
 

1 

 

Instituto Superior Técnico | July 2020 

 

Studies on drug resistance and biofilm formation in Candida glabrata: focus on 

the implementation and optimization of CRISPR-Cas9 tools for C. glabrata 

genome editing 

    

Inês Malpique 1,2 

Supervisors: Miguel Teixeira1,2, Pedro Pais1,2 

1 Bioengineering Department (DBE), Instituto Superior Técnico, Universidade de Lisboa, Portugal 

2 Institute for Bioengineering and Biosciences (iBB), Lisbon, Portugal 

ABSTRACT 

Invasive fungal infections are estimated to kill around 1.5 million people every year. Although C. albicans is found to be the 

leading cause of invasive candidiasis, the emergence of Candida glabrata as a particularly antifungal resistant human pathogen 

attracted the attention of researchers, with concerns about health issues. In this dissertation, the known mechanisms of C. glabrata 

pathogenicity, including drug resistance, biofilm formation and host-pathogen interactions are reviewed. Specifically, among 

several genes associated with the acquisition of antifungal resistance and biofilm formation in C. glabrata, the role of the Rpn4, 

Mar1, Efg1 and Tec1 transcription factors is addressed. The first part of this work consists of a proof-of-concept, where several 

protocols were tested in order to implement and optimize a one vector CRISPR-Cas9 system for gene deletion in the C. glabrata 

KCHr606_Δura3 strain. Following optimization, this system was successfully used to delete RPN4 and EFG1, aiming their 

functional characterization to uncover a potential role in azole resistance and biofilm formation, respectively. Unfortunately, due 

to the current COVID-19 pandemics, no susceptibility and biofilm quantification assays of the mutants were accomplished, 

neither was the generation of CRISPR-Cas9-mediated CgΔmar1 and CgΔtec1 single deletion mutants and other planned multiple 

deletion mutants. Considering the role of Mar1, the two “GGGGAGG” motifs found in the RSB1 promoter, which have been 

previously identified as potential Mar1 binding sites, were mutated through site-directed mutagenesis, and shown to influence 

RSB1 gene expression in the presence of fluconazole. An upcoming Chromatin Immunoprecipitation (ChIP) analysis of the 

binding between Mar1 and the given motifs from RSB1 promoter will be necessary to confirm the hypothesis of Mar1 being 

involved in fluconazole-induced stress responses in C. glabrata through the direct regulation of RSB1. Overall, this work 

describes the implementation and optimization of CRISPR technology in C. glabrata and provides biological material that will 

prove useful in deciphering the role of new players in antifungal drug resistance and biofilm formation in this pathogen. 

 

INTRODUCTION 

It is estimated that invasive fungal infections can 

kill around 1.5 million people every year1. With an increase 

in the number of individuals sensitive to invasive fungal 

infections, it is seen that the leading cause of opportunistic 

mycoses worldwide is Candida species2,3. Different studies 

have shown that C. glabrata is now the second or third most 

isolated species from patients with Invasive Candidiasis in 

the USA and Europe4–6. Although C. glabrata also 

colonises the oral cavity, vagina, and gut of healthy humans 

as innocuous commensals, it is especially recurrent in 

immunocompromised individuals as is the case of cancer 

patients, the elderly and patients receiving intensive care4,7–

9. Moreover, it is the main species exhibiting multiazole, 

echinocandin and multidrug resistance9. This propensity for 

diseased host colonisation and higher drug resistance is 

possibly the answer to why the overall mortality seen with 

C. glabrata is so high (30-70%) when compared to other 

Candida species (15-40%)7,10,11. Generally, it is hard to 

obtain an accurate and fast diagnosis of Candidiasis as it is 

usually diagnosed late and only considered after antibiotic 

treatments fail. Besides, there are only four main classes of 

antifungals being currently used - azoles, polyenes, 

echinocandins and pyrimidine analogs12,13 -, a limitation 

that lowers the probability of the treatment being successful 

and even increases the probability of a fatal outcome when 

the pathogen displays multidrug resistance (MDR)12. 

Several risk factors have been identified for C. glabrata 

bloodstream infections, the most common being previous 

fluconazole use and prior exposure to a broad spectrum of 

antibiotics, the use of indwelling devices like urinary or 

venal catheters, and surgery (such as organ 

transplantation)6,7,9–11,14,15. 
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Biofilms are the most prevalent type of microbial 

growth in nature and confer substantial protection and 

resistance to antifungal therapy, which results in persistent 

infections. Candida cells detached from biofilms seem to 

have a higher association with mortality than equivalent 

planktonic cells16. Indeed, mortality was found to be higher 

in patients infected by isolates that formed biofilms when 

compared to infections by non-biofilm-forming isolates17,18. 

It has been demonstrated that C. albicans Δefg1 strains 

exhibit markedly altered biofilm phenotypes compared to 

wildtype strains. Moreover, different studies identified 

Efg119 as a regulator of TEC1 expression, a gene that 

encodes a transcription factor (TF) known to modulate 

hyphal development in C. albicans as well. Among several 

C. glabrata TFs identified in our lab as biofilm regulators, 

CgEFG1 and CgTEC1 were found to have a considerable 

impact on biofilm formation (Cavalheiro et al, unpublished 

results). Thus, it seems relevant to further study the role of 

EFG1 and TEC1 in C. glabrata virulence. Additionally, a 

possible link between the RPN4 gene and azole resistance 

in C. glabrata was recently uncovered in our lab20, and very 

recently Mar1 was also found to confer azole drug 

resistance in this pathogen (Pais et al, unpublished results). 

Hence, further studies are ongoing to understand the 

mechanisms underlying Rpn4 and Mar1-dependent 

antifungal resistance of C. glabrata.  

Given the need to apply genome engineering tools 

to study the molecular basis of pathogen features, the 

CRISPR-Cas9 system has become very popular as it is 

simple to design, inexpensive and extremely versatile for a 

variety of biological applications and cell types/organisms. 

This system allows the editing of an organism’s genome in 

an efficient target-specific manner. By selecting a gene of 

interest, one can construct a correspondent guide RNA that 

will direct a nuclease (Cas) protein to the target sequence of 

the genome and create a double-strand break in the DNA. 

The development of the CRISPR-Cas9 system revealed to 

be a great asset for genome engineering and was soon 

adapted to C. glabrata. 

This work aimed to contribute to the functional 

characterization of four genes with suspected important 

roles in C. glabrata azole resistance – RPN4 and MAR1 - 

and biofilm formation – EFG1 and TEC1 -, using an 

optimized CRISPR-Cas9 system to delete the genes in 

question and, subsequently, analyse the phenotypic 

consequences of these mutations in C. glabrata cells. 

MATERIALS AND METHODS 

Strains and culture media 

C. glabrata single deletion mutant 

KCHr606_Δura3 strain was used in all the experiments 

involved in CRISPR-Cas9-mediated gene deletion. The C. 

glabrata L5U1 strain was also used. Yeast cells were 

cultured in Yeast-Pentose-Dextrose (YPD) medium (Yeast 

Extract: 20g/L; Peptone: 10g/L; Glucose: 20g/L), Minimal 

Medium Broth (MMB) medium (Glucose: 20g/L; 

Ammonium Sulfate: 2,7g/L; Yeast Nitrogen Base without 

amino acids and ammonium sulfate: 1,7g/L) or MMB 

medium supplemented with adenine (3mg/L or 20mg/L), 

when required. DH5α E. coli cells were grown in Luria-

Bertani (LB) medium or LB medium supplemented with 

ampicillin (150mg/L), when required. Liquid cultures were 

grown with orbital agitation (250rpm) at 30ºC (yeast) or 37º  

(E. coli). Solid media were achieved by adding 20g/L agar 

to each respective medium. 
Plasmids, sgRNA design and cloning 

The plasmid used throughout the CRISPR-Cas9 

system experiments was the S. cerevisiae and C. glabrata 

Solo CRISPR vector pV1382 developed by Vyas et al21. For 

site-directed mutagenesis of the RSB1 promoter, the 

plasmid used was pYEP354_CgRSB1prom_lacZ, an 

expression fusion plasmid in which the RSB1 promoter 

region fused with a lacZ-coding sequence at the pYEP354 

basal vector. A list of C. glabrata genes and correspondent 

guide sequences with no off-targets was obtained from 

Vyas et al21 (http://osf.io/ARDTX/). With the off-target 

effects excluded, the gRNAs were chosen based on the on-

target score (on-target activity calculated with the Rule Set 

2 from Doench J. et alI22), with higher scores being more 

favourable. Following the criteria of Vyas et al21, the gRNA 

sequences – forward (Fw) and reverse (Rv) - for three 

different target genes (ADE2, RPN4, EFG1, MAR1 and 

TEC1) were designed: CgADE2 (CAGL0K10340g) ACAA 

CACAAGGCCAAATTAA; CgRPN4 (CAGL0K01727g) 

AGGATGAGCTGTACAATATG; CgEFG1 (CAGL0M07 

634g) ACACATACTTACCCCCACCA; CgMAR1 (CAGL 

0B03421g) AGAGCGATGAGTAACCCTGT; CgTEC1 

(CAGL0M01716g) AAAGTACCCATGTCTAACAC. 

Because the gRNAs will be inserted in the pV1382 

between the promoter SNR52 and the gRNA scaffold 

sequence, the restriction enzyme chosen for plasmid 

digestion was BsmBI. To clone the sgRNA into the BsmBI-

digested expression vector, two oligonucleotides (forward 

and reverse) were synthesized with 4 nucleotides in the 5’ 

end and one nucleotide in the 3’ end that are compatible 

with the ends of the BsmBI-digested vector. Considering 

this, the complete sgRNA sequences, with the plasmid 

nucleotides (italic) flanking the 20 nucleotide guide 

sequences (bold), are the following: 

Guide_CgADE2_TOP – Fw: 

5’-GATCGACAACACAAGGCCAAATTAAG-3’ 

Guide_CgADE2_BOT – Rv (reverse complemented): 

5’-AAAACTTAATTTGGCCTTGTGTTGTC-3’ 

Guide_CgRPN4_TOP – Fw: 

5’-GATCGAGGATGAGCTGTACAATATGG-3’ 

Guide_CgRPN4_BOT – Rv (reverse complemented): 

5’-AAAACCATATTGTACAGCTCATCCTC-3’ 

Guide_CgEFG1_TOP – Fw: 

5’-GATCGACACATACTTACCCCCACCAG-3’ 

Guide_CgEFG1_BOT – Rv (reverse complemented): 

5’-AAAACTGGTGGGGGTAAGTATGTGTC-3’ 

http://osf.io/ARDTX/
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Guide_CgMAR1_TOP – Fw: 

5’-GATCGAGAGCGATGAGTAACCCTGTG-3’ 

Guide_CgMAR1_BOT – Rv (reverse complemented): 

5’-AAAACACAGGGTTACTCATCGCTCTC-3’ 

Guide_CgTEC1_TOP – Fw: 

5’-GATCGAAAGTACCCATGTCTAACACG-3’ 

Guide_CgTEC1_BOT – Rv (reverse complemented): 

5’-AAAACGTGTTAGACATGGGTACTTTC-3’ 

Although the guiding sequences for CRISPR-

mediated deletion of the MAR1 and TEC1 genes were 

designed, further steps (cloning into the plasmid and so on) 

were not achieved. 

The protocol used for cloning the sgRNA into 

pV1382 included plasmid digestion (2µg plasmid DNA) 

with the enzyme BsmBI (10U), anneal of sgRNA oligos 

(100µM each oligo; negative control without oligos), 

ligation of sgRNA into the plasmid (40ng of plasmid DNA; 

1µL of the annealed sgRNA) and DH5α cells 

transformation by heat shock. Selection was made on LB 

medium plates with ampicillin. The primer for confirmation 

of a successful sgRNA cloning on pV1382 consists of a 20 

nucleotides sequence present in the SNR52 promoter a few 

nucleotides upstream the BsmBI restriction site: 5’-

GCTGTAGAAGTGAAAGTTGG-3’ (9908-9927 of 

pV1382). 

Repair template design and construction  

To create the repair template cassette, two primers 

were designed with a 20 nucleotide TAG sequence 

identified in bold (primer ScADE2 deletion in Vyas et al21) 

and 40 nucleotides upstream (primer forward) and 

downstream (primer reverse) the target gene, identified in 

italic, known as the homology arms: 

RT_CgADE2deletion_TOP – Fw: 5’-TGTTACCAA 

CGATACAGGTTTATTTTGCTTACGAATAATAGAGGGG

GACATATATAAGTT-3’ 

RT_CgADE2deletion_BOT – Rv (reverse 

complemented): 5’-GAATTTCAAGCAAAGACTAACTGGT 

TTTATAGATGGTGCTAACTTATATATGTCCCCCTC

-3’  

RT_CgRPN4deletion_TOP – Fw: 5’-CAATTCTAT 

TAAAACTTTCCTCTCGAGAGCGGTAACGAGGGAGGG

GGACATATATAAGTT-3’ 

RT_CgRPN4deletion_BOT – Rv (reverse 

complemented): 5’-TCCGAAATTTTAAAAGAAATTTGAAT 

GATGTTGGGGGTATAACTTATATATGTCCCCCTC-

3’  

RT_CgEFG1deletion_TOP – Fw: 5’-GGTTAATGAGCG 

TAGACTTGAACTGAAAAGAAAATGTGCGGAGGGGG

ACATATATAAGTT-3’ 

RT_CgEFG1deletion_BOT – Rv (reverse 

complemented): 5’-GTTATACAATGGTACATAGCGATTC 

ATTACGAATATTAAGAACTTATATATGTCCCCCTC-

3’ 

RT_CgMAR1deletion_TOP – Fw: 5’-TTAAGTATTCCGC 

TATACTCACTGTACCCTAAAGACGACAGAGGGGGA

CATATATAAGTT-3’ 

RT_CgMAR1deletion_BOT – Rv (reverse 

complemented): 5’-CTGTGGAAAAATTAAATACACAAAC 

ATAACAAATGCACACAACTTATATATGTCCCCCTC

-3’  

RT_CgTEC1deletion_TOP – Fw: 5’-ATCGTACTCCCCC 

CCACAAATAACGCCCTCAATCTATATTGAGGGGGAC

ATATATAAGTT-3’ 

RT_CgTEC1deletion_BOT – Rv (reverse complemented): 

5’-TCTGCAGAAAAAATAAAAATGTAGCATTCCTACATC 

TCTCAACTTATATATGTCCCCCTC-3’  

The repair template cassettes designed for MAR1 and TEC1 

gene deletion were not generated. 

 Yeast cells transformation and screening for 

genetic modification 

Yeast cells were cultured in YPD medium. 

Transformation with pV1382_guideADE2 and repair 

template was tested with two different protocols, the 

Lithium Acetate method (kit MP biomedicals) and the 

Transformation of Expression Vectors into Yeast protocol 

from Gietz and Woods. Transformation with 

pV1382_guideRPN4 and pV1382_guideEFG1 with 

corresponding repair templates was carried out following 

the Lithium Acetate method (kit MP biomedicals). Cells 

where then plated in appropriate selection medium (MMB 

without uracil for RPN4 and EFG1 deletion mutants and 

MMB without adenine and uracil for ADE2 deletion 

mutants) and incubated at 30ºC for 5-8 days (as needed) 

until colony growth. The detection of colonies genetically 

modified in C. glabrata ADE2 deletion mutant plates was 

possible through visual confirmation since these colonies 

displayed a red pigmentation. For C. glabrata RPN4 and 

EFG1 deletion confirmation, a screening assay was needed. 

The DNA of candidate colonies was extracted as described 

below, followed by PCR amplification of the modified 

target locus. The primer forward used to confirm a 

successful gene deletion corresponds to the TAG sequence, 

which is expected to be inserted in the locus of the gene 

targeted for deletion: 5’-GAGGGGGACATATATAAG 

TT-3’. The primer reverse corresponds to a selected region 

downstream of the gene targeted for deletion, in this case 

CgRPN4 and CgEFG1: 

CgRPN4_deletion_conf_Rv: 

5’-CTGAGCTTGCTAAGATCAAT-3’ 

CgEFG1_deletion_conf_Rv: 

5’-CATGCCAAATCCCTATACTA-3’ 

 DNA extraction 

All experiments considering plasmid extractions 

from E. coli were carried out using the NZYMiniprep kit. 

For DNA extraction from C. glabrata, a different procedure 

was followed: biomass from the grown colonies was 

collected and added to 200 µL of lysing buffer with 0.5 mm 

glass beads, followed by vortex and then incubated for 1h 
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at 65ºC. After resting in ice for 2 minutes, a 15-minute 13 

000 rpm centrifugation at 4ºC followed, and the supernatant 

was transferred to a tube containing 1/10 of the supernatant 

volume of Sodium Acetate (3M, pH 4.8) and 2 volumes of 

absolute ethanol. This mixture was stored at -20ºC for 30 

minutes and then centrifuged for 20 minutes, 13000rpm at 

4ºC. The DNA pellet was washed with 500µL 70% ethanol, 

followed by an 8-minute 13000rpm centrifugation at 4ºC 

and ethanol evaporation through speed vacuum. The DNA 

was resuspended in water.  

Cloning of the CgRBS1 promoter and site-

directed mutagenesis  

The pYPE354 plasmid was used as described 

before to clone and express the lacZ reporter gene. 

pYEP354 contains the yeast selectable marker URA3 and 

the bacterial selectable marker AmpR genes. CgRSB1 

promoter DNA was generated by PCR, using genomic DNA 

extracted from the sequenced CBS138 C. glabrata strain, 

and primers forward 5’-CCGGAATTCCGTACACAAGCAGC 

TAGGTAAT-3’ and reverse 5’-AACTGCAGCTCATCCATCAT 

TAGTTATT-3’. The first primer contains a region with 

homology within the beginning of the CgRSB1 promoter 

and a recognition site for the EcoRI restriction enzyme, 

flanked by additional bases. The second primer contains a 

region with homology within the end of the CgRSB1 

promoter and the beginning of the CgRSB1 coding sequence 

and a recognition site for the PstI restriction enzyme, 

flanked by additional bases. The amplified fragment was 

ligated into the pYEP354 vector (T4 Ligase, New England 

Biolabs), previously cut with the same restriction enzymes, 

to obtain the pYEP354_CgRSB1prom_lacZ plasmid. The 

putative CgRsb1 consensus in the CgRSB1 promoter was 

mutated by site-directed mutagenesis using the following 

primers for each motif: motif 1 (fw) 5'-GACCCGAGGTGT 

TTCCAAAATCGGTCCCACGCTC-3', (rv) 5'-GAAGCG 

TGGGACCGATTTTGGAAACACCTCGGGTC-3'; motif 

2 (fw) 5'-CTCAGAAATTGGGGTTGGGGGGGAGGGA 

TG-3', (rv) 5'-CATCCCTCCCCCCCAACCCCAATTTCT 

GAG-3'; motif 3 (fw) 5'-GAAATTGGGGGAGGGGGGTT 

GGGATGAGGTGGAAGTG-3', (rv) 5'-CACTTCCACCT 

CATCCCAACCCCCCTCCCCCAATTTC-3'; motif 4  

(fw) 5'-CATCGCAAGGAATAATAACCGGGATGTAGT 

ACAATAGTGGTTC-3', (rv) 5'-GAACCACTATTGTAC 

TACATCCCGGTTATTATTCCTTGCGATG-3'. The 

designed primers contain two mutations within each four of 

the potential consensus, resulting in the production of each 

the mutated consensus by PCR amplification to obtain the 

pYEP354_mut_CgRSB1prom_lacZ plasmids. The original 

template was then degraded by DpnI digestion.  

For the PCR for site-directed mutagenesis of the 

RSB1 promoter, 1µL of each primer (forward and reverse) 

were added to 2µL of the plasmid DNA (30ng/µL), 10µL of 

HF buffer (5x), 2µL of Mg2+, 0,5µL of Phusion polymerase, 

1µL of dNTPs, 1,5µL of DMSO and H2O up to a total 

amount of 50µL per reaction. The temperature of annealing 

depends on the primers used: 

 Primers for motif 1: Tannealing = 63ºC 

 Primers for motifs 2 and 3: Tannealing = 62ºC 

 Primers for motif 4: Tannealing = 58ºC 

 RT-PCR gene expression measurement 

 The transcript levels of the CgRSB1 or the lacZ 

reporter gene encoding for β-galactosidase were determined 

by quantitative real-time PCR (RT-PCR). L5U1 cells 

transformed with the pYEP354_CgRSB1prom_lacZ or each 

pYEP354_mut_CgRSB1prom_lacZ plasmids were grown 

in BM supplemented with leucine until mid-exponential 

phase. Fluconazole exposure, cell harvesting and storage 

were performed as mentioned above. For total RNA 

extraction, the hot phenol method was applied23. Synthesis 

of cDNA for real time RT-PCR experiments, from total 

RNA samples, was performed using the MultiscribeTM 

reverse transcriptase kit (Applied Biosystems) and the 7500 

RT-PCR Thermal Cycler Block (Applied Biosystems), 

following the manufacturer’s instructions. The quantity of 

cDNA for the following reactions was kept around 10 ng. 

The subsequent RT-PCR step was carried out using 

SYBR® Green (NZYTech) reagents with default 

parameters established by the manufacturer and the primers 

forward 5’-TGGCTGGAGTGCGATCTTC-3’ and reverse 5’-

CGTGCATCTGCCAGTTTGAC-3’. The CgRDN25 gene 

transcript levels were used as an internal reference (primers 

forward 5’-AACAACTCACCGGCCGAAT-3’ and reverse 5’-

CAAGCGTGTTACCTATACTCCGCCGTCA-3’). 

RESULTS 

 CRISPR-Cas9 system implementation and 

optimization in C. glabrata 

 The functional characterization of a gene to 

understand the mechanisms underlying its mode of action 

becomes possible with the use of advanced genetic 

manipulation tools, where the CRISPR-Cas9-based editing 

system has emerged as a particularly powerful tool 

successfully applied in a variety of organisms, from 

microorganisms to human cells. 

 The CRISPR-Cas9 system operates with the 

endonuclease protein Cas9 for RNA-guided DNA 

recognition and cleavage, representing a system with high 

specificity very used for genome engineering applications24. 

By modifying a 20-nucleotide sequence at the 5’ end of 

sgRNA, it is, in principle, possible to target any desired 

gene. However, when selecting the target sequence of a 

gene, there are a few things that need to be considered. The 

first consists in the presence of a PAM sequence 

immediately downstream of the target sequence, which 

could be a limitation when editing the genome of AT-rich 

organisms. Another concern is minimising off-target effects 

that trigger unintended mutations within the genome, and to 

do so, the target sequence must be unique throughout the 

genome. Also, to achieve effective gene knock-out, it is 

recommended that the target sequence be within the first 
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half of the gene since the targeting of 3’ exons could fail to 

obtain complete inhibition of gene function25. Nonetheless, 

appropriate target recognition by sgRNA in the CRISPR-

Cas9 system is rather specific, with decreases in Cas9 

cleavage activity when a single nucleotide mismatch occurs 

in the sgRNA sequence25.  

 The initial goal of this work consisted in the 

implementation and optimization of a CRISPR-Cas9 

system for gene deletion via homology-directed repair 

(HDR) in C. glabrata, and it was based on the work of Vyas 

et al21. Here, a single-plasmid CRISPR system was used, 

providing also a repair template cassette to increase the 

efficiency of homologous recombination in C. glabrata, 

since the dominant DNA repair pathway of this yeast is 

NHEJ21. The main advantage of this system over the 

previous ones developed for C. glabrata is the use of a solo 

vector (pV1382) expressing both CAS9 and sgRNA. The 

several selection markers found in this solo vector are also 

advantageous to use in a wider range of strains: a URA3 

marker that can be used for counterselection in ura3 

auxotrophs, the dominant-selectable NAT1 gene, which 

confers resistance to the drug nourseothricin (NATR) and 

the ampicillin resistance gene (ampR) that is used for 

selection of transformed E. coli21.  

 The first step of a CRISPR project begins with 

the design of sgRNA, a short synthetic RNA composed of a 

scaffold sequence responsible for Cas9 binding, and a 

targeting sequence consisting of a ~20 nucleotides spacer 

that guides the Cas9 and binds to the target DNA locus26. 

For Cas9 to cleave the DNA, it is essential that the target 

locus is located immediately after the 5’ of a short 

protospacer adjacent motif (PAM) sequence containing a 

5’-NGG-3’ (the canonical PAM sequence, where "N" is any 

nucleotide) in the non-target strand, but not in its target-

strand complement27,28. However, this PAM sequence 

should not be included as a part of the sgRNA. The sgRNA 

sequences used were chosen from the guide compilation 

tables designed by Vyas et al21
 that included the guide 

sequences corresponding to each annotated gene in the 

genome of C. glabrata, with exception of target sequences 

that had 6 instances of T in the 20 nucleotides before the 

NGG as it would lead to premature termination from 

polymerase (Pol) III promoters (such as SNR52)29. 

 Optimization of sgRNA cloning (CgADE2) 

into pV1382 in E. coli DH5α cells 

 The ADE2 gene was chosen as a proof-of-

concept platform to optimize a CRISPR-Cas9 system for 

gene deletions in C. glabrata, since the disruption of ADE2 

in this yeast results in the accumulation of a red-pigmented 

intermediate due to blocking of adenine biosynthesis, 

allowing visual identification of the C. glabrata ΔADE2 

colonies30. 

 The protocol of cloning a sgRNA into pV1382 

started with the plasmid digestion with the restriction 

enzyme BsmBI (Figure 1). Here, three different conditions 

were tested as it is represented in Table 1. The oligos used 

to produce the sgRNA sequence were annealed and ligated 

into the linearized pV1382 plasmid, giving rise to 

pV1382_guideADE2. During the ligation of sgRNA into 

the vector, a negative control was prepared where no 

sgRNA oligos were added to the vector ligation mixture. 

When the plasmid is digested and opened, it is no longer 

active. Since the restriction enzyme used for digestion 

(BsmBI) does not create complementary sticky ends in the 

plasmid, it cannot re-circularize on its own. For the re-

circularization to occur, it would either be due to the 

presence of the initial fragment or with a guide sequence 

added, but in the negative control there is no addition of 

sgRNA oligos. Therefore, in these plates the chance of 

plasmid re-circularization and, therefore, re-activation is 

lower, meaning the number of colonies grown is expected 

to be lower than in the sample plates. 

 
Figure 1 - Cloning of ADE2 guide sequence into pV1382: plasmid 

digestion with BsmBI (sequences of recognition shaded in brown) is 
followed by ligation of annealed oligos (red shaded sequences) with 

desired guide sequence 

 Following transformation of E. coli cells with 

pV1382_guideADE2, selection of transformants was 

achieved by plating the cells in LB medium with ampicillin. 

The number of colonies grown in each plate is shown in 

Table 1: 

Table 1 - Different plasmid digestion conditions with corresponding 

number of colonies grown in each plate. 

pV1382 

_guideADE2 

 

Plasmid digestion with 

BsmBI 

Transformation of 

DH5α  

(nº CFUs) 

Incubation 

temperature (ºC) 

Incubation 

time (min) 
Sample 

Negative 

control 

1. 55º 10 18 19 

2. 55º 60 26 7 

3. 37º 30 35 70 

 Comparing the number of colonies between the 

samples and the respective negative controls, it is seen that 

the results of both digestion conditions number 1 (55ºC, 

10min) and 3 (37ºC, 30min) are invalid, since it was 

expected that the number of colonies in the sample plates 

would be significantly higher than the number of colonies 

in the negative control. This is the case of the plates in 

condition 2., so this protocol was selected for further work, 

as is proved to be the most suitable for the BsmBI restriction 

activity. The NZYMiniprep kit was used for plasmid 
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extraction from candidate colonies (sample plate 2.) and the 

successful sgRNA cloning was confirmed by sequencing. 

Sequencing results revealed the cloning of the sgRNA into 

pV1382 was successful, which permitted the use of 

pV1382_guideADE2 in CRISPR-Cas9 mediated gene 

deletions.  

 Using a CRISPR-Cas9 system for CgADE2 

disruption 

 For CRISPR-Cas9 mediated ADE2 gene deletion 

in a URA-
 strain (KCHr606_Δura3), two different yeast 

transformation protocols were tried out. In the first three 

assays, the Alkali-Cation Yeast Transformation kit protocol 

from MP Biomedicals was used. In the fourth assay, the 

Transformation of Expression Vectors into Yeast protocol 

(Gietz and Woods, 2000) was followed. Distinct cell 

concentrations were tested in the transformation reactions, 

with best results being achieved with cultures grown to OD 

0.6-0.8. To determine the range of DNA that leads to higher 

transformation efficiency, the transformation assays were 

performed with different amounts of DNA, as it is 

represented in Table 2. Two different concentrations of 

adenine in MMB medium were also tested, and the results 

show that cells grew only when transformed with amounts 

of pV1382_guideADE2 above 1µg and plated in a medium 

with 20mg/L of adenine instead of 3mg/L. The presence of 

adenine is required so that the successfully edited strains 

(ADE-) are able to grow in the transformation plate. The 

absence of uracil in the MMB medium allows for the 

selection of transformed cells, since the strain of C. glabrata 

used is Δura3. Different amounts of repair template aimed 

at CgADE2 deletion for the generation of knockout strains 

were also tested. It seems that 3µg is enough to achieve its 

purpose. The presence of red/pink colonies (Figure 2), 

which corresponds to the Δade2 phenotype, revealed the 

CRISPR-Cas9 ADE2 deletion was successful in numerous 

colonies. Both transformation protocols displayed a 

successful outcome, although the number of colonies 

obtained using the MP Biomedicals transformation kit was 

significantly higher (Table 2). To confirm the Δade2 

phenotype, several colonies were collected and plated in 

MMB medium, this time without adenine. The absence of 

colonies grown in this plate supported the idea that ADE2 

was successfully deleted.

Table 2 - Results of different transformation protocols of C. glabrata cells using a CRISPR-Cas9 system for ADE2 deletion 

 
pV1382_ 

guideADE2 (µg) 

Repair 

template (µg) 

Transformation Plates 

Medium 
Colonies 

Red 

colonies 

Total nº 

colonies 

% genetically 

engineered colonies 
Transformation Protocol 

1st 

assay 

0,3 5 MMB + Adenine (3mg/L) No - - - 

Alkali-Cation Yeast 

Transformation kit (MP 

Biomedicals) 

0,5 5 MMB + Adenine (3mg/L) No - - - 

2nd 

assay 

0,5 5 MMB + Adenine (3mg/L) No - - - 

0,7 5 MMB + Adenine (3mg/L) No - - - 

3rd 

assay 

1 3 MMB + Adenine (3mg/L) No - - - 

2 3 MMB + Adenine (3mg/L) No - - - 

3 3 MMB + Adenine (3mg/L) No - - - 

1 3 MMB + Adenine (20mg/L) Yes 42 217 19,35% 

2 3 MMB + Adenine (20mg/L) Yes 54 314 17,20% 

3 3 MMB + Adenine (20mg/L) Yes 27 179 15,10% 

4th 

assay 

1 3 MMB + Adenine (20mg/L) Yes 3 16 18,7% Transformation of 

Expression Vectors into 

Yeast (Gietz and Woods, 

2000) 

2 3 MMB + Adenine (20mg/L) Yes 10 40 25% 

3 3 MMB + Adenine (20mg/L) Yes 9 24 37,5% 

 

. 

  

Application of a CRISPR-Cas9 system to C. glabrata 

gene characterization 

 A CRISPR-Cas9 system, previously optimized and 

implemented in C. glabrata for ADE2 gene deletion, was 

used in the attempt to generate several deletion mutants in a 

C. glabrata URA- strain (KCHr606_Δura3) in order to 

further investigate and functionally characterize the deleted 

genes.  

 For this work, EFG1 and TEC1 were selected, 

aiming the analysis of their role in biofilm formation, 

whereas RPN4 and MAR1 were chosen for being potentially 

involved in azole antifungal resistance in C. glabrata. 

Figure 2 - C. glabrata KCHr606_Δura3 strain transformed with 

pV1382_guideADE2 and repair template for CRISPR-Cas9 mediated ADE2 

gene deletion. The brown box presents a magnified view of red/pink colonies 

from the left figure 
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gRNAs and repair templates were designed for the deletion 

of the above mentioned four genes, however, the CRISPR-

Cas9 system and further steps could only be applied to 

EFG1 and RPN4, as a consequence of the COVID-19 

pandemics that forced the laboratory work to end sooner 

than expected. 

 CRISPR-Cas9 mediated EFG1 gene deletion 

 The cloning of the corresponding sgRNA into 

pV1382 was performed as previously described for the 

deletion of CgADE2, as was the construction of the repair 

template designed for gene deletion. 

 Transformation of C. glabrata cells (using the 

Alkali-Cation Yeast Transformation kit protocol) with the 

plasmid and the repair template was carried out and colonies 

were obtained. The DNA from the colonies corresponding 

to potential CRISPR-Cas9-generated C. glabrata Δefg1 

deletion mutant strains was extracted and sequenced, 

revealing that the intended genome editing was achieved.  

 With the generated Δefg1 mutant strain, it is now 

possible to carry out biofilm quantification assays to test 

whether C. glabrata’s ability to form biofilm is affected in 

the absence of EFG1. Unfortunately, this step could not be 

accomplished as a result of a sudden loss of access to the 

laboratory to continue investigations, caused by the 

COVID-19 pandemics. A biofilm quantification assay 

would allow for a possible confirmation of an involvement 

of EFG1 in the mechanisms underlying biofilm formation, 

as it is expected a biofilm reduction in the Δefg1 mutant 

strain compared to wild-type. Furthermore, to verify if the 

outcome of this assay is directly related to the EFG1 gene 

or if it represents an indirect result, a phenotypic 

complementation would be carried out by introducing an 

EFG1 expression plasmid in the C. glabrata Δefg1 mutant 

strain and comparing biofilm phenotypic results between 

the complemented and mutant strains.  

 CRISPR-Cas9 mediated RPN4 gene deletion 

 Following the protocols formerly applied, a 

CRISPR-Cas9 system was implemented in C. glabrata to 

generate Δrpn4 strains, providing a repair template to be 

inserted at the DNA break site.  

 Confirmation of the intended gene deletion was 

achieved by PCR, carried out over DNA extracted from 

potential C. glabrata Δrpn4 colonies, followed by an 

electrophoresis that shows several colonies with a PCR 

product consistent with what would be expected for a 

positive gene deletion. However, confirmation by DNA 

sequencing was not yet obtained as a result of a sudden loss 

of access to the laboratory to continue investigations, 

caused by the COVID-19 pandemics. 

 Once the Δrpn4 mutant strain is confirmed, the 

next step would be to engage in antifungal susceptibility 

assays. As it was mentioned above, this step of the 

experimental work could not be done, although it would be 

of great interest to carry on investigations about the role of 

CgRPN4 in antifungal resistance. Though it has been shown 

that the deletion of RPN4 generated C. glabrata mutants 

with increased susceptibility to azoles31, what was planned 

was the generation of multiple deletion mutants of genes 

presumed to be involved in antifungal resistance - Δrpn4 

Δmar1 Δpdr1. This approach of combining mutations 

would help perceiving the interactions between these 

specific genes when compared to individual mutations. 

 Site-directed mutagenesis of possible Mar1 

binding sites in the RSB1 promoter 

 To assess whether the predicted RSB1 promoter 

response elements for the TF Mar1 where indeed correct, 

specific mutations were introduced in each one of these four 

potential recognition motifs through site-directed 

mutagenesis. Following this procedure, activation of the 

RSB1 promoter - cloned in the plasmid pYEP354 

immediately before the reporter gene lacZ - was measured 

by quantifying the expression of lacZ with RT-PCR.  

Furthermore, the RSB1 promoter activation was measured 

in the presence and absence (control) of fluconazole, as 

Mar1 is suspected to play a role in gene regulation in 

response to azole-induced stress. The results obtained are 

represented in Figure 3. 

Figure 3 – Comparison of CgRSB1 promoter activation, in the presence 
(F) and absence (C) of fluconazole, between cells containing the wilt-type 

(Wt) promoter and the promoter mutated in motifs 1-4 (mut1-mut4). 

Activation was measured through the relative expression of the reporter 
gene lacZ. 

 To understand if the RSB1 promoter motifs affect 

the basal expression of the gene, it is necessary to compare 

the expression of lacZ between the wild-type promoter and 

the mutated motifs in control conditions. Statistical analysis 

did not show a significant difference in the activation levels 

of the control mutated promoters compared to the control 

wild-type, hence, it is possible to assume that the four 

selected RSB1 promoter motifs do not affect the basal 

expression of RSB1. On the other hand, in the presence of 

fluconazole it is possible to detect considerable variations 

in the promoter activation. When analysing the data from 

Figure 3, it is seen that mutations in motifs 2 and 3 (mut2 

and mut3) of the RSB1 promoter reduce its activation in the 

presence of fluconazole when comparing with the wild-type 

promoter (highlighted in Figure 3 with *). These results 
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suggest that motifs 2 and 3, both sharing the same sequence 

– GGGGAGG -, of the RSB1 promoter are potentially 

involved in the expression of RBS1 when fluconazole is 

present in the medium. 

 A further evaluation of this regulation mechanism 

can be achieved with the use of  Chromatin 

Immunoprecipitation (ChIP), a method that will confirm 

whether the TF Mar1 actually binds to these two motifs of 

the RSB1 promoter in order to activate RSB1. 

DISCUSSION AND FUTURE PERSPECTIVES 

 This study describes how an innovative genome 

editing technology like the CRISPR-Cas9 system can be 

used as a valuable tool for the functional characterization of 

numerous C. glabrata genes presumed to be involved in this 

pathogen’s virulence and antifungal drug resistance 

mechanisms. 

 The CRISPR-Cas system is considered to be one 

of the major breakthrough discoveries of genetics, currently 

being explored for genome edition of a great deal of 

organisms. A CRISPR-Cas based approach has several 

advantages compared to the already existing genome 

engineering techniques. For instance, while being robust, 

this technology is very user-friendly since it only requires 

the construction of a recombinant plasmid containing the 

sequences coding for the Cas9 protein and the gRNA, a 

target-specific small guide sequence. As a consequence, this 

approach is less time-consuming, which is a very valuable 

asset. The design of the gRNA allows for the targeting of a 

vast number of genes, provided they are located next to a 

PAM sequence. This requirement is, however, a restriction 

for the targetable genomic loci. There are already quite a 

few studies developing approaches to expand the targeting 

range of CRISPR-Cas9, for example through protein 

engineering of Cas9 to alter PAM recognition32. 

 The first part of this work consisted of the 

implementation and optimization of a CRISPR-Cas9 

system, previously developed by Vyas et al21, to implement 

in the C. glabrata KCHr606_Δura3 strain for gene 

deletions. This system was chosen mainly because of the 

advantages of using a solo vector that encodes both Cas9 

and the gRNA,  this way facilitating cell transformation. 

One important aspect to minimize the off-target effects by 

the CRISPR-Cas9 system is the off-target prediction. Here, 

adequate gRNA design was carried out according to a list 

of C. glabrata genes and guiding sequences, provided by 

Vyas and colleagues, with the predicted off-target sites.  

 A series of optimization steps were carried out, 

starting with the testing of different incubation conditions 

for plasmid digestion to achieve a suitable outcome of 

gRNA cloning into the plasmid. Once the solo vector 

containing the designed gRNA and Cas9 coding sequences 

was obtained, the optimization of the CRISPR-Cas9 system 

itself began. During the transformation of C. glabrata cells 

with the solo vector, a repair template was also supplied in 

order to increase the odds of the HDR pathway to act upon 

the CRISPR-Cas9-generated DSB. Two different 

transformation protocols were tried out and optimized for 

CRISPR-Cas9 mediated ADE2 gene deletion in C. glabrata 

until the desired outcome, which in this case was obtaining 

red colonies (Δade2 phenotype), was achieved. It has been 

demonstrated that the NHEJ pathway is the dominant repair 

pathway following a DSB in C. glabrata21, however, 

supplying a repair template was shown to, at a certain level, 

circumvent this tendency and favour the action of the HDR 

pathway. Even though the percentages of efficiency 

obtained for gene deletion using this CRISPR-Cas9 system 

were not as high as expected, the results were satisfactory 

enough to carry on with CRISPR-mediated deletions of a 

number of C. glabrata genes of interest to be further 

studied. The higher percentage of genome editing efficiency 

obtained in the study of Vyas and colleagues21, from which 

the CRISPR-Cas9 system used in this work was based on, 

could be partially related to the yeast transformation 

protocol they followed, consisting of a combination of a 

lithium acetate and electroporation protocol. Here, the 

transformation of C. glabrata did not include the 

electroporation step, but the use of lithium acetate followed 

by heat-shock treatment (among other steps described in the 

protocols referred in the ‘Materials and Methods’ section). 

 With countless studies recognising C. glabrata as 

an emerging human pathogen4–6, understanding its 

virulence mechanisms became an important concern for 

public health. C. glabrata was shown to have an 

intrinsically low susceptibility to azole antifungal 

drugs3,5,33–35, also being the main Candida species 

exhibiting multidrug resistance9. The fast azole resistance 

acquisition seen in C. glabrata has been associated with 

gain-of-function mutations in PDR112,36,37, and results such 

as the upregulation of CgRPN4 seen in fluconazole-resistant 

Pdr1 gain-of-function mutants of C. glabrata38, among 

other, led to the idea of a possible link between CgRPN4 

and azole resistance in this pathogen. Therefore, CgRPN4 

was chosen to be further studied in this work, that began 

with its deletion using the previously optimized CRISPR-

Cas9 system. From the colonies obtained, several were 

considered potential C. glabrata Δrpn4 mutants according 

to the confirmation PCR and electrophoresis. It was not 

possible, however, to confirm a successful CRISPR-Cas9-

mediated RPN4 deletion through DNA sequencing due to 

unexpected loss of laboratory access as a consequence of 

the COVID-19 pandemics. Assuming the intended gene 

deletion was achieved, the next phase planned for this part 

of the work would be to create, again using the CRISPR-

Cas9 system, a C. glabrata Δrpn4 Δmar1 Δpdr1 multiple 

deletion mutant and, later on, carry out azole susceptibility 

assays, as all three genes are presumed or known to play a 

role in antifungal resistance.  

 Another known virulence feature of C. glabrata is 

its ability to form biofilms, in which the EFG1 and TEC1 

genes are presumed to play a role39. For further 
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characterization, both genes were planned to be deleted in 

C. glabrata using the CRISPR-Cas9 system, yet only the 

Δefg1 deletion mutant was obtained, as the COVID-19 

pandemics prevented the TEC1 gene studies to go beyond 

the design of its repair template and gRNA. The next phase 

planned for this part of the work would be to create, again 

using the CRISPR-Cas9 system, a C. glabrata Δefg1 Δtec1 

double deletion mutant and, later on, carry out biofilm 

formation assay, as both genes are presumed to play a role 

in this process.  

 The multiple deletion mutant method would help 

elucidate the genetic interactions between the deleted genes, 

more specifically the extent to which the function of one 

gene depends on the presence of a second or third genes. 

The existence of such genetic interactions can be inferred 

when the loss of the group of genes has a stronger 

phenotypic effect than the loss of any of the genes alone40, 

thus facilitating the identification and characterization of 

gene functions and cellular pathways41. Additionally, since 

the single and multiple deletion strains were being built in a 

URA3- background, it would further be possible to confirm 

gene functions through gene expression complementation.  

 The recently discovered potential link between the 

uncharacterized CgMar1 TF and fluconazole stress 

responses, uncovered through previous unpublished work 

from our team, encouraged a deeper analysis of this 

protein’s functions, which led to the hypothesis of Mar1 

being a transcriptional regulator of RSB1, binding to its 

promoter in response to fluconazole-induced stress. The 

results from the RT-PCR analysis of the RSB1 promoter 

activation, where a comparison is made between the wild-

type promoter and four mutated possible Mar1-binding 

motifs, showed that in control conditions these motifs are 

not relevant for the basal expression of RSB1. However, two 

of the motifs, specifically motifs 2 and 3 (both with the 

GGGGAGG sequence) were shown to influence RSB1 gene 

expression when fluconazole was added to the medium. 

This outcome supports the theory of Mar1 being involved 

in fluconazole stress responses mediated, at least partially, 

by RSB1. However, confirmation of whether or not Mar1 

binds to the two RSB1 promoter motifs recognized as 

relevant for this matter is still needed. This confirmation 

would be achieved with ChIP, a method that includes the 

crosslink between the Mar1 protein and its DNA binding 

sites, followed by chromatin shearing into short fragments 

and isolation of the DNA-interacting protein (crosslinked to 

DNA) by immunoprecipitation42. The protein binding sites, 

after protein release are amplified with PCR and sequenced. 

Again, due to the COVID-19 pandemics, this step could not 

be accomplished. Even though the closest Mar1 ortholog 

found is the S. cerevisiae Hap1 TF, the GGGGAGG motif 

is not included in the list of known Hap1 consensus binding 

sites43, supporting the idea of these proteins having different 

functions. Interestingly, the GGGGAGG sequence is found 

in the promoter regions of CgSNQ2, a drug efflux pump 

from the ABC superfamily, and CgQDR2, a MFS 

transporter, both known to be involved in azole resistance 

mechanisms in C. glabrata. This finding could, perhaps, 

point towards the involvement of Mar1 in SNQ2 and QDR2 

regulation, in the presence of fluconazole, through the 

binding to the mentioned motif, although previous RNA-

seq analysis done in our lab (Pais et al, unpublished results) 

did not seem to support this idea. Additionally, the 

GGGGAGG motif is also present in the C. albicans RTA2 

promoter region, a CgRSB1 ortholog that encodes a protein 

known to mediate azole resistance responses44. Having seen 

how the GGGGAGG motif affects CgRSB1 gene expression 

in the presence of fluconazole, it is possible that this motif 

has a similar effect in the expression of RTA2 in C. albicans 

under such conditions, and if so, it would be interesting to 

find the TF - possibly a Mar1 ortholog - responsible for the 

regulation of RTA2 by binding to the said motif. All of these 

theories require further in silico investigations as well as 

RNA-seq and ChIP assays to confirm possible influences in 

gene expression and possible TF binding sites. 

 Altogether, this study provided optimized valuable 

tools to be applied in the genetic manipulation of C. 

glabrata. Additionally, two putative Mar1 binding sites in 

the RSB1 promoter region were uncovered, while two new 

deletion mutants were obtained, that will contribute to 

leverage ongoing studies on the mechanisms of biofilm 

formation and azole resistance in this pathogen. 
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