5U1 wild-type strain harboring the pGREG576 (vv) plasmid
or the pGREG576_PDC1_CgPIL2 plasmid, on 96-well polystyrene microplates with SDB (pH 5.6)
medium was evaluated. The deletion of CgPIL2 gene was found to decrease significantly the level of
biofilm formed when compared to the parental strain, while the overexpression of CgPIL2 in the L5U1

wild-type strain increases its ability to form biofilm (Figure IlI. 17).
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Figure ll1.17. CgPil2 is required for biofilm formation. Biofilm formation was assessed by Presto Blue Cell Viability
assay in microtiter plates of wild-type C. glabrata KUE100 and the Acgpil2 deletion mutant, and C. glabrata L5U1
strains harboring the pGREG576 (vv) plasmid or the pGREGS576_PDC1_CgPIL2 plasmid, which had been grown
for 24 h in SDB medium, pH 5.6. The data are displayed on a scatter dot plot, where each dot represents the level
of biofilm formed in a sample. Horizontal lines indicate the average levels of biofilm formed in at least three
independent experiments. Error bars represent standard deviations. *, P<0.05.

2.4.5. CgPil2 expression affects membrane sphingolipids and ergosterol concentration

The specific localization of CgPil2 in a punctate pattern in the plasma membrane indicates its
relation with eisosomes, similar to what is found in S. cerevisiae and C. albicans [465], [472], [473].
Eisosomes in both these species have been shown to regulate the homeostasis of different lipids,
specially phosphatidylinositol 4,5-bisphosphate (PlssP2) and sphingolipids [470], [474]. The first is
known to affect cell wall synthesis and morphogenesis in S. cerevisiae, Schizosaccharomyces pombe
and C. albicans [470]. In S. pombe, SpPil1 regulates the levels of PlssP2 by a genetic pathway with
SpSyj1 (synaptojanin-like lipid phosphatase), which dephosphorylates PlssP2 [475].

Given the importance of eisosomes in lipid composition regulation, we analysed the possible
influence of CgPil2 on sphingolipid incorporation in the plasma membrane, using the NBD-DHS stain.
By fluorescence microscopy, we assessed the presence of sphingolipids in the wild-type KUE100 and
Acgpil2 deletion mutant stained with NBD-DHS. The results point out the different levels of sphingolipids
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between the two strains, having the deletion mutant higher levels of sphingolipids than its parental strain

(Figure 111.18).
-
- Acgpil2

Figure lll. 18. Fluorescence of exponential-phase C. glabrata KUE100 wild-type cells (above) and Acgpil2
deletion mutant (below) cells stained with NBD-DHS. Results indicate that the CgPil2 controls the concentration
and distribution of sphingolipids at the plasma membrane of C. glabrata cells.

Given that ergosterol is part of eisosomes in S. cerevisiae [476], we hypothesized that the role of
CgPil2 in azole resistance might also be connected to its possible regulation of ergosterol levels on the
membrane, as observed for sphingolipids. Therefore, filipin 11l staining of C. glabrata wild-type and
Acgpil2 deletion cells was performed to assess the distribution of ergosterol on the membrane. A
different pattern is observed between wild-type and deletion mutant, where the wild-type exhibits some
punctuated patterns that are not observed so frequently in the deletion mutant, which exhibits a more
uniform distribution of filipin Il on the membrane, and at certain cases, some intracellular accumulation
(Figure 111.19). Interestingly, ergosterol levels measured by HPLC are higher in the absence of CgPIL2
gene, comparatively to the wild-type strain KUE100 (Figure 111.20).
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KUE100

Acgpil2

Figure lll. 19. Fluorescence of exponential-phase C. glabrata KUE100 wild-type cells (above) and Acgpil2
deletion mutant (below) cells stained with Filipin Ill. Results indicate that the CgPil2 controls the concentration and
distribution of ergosterol at the plasma membrane of C. glabrata cells.
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Figure lll. 20. Total ergosterol contents of C. glabrata KUE100 and Acgpil2 cells. Cells were harvested after 15 h
of growth in YPD medium, and total ergosterol was extracted and quantified by HPLC. Cholesterol was used as
an internal standard in order to evaluate the yield of the ergosterol extraction. The ergosterol contents displayed
are averages of the results of at least three independent experiments. Error bars represent standard deviations.
*, P<0.05.

2.4.6. CgPil2 affects the concentration of drug transporters at the plasma membrane, but

not at the transcriptional level

Given the observation that CgPil2 controls azole accumulation levels, we assessed its possible

influence on the expression or incorporation of MDR azole transporters at the plasma membrane.
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The localization of CgCdr1 and CgQdr2 was assessed through the use of previously constructed
GFP fusion proteins, by fluorescence microscopy. A decrease of the presence of these transporters at
the plasma membrane upon the loss of Pil1 in S. cerevisiae was observed (Figure Il11.21A and B,
respectively), suggesting that CgPil2 presence may also be necessary for the accumulation of the tested

MDR transporters at the plasma membrane of C. glabrata.

S. cerevisiae Ascpill

S. cerevisiae Ascpill

Figure lll. 21. Fluorescence of exponential-phase S. cerevisiae BY4741 wild-type (A and C) and deletion mutant
Ascpil1 cells (B and D) harboring the pDS716 recombinant plasmid (A and B) and harboring the
pGREG576_GAL1_CgQDRZ2 recombinant plasmid (C and D), after 5 h of galactose induction of recombinant
protein production. The images displayed are representative of at least three independent experiments.

In addition, the effect of CgPil2 in the transcript levels of CgCDR1 and CgQDR2 genes in
C. glabrata was assessed by RT-PCR. The transcript levels of these genes were measured in the wild-
type strain and the deletion mutant Acgpil2 at exponential phase, as well as after 1h of clotrimazole
exposure. The results show the expression of both genes is upregulated under azole stress, but that

CgPIL2 expression has no effect on them, in any of the conditions tested (Figure 111.22).
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Figure lll. 22. Comparison of the transcript levels of (A) CgCDR1, (B) CgQDR2 in C. glabrata KUE100 wild-type
strain and deletion mutant Acgpil2 cells, in exponential phase (black) and after 1h of 30 mg/L clotrimazole exposure
(grey). Transcript levels were determined by quantitative RT-PCR, as described in Methods, and are expressed
as CgGene/CgACT1 mRNA ratios. The value reported for wild-type cells under control conditions was considered
equal to 1. The values shown are averages for at least three independent experiments. Error bars represent
standard deviations. **, P<0.01.

2.5. Discussion

In this work, the CgPil2 eisosome component is shown to play a role in azole resistance, as well
as in biofilm formation in the fungal pathogen C. glabrata.

A previous study of the evolution of a clinical isolate towards azole resistance [313] raised the
hypothesis that CgPil2 could play a role in this process given its upregulation in the multi-azole
resistance strain. Through drug susceptibility assays it was possible to conclude that indeed the
absence of CgPil2 leads to a decreased resistance to imidazoles. The same effect could not be seen
for other eisosome components, an observation that is likely due to the pivotal role played by Pil1 in the
integrity of this lipidic structure [470].

The molecular basis of the observed phenotype was also scrutinized. After observing that CgPil2
displays a subcellular distribution compatible with eisosomal localization [465], [472], [473], and
contributes to reduce the intracellular accumulation of clotrimazole and for biofilm formation, two
hypotheses were raised for the importance of this eisosome component. Firstly, given that eisosomes
are important for different processes, like nutrient uptake, secretion, morphogenesis and response to
stress, in S. cerevisiae [470], it is possible that in C. glabrata, eisosomes also contribute to such
processes influencing directly the resistance to azole drugs and the formation of biofilms. Secondly,
CgPil2 might also contribute for the control of lipids and proteins on the plasma membrane, and
therefore, for the homeostasis of the plasma membrane and cell wall [465], [471], which indirectly
influences greatly the ability of C. glabrata to fight antifungal drugs and adhere and secret EPS for the
ECM upon biofilm formation.

The obtained results indicate clearly that CgPil2 influences lipid homeostasis at the plasma
membrane. Differences in sphingolipids and ergosterol levels were observed upon the deletion of
CgPIL2 comparatively to the parental strain. Although the underlying mechanism is still not clear, this
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seems to be a conserved trait since changes of sphingolipids and ergosterol on the plasma membrane
have been linked to components of eisosomes in S. cerevisiae [476] [477]. For instance, SIm1 and SIm2
proteins of eisosomes were found to feel membrane stress and activate the target of rapamycin kinase
complex 2 (TORC2), which regulates sphingolipid metabolism [477]. Moreover, Nce102, another
component of eisosomes, was proposed to act as a sphingolipid sensor, blocking or activating the
downstream functions of Phk kinases, which regulate actin patch organization, endocytosis or eisosome
assembly, according to sphingolipid distribution at the membrane [478]. The effect of CgPil2 in
sphingolipid and ergosterol concentrations, may on its own, justify the change in azole accumulation,
by changing drug partitioning across the plasma membrane.

Indirectly, nonetheless, it is reasonable to hypothesize that eisosomes may also affect the
localization and stability of membrane proteins. Significantly, our results show that the localization in
S. cerevisiae of CgCdr1 and CgQdr2 MDR transporters appears to be affected by ScPil1. Upon the
absence of this eisosome component, the localization of CgCdr1 and CgQdr2 at the plasma membrane
decreases significantly, although CgPil2 does not affect the expression of this transporters in
C. glabrata. These results suggest that, although MDR transporters are not localized in eisosomes [144],
[218]-[220], CgPil2 is probably necessary for their adequate localization at the plasma membrane, like
in S. cerevisiae, and therefore, for azole resistance in C. glabrata.

Given that CgQdr2 is one of the MFS transporters found recently to be necessary for biofilm
formation in C. glabrata [316], is possible that the importance of CgPil2 for its localization is one of the
motives for its necessity during biofilm formation, as the correct distribution of CgQdr2, and probably
other transporters with a role in biofilm formation [316], depends on the presence of eisosomes.

Overall, this work highlights a new player in clotrimazole resistance and biofilm formation, CgPil2,
that acts indirectly through its role in lipid membrane homeostasis, affecting the localization of MDR
transporters, such as CgCdr1 and CgQdr2, at the plasma membrane. Such effect on MDR transporters

localization turns CgPil2 into an interesting target for the development of new therapeutic strategies.
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IV. Final Discussion
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Candida glabrata is a pathogenic yeast that adapts rapidly to the environment. Its ability to form
biofilms guarantees its survival in harder conditions, where nutrient availability is low, or where a
stressful niche is encountered. The virulence of this species, based on adherence and the ability to
surpass exposure to different stresses, further increases the odds for its success as a pathogen. By
being able to infect the human host, Candida glabrata constitutes the second most common cause of
candidiasis [15], [17]-[19], being responsible for 15% of all invasive candidiasis [23], which have 40-60%
mortality rates [12]. Even upon treatment, C. glabrata is known to resist better than other Candida
species to the action of antifungal drugs [15], prevailing in the host, proliferating and causing a disease
for which there is no perfectly effective therapeutic solution. The set of mechanisms behind biofilm
formation, virulence and azole resistance are the secret behind the success of this pathogenic yeast.
One needs to fully understand those in order to find the weak spot of C. glabrata, which may then be
used as target for the development of new and efficacious therapeutic approaches for C. glabrata
infections.

This thesis attempts to gather more insights about C. glabrata mechanisms of biofilm formation,
virulence and antifungal resistance, which allow this yeast to persist and prevail as a human pathogen.
The first chapter gathers the current knowledge about C. glabrata and the main mechanisms responsible
for biofilm formation in all Candida species. Chapter | also englobes a revision of the main molecular
mechanisms behind antifungal resistance and virulence in this pathogenic yeast, and how particular
mechanisms seem to be behind biofilm formation, antifungal resistance and virulence, simultaneously.
The notion that some molecular mechanisms are more central for the survival of C. glabrata should
guide us to find the most significant mechanisms to target as therapy.

C. glabrata’s capacity to form biofilms is one of the major problems in the clinical treatment of
C. glabrata infections. This yeast is able to develop biofilms on different types of medical devices, such
as vascular and urinary catheters or dentures [69], decreasing the changes of improvement of patients
that exhibit an already compromised immune system. Biofilms are also a strategy employed by
C. glabrata to survive within the human host, providing a protective environment for the yeast cells
colonizing host niches [242]. Chapter Il is a first attempt to go further and identify new regulators and
effectors of biofilm formation, highlighting how this process might be connected to virulence through
specific effectors involved in both processes.

With this purpose in mind, Chapter Il is focused on the specific nature of biofilm formation in
C. glabrata, from the first step of adhesion, either to an abiotic or biotic surface, until the development
of a mature biofilm, analysing the transcriptomic changes that occur during this complex process. This
work has shown how C. glabrata adheres very strongly to medical-related surfaces, similarly to other
pathogens, and much more strongly than what has been previously observed for Saccharomyces
cerevisiae [369]. This observation highlights the risk of using materials, like polystyrene, silicone
elastomer and polyvinyl chloride, in the fabrication of medical devices. Nevertheless, C. glabrata is also
able to adhere to human vaginal epithelial cells, exhibiting an adhesion profile similar to other
pathogens, such as Candida albicans and Pseudomonas aeruginosa [370], [371], which shows how
molecules from both human and yeast cells interact during the first moments of adhesion. This result
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strongly points out the incredible adherence capacity of this yeast applied during both biofilm formation
and development of virulence, correlated to the difficulty in the eradication of C. glabrata infections.

To further understand the continuous process of biofilm formation, a genetic screening was
employed to ascertain which C. glabrata predicted orthologs of C. albicans transcription factors
controlling biofilm formation, do have the same role in C. glabrata. This screening led to the identification
of CgEfg1 and CgTec1, which, together, are responsible for 40% of the total changes of transcriptome
that occur upon biofilm formation. It is quite incredible how C. glabrata changes half of its entire
transcriptome to form a biofilm, although the same process in C. albicans also results in major
transcriptomic changes [99]. Upregulation of adhesion and metabolic changes are the most significantly
altered processes occurring within biofilm formation, highlighting the importance of aggregation between
cells and adherence to the substrate and suggests that the cells are experiencing carbon and nitrogen
limitation, a typical feature of inner biofilm cells which are exposed to lower nutrient concentrations.
Moreover, the changes in metabolism may also be related to the production of EPS for the development
of an ECM.

From a detailed analysis of the function of CgEfg1 and CgTec1 in this work, it is possible to
conclude that both transcription factors regulate the metabolic changes during the continuous process
of biofilm formation, but only CgEfg1 controls the adherence process from the first seconds of surface
contact. CgEfg1 is most likely necessary for the adhesion of C. glabrata to biotic and abiotic surfaces,
due to the regulation it exerts over adhesin-encoding genes, having been found to activate
5 adhesin-encoding genes in planktonic conditions and 13 other, upon 24 h of biofilm formation. In fact,
one of the activated adhesins in planktonic conditions, by CgEfg1, is CgEpa6, which has been found to
be necessary for C. glabrata adhesion to hydrophobic surfaces [368], just as CgEfg1. It is thus very
likely that the necessary role of CgEfg1 in adhesion is the control of the expression of CgEPA6 and
other adhesin-encoding genes mediating adherence to the hydrophobic surfaces. The main processes
regulated by CgEfg1 and CgTec1 in C. glabrata biofilm formation are depicted in Figure IV.1.

Interestingly, upon 24h C. glabrata biofilm formation, activation of response to stress and drugs
is also observed. In fact, several MDR transporters were found to be upregulated upon biofilm formation:
CgSng2, CgAqgr1, CgTpo3, CgTpo1_2, CgQdr2 and the not previously characterized DHA transporter,
ORF CAGLOL10912g, now designated CgTpo4 in this thesis. Both CgEfg1 and CgTec1 were found to
be responsible for the activation of some of those MDR transporters and others. CgCdr2 and CgTpo1_2
are activated by both transcription factors while CgEfg1 also induces CgCdr1, CgSng2, CgTpo1_1, and
CgFlIr1, and CgTec1 activates CgTpo3 and CgQdr2. These results suggest MDR transporters are

involved in biofilm formation, besides antifungal and stress resistance.
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Figure IV.1. Regulation CgEfg1 and CgTec1 exert upon 24h of C. glabrata biofilm formation on polystyrene. Upregulation of ABC and MFS transporters and
adhesins, increased response to stress, changes in the metabolism that indicate yeast cells are suffering from carbon and nitrogen limitations.
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A recent work within our group has characterized several DHA transporters in light of their
possible role in biofilm formation, unraveling the unmistakable need for CgTPO1_2, CgQDR2, CgDTR1
and CgTPO4 genes for this process [316]. The absence of theses transporters was found to significantly
increased the membrane potential, indicating a role in the control of this potential by the transport of
small charged molecules, like cations and polycations [316]. It is thus very likely that MFS transporters,
as well as other MDR transporters, have a similar role to the bacterial MFS transporters, which by
controlling the uptake of certain nutrients, stimulate or not, the formation of bacterial biofilms [479]. In
fact, the absence of CgTPO1_2, CgQDR2, CgDTR1 and CgTPO4 genes have shown to decrease the
expression of certain adhesins in biofilm conditions, and, in turn, CgTec1 was also found to activate
CgQDR2, CgTPO4 and CgDTR1 genes at an early stage of biofilm formation [316]. This work has
confirmed the results of previous studies that have identified the importance of CgQdr2 [317] and
CgTpo1_2 [143] and identifies two new transporters, CgDtr1 and CgTpo4 necessary for biofilm
formation, whose roles are depicted in Figure 1V.2.

Interestingly, although having no role in antifungal resistance like other MFS transporters, CgDtr1
and CgTpo4 were also found to participate significantly in the virulence demonstrated by C. glabrata in
the G. mellonella model of infection, as Subchapters 11.2 and 1.3 give evidence of. Upon larvae infection,
C. glabrata was found to activate the expression of CgDTR1 gene to cope with the stress felt within the
larvae hemolymph and hemocytes, being also activated in vitro upon exposure to oxidative stress. In
Subchapter I1.2 , CgDtr1 is shown to be necessary for the full virulence of C. glabrata in the G. mellonella
model of infection, more specifically, being required for the normal proliferation of this yeast in the
hemolymph of the larvae, as well as inside the hemocytes, that have very similar functions to human
macrophages [389]. The importance of CgDtr1 in this proliferation was found to be related to its central
role in resisting oxidative and acidic stresses, which might also happen within the human host, specially
within macrophages and the vaginal tract known for their acidic environment [386], [396]. CgDtr1 role in
this resistance is related to its function as an acetate exporter, eliminating the acidic stress, and oxidative
stress caused by the first, within the yeast cell. CgDtr1 role is thus essential for C. glabrata fight against

the host immune system (Figure 1V.3).
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Figure IV.2. Transporters of the DHA family with a role in biofilm formation: CgDtr1, CgQdr2, CgTpo1_2 and CgTpo4 control the plasma membrane potential and affect the
perception of nutrient availability and control de expression of adhesin-encoding genes. CgDtr1 is also able to resist oxidative and acetic acid stress, while CgTpo4 is necessary

for the resistance against the AMP histatin-5.
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On the other hand, the contribution of CgTpo4 for virulence is further elucidated in
Subchapter 11.3, being related to the capacity of C. glabrata to resist AMP and polyamines. The
upregulation of the genes encoding AMP of G. mellonella, upon C. glabrata infection, show that this
larva does indeed use this defense mechanism to cope with C. glabrata infection. CgTpo4 is thus
necessary for the virulence of C. glabrata in the Galleria model of infection, fighting the AMPs used as
a first line of defense. The absence of this DHA transporter did not change the AMPs immune response
upon C. glabrata infection, indicating that CgTpo4 does not contribute for the identification of this yeast
by the Galleria immune system. Moreover, CgTpo4 was shown to be necessary for the resistance
against the human AMP, histatin-5, a defense against incoming microorganisms, especially fungi [431].
This role is also share by CgTpo1_1, in C. glabrata [143] and by CaFlu1, in C. albicans [427], indicating
that probably other members of the DHA family are also involved in the full protection of C. glabrata
against AMP of the human host, as well as other models of infection. In addition, CgTpo4 is another
TPO transporter found to have a role in the transport of polyamines, which is not so surprising since
AMP transport has been already linked to polyamine transport [417] (Figure IV.3). By controlling the
homeostasis of polycationic polyamines and entrance of H* inside the cell, CgTpo4 has also a role in
the regulation of the plasma membrane potential that we have described to be connected with its role
in biofilm formation [316].

These studies characterizing two new DHA transporters, increase the number of DHA encoding
genes in C. albicans, CaQDR1, CaQDR2 and CaQDR3 genes, and in C. glabrata, CgTPO1_1 and
CgTPO1_2 genes, contributing to the success of these pathogenic yeasts. The roles of all the members
of the DHA family in the transport of drugs, xenobiotics and inhibitory chemical compounds, is thus
intrinsically related to Candida species virulence, biofilm formation and antifungal resistance, making
them very interesting new drug targets for antifungal therapy.

In turn, Chapter Il collects two new studies focused on previously uncharacterized cell peripheral
proteins, which have very different functions within the yeast cell but that have been found to participate
in both azole resistance and biofilm formation. The study of such proteins resulted from a global analysis
whose main purpose was to induce azole resistance in a susceptible clinical isolate to unravel new
molecular mechanisms behind such development of resistance, connected to the clinical setting. This
ambition resulted from the observation that, although several azole resistant clinical isolates exhibit as
main resistance mechanisms the presence of GOF mutation in CgPdr1, there are others whose ability
to resist azole drugs remains unlinked to any known molecular mechanisms. Therefore, there’s a current
need to identify such molecular mechanisms, which may not be as frequent as CgPdr1 GOF mutations,

but that also represent part of the reason for the arise of azole resistant clinical isolates.
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Figure IV.3. Proposed role of CgDtr1 and CgTpo4 in C. glabrata’s virulence within G. mellonella model of infection. CgDtr1 is necessary for the survival within the
hemolymph and hemocytes due to a possible role as an acetate exporter, allowing the development of resistance towards oxidative and acetic acid stress. CgTpo4 is
necessary for the resistance against AMPs and polyamines (probable spermidine exporter), which allows the survival of C. glabrata within this model of infection. Both

transporters influence the potential of the plasma membrane.
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In the search for new molecular mechanisms of azole resistance, the 044 susceptible clinical
isolate was exposed to a therapeutic serum concentration of fluconazole and its evolution towards azole
resistance was followed. The isolate acquired resistance to four azole drugs: posaconazole,
clotrimazole, voriconazole and fluconazole. Upon the acquisition of posaconazole or clotrimazole
resistance, at days 21 and 31, respectively, no known molecular mechanisms were found to explain the
acquisition of resistance, except a small upregulation of CgCdr1 ABC transporter and of CgErg11 target
of azole drugs, respectively. Although the levels of ergosterol are maintained between the initial isolate
until the acquisition of clotrimazole resistance, it is possible that CgERG 11 upregulation helps keeping
the necessary levels of ergosterol for the survival of C. glabrata. Nevertheless, it is not totally responsible
for the observed resistance in 044Fluco31 evolved strain. The upregulation of the expression of several
adhesin-encoding genes upon the gain of clotrimazole resistance led to a screening for the possible role
of different adhesins in azole resistance, identifying CgEPA3 gene as required for the resistance to
different azole drugs, being necessary for less intracellular accumulation of [*H]clotrimazole. It is
possible that CgEpa3, and other adhesins, have an impact on azole resistance through their adhesive
function. By increasing the presence of adhesins on the cell wall, an increase of cell-to-cell aggregation
will occur, decreasing the contact area of each single yeast cell, turning the aggregate more protected
against the exposure to azole drugs (Figure 1V.4).

In fact, when CgEPAS3 gene is deleted in the 044Fluco31 evolved strain, it loses the ability to
resist fluconazole and clotrimazole. In addition to this important role, CgEpa3 was found also to be
necessary for biofilm formation, a not so surprising role for an adhesin. Once again, a new molecular
mechanism with high relevance in two major processes in C. glabrata was found, revealing how some
mechanisms participate in different resources employed by C. glabrata for its survival in the human host.

If we continue along the evolution of our initially susceptible clinical isolate, we reach the point
upon which the isolate acquires resistance to, not only posaconazole and clotrimazole, but also to
voriconazole and fluconazole. At this time point, a mutation in CgPdr1 is observed, accompanied by the
upregulation of MDR transporters, indicating a possible new GOF mutation in this transcription factor.
Moreover, the number of genes differently expressed decreases throughout this evolution, indicating
that the C. glabrata clinical isolate progresses to a more simple and effective solution for displaying
azole resistance.

Interestingly, it is upon that final evolved strain, that it is possible to observe a slight upregulation
of the ORF CAGL0G01738g, similar to the PIL1 gene in S. cerevisiae, that prompted us to investigate
CgPil2 within the scope of azole resistance. This study shows that CgPil2_GFP protein is localized in a
punctuated pattern just like eisosome components in C. albicans and S. cerevisiae [465], [472], [473].
This eisosome component was found to be necessary for imidazole resistance, being necessary to
decrease the intracellular accumulation of [*H]clotrimazole. Further analysis of the function of CgPil2
unravelled its importance in lipid homeostasis at the plasma membrane. Upon deletion of CgPIL2 gene,
differences on the concentration and distribution of sphingolipids and ergosterol on the plasma
membrane were observed, as well as an increase in the total level of ergosterol. Although it is not yet
fully understood how, alterations in sphingolipid and ergosterol composition have been linked to the

components of eisosomes in S. cerevisiae [476], [477] [477], [478]. The control CgPil2 exerts on the
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homeostasis of lipids at the plasma membrane may itself explain the importance of this component of
eisosomes in azole resistance, since changes in azole accumulation depend on the drug partitioning
across the plasma membrane. Nevertheless, by changing the lipid content at the plasma membrane,
CgPil2 may be indirectly influencing the distribution and presence of given MDR transporters at the
plasma membrane. In fact, the absence of ScPil1 leads to a decrease of the presence of CgCdr1 and
CgQdr2 when expressed in S. cerevisiae, which suggests that the same effect may happen in
C. glabrata. However, the possible effect CgPil2 may have on CgQdr2 and CgCdr1 presence on the
plasma membrane, does not happen at the transcription level (Figure IV. 4).

Interestingly, CgPil2, just like CgEpa3, was found to be necessary for biofilm formation. The role
of CgPil2 in the lipid homeostasis, possibly affecting MDR transporters, may also be the reason behind
its importance for biofilm formation. In fact, CgQdr2 is one of the MFS-DHA transporters found to be
necessary for the control of the plasma membrane potential, influencing the formation of biofilms in
C. glabrata (Figure IV.2). It seems likely that CgPil2 importance in azole resistance and biofilm formation
is indirect, acting through the regulation of lipids on the plasma membrane, which, in turn, influence the
membrane localization of MDR transporters.

Chapter 1l reunites evidences that unknown players are yet to be found regarding azole
resistance in C. glabrata, especially in the clinical setting where several azole resistant isolates with
unknown mechanisms of resistance are still found. Only when a full understanding of all the mechanisms
of resistance is available, it will be possible to design more efficient therapeutic strategies to account for
all possible scenarios.

The data gathered through this thesis also raises a number of important questions and
perspectives for future work. For instance, regarding Subchapter 1.1, it would be interesting to perform
chromatin immunoprecipitation (ChlP)-sequencing to ascertain the direct target genes of the two new
regulators of biofilm formation in C. glabrata, CgEfg1 and CgTec1. This would as well confirm the role
of CgEfg1 and CgTec1 as main regulators of biofilm formation, giving additional information about new
essential players in this complex process. Studies about the influence of CgEfg1 and CgTec1 on the
formation and composition of the ECM would also be helpful to delineate which parts of biofilm formation
these regulators are responsible for. Furthermore, it would be important to ascertain the significance of
these regulators for biofilm formation in vivo, which could be performed using bioluminescence imaging
in mouse models in vivo, avoiding host sacrifice [480]. And it would also be interesting to assess the
possible role of CgEfg1 and CgTec1 in antifungal resistance of C. glabrata biofilms, given the
upregulation of so many MDR transporters upon 24h of biofilm development.

Moreover, in Subchapters 11.2 and 11.3, it would be also interesting to test the results obtained in
another model of infection to further ascertain the role of this MFS transporters in virulence and biofilm
formation. Mouse models with in vivo catheter conditions would be ideal to assess the importance of
these transporters in both processes. Given the importance of CgDtr1 for C. glabrata resistance in
hemocytes of G. mellonella, it would be important to test if this role is maintained upon the interaction
of C. glabrata with human monocytes. In the case of CgTpo4, further studies should be performed to
assess its role in virulence and biofilm formation, in a vaginal/urogenital and oral models of infection,

where polyamines and antimicrobial peptides are usually found, and encountered by this pathogenic
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yeast in vivo [426], [481]. It would also enhance this work, the testing of the importance of CgTpo4
against more human AMPs, and observe their effect upon C. glabrata biofilm formation. These
complementary works would link undoubtedly the role of these transporters to the virulence and biofilm
formation of C. glabrata.

Regarding Chapter lll, it would be important to ascertain if the upregulation of these new
determinants is also present in resistant clinical isolates to validate their importance in the clinical setting.
Specifically, in Subchapter 111.2, the sphingolipid and ergosterol distribution results should be
complemented with the quantification of the signal-staining by flow cytometry, for the C. glabrata wild-
type and Acgpil2 deletion mutant. It would be important to overexpress CgCDR1 and CgQDR2 genes
in the Acgpil2 deletion mutant, so that we could observe if these transporters also suffer changes in
their localization upon the absence of CgPIL2 in C. glabrata, as was observed in S. cerevisiae upon the
absence of ScPil1. In addition, a western-blot analysis should be performed to quantify the expression
of these transporters, CgCdr1 and CgQdr2, on the plasma membrane, upon the loss of this eisosome
component, in C. glabrata. These experiments would confirm our hypothesis that CgPil2 influences
azole resistance and biofilm formation, by influencing the correct localization and, eventually, expression
of MDR transporters. Moreover, given that the upregulation of CgPIL2 in the resistant evolved strain
was accompanied by a possible GOF mutation in CgPdr1, it would be interesting to assess the possible
role of this regulator in the control of expression of CgPIL2 gene. Given the importance of both CgEpa3
and CgPil1 in biofilm formation, it would be relevant to assess if these determinants may also play a role
in C. glabrata virulence, which would turn them in even more promising drug targets. This could be
initially evaluated in the G. mellonella model of infection and further confirmed on mouse models.

Overall, this thesis presents the identification of two new regulators of biofilm formation, CgEfg1
and CgTec1, as well as four new effectors in biofilm formation: CgDtr1, CgTpo4, CgEpa3 and CgPil1,
the first two involved in virulence, and the last two implicated in azole resistance. It is fascinating to
observe that all new players from both Chapter Il and Chapter Ill studied herein are involved in biofilm
formation. Besides highlighting this process as a key function for C. glabrata success, this thesis also
indicates that still a lot is yet to be uncovered regarding biofilm formation in this pathogen. Furthermore,
this thesis gives support to the notion that there are central mechanisms that allow the success of this
pathogenic yeast infecting the human host and that such molecular mechanisms contribute to
understand how C. glabrata is effective in responding to different situations, using the same effectors.
This effectiveness should be used against it, designing new therapeutic strategies to target these vital

central mechanisms.
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Figure IV.4. Role of CgEpa3 and CgPil1 in biofilm formation and azole resistance. CgEpa3 allows adhesion for biofilm formation and promotes
aggregation which is believed to decrease the exposure to azole drugs. CgPil1 controls lipid homeostasis influencing the localization of MDR transporters
important for both biofilm formation and azole resistance, like CgQdr2.
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Table SII.1. List of primers used in this study.

Name

Sequence (5’-3’)

CgEFG1 gene cloning

PGREG_CgEFG1_Fw/

GAATTCGATATCAAGCTTATCGATACCGTCGACAATGTCTGAAAGAGAATTGCCTG

PGREG_CgEFG1_
Rv

GCGTGACATAACTAATTACATGACTCGAGGTCGACTTACATGTGGTGATGTATTTGG

CgTEC1 gene cloning

PGREG_CgTEC1_Fw

GAATTCGATATCAAGCTTATCGATACCGTCGACAATGACTGTCTCAAATGACAGCT

pGREG_CgTECT_R
14

GCGTGACATAACTAATTACATGACTCGAGGTCGACTCAGTTGGACTGAATACCTTGC

PGREG576 GAL1-to-PDCI promoter replacement

pGREG_PDC1_Fw

TTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTAGCATTTTTATACACGTTTTAC

pGREG_PDC1_Rv

GAAAAGTTCTTCTCCTTTACTCATACTAGTGCGGCTGTTAATGTTTTTTGGCAATTG

PGREG576 GAL1-to-MT-I promoter replacement

PGREG_MT-l_Fw

TTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCTGTACGACACGCATCATGTGGCAATC

PpGREG_MT-I_Rv

GAAAAGTTCTTCTCCTTTACTCATACTAGTGCGGCTGTGTTTGTTTTTGTATGTGTTTGTTG

Deletion of CQEFG1, CgTEC1

ACQEFG1_Fw GGAGCAGGGAGTTACTGGTTAATGAGCGTAGACTTGAACTGAAAAGAAAATGTGCGGGCCGCTGATCACG
ACgEFG1_Rv AACAATTCATTATGTTATACAATGGTACATAGCGATTCATTACGAATATTAAGTTACATCGTGAGGCTGG
ACgTEC1_Fw AAGAGTACTAATACACATCGTACTCCCCCCCACAAATAACGCCCTCAATCTATATTGGCCGCTGATCACG
TCAGCAAAACATTTCTGCAGAAAAAATAAAAATGTAGCATTCCTACATCTCTCTCACATCGTGAG
ACQTEC1_Rv
GCTGG
ACQEFG1_Fw_conf | GCCTGGATACACATACTTAC
ACQEFG1_Rv_conf | AACAGTAACTCCGTTGTG

ACgTEC1_Fw_conf

GACAGCTCGGTATCAGATAGGT

ACgTEC1_Rv_conf

GTGGAGATGATGCTTTCGAAGA

RT-PCR experiments

CgACT1_Fw AGAGCCGTCTTCCCTTCCAT
CgACT1_Rv TTGACCCATACCGACCATGA
CgAWP13_Fw TTAATATCTTGCTGGGCTTTTGG
CgAWP13_Rv AGCGTAGCACTGTCTATGATTATTTCTT
CgPWP5_Fw GGCTGGCTTTCGTGCAATA
CgPWP5_Rv CGACGGACCCTTGTAAGATTGT
CgAED2_Fw AAAGCCTCAATGGTATGACAGAAGAC
CgAED2_Rv CAGATGAATTTTGGAATGGGAAA
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Figure SllI.2. Comparison of C. glabrata wild-type KUE100 strain interaction with surface materials and human vaginal epithelial VK2/EGE7 cells,
with 5 s of contact time. Average of the a maximal adhesion force, b work of adhesion and ¢ rupture distance measured on each retraction curve.
d Representative force-distance curves of the interaction with glass (black), polystyrene (red), silicone elastomer (blue) and polyvinyl chloride
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Table SlI.2. Differently expressed genes upon C. glabrata 24 h biofilm formation on polystyrene comparatively to
planktonic conditions, organized by GO term, with respective ID, log. fold-change, name, definition, and respective
orthologs in C. albicans and S. cerevisiae.
https://docs.google.com/spreadsheets/d/1buV_1b31fLjc mLIHWyo37gmdVIUp6UWHIr60YmyqgBg/edit?usp=shari

ng

Ergosterol biosynthesis Nitrogen metabolism Peroxisome biogenesis and organization
0 ()
% % 1% Mitochondrion organization
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Cofactor and vitamin metabolism 1% Intracellular trafficking

1% 3%

Nucletide metabolism
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Cell wall organization
3%

Aminoacid metabolism
4%

Protein metabolism

3% Carbon an

Lipid metabolism
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Adhesion and biofilm formation
2%

Virulence
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1%
Cellular ion homeostasis
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DNA metabolism and
repair
4%

Response to stress
5%

Figure SII.3. Categorization and frequency of the genes upregulated in C. glabrata cells upon 24 h of biofilm
growth, given by the KUE100 wild-type cells grown in biofilm in relation to KUE100 wild-type cells grown in
planktonic conditions, based on the biological process taxonomy of gene ontology (p value<0.05).

Table SII.3. Differently expressed genes in Acgefg? deletion mutant at 24 h biofilm formation on polystyrene,
comparatively to the parental strain KUE100 in the same conditions, organized by GO term, with respective ID, loga
fold-change, name, definition, and respective orthologs in C. albicans and S. cerevisiae.
https://docs.google.com/spreadsheets/d/1ZvMSTQPeemm5JgRwjGIPkl xevgcbwYhoPC4jJ2enll/edit?usp=sharin
9

Table Sll.4. Differently expressed genes in Acgtec? deletion mutant at 24 h biofilm formation on polystyrene,
comparatively to the parental strain KUE100 in the same conditions, organized by GO term, with respective ID, loga
fold-change, name, definition, and respective orthologs in C. albicans and S. cerevisiae.
https://docs.google.com/spreadsheets/d/1Y2yAlaWZSAodhopSBHYi1GNKTKuy3ciNiTjyL gH3PM/edit?usp=shar
ing
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Figure SII.5. Categorization and frequency of the genes upregulated by CgEfg1 upon biofilm growth in C. glabrata,
given by the Acgefg1 deletion mutant cells in relation to KUE100 wild-type cells grown in biofilm, based on the
biological process taxonomy of gene ontology (p-value<0.05).
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Figure SIl.4. Categorization and frequency of the genes upregulated by CgTec1 upon biofilm growth in
C. glabrata, given by the Acgtec1 deletion mutant cells in relation to KUE100 wild-type cells grown in biofilm,
based on the biological process taxonomy of gene ontology (p-value<0.05).

Table SII.5. Adhesin-encoding genes activated upon C. glabrata KUE100 biofilm formation versus planktonic
growth, repressed upon the absence of CgEFG1 and CgTEC1 genes upon C. glabrata planktonic growth and
biofilm formation.

https://docs.google.com/spreadsheets/d/1rilrToyXrMRm_ BCdaVO0pyITfvi6VsY5yoGpciMJdB _k/edit?usp=sharing
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