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Resumen 
 

El arreglo espacial del ADN dentro del núcleo juega un papel fundamental en la 

regulación de la expresión de genes, y está en función de los estímulos externos a 

los que está sujeto el organismo. En el caso de hongo patógeno oportunista Candida 

glabrata (Nakaseomyces glabrata) la estructura tridimensional juega un papel 

fundamental en su éxito para colonizar nichos dentro de su hospedero. La adhesión 

a células epiteliales, una característica importante para su virulencia depende 

principalmente del gen EPA1 que codifica para la proteína de pared Epa1 y cuya 

expresión está sujeta a silenciamiento subtelomérico. En C. glabrata el 

silenciamiento subtelomérico depende principalmente de las proteínas del complejo 

SIR, yKu70/yKu80, CgRap1 y CgAbf1. Previamente en el laboratorio encontramos 

que el telómero E derecho donde se encuentran los genes EPA1, EPA2 y EPA3, 

puede formar estructuras secundarias tipo asa a través de elementos en cis como 

el protosilenciador Sil2126, el Elemento Negativo (NE) y otras regiones intergénicas. 

En este trabajo encontramos mediante ensayos de inmunoprecipitación de la 

cromatina (ChIP-qPCR), que CgRap1 y CgAbf1 se unen en diferentes posiciones a 

lo largo de este telómero. Principalmente encontramos que CgAbf1 se une a la 

región que comprende el promotor de EPA1 en dos sitios diferentes, lo cual sugiere 

que CgAbf1 regula la expresión de EPA1. También, definimos las secuencias que 

constituyen los motivos de unión para las proteínas CgAbf1 y CgRap1 en C. glabrata 

utilizando herramientas bioinformáticas, y evaluamos la expresión de EPA1 por RT-

qPCR en el fondo mutante Cgabf1-43 (que carece de los últimos 43 aminoácidos 

en su carboxilo terminal). Observamos un aumento del transcrito de EPA1 en esta 

cepa y un incremento en la adhesión a células HeLa. Además, encontramos que la 

proteína CgAbf1 puede interaccionar con otras proteínas del silenciamiento como 

Sir3, Sir4, CgRap1 y yKu70/80, mediante ensayos de co-inmunoprecipitación. 

Por otro lado, encontramos focos de Sir4 y yKu70 distribuidos en la periferia nuclear 

lo cual sugiere un anclaje de los telómeros en esta región que podría contribuir al 

silenciamiento.  

Palabras clave: adhesinas, EPA1, CgAbf1, CgRap1, cromatina, telómero, 

silenciamiento.  
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Abstract 
 
The DNA spatial arrangement inside the nucleus critically depends on external 

stimuli and plays a fundamental role in gene expression. In the fungal opportunistic 

pathogen Candida glabrata (Nakaseomyces glabrata), gene regulation plays an 

essential role on its ability to colonize and disseminate within the host, partly through 

the regulation of the expression of adhesins’ that are involved in its adherence to 

epithelial cells. This characteristic largely depends on the gene EPA1 gene, which 

is subject to subtelomeric silencing and encodes the cell wall protein Epa1. 

Subtelomeric silencing in C. glabrata depends on the SIR complex, yKu70/yKu80, 

CgRap1, and CgAbf1. Moreover, we previously found that the E-R telomere, that 

harbors the genes EPA1, EPA2, and EPA3, can be remodeled into loop-like 

secondary structures through the interaction of cis-acting elements like the 

protosilencer Sil2126, the Negative Element (NE), and other intergenic regions. In 

this work, we found that Rap1 and Abf1 proteins bind at different positions 

throughout this telomere using chromatin immunoprecipitation assays (ChIP-qPCR). 

Moreover, we found that CgAbf1 binds near the promoter region of EPA1 at two 

different positions, and that EPA1 expression is negatively regulated by Abf1. 

Consistently, the truncated mutant Cgabf1-43 (that lacks the last 43 amino acids at 

its C-terminal) displayed an increase in EPA1 transcript and cells were more 

adherent to epithelial cells in vitro compared to the parental strain. We also 

determined the binding sequences for Abf1 and Rap1 in C. glabrata, using the data 

from the ChIP assays and bioinformatic tools. Additionally, we found that CgAbf1 co-

immunoprecipitates with other silencing proteins like CgRap1, Sir3, Sir4, yKu70/80, 

which suggests their interaction.  

Furthermore, we observed that Sir4 and yKu70/80 colocalized with the nuclear 

periphery which suggests that the telomeres might be localized at this region thereby 

reinforcing the silencing of the genes adjacent to the telomere.  

 

Key words: Adhesins, EPA1, CgAbf1, CgRap1, chromatin, telomere, silencing.
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1. Introduction 

1.1. Chromatin organization 
Inside the nuclei the DNA is not disposed randomly; instead, chromosomes are 

compartmentalized into specific regions within the nucleus which allows individual 

regions of the chromosomes to interact with other distant regions within the same 

chromosome or in other chromosomes. Different chromatin compartments can be 

visualized within the nuclei at different stages during the cell cycle, these 

compartments are called chromosome territories. Inside these chromosome 

territories, spatial organization of chromatin is dynamic, and crucial for gene 

regulation, recombination, repair, and other processes that involve DNA 

maintenance (Sexton et al., 2012). The structural conformations of intra-

chromosome and inter-chromosome interactions are known as topologically 

associated domains (TADs) that lead to three-dimensional organization within a 

specific chromosome territory. This organization creates distinct chromatin states, 

that also exhibit a dynamic response to multiple cellular processes, the boundary 

elements or cis-acting elements that function as barriers and limit distinct chromatin 

domains helps to shape the expression pattern within a chromosome territory (Fig. 

1). For instance, a fraction of DNA is folded into heterochromatin, which is a 

condensed state of chromatin that is transcriptionally inactive, and euchromatin is 

more accessible to the transcription machinery (Beisel and Paro, 2011). Moreover, 

the specialized structures at the end of chromosomes, the telomeres, are normally 

arranged into clusters localized within the nuclear periphery (Cockell et al., 1995; 

Palladino et al., 1993). The specialized structures adjacent to telomeres, called the 

subtelomeres, are also near the nuclear periphery which also affects transcription of 

the genes encoded within these regions (Lebrun et al., 2001).  
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Figure 1 Chromosomal architecture and functional domains in the DNA. Chromatin inside the nucleus is 

organized into different subcomparments known as chromosome territories. Within these territories topologically associated 

domains (TADs) can be found. TADs can group depending on the role they perform in the cell; for example, within a same 

chromosomal territory active or repressed TADs can be found. Interactions between different TADs play an important role 

in regulating gene expression and other DNA metabolic processes, these interactions depend on cis-acting elements that can 

regulate genes located far away.  

 

1.2. Telomeres are specialized structures at the end of the 
chromosomes 

Telomeres consist of non-coding tandem repeated sequences and a G-rich strand 

that extends to form a 3’ single tail or G tail. With every cell cycle, G tails are 

shortened. Telomeres are deprived of nucleosomes, instead a complex of several 

proteins binds to these sequences and protect the integrity of the ends of the 
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chromosomes from degradation, fusion, and recombination events (Pfeiffer and 

Lingner, 2013; Teixeira and Gilson, 2005; Zaman et al., 2002).  

In the baker’s yeast Saccharomyces cerevisiae, there are several proteins 

associated with the telomeres, most of which are involved in multiple cellular 

processes. Telomeric repeats contain high affinity binding sites for Rap1 (Repressor 

activator protein 1). Association of Rap1 to telomeres is key to prevent telomere 

fusions and maintenance of telomere length (Conrad et al., 1990). Rap1 recruits SIR 

proteins (Silence Information Regulator) Sir3, and Sir4 at the telomeres and promote 

transcriptional silencing known as TPE (Telomere Position Effect). Sir2, also part of 

the SIR complex, is a NAD-dependent histone deacetylase essential for repression 

which contributes to propagate silencing from the telomeric repeats to the 

subtelomeric region (Gottschling et al., 1990; Luo et al., 2002; Moretti and Shore, 

2001). Rap1 also interacts with proteins Rif1/2 (Rap1 interaction factor 1 and 2), and 

together maintain telomere length, and participate in heterochromatin spreading. 

Furthermore, Rap1-Rif2 interaction prevents telomere fusions (Bonetti et al., 2010; 

Hardy et al., 1992; Wotton and Shore, 1997). Another important complex yKU 

formed by yKu70 and yKu80 (yKu70/80) binds at the end of telomeres and is 

essential for DNA repair via non-homologous end joining (NHEJ) and requires the 

SIR complex. Moreover, yKU complex is involved in the stability of the telomere 

length, protection of the telomeres from recombination, promotion of TPE and 

telomere tethering to the nuclear envelope (Boulton and Jackson, 1998, 1996; 

Cosgrove et al., 2002; Gravel and Wellinger, 2002). During the cell cycle foci of 

associated telomere-proteins like Rap1, Sir4 and yKu complex, can be observed 

near the nuclear periphery. Peripheral localization varies from telomere to telomere 

and it does not always require Sir3, yKu70 or Rap1; instead, there is another 

pathway that leads the localization of telomeres near the nuclear periphery that 

depends on Esc1 (Establishes Silent Chromatin), which is located at the inner face 

of the nuclear envelope and interacts with the Sir4-PAD domain (Andrulis et al., 

2002; Taddei et al., 2004). Tethering of telomeres via this pathway to the nuclear 

periphery not only requires Esc1-Sir4 interaction but also yKu80, this association of 

telomeres to the nuclear periphery through Esc1-Sir4 interaction promotes and 

maintains silent chromatin (Taddei et al., 2004).  
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1.3. Establishment of subtelomeric silencing 
Subtelomeric regions harbor very few coding genes and exhibit high variability that 

makes them hotspots for recombination events, both within and between 

chromosomes, which can lead to genomic rearrangements, gene duplications, and 

genetic diversity. Plasticity at the subtelomeric region allows organisms to adapt to 

different environmental conditions, shaping genome architecture and driving species 

divergence (Ai et al., 2002; Fabre et al., 2005; Fourel et al., 1999).  

Transcriptional silencing at the regions adjacent to telomeres, known as TPE, is a 

form of regional repression that starts with Rap1 binding at telomeres, and its 

interaction with Sir4 through the Rap1 C-terminal region, initiating the assembly of 

Sir2-Sir3 at the nucleosomes that continuously spreads repressed chromatin from 

the telomere (Fig. 2). Sir2 deacetylase activity at histones H3 and H4 creates high 

affinity binding sites for Sir3 and Sir4 which helps propagate silent chromatin, 

specifically deacetylation of H4K16 allows Sir3 and Sir4 binding the H3 and H4 N-

terminal tails. Previous work had shown that SIR complexes bound throughout the 

telomere are able to fold and shape chromatin into higher-order structures. Also, the 

yKU complex plays a crucial role in Sir4 the recruitment and silenced chromatin 

establishment (Kirkland et al., 2015; Luo et al., 2002; Strahl-Bolsinger et al., 1997). 

In S. cerevisiae, heterochromatin assembly is also found at HML and HMR mating 

loci that are flanked by E and I silencers that harbor binding sites for Rap1, Abf1 

(ARS-binding factor 1) and ORC complex (Origin of Recognition Complex). Abf1 

interacts with Sir3 while ORC interacts with Sir1 leading to the assembly of Sir2, and 

Sir4 which are crucial for establishment of full repression of the HM loci (Rine et al., 

1979; Rine and Herskowitz, 1987). While Sir2, 3 and 4 are frequently associated 

with sequences at the HMR-E and HMR-I silencers, Sir1 is associated only with the 

HMR-E silencer, successive rounds of SIR complex binding shape the chromatin 

into a loop that leads to a compact structure (Rusché et al., 2002).  
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Figure 2 Model for heterochromatin assembly in S. cerevisiae. A; Schematic representation of silencing complex 

assembly, where Sir4 binds to Sir2-3 to repeated sequences at the telomere where also Rap1 and yKu bind. B; Silencing 

complexes spread to the adjacent region closest to the telomere folding into higher-order heterochromatin. Modified from 

(Grunstein and Gasser, 2013) 

  

Additionally, it has been shown that silent HML and HMR loci are closely associated 

with telomeres at nuclear envelope. Silent chromatin anchoring to nuclear periphery 

is driven by Sir4 interaction with the nuclear envelope associated protein Esc1 This 

interaction allows localization of Sir-repressed chromatin domain at perinuclear sites 

(Fig. 3) (Andrulis et al., 2002, 1998). Besides, there is another pathway to tether 

telomeres to nuclear periphery that involves yKU complex even in the absence of 

silencing, but anchoring requires yKu-Sir4 interaction (Taddei et al., 2004).  

A

B
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Figure 3 Pathways for telomere tethering at the nuclear envelope in S. cerevisiae. Left, representation of 

telomere tethering at the nuclear envelope that depends on Sir4 and Rap1 recruitment through the interaction with Esc1. In 

this pathway, silencing is not triggered by telomere anchoring to the NE. Right, representation of telomere tethering at the 

nuclear envelope that depends on Sir4 and yKu complex interaction with Esc1. This telomere anchoring contributes to the 

establishment of silencing and involves SIR protein complex (right). Modified from (Taddei et al., 2004). 

1.4. Cis-acting elements  
Temporal and spatial conformation of DNA is a critical aspect that regulates nuclear 

functions in eukaryotes. Chromatin hierarchical organization allows distant 

fragments of DNA to interact with each other through DNA loops. This interaction 

depends on non-coding sequences mostly known as cis-acting elements like 

enhancers, promoters, and silencers that contain binding sites for different trans-

regulatory elements such as transcription factors (TFs) that lead to the interaction of 

distal elements with its target genes (Beisel and Paro, 2011; Grunstein and Gasser, 

2013; Hediger and Gasser, 2002; Taddei et al., 2004). In addition, cis-regulatory 

sequences play a central role in evolution where changes in these elements have 

been shown to be important in phenotypic divergence. Gene expression patterns 

can be altered by TFs and their interaction with promoters, which also depend on 

nucleosome positioning or rearrangement relative to the binding of the TF (Wittkopp 

and Kalay, 2012).  

S. cerevisiae telomeres of function as silencers which are a type of cis-regulatory 

element, that harbor high affinity sequences for Rap1 that are key in the nucleation 

of the silencing machinery (Buck and Shore, 1995; Marcand et al., 1997). Also, HM 
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loci are flanked by silencers that act as “barrier elements” that limit the silencing 

activity to the HM loci (Boscheron et al., 1996). 

1.5. Chromatin remodeling proteins Abf1 and Rap1 
Chromatin remodeling proteins are crucial components in the expression of genes, 

genome stability, and other DNA metabolic processes. Among these proteins, Abf1 

and Rap1 are key factors in S. cerevisiae which significantly influence the chromatin 

organization and function and are necessary to trigger specific metabolic functions 

such as regulation of carbon source utilization, sporulation, and ribosomal function. 

ScAbf1 and ScRap1 have conserved amino acid residues at their trans-activation 

and silencing domains, which suggests that these regions may share similar 

mechanisms to mediate silencing and transcriptional activation (Miyake et al., 2002; 

Yarragudi et al., 2004). 

 

1.5.1. Abf1 
Autonomously replicating sequence (ARS)-binding factor 1 (Abf1) is an abundant 

zinc finger transcription factor that plays pivotal roles in numerous cellular processes 

and is essential for cell viability. Abf1 is a general transcription factor (GTF) that is 

involved in the regulation of at least 86 genes in S. cerevisiae, which represents 

1.4% of the total genome, 50 of them are activated and 36 are transcriptionally 

repressed by Abf1. Genes regulated by Abf1 participate in many cellular pathways 

like ribosome biogenesis, and cellular respiration (Fermi et al., 2016; Planta, 1997; 

Rhode et al., 1989a; Rie Gailus-Durner et al., 1996). For instance, COX6 which 

encodes a subunit of cytochrome c oxidase (essential in mitochondrial respiratory 

chain) has essential cis-elements that directly bind Abf1 regulating positively and 

negatively its transcription. Interestingly, it has been shown that this regulation 

depends on phosphorylation changes in Abf1 in response to glucose, where it is 

known that changes in the phosphorylation patterns of Abf1 affect the formation and 

abundance of protein-DNA complexes, therefore affecting the transcription of COX6 

(Trawick et al., 1992). Additionally, Abf1 transcription is affected by Cdc6 during S 

phase, where ORC can recruit Cdc6 at specific replicative origins, which establish 

and maintain the pre-replicative complex required at early steps in DNA replication 
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(Feng et al., 1998). Also, Abf1 can bind to its own promoter region and negatively 

regulate its own transcription (Fermi et al., 2016; Miyake et al., 2004). 

Abf1 is key in chromatin remodeling and organization, it contributes to the formation 

of chromatin loops by binding to cis-acting elements thereby influencing the 

accessibility of transcription factors and other regulatory proteins. Abf1’s C-terminal 

region is essential to mediate positive and negative transcriptional regulation, DNA 

replication, and silencing. In S. cerevisiae the C-terminal domain of Abf1 contains 

two crucial domains CS1 and CS2 (C-terminal sequence 1 and 2). CS1 consists of 

four essential amino acids which are required for the nuclear localization, mutants in 

CS1 are mislocated at the cytoplasm. CS2 domain consists of 23 amino acids that 

are required for inducing chromatin remodeling, influencing transcriptional activation, 

repression, and DNA replication (Miyake et al., 2002). ScABF1 is required also for 

silencing of the HML and HMR mating type silent loci (Bi et al., 1999; Boscheron et 

al., 1996). 

In Candida glabrata, which is relatively closely related phylogenetically to S. 

cerevisiae, ABF1 is conserved and is also essential for cell viability. CgAbf1 despite 

being a smaller protein (479 aa vs 731 aa of ScAbf1), contains the main domains 

and these share a high percentage of identity with the corresponding ScAbf1 

domains. CgAbf1 contains a bipartite DNA-binding domain composed of a Zinc 

finger domain (51 – 89 aa) at its N-terminal region and a DNA binding domain (201 

– 371 aa). In addition, the C-terminal domain (438 – 453 aa) corresponds to the CS2 

in ScAbf1 which is highly conserved, and crucial to mediate subtelomeric silencing 

at different telomeres (Fig. 4A). Interestingly, the CS1 domain is not conserved in 

CgAbf1. CgAbf1 has multiple roles in DNA replication and cell cycle progression 

(Hernández-Hernández et al., 2021). 
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Figure 4 Chromatin remodeling proteins ScAbf1 and ScRap1 are conserved in C. glabrata. A; Schematic 

representation of the ScAbf1 domains and % identity of ScAbf1 vs CgAbf1. DBD: DNA binding domain, CS1-2: C-terminal 

sequence 1 and 2. B; Schematic representation of the ScRap1 domains and their % of identity in comparison with CgRap1. 

BRCT: BRCA1 C-terminus, DBD1-2: DNA binding domain (Hernández-Hernández et al., 2021; Kueng et al., 2013). 

  

1.5.2. Rap1 
Repressor-activator protein 1 (Rap1) is a multifunctional protein that was first 

discovered as a binding factor to both silencing and activation cis-elements in the 

budding yeast S. cerevisiae. Rap1 regulates genes involved in glycolysis, ribosomal 

protein genes, and deoxyribonucleotides synthesis genes (Elledge and Davis, 1989; 

Vignais et al., 1987). Rap1 is an abundant protein found at double stranded DNA at 

telomeric-repeats; nevertheless, about 90% of Rap1 is not telomere-associated 

(Gilson et al., 1993; Shore and Nasmyth, 1987). Rap1 has been shown to interact 

with Rif1/2 and together regulate telomere length. Telomere association with the 

nuclear periphery involves Rap1 foci formation, which contain yKu complex, Sir4 and 

Sir3 and are associated with 70% of the Y’ telomere sequences (Hardy et al., 1992; 
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Levy and Blackburn, 2004; Palladino et al., 1993). In S. cerevisiae, Rap1 C-terminus 

is key for telomere maintenance and silencing and the interaction with Sir3/4 and 

Rif1/2 also depends on this domain (Buck and Shore, 1995).  

In C. glabrata, Rap1 is relatively well conserved with ScRap1 (Fig. 4B) at the DNA 

binding and C-terminal domains. Deletion of the last 28 amino acids of CgRap1 C-

terminal domain is unable to interact with Sir3 and therefore is defective for silencing. 

The rap1-21 truncated allele results in the expression of many subtelomeric genes 

of which the majority belong to the EPA family of genes encoding the major adhesins 

in C. glabrata that are normally subject to subtelomeric silencing (De Las Peñas et 

al., 2003). 

 

1.6. Silencing in Candida glabrata 
C. glabrata (Nakaseomyces glabrata) is an opportunistic fungal pathogen that is 

commonly found as a commensal in the mucous membranes of healthy individuals. 

The World Health Organization (WHO) recently reported C. glabrata as a high 

priority risk fungal pathogen, due to its increased incidence in the last decades, as it 

is the second most isolated Candida spp after Candida albicans. Despite being 

associated with other Candida species, C. glabrata is phylogenetically more related 

to the budding yeast S. cerevisiae (Gabaldón et al., 2013).  

Subtelomeric silencing in C. glabrata shares multiple similarities with the mechanism 

and machinery described in S. cerevisiae. For instance, SIR complex proteins Sir2, 

Sir3, and Sir4 are conserved in C. glabrata and required for subtelomeric silencing, 

as well Rap1, Abf1, and yKu proteins (De Las Peñas et al., 2003; Domergue et al., 

2005; Hernández-Hernández et al., 2021; Ramírez-Zavaleta et al., 2010).   
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Figure 5 Subtelomeric silencing at telomere E-R where EPA1, EPA2, and EPA3 form a cluster. Schematic 

representation of the telomere E-R where EPA1, 2 and 3 are located, and are subject to subtelomeric silencing that depends 

on SIR complex, Rap1, Abf1, yKu70/80. Also shown are the cis-acting elements like the protosilencer Sil2126 and the 

negative element (NE), which are involved in the negative regulation of the adhesins at this telomere.  

In C. glabrata, participation of the silencing machinery changes from telomere to 

telomere. At chromosome E-R where EPA1, EPA2, and EPA3 form a cluster at the 

subtelomeric region, silencing depends mostly on SIR complex (Sir2,3, and 4), 

Rap1, Abf1, Rif1 (Rap1 interaction factor 1) and requires the cis-acting element 

Sil2126 found at the intergenic between EPA3 and the telomere. Sil2126 requires 

Rap1 and Abf1 binding, and it has been proposed that Sil2126 interacts through 

protein-DNA interactions with other cis-elements found at the intergenic between 

EPA2-EPA3 and EPA1-EPA2, which are important to remodel this telomere into 

different loop conformations that repress the expression of the genes located inside 

this structure (Hernández-Hernández et al., 2021; Juárez-Reyes et al., 2012;). In 

addition, EPA1 is regulated by another cis-acting element called Negative Element 

(NE) located downstream EPA1, which represses its expression rapidly during log 

phase (Gallegos-García et al., 2012a) and requires yKu70/80. It is worth pointing out 

that yKU complex is not required for subtelomeric silencing at telomere E-R where 

EPA1 is located (Rosas-Hernández et al., 2008). 
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Figure 6 Chromatin loop formation that negatively regulates EPA genes in C. glabrata. A; Schematic 

representation of the interaction between the protosilencer Sil2126 at its original position (between EPA3 and the telomere 

E-R) with the intergenic region of EPA2-EPA3. B; Schematic representation of the interaction of the protosilencer Sil2126 

at its original position with the intergenic region of EPA1-EPA2. C; Schematic representation of the interaction of Sil2126 

@-32 Kb from the telomere with EPA1-EPA2 and EPA3-telomere intergenic regions.  

Other adhesin-encoding genes like EPA6 (Chr C-L, BG2 strain) and EPA7 (Chr E-

L, BG2 strain) are also subject to subtelomeric silencing which mostly depends on 

the SIR complex, Rap1, yKu70, and Rif1. Also, EPA4 and EPA5 located at telomere 

I-R are silenced and this silencing depends on the yKu complex (Rosas-Hernández 

et al., 2008).  

 

Sil2126 in its native position 
interacts with the region between 

EPA2 and EPA3

Sil2126 in its native position 
interacts with the region between 

EPA1 and EPA2

Sil@-32kb propagates silencing by 
interacting with the intergenic region 

between EPA1 and EPA2

A

B

C
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1.7. Adhesins in Candida glabrata: a crucial virulence factor 
C. glabrata’s whole genome sequence of different strains has allowed to detect 

several structural changes in some chromosomes, like duplications and 

translocations, among others. These changes involve genes encoding 

glycosylphosphatidylinositol (GPI)-anchored adhesin-like proteins that confer 

adherence to a broad type of surfaces biotic or abiotic, which is a crucial virulence 

trait that makes it a successful pathogen.  

Interestingly, most of this adhesin-like encoding genes are located at subtelomeric 

regions and contain highly repeated sequences that make them prone to 

rearrangements which could explain the expansion of adhesin-encoding genes in 

the C. glabrata genome. In BG2 standard laboratory strain, there are 81 genes 

encoding for cell surface proteins, and 26 adhesin-encoding genes that belong to 

the EPA (Epithelial Adhesins) family, which is the largest family of GPI-CWPs 

proteins (Fig. 7) (De Groot et al., 2008; Xu et al., 2020). In BG2 strain, Epa1 is the 

major adhesin responsible for 95% adherence to HEp2 epithelial cells in vitro, it 

requires Ca2+ and recognizes host glycoconjugates containing N-acetyl 

glucosamine (Cormack et al., 1999a).   



 14 

 
Figure 7 Cell wall protein-coding genes in C. glabrata (BG2). Phylogeny of the adhesin encoding genes which 

cluster into seven groups from the de novo assembly genome of BG2 genome, where the major adhesin cluster is the EPA 

family. Modified from (Xu et al., 2021).  

In response to the environmental conditions, C. glabrata expresses different 

adhesins probably contributing to its survival and colonization within the host 

(Kraneveld et al., 2011a). For instance, Epa1, Epa6 and Epa7 are important to 

colonize the kidneys and bladder in a murine model; besides, Epa6 is important for 

biofilm formation on plastic surfaces (Castaño et al., 2005; De Las Peñas et al., 2003; 

Domergue et al., 2005). EPA2, found at telomere E-R, is induced in the presence of 

oxidative stress and is induced in the liver during host colonization, induction 

depends on Yap1 and Skn7 TFs (Juárez-Cepeda et al., 2015). EPA3, also found at 

Tel E-R, is important for biofilm formation and is induced under osmotic stress and 

glucose starvation (Kraneveld et al., 2011; Roetzer et al., 2008). Other adhesins like 

EPA7 and EPA22 are also expressed during biofilm formation (Kraneveld et al., 

2011). 

EPA genes
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2. BACKGROUND  
2.1. Chapter 1 “Abf1 is an Essential Protein that Participates in 

Cell Cycle Progression and Subtelomeric Silencing in 
Candida glabrata” 

DNA replication and repair are crucial for survival in any living organism. The ARS-

binding factor 1 (Abf1) plays an important role in DNA replication in S. cerevisiae 

and was first described as a general factor that binds to autonomously replicating 

sequences essential for the initiation of DNA replication. ScAbf1 recruits the origin 

recognition complex (ORC) to ARS elements which allows the assembly of the pre-

replication complex (pre-RC) that is a key step in the initiation of the DNA replication. 

Furthermore, the B3 element found at ARS1 element is a binding site for Abf1 where 

it acts as a barrier, positioning the nucleosomes adjacent to the origin of replication. 

Also, Scabf1 temperature sensitive alleles are defective in DNA replication (Reed et 

al., 1999). In addition, ScAbf1 binds at the ARS found at HMR silent mating type 

locus required for transcriptional repression of the mating-type information (Abraham 

et al., 1984; Diffley and Stillman, 1988; Lipford and Bell, 2001). Another process 

important to correctly preserve the DNA, is the nucleotide excision repair (NER) 

machinery, where Rad7 and Rad16 proteins are key to this process. Abf1 has been 

shown to interact with Rad7 and Rad16 where it plays a role in NER.  

Moreover, Abf1 transcriptionally regulates genes involved in a wide range of cellular 

processes including the regulation of carbon and nitrogen source utilization, 

sporulation, and meiosis (De Boer et al., 2000; Della Seta et al., 1990; Kovari and 

Cooper, 1991; Ozsarac et al., 1997; Rie Gailus-Durner et al., 1996; Trawick et al., 

1992).  

The structure of Abf1 is divided into two main regions the N-terminal domain that 

contains the zinc finger and the trans activation domains, and the C-terminal domain 

that is composed of two principal structures, both of which are essential. CS1 that 

consist of a NLS, and the CS2 that is responsible for the DNA replication, 

transcription, and remodeling functions (Miyake et al., 2002; Yarragudi et al., 2004). 

C. glabrata (Nakaseomyces glabrata) contains in its genome the orthologue gene 

for Abf1. In this work, we wished to characterized CgAbf1 and determined its role 
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during the cell cycle progression and DNA replication, as well as its role in 

subtelomeric silencing at telomere E-R and other telomeres. 
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2.2. Chapter 2 “Negative regulation of adhesin-encoding genes 
requires Abf1 silencing factor” 

Adhesion is a critical virulence trait in C. glabrata, which is the second most isolated 

Candida spp after Candida albicans in hospital infections, with a mortality rate of 

30%. Our lab strain possesses a large battery of adhesin encoding genes that are 

mostly found in subtelomeric regions and subject to subtelomeric silencing. The 

principal adhesin that mediates adhesion to epithelial cells in vitro is Epa1, which is 

located at the telomere E-R and forms a cluster with EPA2 and EPA3. These genes 

are negatively regulated by subtelomeric silencing, which depends on SIR complex, 

Rap1, Abf1 and yKu70/80, and is propagated from the telomere to the adjacent 

subtelomeric region (Castaño et al., 2005; De Las Peñas et al., 2003; Rosas-

Hernández et al., 2008).  

In addition, at the E-R subtelomere we previously identified different cis-acting 

elements which are crucial for the subtelomeric silencing mechanism. For example, 

the protosilencer Sil2126 located between EPA3 and E-R telomere, can extend 

silencing from the telomere to a region ~20 Kb toward the centromere. Sil2126 has 

two important regions for its activity designated as R1 and R2. These regions contain 

binding sequences for the recruitment of Abf1 and Rap1 both proteins are essential 

for its function. Besides, Sil2126 depends on its orientation relative to the telomere 

as well as on its chromosomal context. Previous work has shown that Sil2126 can 

interact with the intergenic region between EPA2 and EPA3 remodeling the 

chromatin into a loop, repressing the expression of the genes inside this structure; 

also, additional structures can be formed between the flanking regions of EPA1 and 

Sil2126  (Juárez-Reyes et al., 2012; López-Fuentes et al., 2018). An additional cis-

acting element required for the negative regulation of EPA1 is the Negative Element 

(NE) located in the 3’ intergenic region. Repression of PEPA1 takes place immediately 

after its activation when cells from SP are diluted in fresh media. This mechanism 

depends on yKu proteins and is independent of the subtelomeric silencing (Gallegos-

García et al., 2012).  

In this work, we wished to characterized the cis-acting elements in the intergenic 

regions between EPA1 and EPA2, EPA2 and EPA3 and the upstream region of 

EPA1, all of which harbor putative binding sites for Abf1 and Rap1 and are important 
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for subtelomeric silencing by Sil2126. In addition, we investigated protein-protein 

interactions between silencing proteins to gain insight into how the spreading of 

protein complexes can remodel the shape of E-R chromosome and influence 

expression patterns of adhesins genes. 
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3. GENERAL AIM 
To characterize the role of different silencing proteins in regulation of the expression 

of EPA genes at the E-R telomere in Candida glabrata. 

 

3.1  Specific aims chapter 1 
• To determine if Abf1 is essential for cell viability in C. glabrata. 

• To determine if Abf1 has a role in subtelomeric silencing in C. glabrata.  

• To determine if Abf1 participates in the cell cycle in C. glabrata. 

3.2  Specific aims chapter 2  
• To determine whether silencing proteins Abf1, Rap1, Sir3/4, yKu70/80 

interact with each other. 

• To determine if Abf1 and Rap1 are recruited at different positions throughout 

the promoter of EPA1 and other cis-acting elements between EPA1 and 

EPA2 and EPA2 and EPA3.  

• To define the binding sequences recognized by Abf1 and Rap1 in Candida 

glabrata. 

• To determine if Abf1 regulates the expression of different adhesins.  
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4. Materials and methods 
4.1 Strains, plasmids, and primers 

All strains, plasmids and primers used in this study are listed in tables S1, S2 and 

S3. 

4.2 Media 
Yeasts were grown in standard liquid media and for plates, 2% agar was added. 

Synthetic complete (SC) media contains: yeast nutrient base (YNB) without 

(NH4)2SO4 or amino acids (1.7 g/L), (NH4)2SO4 (5 g/L), casamino acids (CAA) (0.6%) 

and glucose (2%). Minimal media is equivalent to YNB without amino acids; 2% 

glucose (2%) and (NH4)2SO4  (5 g/L) as nitrogen source. Rich medium (Yeast extract-

peptone-dextrose or YPD) contains yeast extract (10 g/L), peptone (20 g/L), and 

glucose (2%). When necessary, YPD solid media was supplemented with 

nourseothricin (AG Scientific, San Diego, CA, USA) to 100 µg/mL and for liquid 

media to 50 µg/mL. Bacteria were grown in LB medium containing 5 g/L yeast 

extract, 10 g/L tryptone, 5 g/L NaCl and 1.5% agar was added for plates. All plasmids 

were transformed into Escherichia coli strain DH10 by electroporation and cells were 

plated onto LB with 100 µg/mL carbenicillin (AG Scientific, San Diego, CA, USA) for 

selection of plasmids. Yeast as well as bacteria were grown at 30ºC. 

 

4.3 C. glabrata transformation 
Yeast transformations with either supercoiled or digested plasmids were performed 

following the procedure described in (Castaño et al., 2003) using the LiOAc method.  

 

4.4 URA3 reporter insertions 
We generated a collection of mutants that contain the reporter gene URA3, which, 

when expressed in the presence of the 5-FOA, this is converted into a toxic 

compound. In this way the level of silencing is proportional to the growth of the cells 

in media containing 5-FOA (Castaño et al., 2003). Strains with different URA3 

insertions were grown at 30ºC in YPD for 48 h to stationary phase. Serial, 10-fold 

dilutions were made in 96-well plates. Then, 5 µl of each dilution was spotted onto 
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SC-Ura, SC+5-FOA and YPD plates, after which plates were incubated for 48 h at 

30ºC and photographed.  

 

4.5 Co-immunoprecipitation assays  
We constructed epitope-tagged versions of different silencing proteins, Rap1, Abf1, 

Sir3, Sir4, yKu70, and yKu80 were tagged with FLAG epitope at the C-terminal end 

and integrated at their respective native loci except for Abf1, where we constructed 

plasmid containing an N-terminal fusion with both FLAG and cMyc for ABF1 under 

the inducible promoter PMT1 (pVA98 and pGH3). The tagged and control strains were 

cultivated in YPD and collected in stationary phase. Protein extraction and western 

blot assays were performed as described previously by(Orta-Zavalza et al., 2013) 

with certain modifications. In brief, cells were resuspended in lysis buffer (45 mM 

HEPES, 400 mM potassium acetate, 0.5% Nonidet P-40, 1 mM EDTA, 1 mM DTT, 

1 mM PMSF, 1X complete protease inhibitors cocktail ROCHEâ). To lyse the cells, 

we added 100 µl of zirconia beads, and lysed the cells using FastPrepâ-24 (MP 

Biomedicalsâ) with the following settings: three sets of 60 s at 6 m/s and placing the 

lysates on ice five minutes in between. Then, the lysates were spun down at 14,500 

rpm at 4 °C during 40 min, the supernatant was saved to calculate the protein 

concentration using the Bradford reagent. For each lysate, 100 µg of total protein 

was incubated at 4 °C for 1h with 30 µl of Sepharose beads coupled to protein G 

(SigmaBioSpec®). Samples were centrifuged at 14,500 rpm for five minutes at 4 °C 

and then transferred to a new tube. For immunoprecipitation, lysates were mixed 

with 50 µl of anti-FLAG or anti-cMyc agarose (Sigma®) and incubated at 4 °C for 

two hours while being inverted constantly. Supernatants and immunoprecipitates 

were collected by centrifugation, washed with Lysis buffer three times, and then 

resuspended in 40 µl of 2X SDS loading buffer and heated to 95ºC for five min. The 

input (20 µg of total protein), supernatant (1:20 of the immunoprecipitated extract) 

and the IPs were loaded onto a 10% SDS-polycrylamide gel. The proteins were 

blotted onto PVDF membranes (BIO-RADâ) and afterward incubated with anti-Flag 

(Sigmaâ)  or anti-cMyc (Sigma®) antibodies for 2 h at room temperature. Excess of 

antibodies was washed and then the membrane was probed with a goat-anti-mouse 
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horseradish peroxidase-conjugated secondary antibody (MERCâ). Signal was 

detected by Pierce® ECL Western Blotting Substrate (Thermo Scientific® 32106) 

and CL-XPosure films (Thermo Scientific® 34090). 

 

4.6 Chromatin immunoprecipitation assays (ChIP-qPCR) 
Chromatin was extracted as described in (López-Fuentes et al., 2018) with a few 

modifications. Briefly, 150 mL of yeast cultures in minimal medium were grown to an 

OD600nm of 1 at 30 ºC with shaking. Cultures were put on ice for 15 min. Cells were 

fixed with formaldehyde to a final concentration of 1% during 15 min at 25ºC at 180 

rpm. Cross-linking was achieved by the addition of 125 mM glycine and incubated 

for 5 min. Cells were collected and washed with Tris-Salt buffer [20 mM Tris-HCl (pH 

7.5), 150 mM NaCl] twice and the supernatant was recovered into 1.5 mL tubes. 

Then, we lysed the cells with 500 µl of lysis buffer [10 mM EDTA (pH 8), 50 mM Tris-

HCL (pH 8), 1% SDS and, 1 mM PSMF and the protease inhibitor ULTRA Tablet 

Mini/10 mL (EASYpack (ROCHE)] was added immediately before use. Then, cells 

were lysed by adding 500 µl glass beads and mixing thoroughly for 30 s and 

incubated on ice for one minute (this process was repeated 10 times). The chromatin 

obtained from the lysates was sheared by sonication with the following protocol: 30 

cycles (total sonication time: 3 min 45 s) at 20% amplitude in Episonic multifunctional 

bioprocessor Model Oasis 180. We obtained DNA fragments of an average size 

~500 bp. To immunoprecipitate the tagged proteins we used 5 µg mouse anti-FLAG 

(Sigma) or anti-cMyc (Millipore) coupled to Dynabeads Protein G for 

immunoprecipitation (Invitrogen). The immunoprecipitates with the Dynabeads were 

washed two times with Dilution buffer [20 mM Tris-HCl (pH 8), 2 mM EDTA (pH 8), 

150 mM NaCl, 1% Triton] and washed for an additional four times with Wash buffer 

[20 mM Tris-HCl (pH 8), 2 mM EDTA (pH 8), 150 mM NaCl, 0.1% SDS, 1% Triton]. 

Protein and cross-linked DNA were eluted in 100 µl of Elution buffer [1% SDS, 0.1 

M NaHCO3] and incubated at 65 ºC for 10 min. Crosslinking was reversed by 

incubating the mixture at 65 ºC overnight with 50 µg/ml proteinase K. DNA followed 

by phenol:chloroform:isoamyl alcohol mixture 25:24:1 (BioUltra, Sigma) extraction 

and precipitation with 5 M NaCl, glycogen and ethanol. Immunoprecipitates were 
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resuspended in 30 µl of TE [10 mM Tris-Cl (pH 8), 1 mM EDTA] with 2 µg/mL RNase 

cocktail (Ambion). To prepare Input DNA 20% of the sheared chromatin (after 

sonication) was mixed with 200 µl TE followed by DNA extraction as described 

previously. Both, the input and the immunoprecipitated DNA were used as templates 

for qPCR reactions performed with PikoReal Real-Time PCR System (Thermo 

Scientific) and SYBER Green PCR Master Mix (Invitrogen). The primers are listed in 

Table S3. For Rap1, the ChIP assays are presented as % input relative to ISC1 

binding and for Abf1 relative to binding to the telomere.  

 

4.7 Identification of putative binding sites for Abf1 and Rap1 in 
C. glabrata 

To identify the binding sites for Abf1 and Rap1 in C. glabrata frequency matrices 

were defined using the data base JASPAR 

(https://jaspar.genereg.net/search?q=&collection=CORE&tax_group=fungi) using 

S. cerevisiae as references due to the high percentage of identity between the DNA 

binding domains of both proteins. The S. cerevisiae matrices are the result of PBM, 

CSA, DIP-ChIP, and ChIP-EXO the accession numbers are: Abf1 MA0265.1 and 

MA0265.2, and for Rap1 MA03591.1 and MA0359.2. Using MEME suite, specifically 

the FIMO tool with the predetermined parameters (threshold P value: 0.001) and 

feeding the sequences obtained from the ChIP-qPCR that were enriched for each 

protein. As negative control we used a sequence in which we did not observe 

enrichment for either of these proteins. The results obtained were analyzed into 

matrices for CgAbf1 and CgRap1 and graphed using the package Bioconductor for 

RStudio (https://bioconductor.org/packages/memes).  

 

4.8 PEPA1 promoter activity using a GFP transcriptional fusion 
and analysis with FACS 

Cells containing the transcriptional fusion of the EPA1 promoter with GFP were 

grown in YPD media for 48 h at 30ºC, then diluted in fresh media to induce EPA1 

expression in CAA. Samples were taken every 2 h during an 8 h lapse and analyzed 

https://jaspar.genereg.net/search?q=&collection=CORE&tax_group=fungi
https://bioconductor.org/packages/memes
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by flow cytometry (FACS) using BD FACSCalibur Flow Cytometer with Cell Quest 

Pro software. The data was analyzed using GraphPad, PRISM.  

  

4.9 Quantitative PCR (qPCR) 
Total RNA was extracted as previously described in (Schmitt et al., 1990) with some 

modifications. Briefly, yeasts were inoculated at OD600nm of 0.5 in 300 mL of YPD 

and incubated at 30 ºC with constant shaking (180 rpm) and samples of 50 mL were 

taken at 15, 30, 60 and 120 minutes. Harvested cells were centrifuged and 

resuspended in 1.2 mL of AE buffer (50 mM Sodium Acetate, 10 mM EDTA, pH 5.3). 

Then 40 µl of SDS 10% were added to 400 µl of resuspended cells and mixed with 

using vortex for two minutes, 500 µl of phenol saturated with citrate buffer 0.1 M (pH 

4.3, P4682 Sigma) were added and mixed with vortex for two minutes, following an 

incubation of four minutes at 65 ºC and immediately frozen with liquid nitrogen and 

then defrosted at 25 ºC. Next, samples were centrifuged at 14,000 rpm during five 

minutes, the supernatant was recovered and 500 µl of phenol:chloroform:isoamyl 

alcohol mixture 25:24:1 (BioUltra, Sigma) were added and mixed with vortex for five 

minutes. Tubes were then centrifuged for 10 minutes at 14,000 rpm; then, the 

supernatant was transferred to a clean tube, and RNA was precipitated using sodium 

acetate (0.3 M pH 5.3) and molecular grade absolute ethanol. Afterwards, the 

precipitate was washed with 80% ethanol and the dried pellet resuspended in 20 µl 

of sterile water. The total RNA extracted was treated with DNase I (Invitrogen) to 

remove contaminating genomic DNA. cDNA synthesis was made using SuperScript 

II reverse transcriptase and the reverse primers for each gene. The reaction was 

performed at 42°C for 50 min. We used the Fast SYBR Green Master Mix (Applied 

Biosystems, Invitrogen) in a PikoReal 96 Real-Time PCR System (Thermo Scientific, 

USA) for the qPCR reaction. The internal control was ACT1 for normalization and 

the threshold cycle (2-DDCt) method was used to calculate the differences in gene 

expression.  
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4.10 Adherence assays 
Adherence assays were made as described by (Martínez-Jiménez et al. 2013). 

Briefly, yeast cells were grown to stationary phase (48 h) in YPD and then adjusted 

to an OD600nm of 1.0 with Hanks Balanced Sal Solution (HBSS: 5.4 mM KCl, 0.3 mM 

Na2HPO4, 0.4 mM KH2PO4, 4.2 mM NaHCO3, 0.6 MgSO4, 137 mM NaCl, pH 7.4) 

and CaCl2 (5 mM), 1 mL of the yeast cell suspension was added to each well of a 

24 well plate containing fixed HeLa cells with 500 µl HBSS with CaCl2. The plate was 

centrifuged at 1,000 rpm for 1 min. and incubated 1 hour at 25 ºC. Yeast adhered to 

HeLa monolayer after the washings were recovered adding 0.5 mL of wash buffer to 

each well (0.1% triton, 0.5% SDS, 10 mM EDTA, 1X PBS). Yeast cells were 

recovered by scraping off the well and resuspended in a 1.5 ml tube. Then, 10-fold 

serial dilutions were made in sterile water, 200 µl of each dilution was plated on YPD 

and incubated for 48 h at 30 ºC. CFUs of the recovered adherent yeast cells and 

input cells were counted. The percentage of adherence was calculated using the 

formula: 

% Adherence = [CFU (adherent cells) / CFU (input cells)] * 100  

4.11 Construction of Sir4, yKu70, and yKu80 fusions with YFP 
and mCherry 

To visualize the distribution of the silencing proteins within the nuclei, we designed 

a cloning strategy using plasmids containing the epitopes pVA99 (PMT-

1::mCherry.NATR), pVA152 (PMT-1::mCherry.URA+) and pVA87 (PMT-1::YFP.URA+), 

where the expression of each gene cloned is under the control of the inducible 

promoter MT-1. We amplified the HDF2-ORF fragment (yKu80 1.848 Kb) with #3195 

and #3196 primers and digested ClaI/SalI enzymes and clone into pVA87 (pGH24) 

and pVA152 (pGH25). In a similar manner we amplified the NUP49-ORF (nuclear 

periphery protein) with #3191 and #3192 primers (PCR fragment of 1.515 Kb) and 

digested with SalI/XhoI and cloned into pVA99 (pGH27). Plasmids obtained were 

transformed by electroporation using DH10 cells. Then the plasmids with these 

fusions were transformed into different genetic backgrounds of C. glabrata as 

previously described.  
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4.12 Fluorescence microscopy  
Strains with the different fluorescent epitopes were grown 24 h in SC-Ura at 30ºC, 

then diluted in 5 mL fresh media during 2 h at 30ºC. One mL samples were taken 

from each strain and washed with 1 mL of sterile MilliQ water, washed cells were 

resuspended in 100 µl of MilliQ water and 5 µl of the resuspended cells were 

analyzed in the Axio Imager.m2 (Carl Zeiss). Images obtained were analyzed using 

the software AxioVision v.4.8.2.9 image browser.  
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5. Results 
Chapter 1. Abf1 is an Essential Protein that Participates in Cell Cycle 

Progression and Subtelomeric Silencing in Candida glabrata 
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Abstract  
Adherence is a major virulence trait in Candida glabrata that in many strains depends 

on the EPA (Epithelial Adhesion) genes, which confer the ability to adhere to the 

epithelial cells of the host. The EPA genes are generally found at subtelomeric 

regions which results in subtelomeric silencing of their transcription. In C. glabrata, 

subtelomeric silencing depends on different protein complexes like SIR, yKu 

complexes and other proteins like Rap1 and Abf1. At the EPA1 locus, which encodes 

the main adhesin Epa1, we previously found at least two cis-acting elements, the 

protosilencer Sil2126 and the negative element (NE), that contribute to the 

propagation of silencing from the telomere to the subtelomeric region. In this work, 

using ChIP-qPCR, we found that Abf1 predominantly binds to the EPA1 promoter 

region leading to negative regulation of EPA1 expression. Moreover, the mutant 

abf1-43, which lacks the last 43 amino acids at its C-terminal, and is defective for 

subtelomeric silencing, exhibits hyperadherence to epithelial cells in vitro in 

comparison to the parental strain, suggesting that EPA1 is derepressed. Also, we 

determined the motif binding sequences for Abf1 and Rap1 in C. glabrata, using the 

data from the ChIP assays.  

 

Key words: Abf1, subtelomeric silencing, adhesins, EPA1. 
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Introduction 
Genetic and phenotypic variability plays an important role in the adaptation of the 

organisms to their environmental conditions. Several human pathogens can shape 

the gene expression patterns to successfully initiate an infection in the host 

(Helmstetter et al., 2022). Such is the case of Candida glabrata, which is normally 

part of the healthy microbiota of humans, but when the immune system is 

compromised it can cause disease, as it possesses different mechanisms to 

succeed as a pathogen such as its ability to adhere to different biotic and abiotic 

surfaces. C. glabrata harbors a broad battery of genes encoding cell wall proteins 

that play an important role in adhesion. The largest family of adhesins is the EPA 

family of which Epa1 is the founding member (Cormack et al., 1999a; De Groot et 

al., 2008; Xu et al., 2020). In the BG14 laboratory strain of C. glabrata, Epa1, 

encoded by the EPA1 gene, mediates most of the adhesion to epithelial cells in vitro. 

EPA1 gene is located at the right subtelomeric region of chromosome E (telomere 

E-R) where it forms a cluster with two other adhesins EPA2 and EPA3 (De Las 

Peñas et al., 2003). The expression of EPA1 is regulated at least by two different 

mechanisms, the first involves the activation of transcription after dilution of 

stationary phase (SP) cells into fresh media, in which EPA1 is rapidly induced and 

immediately after, transcription is repressed during log phase. This repression 

involves the cis-acting element called the negative element (NE) found at the 3’ 

intergenic region of EPA1 and depends on the protein complex yKu formed by 

yKu70/80 but is independent of the silencing from the telomere (Gallegos-García et 

al., 2012a). The second mechanism is the subtelomeric silencing, controlled in C. 

glabrata primarily by the SIR complex (Silent Information Regulator) formed by Sir2, 

Sir3, and Sir4, and the silencing propagates from the telomere to the subtelomere 

and represses the genes found in this region (Castaño et al., 2005). Other proteins 

involved in subtelomeric silencing in C. glabrata are the yKu complex which 

participates at different levels depending on the subtelomeric region, Rap1 

(Repressor/activator protein 1) that is found at the telomere repeats in C. glabrata, 

and Abf1, an essential protein that has multiple roles and binds directly to the 

Autonomous Replicating Sequence (ARS) having a crucial role in the initiation of 

DNA replication, other process that involve Abf1 are DNA repair, activation and 



 31 

repression of transcription in the non-pathogenic, closely related yeast 

Saccharomyces cerevisiae  and in C. glabrata (De Las Peñas et al., 2003; 

Hernández-Hernández et al., 2021; Miyake et al., 2002; Rhode et al., 1989b; Rosas-

Hernández et al., 2008). Interestingly, although most of the EPA genes expression 

is controlled by subtelomeric silencing, many of them exhibit a differential expression 

pattern under various conditions. For instance, EPA2 is induced in the presence of 

oxidative stress and depends on the transcription factors Yap1 and Skn7 (Juárez-

Cepeda et al., 2015a), and EPA3 is differentially expressed in biofilms only in 

planktonic cells (Kraneveld et al., 2011). 

We previously identified a cis-acting element at the E-R telomere called 

Sil2126, a protosilencer located between EPA3 and the telomere. This element can 

propagate the silencing of a reporter gene when inserted distally from the telomere 

(31.5 Kb), a distance where there is normally no silencing (Juárez-Reyes et al., 

2012). Moreover, previous data shows that the activity of Sil2126 depends on the E-

R telomere context specifically, since there are other cis-acting elements in the 

EPA2-EPA3 intergenic region. Sil2126 also requires trans-acting elements such as 

the SIR complex, Rap1, Rif1, and Abf1 (Hernández-Hernández et al., 2021; López-

Fuentes et al., 2018). We also found that Sil2126 can interact with EPA2-EPA3 

intergenic region through a DNA loop where protein-protein interactions are required 

to remodel the three-dimensional structure of the telomere E-R. In addition, 

alternative structures can be formed between Sil2126 with other intergenic regions 

in the E-R subtelomere, for example interactions can be detected by 3-C 

experiments between Sil2126 and the intergenic regions between EPA1 and EPA2 

or HYR1 and EPA1. These interactions were less frequent that the ones observed 

with the EPA2- EPA3 intergenic region, which suggests that these structures are 

dynamic and respond to different stimuli to fully repress or activate the genes found 

at the E-R subtelomere (López-Fuentes et al., 2018).  

Here, we show by ChIP-qPCR that Abf1 binds most efficiently to the EPA1 promoter 

region and to the EPA1 – EPA2 intergenic region where the cis-acting NE is located, 

albeit less efficiently. With this data we generated putative C. glabrata Rap1 and 

Abf1 consensus binding sequences and a more detailed map of Abf1 and Rap1 

putative binding sites throughout the E-R telomere. Furthermore, we showed that 
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Abf1 is required for EPA1 repression and that in the strain containing the truncated 

allele Abf1-43, defective in subtelomeric silencing, results in an increase in 

adherence to epithelial cells in vitro.   



 33 

Results  
Subtelomeric silencing at chromosome E-R of C. glabrata does not extend 
beyond the EPA1 promoter. 
To define whether the 5’ intergenic region of EPA1 is subject to subtelomeric 

silencing we designed a series of insertional mutants using the reporter gene URA3 

at different distances from the start of the EPA1 transcription site. The first insertion 

is located just before the ATG codon of EPA1 (at -1 from EPA1) and it is moderately 

silenced, as measured by the moderate ability of the strain to grow on 5-FOA media, 

which is toxic to cells expressing the URA3 reporter gene. The second insertion at -

0.791 Kb from EPA1 (-26.7 Kb from the telomere) and, the third insertion is located 

at -2.2 Kb from EPA1 start codon which corresponds to -28.2 Kb from the telomere. 

We found that these last two insertions are not silenced since there is no growth on 

5-FOA containing plates. This indicates that silencing does not extend over 26.5 Kb 

from the E-R telomere (Fig. 1).  

 

 
Fig. 1 Subtelomeric silencing in C. glabrata extends to ~ 20 Kb at telomere E-R. A) Schematic representation 

of telomere E-R, where EPA1, EPA2, and EPA3 are located. B-E) Schematic representation of the intergenic region between 

HYR1 and EPA1 at Tel E-R;. the red arrows represent the position of insertions of the URA3 reporter, and the distance from 

the telomere is indicated below each insertion. 5 µl of ten-fold serial dilutions of cells grown to stationary phase were spotted 

onto the media indicated, incubated at 30ºC for 48 h, and then photographed. 
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Abf1 and Rap1 bind to different cis-acting elements in the EPA1-2, and EPA2-
3 intergenic regions 
We have found several putative binding sites for Abf1 and Rap1 silencing proteins 

in the subtelomeric region E-R in our standard strain BG14, where the cluster formed 

by EPA1, EPA2, and EPA3 genes are located. Abf1 and Rap1 are required for 

subtelomeric silencing mediated by Sil2126, which has functional binding sites for 

these proteins. Additionally, Sil2126 requires other uncharacterized cis-acting 

elements in the intergenic region between EPA2 and EPA3 when the protosilencer 

is removed from its original position near the telomere and inserted 32 Kb away from 

it (Sil@-32) (Juárez-Reyes et al., 2012; López-Fuentes et al., 2018). We determined 

whether Abf1 and Rap1 bind to uncharacterized cis-acting elements in these regions 

by ChIP-qPCR. We found that Abf1 and Rap1 are enriched at the promoter region 

of EPA2, Rap1 binds with higher efficiency to the region ~ 2 Kb upstream of the ATG 

of EPA2 whereas Abf1 binds further upstream of the initiation codon of EPA2 (Fig. 

2B). We also analyzed the intergenic region between EPA1 and EPA2, where the 

cis-acting element NE is located. We found that Abf1 binding is increased within or 

immediately downstream of the NE. In contrast, Rap1 is not enriched in this region 

in the parental BG14 strain (Fig. 2C). 
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Fig. 2 Abf1 and Rap1 bind to different positions throughout the telomere E-R. A) Schematic representation of 

uncharacterized cis-acting elements at telomere E-R, that contain putative binding sites for Abf1 and Rap1  (López-Fuentes 

et al., 2018b).  B) top: Schematic representation of the intergenic region between EPA2 and EPA3 at telomere E-R. The 

position of the amplified fragments in the ChIP-qPCR are represented by the color bars below the map, numbered from 1 

to 6. Bottom left: graph corresponds to the enrichment of Abf1, calculated as enrichment relative to the enrichment at the 

telomere E-R (where Abf1 does not bind, oligo pair 6). Bottom right: graph corresponds to Rap1 enrichment calculated as 

binding relative to ISC1 (where Rap1 does not bind, oligo pair 1). C) Top: schematic representation of the intergenic region 

between EPA1-EPA2. The position of the amplified fragments in the ChIP-qPCR are represented by the color bars below 

the scheme, numbered from 1 to 5. Bottom left: graph shows the enrichment of Abf1, calculated as the enrichment relative 

to the enrichment at the telomere E-R (where Abf1 does not bind, oligo pair 6). Bottom right: graph shows Rap1 enrichment 

calculated as binding relative to ISC1 (where Rap1 does not bind, oligo pair 1). Statistical analysis was performed using an 

unpaired two tailed Student’s t-test with P < 0.001. 
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Abf1 binds to the promoter region of EPA1 
Since Sil2126 can interact with the intergenic regions flanking EPA1 (López-Fuentes 

et al., 2018), we analyzed the promoter region of EPA1 for cis-acting elements that 

could recruit Abf1 and Rap1. The results showed that Abf1 is enriched in at least two 

points upstream EPA1 centered at ~2 Kb upstream of the EPA1 initiation codon. In 

comparison, Rap1 was not enriched in this region (Fig. 3). These data could suggest 

that Abf1 binding at this region represses the transcription of EPA1.  

 
Fig. 3 Abf1 and Rap1 bind to the promoter region of EPA1. Schematic representation of the promoter region of 

EPA1. Position of the amplified fragments with the shown oligonucleotides pairs in the ChIP-qPCR are represented by the 

color bars below the scheme, numbered from 1 to 4 (top). From left to right enrichment for Abf1 was calculated as binding 

relative to the telomere E-R. Rap1 enrichment was calculated as binding relative to ISC1 as indicated for Figure 2.  
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Abf1 represses the expression of EPA1 in C. glabrata 

We next decided to determine whether a silencing deficient, truncated version of 

Abf1 which lacks the last 43 amino acids at the C-terminus of Abf1, results in 

increased expression of EPA1.  Because Abf1 is an essential gene in C. glabrata we 

evaluated a truncated allele abf1-43 which lacks the last 43 amino acids and is 

defective for silencing without compromising cell viability (Hernández-Hernández et 

al., 2021).  

RNA was isolated from the parental strain and abf1-43 mutant, from samples taken 

from SP, 30, 60, and 120 minutes after dilution into fresh media. Expression of EPA1 

in SP for both strains is null, as previously described in (Castaño et al., 2005), but in 

early logarithmic phase (30 min after dilution into fresh media), EPA1 is strongly 

induced, in the abf1-43 we observed at least 10 times more EPA1 expression than 

in the parental strain, this difference is increased over time up to 120 min. Altogether, 

these data support that binding of Abf1 to the regulatory region of EPA1, represses 

its expression (Fig. 4A).  

 

 
Fig. 4 Abf1 represses EPA1 expression. A) In the abf1-43 mutant EPA1 expression increases in early log phase in 

comparison to the parental strain. Stationary phase cells of C. glabrata (BG14) and abf1-43 mutant were grown for 48 h at 

30ºC with constant shaking in YPD, then diluted in fresh media and adjusted to an OD600 of 0.5 and then grown for 2 h, 

samples were taken at 30, 60 and 120 min after dilution into fresh media. Total RNA was extracted and used for qPCR (See 

Material and Methods). Results are expressed as relative expression to ACT1 and normalized to the parental strain under 
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the same conditions. Three biological replicates and two technical experiments were carried out. Statistical analysis was 

performed using two-way ANOVA (alpha < 0.05). B) In the abf1-43 background, adhesion to epithelial cells in vitro is 

increased. Percentage of adhesion was calculated as the percentage of cells from the stationary phase (input) relative to the 

percentage that remain adhered to a monolayer of HeLa cells after washing cells that did not adhere. Blue bar corresponds 

to the percentage of adherence from the parental strain, green bar corresponds to the percentage of adherence of the truncated 

allele abf1-43. Data represent the mean of three independent biological replicates. Statistical analysis was performed using 

t-test (P < 0.05).  

Silencing defective abf1-43 mutant is more adherent to epithelial cells in vitro 
Because the abf1-43 strain shows a significant induction of EPA1 immediately after 

dilution of SP cells into fresh media, we decided to determine whether this strain 

displays increased adhesion to HeLa epithelial cells in vitro in SP cells where EPA1 

is not induced. Cells from stationary phase (SP) of the parental strain and the abf1-

43 mutant were incubated with a monolayer of HeLa cells and the cells that did not 

adhere to the epithelial cells were washed off and the adherent cells were recovered 

and CFUs were determined. The results show that 35% of the abf1-43 cells were 

adherent to epithelial cells in comparison with 13% of the parental strain under these 

conditions (Fig. 4B). These data support the idea that Abf1 binding to the promoter 

of EPA1 plays a negative role in the expression of EPA1 and in consequence, in the 

ability to adhere to epithelial cells. 

 
Abf1 and Rap1 consensus binding sequences at the telomere E-R of C. 
glabrata are very similar to the corresponding recognition sites in S. cerevisiae 
The consensus sequences recognized by Rap1 and Abf1 of C. glabrata have not yet 

been described. The putative DNA binding domains of C. glabrata’s Abf1 and Rap1 

are well conserved with the orthologous S. cerevisiae Rap1 and Abf1 domains, 

(ScAbf1 vs. CgAbf1 65% identity, ScRap1 vs. CgRap1, 73%identity) (Hernández-

Hernández et al., 2021).  

Our sequence analysis from the ChIP data from the regions evaluated at the 

telomere E-R exhibit similarities in the core sequences recognized by both CgAbf1 

and.  ScAbf1, as well as CgRap1 vs. ScRap1 (Fig. 5B-C). We defined two frequency 

matrices for CgAbf1 and CgRap1and found that CgRap1 binding sequences are less 

variable that the ones for ScRap1, this might be due to the limited region that we 

evaluated where CgRap1 is primarily enriched at the tandem repeats at telomere 
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(Fig. 5A, C). On the other hand, for CgAbf1 we found both frequency matrices are 

also less variable than ScAbf1 but are highly similar in key base pairs at the 

beginning and the end of both consensus sequences (Fig. 5B). Also, these matrices 

are not much different with each other in the case for the Autonomous Replication 

Sequence (ARS) and the silencing sequences where both are required for Abf1 

binding.  

It’s worth noticing that the reference matrices come from much more deep 

sequencing assays, most from whole genome sequencing analysis in S. cerevisiae, 

which might account for the higher variability in comparison to the ones that we 

characterized at the telomere E-R.  
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Fig. 5 Consensus DNA binding sequences for Abf1 and Rap1 in C. glabrata at tel E-R. A) Schematic 

representation of the binding sites for Abf1 and Rap1 at Tel E-R obtained from ChIP-qPCR data, using FIMO tool from the 

MEME Suite server. B) Binding sequences obtained for Abf1 in C. glabrata (top) in comparison to the binding sites for S. 
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cerevisiae (bottom). C) Binding sequences obtained for Rap1 in C. glabrata (top) in comparison to the binding sites for S. 

cerevisiae (bottom). 
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6. Additional results  
6.1. Abf1 contributes to the induction of EPA1 promoter in logarithmic phase 

in a NE dependant manner. 
To evaluate EPA1 expression in the context of the telomere in the abf1-43 

background, we used a transcriptional fusion of EPA1 promoter with GFP and 

measured activity of the promoter by flow cytometry in three different backgrounds: 

1) PEPA1::GFP carrying an insertion of 3.797 Kb (pYiplac211 plasmid) 300 bp 

downstream the stop codon of Epa1, which increases the distance between EPA1 

and the NE, 2) PEPA1::GFP where Sil2126 and NE are located at their original position 

in the chromosome, and 3) PEPA1::GFP where Sil2126 was inserted 32 Kb from the 

telomere (Sil@-32 Kb) (Fig. 8). We previously described that PEPA1 is rapidly induced 

upon dilution of stationary phase (SP) cells into fresh media (Gallegos-García et al., 

2012), therefore, we used the SP cells and diluted them into fresh media and 

measured GFP fluorescence every two hours during 8 h. The results are shown in 

Fig. 8. In strain 1 which carries the abf1-43 allele, there is a reduced induction of 

GFP upon dilution of SP cells into fresh media in comparison to the ABF1+ strain. 

After 4 h, there is a similar repression of PABF1 in ABF1+ and abf1-43 strains. In strain 

2, we observed no induction in abf1-43 compared to a 4.3-fold induction of the 

promoter in the ABF1+ strain, but this difference was not statistically significant. We 

observed no activity of the promoter in strain 3 either. Our data suggest that Abf1 

might play a small role in the induction of PEPA1 in certain conditions for short periods 

of time.  
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Figure 8 abf1-43 has a negative effect on the induction of the promoter EPA1. Strains used were grown 48 h 

at 30º in rich media (YPD), then diluted in fresh media adjusted at OD600 0.5, samples were taken every 2 h and measure 

PEPA1::GFP activity in FACS. 

6.2. Abf1 binds to its own promoter region. 
Since ScABF1 has been shown to regulate its own synthesis, we analyzed in silico 

with JASPAR server the upstream and downstream regions of CgABF1 (Chr J-R) to 

look for CgAbf1 binding sites (Fig. 9A). We found few putative binding sites at the 

flanking intergenic regions of CgABF1. We then used ChIP-qPCR with Flag-Abf1 

driven by PMT-1 (López-Fuentes et al., 2018) and found that Abf1 is enriched 

upstream of ABF1 with a relative frequency of 22% (Fig. 9B). These data are 

consistent with the notion that Abf1 might indeed play a role in the regulation of its 

own transcription. We also looked for Rap1 binding sites in the CgRAP1 flanking 

intergenic regions, but we did not observe enrichment of CgRap1 at the upstream 

region of CgRAP1 (Fig. 9B). 
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Figure 9 Abf1, but not Rap1 binds to its own promoter in C. glabrata. A; Schematic representation of the binding 

sites for Abf1 and Rap1 at their own intergenic regions in C. glabrata. Green lines represent the putative binding sites for 

Abf1, red lines represent putative binding sites for Rap1. Binding sites were determined with the JASPAR 2020 server, 

using the consensus sequence for ScAbf1 and ScRap1. B; percentage of enrichment relative to the telomere for Flag-CgAbf1. 

C; percentage of enrichment relative to ISC1 for CgRap1-Flag.  
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6.3. Silencing proteins form a complex in C. glabrata. 
Because Rap1 and Abf1 are abundantly enriched along the telomere E-R, the 

protosilencer Sil2126 at is original position and when inserted at -32 Kb (López-

Fuentes et al., 2018), it suggests that Sil2126 recruits Abf1 and Rap1 to start the 

nucleation of other silencing proteins such as SIR complex that triggers the 

spreading of silent chromatin. Therefore, we decided to assess if some of the 

silencing proteins can interact with each other using CoIP assays. The results show 

that Abf1 can interact with several silencing proteins like Rap1, Sir3/4, and yKu70/80 

(Fig. 10); this suggests that protein-protein interactions also play an important role 

in establishment and spreading of silencing at the subtelomeric region.  

 
Figure 10 Abf1 interacts with silencing proteins. Total extracts were obtained from SP cells of the parental strain 

(BG14 untagged, lane 1), CGM3588 (Abf1-Myc/Abf1-Flag, lane 2), CGM1236 (Hst1-Myc/Sum1-Flag, lane 3), CGM4095 

(Abf1-Myc/Rap1-Flag, lane 4), CGM4097 (Abf1-Myc/Ku70-Flag, lane 5), CGM4099 (Abf1-Myc/Ku80-Flag, lane 6),  

CGM4091 (Abf1-Myc/Sir3-Flag, lane 7), CGM4093 (Abf1-Myc/Sir4-Flag, lane 8). Extracts from these strains were 

analyzed by Western blot using antibody specific to the Flag and Myc epitopes for the detection of each corresponding 

tagged protein (Input). Extracts then were co-immunoprecipitated with antibodies specific to the Flag epitope and probed 

with antibodies specific to the Myc epitope (IP a-Flag, WB a-Myc). The recovered supernatant after immunoprecipitation 

with antibodies specific to Flag was analyzed using antibodies against Myc (SN a-Flag, WB a-Myc). IP, 

immunoprecipitation; WB, Western blot; SN, supernatant.  
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6.4.  Sir4, yKu70 and yKu80 form foci at the nuclear periphery in C. glabrata 
It has previously been shown that association of the telomeres to the nuclear 

periphery (NP) participates in TPE. The proteins involved in this mechanism in S. 

cerevisiae are Sir4, yKu70/80, and the C-terminal domain of Esc1 (Andrulis et al., 

2002; Taddei et al., 2004). To evaluate if positioning of the telomeres to the nuclear 

envelop occurs also in C. glabrata we construct a battery of mutants where we 

tagged CgKu70::GFP, CgKu80::YFP, and  CgSir4::GFP, as well as the nuclear 

envelop protein CgNup49 fused to mCherry to visualize the nuclear periphery by 

microscopy. We found that CgSir4, CgKu70, and CgKu80 colocalize with CgNup49 

forming foci at the NP (Fig. 11). Our data suggest that C. glabrata might also anchor 

the telomeres to the nuclear envelop probably through CgSir4 and CgKu70/80.  

 
Figure 11 yKu and Sir4 are found in foci near the nuclear periphery in C. glabrata. Cells from LP grown in 

CAA were washed with 1 mL of Milli Q water, resuspended and the fluorescence visualized with the microscope Axio 

Imager.m2. From left to right, mCherry, GFP/YFP, merge (mCherry+GFP or mCherry+YFP), DIC (Differencial 

interference contrast). Scale corresponds to 2 µm. 
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6.5.  CgESC1 has no effect in silencing.  
In S. cerevisiae Esc1 is key in the recruitment of the telomeres to the nuclear 

periphery and silencing of the adjacent genes found near the region (Andrulis et al., 

2002). In C. glabrata there is an uncharacterized orthologue for ESC1, and we 

wanted to evaluate: a) if recruitment to the NP is involved in subtelomeric silencing 

in C. glabrata and b) whether the mechanism of telomere recruitment to the nuclear 

periphery depends on CgESC1. First, we deleted the ESC1 from the genome and 

then we used the URA3 reporter gene to measure the level of silencing using spot 

growth assays, we used different strain backgrounds where adhesin encoding genes 

are subject to subtelomeric silencing. We found that contrary to what is observed in 

S. cerevisiae, the absence of ESC1 did not affect the silencing at different 

subtelomers (E-R, E-L, I-R, C-L) nor at the region 32 Kb away from telomere E-R 

(Fig. 12-14), with the insertion of Sil2126 at this position (Sil2126@-32 Kb).  

 

 
Figure 12 esc1D has no effect in subtelomeric silencing at the telomere E-R in C. glabrata. A; Schematic 

representation of the insertion of the URA3 reporter between EPA1 and NE. Silencing of URA3 was measured in the parental 

strain (BG14) and esc1D background. B; Schematic representation of the insertion of URA3 reporter between EPA2 and 

EPA3. Silencing of URA3 was measured in the parental strain (BG14) and esc1D background. C; Schematic representation 
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of the insertion of URA3 reporter between protosilencer Sil2126 and the telomere. Silencing of URA3 was measured in the 

parental strain (BG14) and esc1D background. 

 

Figure 13 esc1D has no effect in silencing at other telomeres that harbor adhesin encoding genes. A; 

Schematic representation of the insertion of URA3 reporter at the I-R telomere. Silencing of URA3 was measured in the 

parental strain (BG14) and esc1D background. B; Schematic representation of the insertion of URA3 reporter at the C-L 

telomere. Silencing of URA3 was measured in the parental strain (BG14) and esc1D background. C; Schematic 

representation of the insertion of URA3 reporter at the E-L telomere. Silencing of URA3 was measured in the parental strain 

(BG14) and esc1D background. 
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Figure 14 esc1D has no effect in subtelomeric silencing in a Sil2126@-32 Kb reporter system. A; Schematic 

representation of the URA3 insertion at -32 Kb from the telomere E-R. Silencing of URA3 was measured in the parental 

strain (BG14) and esc1D background. B; Schematic representation of the URA3 insertion with Sil2126 at -32 Kb from the 

telomere E-R. Silencing of URA3 was measured in the parental strain (BG14) and esc1D background. 

Additionally, we evaluated if the absence of HDF1 (encoding yKu70) or HDF2 

(encoding yKu80), in the esc1D background had an additional effect on silencing, 

results show that double mutants hdf1∆/esc1D or hdf2∆/esc1D do not show silencing 

the URA3 reporter near the telomere where EPA6 and EPA7 are found (Fig. 15), 

that is the double mutants display the phenotype of the hdf1∆ or hdf2∆ single 

mutants.  

 

Parental

esc1∆

Parental

esc1∆

YPD SC + 5-FOA

YPD SC + 5-FOA

A

B



 51 

 
Figure 15 Absence of ESC1 in hdf1D mutant background has no effect in silencing at telomeres C-L and 
E-L in C. glabrata. A; Schematic representation of the insertion of URA3 reporter at the C-L telomere. Silencing of URA3 

was measured in the parental strain (BG14), mutants esc1D, hdf1D, hdf2D, and double mutants esc1D/hdf1D y esc1D/hdf2D. 

B; Schematic representation of the insertion of URA3 reporter at the E-L telomere. Silencing of URA3 was measured in the 

parental strain (BG14), mutants esc1D, hdf1D, hdf2D, and double mutants esc1D/ku70D y esc1D/ku80D. 

6.6. esc1D mutant is temperature sensitive in C. glabrata  

Previous data has shown that mutants in genes that encode proteins involved in 

telomere maintenance such as yKu complex are temperature sensitive, so we 

decided to evaluate if the absence of ESC1 (associated to recruitment of the 
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telomeres to the NP), affects growth at high temperatures. We found that the esc1D 

strain was sensitive at 45ºC, in comparison to the parental strain, similar to the hdf1∆ 

strain (Fig. 16). This phenotype could suggest that ESC1 might also impact telomere 

stability but does not play a role in silencing mediated by TPE in C. glabrata.  

 

 
Figure 16 Esc1 is necessary for growth at high temperature in C. glabrata. Serial dilutions from stationary 

phase cells grown in rich media (YPD) were made ~ 3µL were spotted onto YPD plates and incubated at 30º and 45º, 

representative pictures of 48 h are shown. Parental strain (BG14), TS hdf1D as control, and mutant strain esc1D. 
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7. Discussion 
Chromatin structure and organization are key in many DNA metabolic processes. 

Hierarchical organization of the DNA is influenced by diverse factors, both cis-

regulatory elements and trans-acting elements interactions that are dependent on 

external stimuli. In C. glabrata telomere loop conformations take place at telomere 

E-R where EPA1, EPA2 and EPA3 adhesin encoding genes form a cluster (López-

Fuentes et al., 2018). Moreover, we found that this 3D conformation depends on 

protein-DNA and protein-protein interactions.  

 

7.1. Abf1 and Rap1 bind at different positions throughout the telomere E-R 
and interact with each other. 

 
In this work we found that Abf1 can interact with other silencing proteins, such as 

Rap1, Ku70, Ku80, Sir3, Sir4, and with itself (Fig. 10). We also found that Abf1 and 

Rap1 bind throughout different positions at the telomere E-R where we found several 

putative binding sites for both proteins. This is consistent with the 3C data and our 

model (López-Fuentes et al., 2018) where the cis-acting element, the protosilencer 

Sil2126, interacts with other cis-regulatory elements located at the intergenic regions 

in the telomere E-R. These cis-acting elements are localized at the intergenic region 

between EPA2-EPA3 that is crucial for Sil2126 activity and contains many putative 

binding sites for Abf1 and Rap1 proteins. Interestingly, we found that Rap1 binds 

with higher frequency at EPA2-EPA3 intergenic region and the tandem sequence 

repeats of the telomere E (Chapter 2) in comparison to sequences found further from 

the telomere. This suggests that heterochromatin establishment along the telomere 

E-R has different requirements as it spreads from the telomere to the adjacent 

subtelomeric region. Alternatively, the affinity of Rap1 and Abf1 to their respective 

binding sites along the region is different, so for example, Rap1 binds with higher 

affinity to the telomere than to other sites in the genome, therefore the recruitment 

of Rap1 might be influenced by its proximity to the telomere (Buchman et al., 1988; 

Conrad et al., 1990). On the contrary, Abf1 binds frequently to the regions distant 

from the telomere like intergenic region between EPA1-EPA2 and the EPA1 

promoter.  
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7.2. Abf1 negatively regulates EPA1 expression.  
 

CgAbf1 participates in subtelomeric silencing at telomere E-R and other telomeres 

that harbor adhesin encoding genes (Hernández-Hernández et al., 2021). 

Consistently, we found that Abf1 is recruited at several positions across the 

intergenic regions of the telomere E-R, including the EPA1 promoter region. 

Moreover, we found that Abf1 negatively regulates the expression of EPA1 and in 

an abf1-43 truncated mutant that is defective for silencing, we observed a higher 

percentage of adherence to epithelial cells in vitro, suggesting that EPA1 is 

derepressed in the abf1-43 background (Chapter 2). Previous work has shown that 

EPA1 expression is subject to multiple layers of negative regulation one of them 

independent from the silencing that comes from the telomere and mediated by the 

NE and yKu complex proteins (Gallegos-García et al., 2012). We suggest that Abf1 

might be part of this mechanism that directly involves Abf1 binding to the promoter, 

the NE, and interaction with yKu proteins.  

Another possibility is the one that involves the protosilencer Sil2126, which can 

recruit Abf1 and allows establishment of the subtelomeric silencing through the 

formation of a chromatin loop where EPA1 regulatory regions are found within this 

loop hence blocking the recruitment of the transcription machinery. Although the 

interaction between Sil2126 and the promoter region of EPA1 is not as frequent as 

other regions that are closer to this element, we suggest that this interaction is likely 

to change depending on the conditions to which the cells are subjected (López-

Fuentes et al., 2018). 

 

7.3. ESC1 does not participate in subtelomeric silencing of EPA genes.  
 

We found that ESC1 has no clear effect in subtelomeric silencing at different 

telomeres in C. glabrata (Fig. 12-15). In S. cerevisiae anchor of the telomeres to the 

nuclear envelop is another mechanism involved in establishment of silencing, this 

mechanism requires the interaction of Esc1 with Sir4 and yKu complex proteins 

(Gotta et al., 1996; Taddei et al., 2004), however, this does not seem to be the case 

in C. glabrata. 
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We suggest that even tough C. glabrata possesses all the telomere tethering 

machinery, it might not result in silencing the subtelomeric genes, at least at the 

telomeres that we evaluated. Nevertheless, we have found that CgSir4, CgKu70, 

and CgKu80 localize near the nuclear periphery forming foci (Fig. 11), this is the first 

evidence that suggests that in C. glabrata telomeres might also cluster near the 

nuclear periphery, but this clustering does not result in silencing by itself. In S. 

cerevisiae telomere-anchoring pathways differ during the cell cycle, for instance, 

during G1, Sir4 interaction with yKu80 drives the telomeres to the nuclear vicinity, 

but during S-phase anchoring of the telomeres requires Esc1-Sir4 interaction 

(Taddei et al., 2004). Further work is aimed at establishing whether requirements for 

perinuclear anchoring changes during the cell cycle and whether this anchoring 

occurs in the absence of silencing at other telomeres.  
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8. Conclusion 
Telomeres are crucial structures that help maintain DNA integrity, these regions 

contain complexes of proteins and sequences important to regulate its structure and 

stability throughout the life of the cell.  In C. glabrata the right telomere of 

chromosome E, where EPA1, EPA2, and EPA3 form a cluster, contains unique 

characteristics that make it an interesting model to study chromatin architecture and 

its implications in the regulation of genes involved in virulence like the adhesin-

encoding genes.  

Mechanisms like perinuclear anchoring of the telomeres and subtelomeric silencing 

depend on multiprotein complexes and cis-acting elements, that shape the telomere 

into different conformations in response to the environmental stimuli to which the cell 

is exposed.  

In particular, the multifunctional protein CgAbf1 participates in the subtelomeric 

silencing that negatively regulates the expression of EPA1 and binds to different 

positions across the subtelomeric region, which suggests that CgAbf1 not only 

influences the expression of EPA1 but also contributes to establish silencing in 

regions distal from the telomere where it might recruit other silencing proteins like 

the ones from the SIR and yKu complexes, supporting the formation of 3D structures 

that maintain the silencing at the subtelomere.  

 
8.1. Particular Conclusions 

• CgAbf1 is essential for cell viability in C. glabrata. 

• CgAbf1 negatively regulates EPA1 expression. 

• CgAbf1 is implicated in DNA replication and correct cell cycle progression. 

• CgAbf1 binds to its own promoter region. 

• CgAbf1 and CgRap1 are distributed along different regions through the 

telomere E-R.  

• Silencing proteins CgAbf1, CgRap1, CgKu70/80, CgSir3 and CgSir4 can form 

a complex. 

• CgSir4 and CgKu70/80 can be found at the nuclear periphery.  
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9. Perspectives 
• Characterize protein complex of Abf1 with the rest of the silencing proteins, 

under stress conditions like oxidative stress and biofilm formation by Mass 

Spectrophotometry.  

• Characterize the chromatin conformation in the absence of Abf1 or in the 

absence of silencing using Chromatin Conformation Capture Assay (3C-

assay).  

• Determine the role of Esc1 in telomere tethering to the nuclear envelope, and 

its interaction with other proteins like Sir4 and yKu complex to anchor 

telomeres to the nuclear periphery using confocal microscopy.  

• Determine if Esc1’s role in telomere anchoring has an effect in silencing 

establishment, and/or if it does not lead to spreading of silencing to the 

adjacent region of the telomere.  

• Determine if there are other proteins that mediate telomere tethering at the 

nuclear periphery.  
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12. Supplementary tables 
Table S 1 Strains 

E. coli Use Genotype Reference 

DH10B Electrocompetent 
cells 

F- mcrA∆(mrr-hsdRMS-mcrBC) 
80dlacZ∆M15 ∆lacX74 deoR recA1 endA1 
araD139 ∆(ara,leu)7697 galU galK - rpsL 

nupG 

(Calvin and Hanawalt, 
1988) 

C. glabrata Parental Genotype Reference 

BG14 BG2 ura3∆::Tn903 G418R (Cormack et al., 1999) 

URA3 insertions 

CGM118 BG14 
ura3∆::Tn903 G418R 

EPA6::Tn7 986 bp upstream stop codon 
(pSP121 EcoRI) 

(Castaño et al., 2005) 

CGM121 BG14 
ura3∆::Tn903 G418R 

EPA7 3’UTR::Tn7 268 bp downstream stop 
codon (pIC44/KpnI/BcgI) 

(Castaño et al., 2005) 

CGM159 BG14 
ura3∆::Tn903 G418R 

Tn7 at the intergenic region between EPA5 
and EPA4 (pAP534/BcgI) 

(De Las Peñas et al., 
2003) 

CGM160 BG14 
ura3∆::Tn903 G418R 

Tn7 at the intergenic región between EPA4 
and the telomere (pAP471/ApaI and XbaI) 

(De Las Peñas et al., 
2003) 

CGM147 BG14 
ura3∆::Tn903 G418R Tn7, at the intergenic 

between EPA1 and EPA2, (pAP508 
SpeI/BcgI) 

(De Las Peñas et al., 
2003) 

CGM399 BG14 
ura3∆::Tn903 G418R 

pAP509/SpeI integrated between ISC1 and 
HYR1 

(Rosas-Hernández et al. 
2008) 

CGM397 BG14 ura3∆::Tn903 G418R 
pAP430/SpeI integrated at the chromosome 

(Rosas-Hernández et al. 
2008) 

CGM4275 BG14 
ura3∆::Tn903 G418R 

URA3@-791 bp from EPA1 
(Fusion PCR, primers #2823/#2826) 

This work 

CGM4277 BG14 
ura3∆::Tn903 G418R 

URA3@-2242 bp from EPA1 
(Fusion PCR, primers #2829/#2832) 

This work 
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CGM4364 BG14 
ura3∆::Tn903 G418R 

URA3@1 bp from EPA1 
(Fusion PCR, primers #2903/#2820) 

This work 

CGM4634 CGM118 

ura3∆::Tn903 G418R 

EPA6::Tn7 986 bp upstream stop codon. 
pGH14 digested with BsgI/MfeI integrated. 

(esc1D::NAT) 

This work 

CGM4640 CGM121 

ura3∆::Tn903 G418R 

EPA7 3’UTR::Tn7 268 bp upstream stop 
codon. 

pGH14 digested with BsgI/MfeI integrated. 
(esc1D::NAT) 

This work 

CGM4627 CGM159 

ura3∆::Tn903 G418R 

Tn7 at the intergenic region between EPA5 
and EPA4. 

pGH14 digested with BsgI/MfeI integrated. 
(esc1D::NAT) 

This work 

CGM4629 CGM160 

ura3∆::Tn903 G418R 

Tn7 at the intergenic region between EPA4 
and the telomere. 

pGH14 digested with BsgI/MfeI integrated. 
(esc1D::NAT) 

This work 

CGM4684 CGM225 

ura3∆::Tn903 G418R 

CGM118 
pAP612 digested with BcgI and integrated 

(hdf1D::hph) 
pGH14 digested with BsgI/MfeI integrated. 

(esc1D::NAT) 

This work 

CGM4686 CGM227 

ura3∆::Tn903 G418R 

CGM118 
pAP612 digested with BcgI and integrated 

(hdf1D::hph) 
pGH14 digested with BsgI/MfeI integrated. 

(esc1D::NAT) 

This work 

CGM4704 CGM276 

ura3∆::Tn903 G418R 

CGM121  
pAP612 digested with BcgI and integrated 

(hdf2D::hph) 
pGH14 digested with BsgI/MfeI integrated. 

(esc1D::NAT) 

This work 

CGM4706 CGM275 

ura3∆::Tn903 G418R 

CGM121  
pAP612 digested with BcgI and integrated 

(hdf1D::hph) 
pGH14 digested with BsgI/MfeI integrated. 

(esc1D::NAT) 

This work 

Epitope tagged (MYC/ FLAG) for ChIP and CoIP 
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CGM1236 CGM983 

ura3∆::Tn903 G418R  
HST1-MYC (pOZ32/XmnI-Blp I)/SUM1-

FLAG (pOZ72/Pvull-Bgl ll) 
HygS 

(Orta-Zavalza et al., 2013) 

CGM3111 CGM2415 ura3∆::Tn903 G418R  
RAP1-Flag 

(López-Fuentes et al., 
2018) 

CGM4377 CGM3588 abf1Δ::FRT /pGE238 
(pPMT1::FLAG::ABF1.URA+) 

(Hernández-Hernández et 
al., 2021) 

CGM4091 CGM1107 

ura3∆::Tn903 G418R  
pJV22/BsrGI-HpaI 

(SIR3::FLAG::FRT)/pGE242 
(pPMT1::MYC::ABF1) 

This work 

CGM4093 CGM1113 

ura3∆::Tn903 G418R  
pJV13/Bglll-BcgI 

(SIR4::FLAG::FRT)/pGE242 
(pPMT1::MYC::ABF1) 

This work 

CGM4095 CGM3111 ura3∆::Tn903 G418R  
RAP1::FLAG/pGE242 (pPMT1::MYC::ABF1) This work 

CGM4097 CGM1307 ura3∆::Tn903 G418R  
KU70::FLAG/ pGE242 (pPMT1::MYC::ABF1) This work 

CGM4099 CGM1313 ura3∆::Tn903 G418R  
KU80::FLAG/ pGE242 (pPMT1::MYC::ABF1) This work 

CGM4114 CGM3588 
ura3∆::Tn903 G418R  

abf1∆::FRT/ pGH8(pPMT1::MYC::ABF1)/ 
pGE238 ( pPMT1::FLAG::ABF1) 

This work 

GFP reporter fusions for FACS 

CGM514 BG14 ura3∆::Tn903 G418R 

pMC14 replicative plasmid 
(Gutiérrez-Escobedo et 

al., 2020) 

CGM1936 
(BG198) BG14 ura3∆::Tn903 G418R  epa1Δ::GFP under 

the control of EPA1 promoter.  
(De Las Peñas et al., 

2003) 

CGM1937 
(BG201) BG14 

ura3∆::Tn903 G418R  epa1Δ::GFP 
pYlplac211 integrated 300 bp from TAA of 

EPA1. GFP under the control of EPA1 
promoter. 

(Gallegos-García et al., 
2012) 

CGM3705 CGM3703 

ura3∆::Tn903 G418R 

epa1Δ::GFP under the control of EPA1 
promoter.  silΔ::FRT  

pAP430-SpeI integrated between ISC1 and 
HYR1. 

(Juárez-Cepeda et al., 
2015) 
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CGM4999 CGM1936 

ura3∆::Tn903 G418R  epa1Δ::GFP under 
the control of EPA1 promoter. 

pCI32 digested with BsgI and integrated 
(abf1-43:NAT) 

This work 

CGM5001 CGM1937 

ura3∆::Tn903 G418R  epa1Δ::GFP 
pYlplac211 integrated 300 bp from TAA of 

EPA1. GFP under the control of EPA1 
promoter. 

pCI32 digested with BsgI and integrated 
(abf1-43:NAT) 

This work 

CGM5048 CGM3705 

ura3∆::Tn903 G418R 

epa1Δ::GFP under the control of EPA1 
promoter.  silΔ::FRT  

pAP430-SpeI integrated between ISC1 and 
HYR1. 

pCI32 digested with BsgI and integrated 
(abf1-43:NAT) 

This work 

Fluorescent tagged for microscopy (mCherry/GFP/YFP) 

CGM4766 CGM4389 

ura3∆::Tn903 G418R 

pGE316 (PMT-1::GFP::PRX1::THIS3) Ura+ 

pGH20 digested with EcoNI/MfeI 
(NUP49::CHERRY::NAT) 

This work 

CGM4768 CGM1200 

ura3∆::Tn903 G418R 

pMS19 digested with KpnI/SpeI 
(HDF1::GFP) 

pGH20 digested with EcoNI/MfeI 
(NUP49::CHERRY::NAT) 

This work 

CGM4770 CGM1109 

ura3∆::Tn903 G418R 

pJV22 digested with BsrGI/HpaI 
(SIR4::GFP)  

pGH20 digested with EcoNI/MfeI 
(NUP49::CHERRY::NAT) 

This work 

CGM4771 CGM1 
ura3∆::Tn903 G418R 

pGH20 digested with EcoNI/MfeI 
(NUP49::CHERRY::NAT) 

This work 

CGM4827 CGM1 ura3∆::Tn903 G418R 

pGH24 (PMT-1::mCherry::KU80::THIS3) URA+ This work 

CGM4829 CGM1 ura3∆::Tn903 G418R 

pGH24 (PMT-1::YFP::KU80::THIS3) URA+ This work 

CGM4876 CGM1 
ura3∆::Tn903 G418R 

pGH27 (PMT-1::mCherry::NUP49::THIS3) 
NATR 

This work 

CGM4878 CGM4829 ura3∆::Tn903 G418R This work 
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pGH24 (PMT-1::YFP::KU80::THIS3) URA+ / 
pGH27 (PMT-1::mCherry::NUP49::THIS3) 

NATR 

CGM4880 CGM1109 

ura3∆::Tn903 G418R 

pJV22 digested with BsrGI/HpaI 
(SIR4::GFP) / 

pGH27 (PMT-1::mCherry::NUP49::THIS3) 
NATR 

This work 

CGM4882 CGM1200 

ura3∆::Tn903 G418R 

pMS19 integrated digested with KpnI/SpeI 
(HDF1::GFP) 

pGH27 (PMT-1::mCherry::NUP49::THIS3) 
NATR 

This work 
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Table S 2 Plasmids 

Plasmids Relevant genotype Reference 

pYC44 Integrative plasmid with cassette de NAT 
(FRT::NAT::3’UTRCTA::FRT) AmpR (Yáñez-Carrillo et al., 2015) 

pYC54 Integrative plasmid (YFP::NAT) AmpR 

 (Yáñez-Carrillo et al., 2015) 

pYC56 Integrative plasmid (CHERRY::NAT) AmpR (Yáñez-Carrillo et al., 2015) 

pMB11 Cloning vector with a single restriction site of StuI, CmR/SacS Lab collection 

pGH3 
PCR fragment of 570 bp cMyc-Linker amplified from pVA59, 

digested with SpeI/ClaI cloned into pVA106 digested with 
SpeI/ClaI 

(Hernández-Hernández et 
al., 2021) 

pGH5 PCR fragment of 1.44 Kb of ABF1 with ClaI sites added, cloned 
into pMB11 digested with StuI 

(Hernández-Hernández et 
al., 2021) 

pGH8 PCR fragment of 1.44 Kb of ABF1 from pGH5 digested with 
ClaI, cloned into pGH3 digested with ClaI 

(Hernández-Hernández et 
al., 2021) 

pGH12 
PCR fragment of 744 pb amplified with #2774 and #2714 

(5’ESC1, with site SacI and BamHI) clone into pYC44 digested 
with SacI and BamHI. 

This work 

pGH14 
A PCR fragment of 1095 pb amplified with #2716 and #2717 

(3’ESC1, sites added XhoI and KpnI), cloned into pGH12 
digested with XhoI and KpnI. 

This work 

pGH17 
PCR fragment of 880 pb amplified with #3112 and #3115 

(3’ORF-NUP49 with site SacII and BamHI) clone into pYC54 
digested with SacII and BamHI 

This work 

pGH18 
PCR fragment of 880 pb amplified with #3112 and #3115 

(3’ORF-NUP49 with site SacII and BamHI) clone into pYC56 
digested with SacII and BamHI 

This work 

pGH20 PCR fragment of 604 pb amplified with #3113 and #3114 
(3’UTR-NUP49 with site XhoI and Acc651) clone into pGH18 This work 

pGH22 PCR fragment of 604 pb amplified with #3113 and #3114 
(3’UTR-NUP49 with site XhoI and Acc651) clone into pGH17 This work 

pGH24 
PCR fragment of 1.848 Kb amplified with #3195 and #3196 
(ORF-KU80 with site ClaI and SalI) clone into pVA87 (PMT-

1::YFP.URA+) 
This work 

pGH25 
PCR fragment of 1.848 Kb amplified with #3195 and #3196 
(ORF-KU80 with site ClaI and SalI) clone into pVA152 (PMT-

1::mCherry.URA+) 
This work 

pGH27 
PCR fragment of 1.515 Kb amplified with #3191 and #3192 

(ORF-NUP49 with site SalI and XhoI) clone into pVA99 (PMT-
1::mCherry.NATR) 

This work 

pGE80 (pFRT::ScURA3::FRT) CmR ori p15A (Gutiérrez-Escobedo et al., 
2020) 

pGE238 
PCR fragment of 2.024 Kb released from pVS1digested with 

SpeI/KpnI (PMT1::FLAG::ABF1::THIS3), clone into pVA98 digested 
with SpeI/KpnI 

(Hernández-Hernández et 
al., 2021) 
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Table S 3 Primers 

ChIP-qPCR 

Primer 
(No.) Sequence (5’-3’) Added 

sites Hybridation site 

2722 GGTCTTGATGGTGCTTTCTC None EPA2@-1136 Fw 
2723 GTTTAACGTATCGGCCTA None EPA2@-1264 Rv 
2724 ACCCACTAACCGAATTAGGAG None EPA2@-2411 Fw 
2725 CCATCCAGCCAATGCTAATAC None EPA2@-2606 Rv 
2726 GCCAGGTACGCAATTAAAGAC None EPA2@-3162 Fw 
2727 GAACCGCTATGAGTTTACATCACA None EPA2@-3293 Rv 
2728 CCTGTCGAAATAACCAGGTAGG None EPA2@-3864 Fw 
2729 GAAATAGCCACACAGCTGAATGA None EPA2@-4125 Rv 
2736 ACCAAATGCTTCTGGAAAGAAC None EPA1@-2530 Fw 
2737 GAGCACCTTTTAAATGTTAGCCA None EPA1@-2365 Rv 
2738 CGCACTGTCAAGGAATTTGC None EPA1@-1677 Fw 
2739 GGTACCCTGCTAAGTGACACA None EPA1@-1499 Rv 
2740 CATCGAAGAAGGCATTGCAG None EPA1@-1400 Fw 
2741 GTTGTTGATAGCTGCTCAGATT None EPA1@-1185 Rv 
2742 TCCAGTACATGCCAGTTTCG None EPA1@-941 Fw 
2743 GTACGGAATATGCTTTCTAGCG None EPA1@-692 Rv 
2964 ATAGCCATTTCGGCCAGTCC None ABF1@-364 Fw 
2965 TTCGTCGTCAAACTTCTCG None ABF1@-236 Rv 
2972 ATTGCGAAACTATGCATCAC None RAP1@-640 Fw 
2973 GCAGATGGCAGCGTTCTTCAC None RAP1@-362 Rv 
3159 CATACGAAGCCTAATTTGCC None EPA1@+253 Fw 
3160 GCCTTGCACCATAGTCGTAT None EPA1@+515 Rv 
3161 CCGCTCATACAGGCACAGAAG None EPA1@+524 Fw 
3162 GACTATTATCAATGAGGGCTC None EPA1@+607 Rv  
3165 AGAGAGTCTTGTTGCTCGAAC None EPA2@+984 Fw 
3166 CTTGCGAATACACTACCTCT None EPA2@+825 Rv 
3167 AGTGCCCCAACCAAGATTAA None EPA2@+632 Fw 
3168 CAATGTGGCCCTCTATATGA None EPA2@+485 Rv 
2230 GAAACTTCTGAACAGACTACG None EPA3@-5802 Fw 
2231 GACCCCACAGTACCCAGACC None EPA3@-6034 Rv 
2503 GTAGCTGGGTGGTCATCG None ISC1@1137 Fw 
2504 GACTAGCTTGCTGCGGACTC None ISC1@+71 Rv 

Epitope tagged versions 
Primer 
(No.) Sequence (5’-3’) Added 

site Hybridation site 

3110 GCCTCAAGTGGTGGACTCTTTGGC None NUP49@282 Fw 
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3111 GAACAGCTACATCACTTGCGATGCC None NUP49@+828 Rv 
3112 CTGTCCGCGGTAAGCCTGCACAAGGAATAGG SacII NUP49@633 Fw 
3113 CGCTCTCGAGACCTCTCAATGTTCAATAGTG XhoI NUP49@+1 Fw 
3114 GATAGGTACCCCTTGCACGCAGCTTGACTTTCAGTTTAG Acc651 NUP49@+583 Rv 
3115 CGCGGGATCCCCTTGGTACTAGTCAAAAGTTTCAC BamHI NUP49@1512 Rv 
3191 CTAGCGTCGACATGTTTGGGGCTAAATAAACCTTCTACAG SalI NUP49@1 Fw 
3192 TCGATCTCAGCTACTTGGTACTAGTCAAAAG XhoI NUP49@1515 Rv 
3195 CTAGATCGATATGTCGGAAGCCACAT ClaI KU80@1 Fw 
3196 TAGCGTCGACTTATGACTCCCCTTCTCTTGC SalI KU80@1848 Rv 
3197 GGACTACTTCGGCAAGCGCA None KU80@318 Fw 
3198 TCCACTATGTTCTCCAGGCTG None KU80@644 Rv 

URA3 fusions 
Primer 
(No.) Sequence (5’-3’) Added 

site Hybridation site 

2822 ACTCAACAATTCACTCTACTACC None EPA1@-2506 Fw 
2823 GAATTGTACCTGGCTAATGC None EPA1@-2446 Fw 
2824 CGAATTCAGGAACTTGATATTTTTAATTAGGATTATTACCGTTAACAG None EPA1@-1782 Rv 
2825 GGCTACCACATCGTCTTTGAACATTAGTGAAAATCAGTACAT None EPA1@-791 Fw 
2826 CCATATTATGATCGCATGCT None EPA1@-343 Rv 
2827 GTAGGATAGAGTAAATAAATCTGC None EPA1@-220 Rv 
2831 GGCTACCACATCGTCTTTGATTATGTCAAGCTTGAACATTAA None EPA1@-2242 Fw  
2832 TGTTGATAGCTGCTCAGATTCAG None EPA1@-1209 Rv 
2833 CGTTCACCGAGTATTCAGTACAT None EPA1@-1120 Rv 
2828 ATAGCAGCCGTTACTTGAATG None HYR1@2336 Fw 
2829 ACAACTCTTGATAATAAGTC None HYR1@2617 Fw  
2830 CGAATTCAGGAACTTGATATTTTTTTGTGACAGCAAAAAGGAAAAG None HYR1@+464 Rv  
604 AAAAATATCAAGTTCCTGATTTCG None ScURA3 cassette 
605 CAAAGACGATGTGGTAGCC None ScURA3 cassette 

RT-qPCR 
Primer 
(No.) Sequence Added 

site Hybridation site 

219 CGCCGGTGACGATGCTCC None ACT1@70Fw 
977 CGTTGTAGAAAGTGTGATGC None ACT1@258Rv 
22 TAACAGTGTTTTCGTTTGAT None EPA1@717 Rv 
36 GGGCTCAAAAACAGCTAAAG None EPA1@594 Fw 

1268 GAATCTTGGTGCTGGAAATGC None EPA2@480Fw 
1269 TGGACATTGCTCTTCATCAGA None EPA2@739Rv 
38 GCATGTTGATAGTTCCAAAA None EPA3@573 Rv 
24 TAATTTGATCAGTAGCACCG None EPA3@715 Fw 

NAT cassette 
569 TACAAAGCTTGTTCACCATCGGAAGC None Nourseotricine 

cassette Rv 

1096 GCTTGCCTCGTCCCCG None Nourseotricine 
cassette Fw 

 
 

  


