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A B S T R A C T   

C. glabrata is an opportunistic fungal pathogen and the second most common cause of opportunistic fungal in
fections in humans, that has evolved virulence factors to become a successful pathogen: strong resistance to 
oxidative stress, capable to adhere and form biofilms in human epithelial cells as well as to abiotic surfaces and 
high resistance to xenobiotics. Hst1 (a NAD+-dependent histone deacetylase), Sum1 (putative DNA binding 
protein) and Rfm1 (connector protein) form a complex (HRS-C) and control the resistance to oxidative stress, to 
xenobiotics (the antifungal fluconazole), and adherence to epithelial cells. Hst1 is functionally conserved within 
the Saccharomycetaceae family, Rfm1 shows a close phylogenetic relation within the Saccharomycetaceae family 
while Sum1 displays a distant phylogenetic relation with members of the family and is not conserved func
tionally. CDR1 encodes for an ABC transporter (resistance to fluconazole) negatively controlled by HRS-C, for 
which its binding site is located within 223 bp upstream from the ATG of CDR1. The absence of Hst1 and Sum1 
renders the cells hyper-adherent, possibly due to the overexpression of AED1, EPA1, EPA22 and EPA6, all 
encoding for adhesins. Finally, in a neutrophil survival assay, HST1 and SUM1, are not required for survival. We 
propose that Sum1 in the HRS-C diverged functionally to control a set of genes implicated in virulence: 
adherence, resistance to xenobiotics and oxidative stress.   

1. Introduction 

To establish a successful infection within the host, microbial patho
gens must be capable of evading the host’s immune response and rapidly 
adjust to the new environment. For colonization and persistence, path
ogens have evolved virulence factors to detect and respond to the new 
conditions: a robust oxidative stress response to evade and survive the 
attack of phagocytic cells, adherence to host epithelial cells and biofilm 
formation and recently, resistance to human designed antifungal drugs. 

Candida glabrata is the second most common cause of opportunistic 
fungal infections in humans and C. glabrata infections have increased in 
the last decade (Pfaller et al., 2014). As other pathogens, C. glabrata has 
also evolved virulence factors to avoid host defenses and favor a suc
cessful infection. For example: multidrug resistance (Orta-Zavalza et al., 
2013; Sanglard et al., 1999), a strong resistance to oxidative stress 
(Cuéllar-Cruz et al., 2008; Roetzer et al., 2011, 2010), the ability to 
evade killing by macrophages (Seider et al., 2011), adherence to host 

epithelial cells and biofilm formation (Castaño et al., 2005; Cormack 
et al., 1999; Redding et al., 2003; Timmermans et al., 2018). The 
expression of these virulence factors is tightly regulated according to the 
changing environment within the host. 

The multidrug resistance in C. glabrata is controlled by the tran
scription factor Pdr1 that induces the expression of the ABC transporter 
genes (CDR1 and CDR2, among others) (reviewed in Ferrari et al., 2009; 
Morschhäuser, 2010; Moye-Rowley, 2019; Whaley and Rogers, 2016). 
Pdr1 is activated in the presence of the antifungal fluconazole (FLC) by 
the direct binding of FLC to the Pdr1 xenobiotic binding domain (XBD) 
(Thakur et al., 2008). Activated Pdr1 induces the expression of the ABC 
transporters that extrude FLC out of the cell (Lamping et al., 2010; 
Vermitsky et al., 2006). The oxidative stress response in C. glabrata is 
regulated by the transcription factors Yap1, Skn7, Msn2 and Msn4. In 
the presence of oxidative stress, these transcription factors positively 
control the expression of genes encoding antioxidant enzymes such as 
superoxide dismutases (SOD1 and SOD2), catalase (CTA1), sulfiredoxin 
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(SRX1) and peroxiredoxins (TSA1 and TSA2), as well as the synthesis of 
glutathione and thioredoxin (Briones-Martin-del-Campo et al., 2015; 
Cuéllar-Cruz et al., 2008; Gutiérrez-Escobedo et al., 2020, 2013; Juárez- 
Cepeda et al., 2015; Roetzer et al., 2011; Saijo et al., 2010; Seider et al., 
2014). Adherence to host epithelial cells is mediated by cell wall pro
teins encoded by the EPA gene family. Almost all EPA genes are located 
at subtelomeric regions and their expression is negatively controlled by 
chromatin-based subtelomeric silencing. Subtelomeric silencing de
pends on the activity of NAD+-dependent histone deacetylase Sir2, the 
founder member of the sirtuins (Cormack et al., 1999; De Las Peñas 
et al., 2003; Domergue et al., 2005). Interestingly, EPA1 is activated by 
Pdr1 carrying a gain of function mutation (Vale-Silva et al., 2013, 2016), 
EPA2 is induced by Yap1 and Skn7 in the presence of oxidative stress 
(Juárez-Cepeda et al., 2015) and EPA6, EPA20, EPA22 are negatively 
controlled by Hst1 a NAD+-dependent histone deacetylase (Domergue 
et al., 2005; Ma et al., 2009). Given that Hst1 is inactive in the absence of 
NAD+, Hst1 regulates its own activity by controlling the expression of 
genes encoding high affinity niacin (precursor of NAD+) transporters 
(TNA1, TNR1 and TNR2), required to maintain homeostasis of NAD+ in 
the cell, thus controlling indirectly the expression of almost all EPA 
genes under subtelomeric silencing (Ma et al., 2009). In addition, Hst1 
negatively controls the expression of PDR1 and CDR1 for multidrug 
resistance and of MSN4 and CTA1 for oxidative stress (Orta-Zavalza 

et al., 2013). Consistent with the genetic analysis Hst1, Sum1 (putative 
DNA binding protein) and Rfm1 (connector protein) physically interact 
forming a complex (HRS-C) (Orta-Zavalza et al., 2013). 

C. glabrata is closely related phylogenetically to the non-pathogenic 
yeast Saccharomyces cerevisiae and has been classified in the genus 
Nakaseomyces within the glabrata group (Gabaldón et al., 2013). In spite 
of their phylogenetic relationship, there are clear specific genetic dif
ferences (Herrero, 2005). For example, C. glabrata compared to 
S. cerevisiae is highly resistant to oxidative stress and to xenobiotics and 
is capable to adhere to human epithelial cells. In particular, the HRS-C in 
S. cerevisiae negatively controls the expression of mid-sporulation genes 
(MMG) during vegetative growth. Even though Sum1 DNA binding 
domain has not been described, it has been proposed that Sum1 binds to 
the MME (medium meiosis element), cis elements present in the MMG 
promoters, recruits Hst1 and prevents the access of the transcription 
activator Ndt80 (Piekarska et al., 2010). Sum1 is inactivated by phos
phorylation dependent on the kinase Ime2 (Pak and Segall, 2002). 
Despite C. glabrata not having a sexual cycle, with no meiosis or spor
ulation, Hst1 controls the expression of orthologous genes implicated in 
mid-sporulation (Ma et al., 2009). Interestingly, Hst1 also controls the 
response to oxidative stress, multidrug resistance and adherence, genes 
implicated in virulence (Ma et al., 2009; Orta-Zavalza et al., 2013). 
These data suggest that the CgHRS-C could be a central regulator of 

Table 1 
Strains used in this work.  

Escherichia coli strain 

Strain Genotype Reference 

DH10 F- mcrA Δ (mrr-hsdRMS-mcrBC) F80 ΔlacZ ΔM15 ΔlacX74 deoR recA1 endA1 araD139 Δ (ara,leu)7697 galU galK l- rpsL nupG (Calvin and Hanawalt, 1988)  

Saccharomyces cerevisiae and Lachancea kluyveri strains 

Strain Genotype Reference 

Saccharomyces cerevisiae MATα his3Δ 1, leu2Δ 0, lys2Δ 0, ura3Δ 0 (Brachmann, 1998) 
Lachancea kluyveri Wild type NRRL Y-12651 (Kurtzman, 2003)  

Candida glabrata strains 

Strain Parental Genotype Reference 

BG2 Clinical Isolate  (Cormack and Falkow, 1999) 
BG14 BG2 ura3Δ::Tn903 G418R (Cormack et al., 1999) 
BG676 sir3 Δ BG14 ura3Δ::Tn903 G418R sir3 Δ (De Las Peñas et al., 2003) 
CGM84 hst1Δ BG1073 ura3Δ::Tn903 G418R hst1Δ (Orta-Zavalza et al., 2013) 
CGM673 sum1Δ BG14 ura3Δ::Tn903 G418R sum1Δ::hph HygR (Orta-Zavalza et al., 2013) 
BG1073 hst1Δ BG14 ura3Δ::Tn903 G418R hst1Δ::hph HygR (Domergue et al., 2005) 
CGM1094 pdr1Δ BG14 ura3Δ::Tn903 G418R pdr1Δ::hph HygR (Orta-Zavalza et al., 2013) 
CGM1232 sum1Δ CGM673 ura3Δ::Tn903 G418R sum1Δ (Orta-Zavalza et al., 2013) 
CGM1605 CGM84 ura3Δ::Tn903 G418R HST1 reconstituted (Orta-Zavalza et al., 2013) 
CGM1611 CGM1232 ura3Δ::Tn903 G418R SUM1 reconstituted (Orta-Zavalza et al., 2013) 
CGM943 BG14 ura3Δ::Tn903 G418R rfm1Δ::NatMX4 NatR (Orta-Zavalza et al., 2013) 
CGM1234 rfm1Δ CGM943 ura3Δ::Tn903 G418R rfm1Δ (Orta-Zavalza et al., 2013)  

Strains for heterologous complementation 

CGM3148 CGM1232 ura3Δ::Tn903 G418R sum1Δ::LkSUM1 This work 
CGM3192 CGM1232 ura3Δ::Tn903 G418R sum1Δ::ScSUM1 This work 
CGM3935 CGM84 ura3Δ::Tn903 G418R hst1Δ::ScHST1 This work  

Strains carrying plasmids with GFP transcriptional fusions 

CGM514 BG14 ura3Δ::Tn903 G418R pMC14 (pGFP::3′UTRCTA1) (Gutiérrez-Escobedo et al., 2020) 
CGM3756 BG14 ura3Δ::Tn903 G418R CDR1::pPCDR1::GFP::3′UTRCDR1 This work 
CGM3758 CGM84 hst1Δ ura3Δ::Tn903 G418R CDR1::pPCDR1::GFP:: 3′UTRCDR1 hst1Δ This work 
CGM3760 sum1Δ CGM1232 ura3Δ::Tn903 G418R CDR1::pPCDR1::GFP::3′UTRCDR1 sum1Δ This work 
CGM3778 pdr1Δ CGM1094 ura3Δ::Tn903 G418R CDR1::pPCDR1::GFP::3′UTRCDR1 pdr1Δ This work 
CGM1923 BG14 ura3Δ::Tn903 G418R pCV37 (pPCDR1::GFP:: 3′UTRCDR1) Ura+ (Gutiérrez-Escobedo et al., 2020) 
CGM4067 rfm1Δ CGM1234 ura3Δ::Tn903 G418R CDR1::pPCDR1::GFP::3′UTRCDR1 rfm1Δ clone 1 This work 
CGM4068 rfm1Δ CGM1234 ura3Δ::Tn903 G418R CDR1::pPCDR1::GFP::3′UTRCDR1 rfm1Δ clone 2 This work 
CGM4069 rfm1Δ CGM1234 ura3Δ::Tn903 G418R CDR1::pPCDR1::GFP::3′UTRCDR1 rfm1Δ clone 3 This work  

Strains tagged with FLAG or cMyc 
CGM934 CGM823 ura3Δ::Tn903 G418R HST1-cMyc13 (Orta-Zavalza et al., 2013) 
CGM982 CGM934 ura3Δ::Tn903 G418R HST1-cMyc13 SUM1-FLAG::hph HygR (Orta-Zavalza et al., 2013) 
CGM1294 CGM982 ura3Δ::Tn903 G418R HST1-cMyc13 SUM1-FLAG::hph HygR rfm1Δ::NatMX4 NatR (Orta-Zavalza et al., 2013) 
CGM1340 BG14 ura3Δ::Tn903 G418R SUM1-FLAG::hph HygR (Orta-Zavalza et al., 2013)  

N. Vázquez-Franco et al.                                                                                                                                                                                                                      



Fungal Genetics and Biology 159 (2022) 103656

3

stress response genes. 
In this work, we show that Hst1 and Rfm1 are conserved within the 

Saccharomycetaceae family and are not present in the Candida/Lodder
omyces clade. Sum1 shows a distant phylogenetic relationship between 
the glabrata group and other members of the Saccharomycetaceae family. 
Consistent with the phylogenetic analysis, ScSUM1 does not comple
ment CgSUM1. We propose that CgSum1 evolved to redirect the HRS-C 
to control an additional set of genes in C. glabrata. HRS-C negatively 
controls the expression of CDR1 by binding within 223 bp upstream 
from the ATG of CDR1. C. glabrata cells lacking Hst1 and Sum1 become 
hyper-adherent possibly due to the overexpression of AED1, EPA1, 
EPA22 and EPA6. Furthermore, in a neutrophil survival assay, neither 
HST1 nor SUM1 are required for survival. In summary, we show that the 
HRS-C diverged functionally to control a different set of genes impli
cated in virulence: adherence, resistance to xenobiotics and oxidative 
stress. 

2. Materials and methods 

2.1. Strains 

All strains used in this study are described in Table 1. 

2.2. Plasmids 

All plasmids used in this work are described in Table 2. 

2.3. Primers 

All primers used in this study are described in Table 3. 

2.4. Media and growth conditions 

Yeast media were prepared as described previously (Gutiérrez- 
Escobedo et al., 2020). 2 % agar (Thermo Fisher ScientificTM) was added 
for plates. Yeast Extract-Peptone-Dextrose (YPD) medium contained 10 
g/L yeast extract, 20 g/L peptone (Thermo Fisher Scientific™) and 
glucose 2% (J.T.Baker®). Synthetic Complete medium (SC) contained 
yeast nitrogen base without (NH4)2 SO4 at 1.7 g/L, (NH4)2 SO4 at 5 g/L, 
0.6 % casamino acids (BD - Difco™), 2% glucose and when needed 
supplemented with Fluconazol (Pfizer®). All yeast cultures were grown 
for 48 h at 30◦C. Bacterial cultures were grown overnight at 30◦C. 
Bacterial medium is Luria–Bertani medium (LB): 10 g/L NaCl (Sigma 
Aldrich®), 10 g/L peptone and 5 g/L yeast extract. LB media was sup
plemented with 1.5% agar for plates and if required with 50 µg/ml of 
carbenicillin (Invitrogen). 

2.5. Plasmid construction 

All fragments for plasmid constructs were generated by PCR and for 
the heterologous complementation experiments, fusion PCR was per
formed as previously described (Baudin et al., 1993) using genomic DNA 
from S. cerevisiae BY4742 or L. kluyveri NRRL Y-12651 as templates. All 
PCR products were purified before cloning using Qiagen® Gel Extrac
tion Kit. For the C. glabrata heterologous complementation experiment 
with a) HST1, the intergenic region between CgRTG1 and CgHST1 con
taining the promoter of CgHST1 was fused with ScHST1 ORF and 
CgHST1 3′UTR and b) SUM1, the intergenic region between CgTFB1 and 
CgSUM1 containing the promoter of CgSUM1 was fused with ScSUM1 
ORF or LkSUM1 ORF and CgSUM1 3′UTR. All fragments were cloned in 
the integrative plasmid Prs306. Plasmids are as follows pPCgHST1:: 
ScHST1::3′UTRCgHST1, pPCgSUM1::ScSUM1::3′UTRCgSUM1, and pPCgSUM1:: 
LkSUM1::3′UTRCgSUM1. To construct the transcriptional fusion between 
GFP and CDR1, the fragments containing the intergenic region between 
SPT7 and CDR1 carrying the promoter of CDR1 and the 3′UTR of CDR1 
were cloned in the integrative plasmid pAP668: pPCDR1:: 
GFP::3′UTRCDR1. All plasmid constructs were introduced into Escherichia 
coli DH10 by electroporation (Ausubel, 1992). All plasmids were puri
fied and sequenced from E. coli DH10 using the Qiagen® Plasmid Kit 
QIAprep. 

2.6. Strain construction 

The hst1Δ mutant strain was transformed with linearized pPCgHST1:: 
ScHST1::3′UTRCgHST1 digested with Hind III site present in 
3′UTRCgHST1. sum1Δ mutant strain was transformed with linearized 
pPCgSUM1::ScSUM1::3′UTRCgSUM1 digested with Mfe I site present in 
3′UTRCgHST1 and linearized pPCgSUM1::LkSUM1::3′UTRCgSUM1 digested 
with Pac I site present in the PCgHST1. BG14 parental strain, hst1Δ, pdr1Δ, 
rfm1Δ, and sum1Δ were transformed with linearized pPCDR1:: 
GFP::3′UTRCDR1 digested with BstE II site present in the 3′UTRCDR1. All 
plasmids were integrated in their cognate site and verified with locus- 
specific genomic primers. 

Table 2 
Plasmids used in this study.  

Plasmid Relevant genotype Reference 

Cloning vectors 
pRS306 pBluescript, URA3 (Sikorski and Hieter, 1989) 
pMB11 Cloning vector sacB counterselection 

CmR ori p15A 
(Briones-Martin-del-Campo 
et al., 2015; Gallegos-Garcia 
et al., 2012) 

pAP668 GFP cloned in pRS306 for 
transcriptional fusions. URA3 
Integrative vector ApR 

(Gutiérrez-Escobedo et al., 
2020)  

Plasmids for heterologous complementation 
pVF27 A 4.87 kb BamH I/Sal I PCR fusion 

fragment (primers 859/860) carrying 
the promoter (0.83 kb PCR fragment, 
primers 859/1006) and 3′UTR (0.84 kb 
PCR fragment, primers 1009/860) of 
CgSUM1, and ScSUM1 ORF (3.19 kb 
PCR fragment, primers 1007/1008) 
cloned in pRS306 [pPSUM1:: 
ScSUM1::3′UTRSUM1]. URA3 CgCEN 
ARS ApR 

This work 

pVF31 A 4.37 kb BamH I/Sal I PCR fusion 
fragment (primers 859/860) carrying 
the promoter (0.83 kb PCR fragment, 
primers 859/1012) and 3′UTR (0.84 kb 
PCR fragment, primers 1015/860) of 
CgSUM1, and LkSUM1 ORF (2.70 kb 
PCR fragment, primers 1013/1014) 
cloned in pRS306 [pPSUM1:: 
LkSUM1::3′UTRSUM1]. URA3 CgCEN 
ARS ApR 

This work 

pVF73 A 3.32 kb Sac II/Xho I PCR fusion 
fragment (primers 2514/789) carrying 
the promoter (0.82 kb PCR fragment, 
primers 2514/2515) and 3′UTR (1.03 
kb PCR fragment, primers 2516/789) of 
CgSUM1, and ScHST1 ORF (1.51 kb, 
primers 2512/2513) cloned in pRS306 
[pPHST1::ScHST1::3′UTRHST1]. URA3 
CgCEN ARS ApR 

This work  

Plasmids for transcriptional fusions with GFP 
pCV37 Transcriptional fusion between CTA1 

and GFP [pPCTA1::GFP::3′UTRCTA1 ] 
URA3 CgCEN ARS ApR 

(Gutiérrez-Escobedo et al., 
2020) 

pVF65 A 0.60 kb Kpn I/Sal I PCR fragment 
(primers 2494/2495) carrying the 
promoter and a 0.97 kb BamH I/Sac I 
PCR fragment (primers 2496/2497) 
carrying the 3′UTR of CgCDR1 cloned in 
pAP668 [pPCDR1::GFP::3′UTRCDR1]. 
URA3 CgCEN ARS ApR 

This work  
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2.7. Yeast transformation 

Yeast transformation was performed using the lithium acetate pro
tocol as described previously (Castaño et al., 2003). All transformants 
were selected on SC-Ura plates and incubated at 30◦C. 

2.8. Phylogenetic and evolution analysis 

The Hst1, Rfm1 and Sum1 orthologous sequences were searched in 
Candida Genome Database (http://www.candidagenome.org/, CGD 
Copyright © 2004–2017 The Board of Trustees, Leland Stanford Junior 
University; Skrzypek et al., 2017), Genome Resources for Yeast Chro
mosomes (http://gryc.inra.fr/; GRYC © INRA 2013–2015), PhylomeDB 
(http://phylomedb.org/; Comparative Genomics Group; Huerta-Cepas 
et al., 2011), Yeast Genome Order Browser (http://ygob.ucd.ie/, YGOB 
© Kevin Byrne-Wolfe Laboratory; Byrne and Wolfe, 2005), and NCBI 
(https://www.ncbi.nlm.nih.gov/, National Center for Biotechnology 
Information, U.S. National Library of Medicine). In addition, a BLAST 
search for similar sequences was made within the Saccharomycetales. 
Sequences were retrieved from 29 species (Table 4). The orthologous 
sequences were analyzed using ClustalW (Higgins et al., 1996; Larkin 

et al., 2007) and MUSCLE (Edgar, 2004) with MEGA v7 program (Kumar 
et al., 2016). All alignments were edited with PhyDE® (Phylogenetic 
Data Editor, http://www.phyde.de/) and analyzed with statistical se
lection of amino acids substitution models with ModelFinder (Kalyaa
namoorthy et al., 2017) with AIC, corrected AIC and BIC criteria. 
Phylogenetic and molecular evolution analysis was done with MEGA v7 
(Kumar et al., 2016) (Neighbor-Joining method) and IQ-TREE server 
(Maximum Likelihood) (Trifinopoulos et al., 2016). The Neighbor-Joining 
analysis was done with JTT substitution model with 1000 replication 
bootstrap and Gamma distribution. These results were used to perform 
the maximum likelihood analysis with the model substitution of LG + F 
+ R5 (Hst1) and JTT + F + I + G4 (Rfm1 and Sum1) with ultrafast 
bootstrap of 1000 replications in agreement with the ModelFinder se
lection results (Minh et al., 2013). The percentage of identity and sim
ilarity of Hst1, Rfm1, and Sum1 between C. glabrata and S. cerevisiae was 
done by ClustalW alignment (Higgins et al., 1996; Larkin et al., 2007) 
with the MacVector program (Accelrys). 

2.9. Fluconazole sensitivity assays 

Sensitivity to Fluconazole (Pfizer®) was determined as described 

Table 3 
Oligonucleotides used in this work.  

No. Sequence Site 

789 CGACTCGAGTACGGTGCCGCTGTTC Xho I 
859 GAGGGATCCGGTACGTTAGCTGTGTGCG BamH I 
860 ACGGTCGACAAACGTTCGCGCAGC Sal I 
1006 GTGGTGTTCTCAGACATAGCTGGTTTATATAATTGTTTCTAAGC  
1007 ATGTCTGAGAACACCACAGC  
1008 TAACGGATATCTGGCGGTATG  
1009 CCGCCAGATATCCGTTAAAACAACTCGTATATATAAGAGTCTCAATAC  
1012 ACAACATGGCTATCAACACTCATAGCTGGTTTATATAATTGTTTCTAAGC  
1013 ATGAGTGTTGATAGCCATGTTG  
1014 ACGAGTTGTTCTAAACCTCTGGTTG  
1015 CCTCAACCAGAGGTTTAGAACAACTCGTATATATAAGAGTCTCAATAC  
2494 CGGGGTACCCAGGACATAGATCAGAG Kpn I 
2495 CAAGGTCGACTGTTACTTTTCTTTACTTTG Sal I 
2496 CGCGGATCCTTTATTTAGCCTGCGCTC BamH I 
2497 CAAGGAGCTCGATCTGAACGTAATTTCC Sac I 
2512 ATGAACATATTGCTAATGCAACGG  
2513 TTACTGTTGTTTCTTTCGTGGCTG  
2514 ACACCCGCGGAGACGAAACGCAGG Sac II 
2515 TGCATTAGCAATATGTTCATTCCTAATTTCTTGGTCACCG  
2516 CACGAAAGAAACAACAGTAAACCGCTCATTTGTTTTTATAATAG  
2750 AGGCGAGTCTCTACATCTAACT  
2751 CCATAGGTTCCGTCCTTTCTG  
2764 ACAACCTTCGGACACGATAAG  
2765 GATCTTCTGTGCGTCTCTTCTT  
2770 AGAAACTGGACGAGGAAGTTAAG  
2771 TCACCACTGTTGCTGCTATT  
2910 TGGAAGAAAGACCATCGAATTA  
2911 GCACACACACAAACAAACAA  
2912 ATCCAAGTCCAGGTCCAA  
2913 CAGCTATGAGTTGAGGAAGATT  
2915 GAAGGATCAAGAATTCGATTACAAC  
2920 GGCATCCTTCTTGTCACTT  
2921 CAAACCCAGGACATAGATCAG  
2924 CATAGCTGCTAGAAGAAAGAGA  
2927 CCCAGTTGATGATGGTAAGG  
2928 CCATCTTTGTCGGTAGTAGTG  
2931 CAACAGCAGTGGAGAATACA  
2932 CGTCTTTGGTTTCCTTGATTAC  
2939 ACAGGCTATAAATCACACAGAC  
2940 TTGTCAATGGTGTACGATAGTT  
2949 CTGTTGCAGACAAGAGAGTAG  
2950 TCATGTCAAGGTACACAGTAAG  
2955 TTGCCAGCAGGTTACAATTA  
2956 GTGGATACCCGATGTTTGAG  
A16 CTTTCGGCAATACCTGGG  
A17 TCCTACGAACTTCCAGATGG  
H46 CATGGTATTGTTACCAACTGGG  
H47 AAGAGTATAGAGACAAGACGGC   
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previously (Orta-Zavalza et al., 2013). Cultures were grown for 48 h at 
30◦C in YPD, washed and resuspended in distilled water. The OD600nm of 
all cultures were adjusted, serial dilutions were made and 5 µL spotted 
onto YPD plates containing different concentrations of Fluconazole. 
Cells were incubated at 30◦C. 

2.10. H2O2 sensitivity assays 

Sensitivity to H2O2 of log phase cells was determined as described 
previously (Cuéllar-Cruz et al., 2008; Orta-Zavalza et al., 2013). A 35% 
H2O2 solution (Sigma Aldrich®) was used for the assay. Cultures were 
grown for 48 h at 30◦C in YPD and diluted into fresh media. After 7 
duplications, cells were exposed to H2O2 for 3 h. Cells were washed, 
resuspended in distilled water and their OD600nm adjusted to 0.5. Cells 
were plated on YPD plates and incubated at 30◦C. 

2.11. Flow cytometry analysis of GFP expression 

GFP expression experiments were done as described previously 
(Gutiérrez-Escobedo et al., 2020) with some modifications. Cells were 
grown in YPD. Samples were taken every 2 h and fluorescence was 
assessed by fluorescence activated cell sorter (FACS) using a FACSCali
bur flow cytometer (BD Biosciences) with Cell Quest Pro software. GFP 
was used as reporter gene to measure the activity of the CDR1 promoter. 
The negative control was the strain with a promoterless GFP vector 
(pGFP::3′UTRCTA1). For statistical analysis, ANOVA two-way test was 
performed using GraphPad Prism (version 7.0.0 for Windows, GraphPad 
Software, San Diego, California USA, www.graphpad.com). Error bars 
represent the standard deviation (SD). P < 0.05 was considered statis
tically significant. 

2.12. qPCR expression analysis 

A quantitative transcript analysis (qPCR) was performed to 

determine the expression levels of ScSUM1 and LkSUM1 and the adhesin 
encoding genes AED1, EPA1, EPA6, EPA20 and EPA22. Cells were grown 
as described above. RNA was isolated using TRIzol Reagent (Invitrogen) 
according to the manufacturer’s instructions. Extracted RNA was treated 
with recombinant DNase I, RNAse free (Roche Applied Science) and 
cDNA was synthesized with SuperScript II Reverse Transcriptase (Invi
trogen) using oligo (Dt) primer. qPCR was carried out using Fast SYBR 
Green Master Mix (Thermo Fisher Scientific) in PIKOREAL 96 Real-Time 
PCR System (Thermo Scientific). ACT1 was used as housekeeping con
trol for all three species: C. glabrata, S. cerevisiae and L. kluyveri. The 
reverse and forward oligonucleotides used for qPCR were designed using 
the PrimerQuest Tool from Integrated DNA Technologies, Inc. (http 
s://www.idtdna.com/ Primerquest/Home/Index) (Table 3, CgACT1 
#1266-#1267, ScACT1 #A16-#A17, LkACT1 #H46-H47, CgSUM1 
#2750-#2751, ScSUM1 #2764-#2765, LkSUM1 #2770-#2771, AED1 
#2927-#2928, EPA1 #2931-#2932, EPA6 #2939-#2940, EPA20 
#2949-2950, EPA22 #2955-2956). The threshold cycle (2− ΔCt) method 
was used to calculate the differences in gene expression (Asp, 2018; 
Haring et al., 2007; Lacazette, 2017). Statistical analysis (Mann Whitney 
test) was performed using GraphPad Prism (version 7.0.0 for Windows, 
GraphPad Software, San Diego, California USA, www.graphpad.com). 

2.13. Codon usage analysis 

A codon usage analysis was made between C. glabrata, S. cerevisiae 
and L. kluyveri. The Codon Usage Database (https://www.kazusa.or. 
jp/codon/) and the Graphical Codon Usage Analyzer (http://gcua.sch 
oedl.de/index.html, Fuhrmann et al., 2004) were used to make the 
comparisons. 

2.14. Neutrophil survival assay 

Neutrophil Survival Assay was done as described previously 
(Gutiérrez-Escobedo et al., 2020) with the following modification. The 

Table 4 
Access number or systematic name of sequences used in the phylogenetic analysis.  

Clade Specie Hst1 Rfm1 Sum1  

Hanseniaspora opuntiae OEJ85856 OEJ90056 OEJ83615 
Hanseniaspora uvarum OEJ81758 OEJ87168 KKA03429  

Candida/Lodderomyces Candida albicans C1_09050W_A – – 
Candida dubliniensis Cd36_08540 – – 
Candida tropicalis CTRG_03242 – – 
Candida orthopsilosis CORT_0A03930 – – 
Candida parapsilosis CPAR2_803900 – –  

KLE Kluyveromyces lactis KLLA0F14663g KLLA0C07062g KLLA0C14696g 
Lachancea kluyveri SAKL0C08602g SAKL0H05060g SAKL0G09460g 
Lachancea thermotolerans KLTH0C08690g KLTH0D12694g KLTH0F07194g 
Lachancea waltii Kwal_56.22853_s56 Kwal_26.9097-s26 Kwal_33.14342 
Eremothecium gossypii AEL013C AER355C AAL045C 
Eremothecium cymbalariae Ecym_5284 Ecym_6246 Ecym_3213  

ZT Zygosaccharomyces bailii BN860_09846g1_1 SJM87887 SJM83795 
Zygosaccharomyces rouxii ZYRO0B05148g ZYRO0A06050g ZYRO0C14146g 
Torulaspora delbrueckii TDEL0D04710 TDEL0B03710 TDEL0E02930  

WGD Vanderwaltozyma polyspora Kpol_479.29_s479 Kpol_413.10-s413 Kpol_1005.6 
Tetrapisispora phaffii TPHA_0A00880 TPHA-0G01350 TPHA0D01960 
Naumovozyma castellii NCAS0C03490 NCAS0B00560 NCAS0F02810 
Naumovozyma dairenensis NDAI0G02830 NDAI0E00830 NDAI0C04270 
Kazachstania africana KAFR0C01100 KAFR0A04190 KAFR0K02210 
Kazachstania naganishii KNAG0K01070 KNAG0G02910 XP_022462891 
Saccharomyces cerevisiae YOL068C YOR279C YDR310C 
Saccharomyces eubayanus XM_018365469 DI49-5098 XP_018223852 
Saccharomyces kudriavzevii SKUD_12120 SKUD_15.443 SKUD_4.573  

glabrata group Candida glabrata CAGL0C05357g CAGL0L11022g CAGL0J10956g 
Candida bracarensis CABR0s04e00341g1 CABR0s17e00803g CABR0s16e01034g 
Candida nivariensis CANI0s09e04664g1 CANI0s16e00792g CANI0s15e01507g 
Nakaseomyces delphensis NADE0s25e00286g1 NADE0s06e04411g NADE0s13e01221g  
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preparation of yeast cells as well as the obtaining of neutrophils was 
carried out as indicated in the reference. For the Neutrophil Survival 
Assays, neutrophils were added into 96 well plates together with yeast 
cells (2x105) at a MOI 1:1. Yeast cells were also added to wells without 
neutrophils, as input. 96 well plates were incubated for 3 h at 37◦C and 
CO2 5% (instead of 2 h as indicated in Gutiérrez-Escobedo et al., 2020). 

Neutrophils were lysed after incubation, and the cell suspension of 
recovered C. glabrata cells was diluted, plated onto YPD plates, and 
incubated for 48 h at 30◦C. CFU were determined and the survival 
percentage was scored. For statistical analysis, ANOVA one-way test was 
performed using GraphPad Prism. 

Fig. 1. Phylogenetic analysis of Hst1, Sum1 
and Rfm1. Phylogenetic analysis of Hst1 (A), 
Rfm1 (B) and Sum1 (C). CTG clade, species 
that changed the CTG codon usage to serine 
(Debaryomycetaceae family); KLE, Kluyver
omyces-LachanceaEremothecium clade; ZT, 
Zygosaccharomyces-Torulaspora clade; WGD, 
whole genome duplication clade; G, Naka
seomyces/Candida clade (glabrata group). 
KLE, ZT, WGD, and G belongs to Saccha
romycetaceae family. The percentage of the 
replicates in which the associated taxa clus
tered together are shown next to the 
branches. See Materials and Methods 2.8.   
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2.15. Adherence to HeLa cells assay 

HeLa cells were grown, fixed and C. glabrata adherence was done as 
described (Leiva-Peláez et al., 2018; Martínez-Jiménez et al., 2013). 
C. glabrata cells were grown in YPD for 48 h at 30◦C and OD600nm 
adjusted to 0.5 in Hanks Balanced Salt Solution with CaCl2 (5 Mm). 
Yeast cells were added to fixed HeLa cells in a 24-well plate and incu
bated for 3 h at room temperature. Plates were washed 4 times with 
HBSS with CaCl2. Adhered C. glabrata cells were recovered by scraping 
the wells. Serial dilutions were made in distilled water, plated onto YPD 
plates, and incubated at 30◦C for 48 h. CFUs were scored and percentage 
adherence was calculated. For statistical analysis, ANOVA with Dun
netts multiple test was performed using GraphPad Prism. Error bars 
represent the standard deviation (SD). (*** P < 0.0001, ** P < 0.01, * P 
< 0.05). 

2.16. Chromatin immunoprecipitation assay (ChIP) 

The ChIP assay was performed as previously described (López- 
Fuentes et al., 2018). C. glabrata cells were grown in 10 ml of minimal 
medium during 48 h. at 30◦C. Cultures were adjusted to an OD600nm of 1 
in a total volume of 150 ml of distilled water. The antibodies used were 
α-FLAG and α-cMyc (SIGMA-ALDRICH, Co.). Immunoprecipitated DNA 
and input DNA were used as a template for Qpcr reactions. Qpcr was 
carried out using Fast SYBR Green Master Mix (Thermo Fisher Scientific) 
in PIKOREAL 96 Real-Time PCR System (Thermo Scientific). Primers 
used are indicated in Fig. 4C, E, and S3 and are described in Table 3. 
Percentage enrichment relative to the untagged BG14 strain was 
calculated. The percent enrichment of input was calculated by percent 
input method, with the equation 100*2^-(Adjusted Cq Input DNA – Cq 
immunoprecipitated DNA). Data plotted are mean values ± SD. Statis
tical analysis was performed with GraphPad Prism (version 7.0.0 for 
Windows, GraphPad Software, San Diego, California USA, www. 
graphpad.com) through a two-tailed unpaired Student’s t test. 

3. Results and discussion 

3.1. Phylogeny of the HRS complex 

C. glabrata and S. cerevisiae are closely related phylogenetically, 
however, there are clear genetic differences between these two fungal 
species (Gabaldón et al., 2013). The Hst1-Rfm1-Sum1 complex (HRS-C) 
controls the expression of different genes in both species. While ScHRS-C 
controls the mid-sporulation genes, the CgHRS-C also controls the 
oxidative stress response, multidrug resistance and genes encoding the 
high affinity niacin transporters (Domergue et al., 2005; Ma et al., 2009; 
Orta-Zavalza et al., 2013; Piekarska et al., 2010) Here, we decided to 
determine the phylogenetic relationship and the evolutionary diver
gence of the proteins of the CgHRS-C. We made a phylogenetic analysis 
based on the C. glabrata phylum (Gabaldón et al., 2013) (See Materials 
and Methods 2.8). Our analysis of Hst1 in several species of the Sac
charomycetaceae family indicates that it is present in all these species. 
However, it evolved differently in the species that conserved the use of 
the CUG codon (leucine) like S. cerevisiae, C. glabrata, Lachancea kluyveri 
than in the species that changed the CUG codon for serine like Candida 
albicans (Fig. 1A). Analysis of Rfm1 and Sum1 shows that these proteins 
are absent in the CTG clade (Fig. 1B and C). The analysis of Rfm1 in
dicates that it is conserved within the Saccharomycetaceae family. For 
Sum1, the analysis shows a distant phylogenetic relation between the 
glabrata group and the other members of the Saccharomycetaceae family 
(Fig. 1C). These results are consistent with the ORFs’ shared similarity / 
identity and are syntenic between C. glabrata and S. cerevisiae: ScHst1 
and CgHst1 are 61.3% identical (72.9% similar), ScRfm1 and CgRfm1 
are 35.3% identical (55.8% similar) and ScSum1 and CgSum1 are 11% 
identical (22.4% similar) across the entire length of the proteins. This 
bioinformatic analysis is consistent with the description of ScSum1 
controlling the expression of MMG, whereas C. glabrata has no mating 
cycle or meiosis. Instead, CgSum1 controls the expression of other genes 
required for resistance to xenobiotics, oxidative stress, and adherence 

Fig. 1. (continued). 
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(Domergue et al., 2005; Ma et al., 2009; Orta-Zavalza et al., 2013; Pie
karska et al., 2010). 

3.2. Functional conservation of Hst1 and Sum1 

The phylogenetic analysis of the HRS-C showed that the HRS evolved 
differently within the glabrata group and that the individual members of 
the complex evolved differently. Sum1, the DNA binding protein, is the 
most distantly related phylogenetically compared to Rfm1 and Hst1 
within the species post-WGD. Based on the phylogenetic analysis, we 
decided to show if there is functional conservation of ScSum1, LkSum1 
and ScHst1 in C. glabrata (Lachancea kluyveri (Lk) diverged from 
S. cerevisiae and C. glabrata before the whole genome duplication). For 
the heterologous complementation assay, we PCR fused the ScHST1 
ORF, LkSUM1 ORF, and ScSUM1 ORF with their respective C. glabrata 
cognate promoter and 3′UTR regions. These plasmids were integrated in 

the Cghst1Δ(hst1Δ::PCgHST1::ScHST1::3′UTRCgHST1) and Cgsum1Δ 
(sum1Δ::PCgSUM1::ScSUM1::3′UTRCgSUM1 and sum1Δ::PCgSUM1:: 
LkSUM1::3′UTRCgSUM1) loci to replace the corresponding C. glabrata 
ORFs. Positive controls were the reconstituted strains Cghst1Δ (hst1Δ:: 
PCgHST1::CgHST1::3′UTRCgHST1) and Cgsum1Δ (sum1Δ::PCgSUM1:: 
CgSUM1::3′UTRCgSUM1) with CgHST1 and CgSUM1, respectively. 
Cghst1Δ and Cgsum1Δ strains have a slow grow phenotype and are less 
susceptible to FLC and H2O2. Cells were grown and exposed to FLC and 
H2O2 as described in the legend to Fig. 2. 

3.2.1. Sum1 
BG14 parental strain is sensitive and sum1Δ is resistant to 32 µg/ml 

of FLC (Fig. 2A). sum1Δ complemented with CgSUM1 becomes sensitive 
to 32 µg/ml of FLC, however sum1Δ::ScSUM1 and sum1Δ::LkSUM1 
remained resistant to 32 µg/ml of FLC. The same results are observed for 
the H2O2 assay. BG14 is sensitive and sum1Δ is resistant to 100 mM of 

H2O2
mM BG14 hst1Δ Cghst1Δ::CgHST1 Cghst1Δ::ScHST1

0

50

100

FLC 
µg/ml BG14 sum1Δ Cgsum1Δ::CgSUM1 Cgsum1Δ::ScSUM1 Cgsum1Δ::LkSUM1

0

16

32

H2O2
mM BG14 sum1Δ Cgsum1Δ::CgSUM1 Cgsum1Δ::ScSUM1 Cgsum1Δ::LkSUM1

0

50

100

A

B

FLC 
µg/ml BG14 hst1Δ Cghst1Δ::CgHST1 Cghst1Δ::ScHST1

0

16

32

C

D

Sum1

Hst1

Fig. 2. Heterologous complementation of HST1 and SUM1. C. glabrata sum1Δ and hst1Δ mutant strains were transformed with CgSUM1, ScSUM1 and LkSUM1 and 
CgHST1 and ScHST1 respectively and screened for functional complementation. C. glabrata parental strain (BG14), sum1Δ (CGM1232), Cgsum1Δ::CgSUM1 
(CGM1611), Cgsum1Δ::ScSUM1 (CGM3192), Cgsum1Δ::LkSUM1 (CGM3148), hst1Δ (CGM84), Cghst1Δ::CgHST1 (CGM1605) and Cghst1 Δ::ScHST1 (CGM3935) were 
grown for 48 h in YPD at 30◦C. For the fluconazole (FLC) complementation phenotype, OD600nm were adjusted to 0.5 and serial dilutions were prepared and spotted 
on plates containing 16 µg/ml and 32 µg/ml of FLC (A and C). For H2O2 complementation phenotype, cells were diluted in YPD and after 7 doublings cells were 
exposed to 50 mM and 100 mM of H2O2. After 3 h, cells were washed and plated onto YPD plates (B and D). Plates were incubated at 30◦C for 48 h. Experiments were 
done at least three times. See Materials and Methods 2.9 and 2.10 and Table 1. 
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H2O2 (Fig. 2B). sum1Δ complemented with CgSUM1 becomes sensitive 
to 100 mM of H2O2, however sum1Δ::ScSUM1 and sum1Δ::LkSUM1 did 
not become sensitive to 100 mM of H2O2 (Fig. 2B). 

3.2.2. Hst1 
BG14 is sensitive and hst1Δ is resistant to 32 µg/ml of FLC (Fig. 2C) 

and hst1Δ grows slower than BG14 (see 0 µg/ml of FLC, Fig. 2C). hst1Δ 
strains complemented with both CgHST1 and ScHST1 become sensitive 
to 32 µg/ml of FLC (Fig. 2C) and grow faster than hst1Δ strain (see 0 µg/ 
ml of FLC Fig. 2C). For the H2O2 assay, BG14 is sensitive and hst1Δ is 
resistant to 100 mM of H2O2 with the slow growing phenotype (see 0 
mM H2O2 Fig. 2D). hst1Δ strains complemented with CgHST1 and 
ScHST1 become sensitive to 100 mM of H2O2 and the slow growth 
phenotype is complemented as well (Fig. 2). These functional heterol
ogous complementation assays are consistent with the phylogenetic 
evolutionary analysis of Hst1 and Sum1. To show that the absence of 
complementation of ScSUM1 and LkSUM1 genes in C. glabrata is not due 
to lack of expression of the heterologous genes, we made a quantitative 
analysis of the transcripts (qPCR) and showed that ScSUM1 and LkSUM1 
genes are being expressed (Fig. S1). In addition, we made a codon usage 
comparison between C. glabrata, S. cerevisiae and L. kluyveri (Codon 
Usage Database (https://www.kazusa.or.jp/codon/) and the Graphical 
Codon Usage Analyzer (http://gcua.schoedl.de/index.html)). The dif
ferences in codon usage based on relative adaptiveness are 5.5% be
tween C. glabrata and S. cerevisiae and 12.98% between C. glabrata and 
L. kluyveri. (Fig. S2), indicating that the lack of ScSum1 and LkSum1 
complementation is not due to a different use of codons between species. 
These data suggest that the CgHRS-C diverged phylogenetically to con
trol the expression of stress response genes. 

Taken together the bioinformatic analysis and the functional 
complementation assays, they indicate that in spite of the phylogenetic 
relationship between non-pathogenic S. cerevisiae and opportunistic 
pathogen C. glabrata, the global regulation of many genes and the ac
tivity of specific proteins diverged in C. glabrata to become a successful 
pathogen. For example, a) the CgHRS-C controls the expression of the 
oxidative stress response, adherence and xenobiotic resistance (Orta- 
Zavalza et al., 2013), while ScHRS-C controls the expression of mid- 
sporulation genes (Piekarska et al., 2010), b) C. glabrata has sub
telomeric genes (EPA) that encode cell wall proteins that mediate 
adherence to host epithelial cells and biofilm formation, in contrast the 
S. cerevisiae FLO genes some of which are subtelomeric, encode for cell 

wall proteins that mediate flocculation between yeast cells but not 
adherence to epithelial cells or biofilm formation (Castaño et al., 2006), 
c) The transcription factor ScPdr1, which controls the expression of ABC 
transporters and is constitutively expressed, has a paralogue, Pdr3. As 
opposed to Pdr1, Pdr3 is autoregulated and is activated in ρ0 cells (petite 
cells with no mitochondrial DNA) (Hallstrom and Moye-Rowley, 2000). 
Interestingly, there is only one CgPdr1 but with the activity of both 
ScPdr1 and ScPdr3 (Delaveau et al., 1994; Moye-Rowley, 2019). 

3.3. Sum1 and Rfm1 are negative regulators of CDR1 expression 

In a previous work, we obtained genetic and biochemical evidence 
that Hst1 modulates the multidrug and the oxidative stress resistance in 
C. glabrata by controlling the expression of PDR1, CDR1, MSN4 and 
CTA1 (Orta-Zavalza et al., 2013). Furthermore, we showed that Sum1 
and Rfm1 behave like Hst1: the absence of Sum1 confers resistance to 
H2O2 and FLC (Fig. 2 and Orta-Zavalza et al., 2013). In S. cerevisiae, it 
has been proposed that Sum1 binds to promoters of mid-sporulation 
genes (MSG) and recruits Hst1 through Rfm1 as a connector protein, 
thus repressing their expression (Pak and Segall, 2002; Piekarska et al., 
2010). It has also been proposed that this negative regulation occurs 
through the competition for the binding sites (YGNCACAAAA) between 
Sum1 and Ndt80 (activator of MSG), where Sum1 prevents the binding 
of Ndt80 (Pierce et al., 2003). Given that it is not known whether the 
repression mechanism of the CgHRS-C is similar to that in S. cerevisiae, 
we decided to analyze CDR1 regulation in the absence of Hst1, Sum1 and 
Rfm1. We cloned in an integrative plasmid a transcriptional fusion be
tween CDR1 promoter and GFP (pPCDR1::GFP::3′UTRCDR1) and inte
grated this plasmid in its genomic locus in the parental strain BG14 and 
into the single mutant strains hst1Δ, sum1Δ, rfm1Δ and pdr1Δ. The 
negative control was BG14 carrying a promoterless GFP plasmid. The 
promoter activity was measured by flow cytometry analysis (see legend 
to Fig. 3 and Materials and Methods 2.11) in stationary and log phase 
cultures. CDR1 expression is slightly increased at 4 h. of growth in the 
BG14 strain (Fig. 3). In contrast and consistent with our genetic data, 
CDR1 expression is 3-fold higher in the hst1Δ strain and ten-fold higher 
in the sum1Δ strain compared with BG14 (Fig. 3). CDR1 expression is 
dependent on Pdr1 since CDR1 expression is abrogated in the pdr1Δ 
mutant strain (Fig. 3) (Ferrari et al., 2009; Morschhäuser, 2010; Paul 
and Moye-Rowley, 2014). 

It should be noted that we always test several independently isolated 

Fig. 3. Hst1, Rmf1 and Sum1 regulation of CDR1 
expression. Strains BG14 (CGM3756), hst1Δ 
(CGM3758), sum1Δ (CGM3760), rfm1Δ 
(CGM1234), and pdr1Δ (CGM3778) each carrying 
plasmid pPCDR1::GFP::3′UTR::CDR1 [pVF65] inte
grated in the CDR1 locus and CGM514 (BG14 p:: 
GFP::3′UTRHIS3 promoterless vector [pMC14]) were 
grown for 48 h at 30◦C in SC-Ura media and diluted 
into fresh media. Samples were taken every 2 h. 
Yeast cells were washed and resuspended in 1 ml 
sterile water and fluorescence was determined by 
flow cytometry analysis using a FACSCalibur flow 
cytometer (BD Biosciences). Experiments were 
repeated at least three times in triplicate. For sta
tistical analysis, ANOVA two-way test was per
formed using GraphPad Prism. Error bars represent 
the standard deviation (SD) of at least three bio
logical replicates with two technical replicates each. 
p < 0.05 was considered statistically significant. See 
Materials and Methods 2.11 and Tables 1 and 2.   
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Fig. 4. Binding profile of Hst1 and Sum1 in the CDR1 upstream sequence. (A) Map of the CDR1 upstream sequence (615 bp) for the ChIP assay. Schematic rep
resentation for CDR1 gene is not to scale. Amplified fragments (Roman numerals I to IV) are shown and represented with a color bar; arrows with numbers indicate 
the position of the primer pairs for qPCR. Pdr1 binding sites are indicated. (B and D) Schematic representation of the untagged and tagged HRS complexes. (C) ChIP 
assay using α-FLAG and (E) ChIP assay using α-cMyc. Enrichment of each of the four fragments is represented as percentage of the input relative to BG14 enrichment. 
Each graph (I - IV) corresponds to one of the four amplified fragments and are color coded in the schematic map (A). Amplified fragments I and II are in shown in 
Figure S3. Numbers in parentheses identify the primer pairs used for each fragment (Table 3). Each bar (1 to 5) corresponds to each of the strains used in the assay (B 
and D). ChIP samples were obtained as previously described in Material and Methods (2.16). Values are mean (±SD) of three biological replicates each of them with 
three technical replicates and represent the percentage of the input relative to BG14 enrichment. Standard deviation (SD) is shown by error bars. * P < 0.05, ** P <
0.01, *** P < 0.001, *** P < 0.0001. (B and D) Strains used (1) BG14, (2) Hst1-cMyc (CGM934), (3) Hst1-cMyc Sum1-FLAG (CGM982), (4) Hst1-cMyc Sum1-FLAG 
rfm1Δ (CGM1294), and (5) Sum1-FLAG (CGM1340). Proteins tagged at the C-terminal end. 
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colonies of our mutants, and we found that CDR1 expression in three 
independent rfm1Δ clones display different phenotypes: clone 1 behaves 
like sum1Δ, clone 2 behaves like hst1Δ and clone 3 shows an interme
diate phenotype (Fig. 3, see section 3.4). These data indicate that all 
three proteins, Sum1, Hst1 and Rfm1 are required for full repression of 
CDR1 expression, that Sum1 can bind to DNA independently of Hst1 and 
Rfm1 and that Hst1 requires both the presence of Sum1 and Rfm1 to 
fully function as a negative regulator. It is clear Rfm1 is required for the 
integrity of the HRS-C (see section 3.4 and Orta-Zavalza et al., 2013), but 
how Rfm1 modulates Sum1 activity is still unknown. 

3.4. Sum1 and Rfm1 bind to the CDR1 promoter 

To further understand how the HRS-C regulates CDR1 expression, we 
determined the binding profiles of Sum1 and Hst1 in the CDR1 promoter 
and how the absence of Rfm1 could affect their binding. We performed 
ChIP-qPCR assays with C. glabrata tagged strains (Fig. 4B and D): Hst1- 
cMyc (CGM934), HST1-cMyc SUM1-FLAG (CGM982), HST1-cMyc SUM1- 
FLAG rfm1Δ (CGM1294), SUM1-FLAG (CGM1340), and BG14 (un
tagged) as negative control strain (Table 1, legend to Fig. 4 and Materials 
and Methods 2.16). We analyzed a 615 bp region upstream from the 
ATG of CDR1 with 4 pairs of primers (Fig. 4A sections I, II, III and IV). 
The analysis with both antibodies, α-FLAG and α -cMyc, shows that Hst1 
and Sum1 are not present in sections I and II (Supplementary Fig. S3C 
and S3D). However, Hst1 and Sum1 are bound in sections III and IV and 
in particularly, Hst1 and Sum1 are highly enriched in section IV (Fig. 4C 
and E). Given that there is no binding in regions I and II and there is an 
overlap between regions II and III, the binding of the HRS-C must be 
between − 1bp and − 223 bp upstream of the ATG of CDR1 (Fig. 4A). 

The absence of Rfm1 has different effects in the binding of Sum1 and 
Hst1. In the rfm1Δ, the binding profile of Hst1 is severely reduced in 
both sections III and IV, but some Hst1 can still be detected (Fig. 4E 
columns 4). Conversely, in the absence of Rfm1, Sum1 binding in sec
tions III and IV is not affected (Fig. 4C columns 4). There is higher 
enrichment for Sum1 with α-FLAG (Fig. 4C-IV) compared to Hst1 with 
α-cMyc (Fig. 4E-IV). This could be due to differences in antibody 
recognition of the tagged proteins. These results show that: a) the HRS-C 
binds to the CDR1 promoter, b) Hst1 binding depends on Rfm1 and c) 
Sum1 binds independently of Rfm1 and Hst1. 

The genetic and the biochemical data from the analysis of the sum1Δ, 
hst1Δ and rfm1Δ is consistent with the binding profile of these proteins 
(Orta-Zavalza et al., 2013), however is it still unclear how rfm1Δ affects 
the expression of CDR1 (Fig. 3). The expression of CDR1 in clone 1 
(rfm1Δ) and clone 2 (rfm1Δ) can be explained due to the reduced 
presence of Hst1 (Figs. 3 and 4E). Interestingly, clone 1 (rfm1Δ) ex
presses CDR1 to the same extent as the sum1Δ; even though Sum1 is still 
present at the CDR1 promoter, however no DNA-binding domain has 
been identified in Sum1 (Conserved Domain Database, National Center 
for Biotechnology Information, U.S. National Library of Medicine, htt 
ps://www.ncbi.nlm.nih.gov/cdd). These data suggest the presence of 
additional proteins in the HRS-C that could be modulating the DNA 
binding activity of the HRS-C. 

The binding of Hst1 and Sum1 in this region is consistent with the 
presence of two Pdr1 recognition sites (− 228 TTCCACGGGA − 219 and 
− 134 CTCCACGGGA − 125) (Fig. 4A) (Sanglard et al., 1999). Hst1 
creates a local silent chromatin which prevents Pdr1 binding, thus 
resulting in lack of CDR1 expression. The fact that CDR1 is overex
pressed in the absence of any inducer in the sum1 Δ or hst1Δ 

Fig. 4. (continued). 
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backgrounds suggests that Pdr1 expression (which controls its own 
expression) could be increased as well. Pdr1 activity is tightly regulated 
because overexpression of Pdr1 is toxic to the cell in S. cerevisiae. Both, 
hst1Δ, sum1Δ and rfm1Δ strains show slow growth phenotype (this work 
and Borah et al., 2014; Noble et al., 2013; Orta-Zavalza et al., 2013; Paul 
et al., 2018; Whaley et al., 2018). Increased levels of Pdr1 could titrate 
the negative regulators and lead to increased Pdr1-dependent gene 
expression (Khakhina et al., 2018; Tsai et al., 2006) or the negative 
regulation exerted by the HRS-C on CDR1 expression could be over
ridden just by the increased levels of Pdr1. Alternatively, a member of 
the HRS-C could be a target for protein modification. Such is the case of 
ScSum1. ScSum1 represses transcription of NDT80 which encodes a 
meiotic transcriptional activator. ScSum1is inactivated by phosphory
lation allowing transcription of NDT80, thus inducing the cells to enter 
meiosis (Corbi et al., 2014). 

3.5. Hst1 and Sum1 are dispensable for survival in neutrophils 

It has been shown that exposure of C. glabrata cells to human neu
trophils induces the expression of about 500 genes, including stress 
response genes like CTA1, SOD2 and PDR1 (Fukuda et al., 2013). Given 
that HRS-C controls the expression of the oxidative stress response and 
regulates multidrug resistance, we then asked whether Hst1 and Sum1 
play a role in C. glabrata interaction with human neutrophils. Human 
neutrophils were infected with parental strain BG14, hst1Δ and sum1Δ 
as described in the legend to Fig. S4. hst1Δ and sum1Δ mutant strains 
showed no defect in survival since both mutant strains show no signif
icant difference with BG14 (Fig. S4). These results indicate that Hst1 and 
Sum1 are not required for survival in neutrophils. Since HRS-C nega
tively controls the expression of stress related genes, it could have been 

expected that the analysis of hst1Δ and sum1Δ in the presence of neu
trophils could rather show an increase in survival. This is not the case 
given that hst1Δ and sum1Δ have a growth defect possibly due to 
overexpression of specific genes that together are toxic to the cell 
(possibly Pdr1, section 3.4). 23 genes in C. glabrata have been identified 
that are required for survival in the presence of neutrophils, however 
this group of genes are not HRS-C related genes (Seider et al., 2014). 

3.6. Hst1 and Sum1 are required to prevent adherence to HeLa cells 

C. glabrata has been shown to adhere to epithelial cells through the 
Epa adhesins (Castaño et al., 2005; Cormack et al., 1999). Many of the 
genes encoding the Epa adhesins are localized to the subtelomeric re
gions and their expression is controlled by chromatin-based sub
telomeric silencing (Castaño et al., 2005; De Las Peñas et al., 2003). In 
addition to the subtelomeric silencing, there are other transcriptional 
regulators that control the expression of the EPAs. Pdr1GOF mutant in
duces the expression of the main adhesin Epa1 and the cells become 
hyper-adherent (Vale-Silva et al., 2013, 2016) and a microarray analysis 
with hst1Δ showed that Hst1 controls the expression of EPA6, EPA20 and 
EPA22 (Domergue et al., 2005; Ma et al., 2009). Here we asked if HRS-C 
could participate in controlling adherence of C. glabrata to cultured 
HeLa cells. Stationary cultures of BG14, sir3Δ, hst1Δ and sum1Δ were 
grown and added to fixed cultured HeLa cells (as described in the legend 
to Fig. 5 and Materials and Methods 2.15). Percentage of adherence is 
shown. Under these conditions, BG14 parental strain displays back
ground levels of adherence (7%) while sir3Δ (Sir3 is a member of the Sir 
complex which is required for subtelomeric silencing) shows 28% 
adherence (Fig. 5). The sir3Δ mutant strain is hyper-adherent because 
many EPA genes are expressed due to the absence of subtelomeric 
silencing. hst1Δ and sum1Δ show a moderate percentage of adherence, 
14%, and 13% to HeLa cells (Fig. 5). These results indicate that the HRS- 
C might be controlling the expression of a small set of EPA genes even in 
the presence of subtelomeric silencing. Subtelomeric silencing depends 
on the activity of NAD+-dependent histone deacetylase, Sir2 (Castaño 
et al., 2003; De Las Peñas et al., 2003; Domergue et al., 2005). EPA6, 
EPA20 and EPA22 are additionally controlled by Hst1 (HRS-C), another 
NAD+-dependent histone deacetylase (Castaño et al., 2005; Cormack 
et al., 1999; De Las Peñas et al., 2003; Domergue et al., 2005). Both Sir2 
and Hst1 are inactivated if the levels of NAD+ are reduced. Inactivation 
of these sirtuins induces the expression of EPA genes and the cells 
become hyper-adherent. It has also been reported that Aed1 (Awp5) 
protein, an adhesin that mediates adherence to endothelial cells (Desai 
et al., 2011) have been identified as one of the adhesins present into the 
C. glabrata cell wall, however its ligand is still unknown (de Groot et al., 
2013, 2008; Kraneveld et al., 2011). In order to know if HRS-C controls 
the expression of adhesin encoding genes, we decided to evaluate the 
expression of AED1, EPA1, EPA6, EPA20, and EPA22 by RT-qPCR, in 
hst1Δ, rfm1Δ, sum1Δ (HRS-C compromised), and sir3Δ and BG14 as 
control strains (Fig. 6). Results show that there is a significant increase in 
the expression of all the adhesins evaluated, except for EPA20 (Fig. 6D). 
Interestingly, despite AED1 being 1.8 kb from the telomere, its expres
sion only increases in the absence of any of the HRS-C proteins, but not 
in the absence of Sir3 (Fig. 6A). EPA1 expression is increased in the 
absence of the HRS-C to the same extent as in the sir3Δ strain (Fig. 6B). 
EPA6 expression is increased in the absence of HRS-C but not as high as 
the increase in the sir3Δ, as has been previously shown (Domergue et al., 
2005). Regulation of EPA6 is mainly mediated by subtelomeric 
silencing, with a slight contribution of HRS-C (Fig. 6C). Contrary to 
EPA6, expression of EPA22 which is located 14.1 kb from the telomere, 
is mediated mainly by the HRS-C with a slight contribution of sub
telomeric silencing (Fig. 6E). The expression of EPA20 is independent of 
subtelomeric silencing from the telomere (located at 25.8 kb from the 
telomere) and of HRS-C (Fig. 6D). These results suggest that HRS-C is an 
additional layer of transcriptional regulation for several subtelomeric 
adhesin encoding genes. Interestingly, HRS-C control the expression of 

Fig. 5. hst1Δ and sum1Δ adherence to HeLa cells. C. glabrata BG14, sir3Δ 
(BG676) as positive control, hst1Δ (CGM84) and sum1Δ (CGM1232) were 
grown in YPD medium for 48 h at 30◦C and OD600nm adjusted to 0.5. Yeast cells 
were added to fixed HeLa cells in 24-well plates and incubated for 3 h at room 
temperature. Cells were recovered by scraping the wells and serial dilutions 
were made in distilled water, plated onto YPD plates, and incubated at 30◦C for 
48 h. Each of the three biological replicates was made with triplicate technical 
replicates. For statistical analysis, ANOVA with Dunnetts multiple test was 
performed using GraphPad Prism (version 7.0.0 for Windows, GraphPad Soft
ware, San Diego, California USA, www.graphpad.com). Error bars represent the 
standard deviation (SD). (, * P < 0.05, ** P < 0.01, *** P < 0.001). All mutant 
strains are significantly different from parental strain BG14 that is considered 
non-adherent under the growth condition tested. Less than 10% non-adherent, 
10 %20% slightly adherent and 20–45% hyper-adherent. See Materials and 
Methods 2.15. 
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AED1 independently of subtelomeric silencing despite its proximity to 
the telomere (1.8 kb). 

Here, we showed that Sum1 in the HRS-C diverged functionally to 
control several stress-related genes implicated in virulence: adherence, 

resistance to xenobiotics and oxidative stress (Orta-Zavalza et al., 2013). 
It is possible that the HRS-C could be detecting environmental signals 
(directly or through signal transduction pathways) and modulate its 
transcriptional regulatory activity: binding to DNA for repression or 

Fig. 6. Expression of AED1, EPA1, EPA6, EPA20 and EPA22. Expression of (A) AED1, (B) EPA1, (C) EPA6, (D) EPA20, and (E) EPA22 was analyzed by qPCR. RNA 
samples were isolated as previously described in Material and Methods (2.12). Values are mean (±SD) of three biological replicates with tree technical replicates and 
represent the relative expression of genes of interest. Data was normalized to 1.0 by ACT1 expression levels. Standard deviation (SD) is shown by error bars. * P <
0.05, ** P < 0.01, *** P < 0.001, *** P < 0.0001, ns not significantly different. 
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derepressing target genes. It is now important to identify which genes 
are regulated by HRS-C genome wide. Furthermore, it is likely that 
additional proteins are present in the HRS-C, which must be identified to 
fully understand the HRS-C activity. 
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