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ABSTRACT The World Health Organization recently published the first list of priority 
fungal pathogens highlighting multiple Candida species, including Candida glabrata, 
Candida albicans, and Candida auris. However, prior studies in these pathogens have 
been mainly limited to the use of two drug resistance cassettes, NatMX and HphMX, 
limiting genetic manipulation capabilities in prototrophic laboratory strains and clinical 
isolates. In this study, we expanded the toolkit for C. glabrata, C. auris, and C. albicans 
to include KanMX and BleMX when coupled with an in vitro assembled CRISPR-Cas9 
ribonucleoprotein (RNP)-based system. Repurposing these drug resistance cassettes for 
Candida, we were able to make single gene deletions, sequential and simultaneous 
double gene deletions, epitope tags, and rescue constructs. We applied these drug 
resistance cassettes to interrogate the ergosterol pathway, a critical pathway for both the 
azole and polyene antifungal drug classes. Using our approach, we determined for the 
first time that the deletion of ERG3 in C. glabrata, C. auris, and C. albicans prototrophic 
strains results in azole drug resistance, which further supports the conservation of the 
Erg3-dependent toxic sterol model. Furthermore, we show that an ERG5 deletion in C. 
glabrata is azole susceptible at subinhibitory concentrations, suggesting that Erg5 could 
act as an azole buffer for Erg11. Finally, we identified a synthetic growth defect when 
both ERG3 and ERG5 are deleted in C. glabrata, which suggests the possibility of another 
toxic sterol impacting growth. Overall, we have expanded the genetic tools available to 
interrogate complex pathways in prototrophic strains and clinical isolates.

IMPORTANCE The increasing problem of drug resistance and emerging pathogens is an 
urgent global health problem that necessitates the development and expansion of tools 
for studying fungal drug resistance and pathogenesis. Prior studies in Candida glabrata, 
Candida auris, and Candida albicans have been mainly limited to the use of NatMX/SAT1 
and HphMX/CaHyg for genetic manipulation in prototrophic strains and clinical isolates. 
In this study, we demonstrated that NatMX/SAT1, HphMX, KanMX, and/or BleMX drug 
resistance cassettes when coupled with a CRISPR-ribonucleoprotein (RNP)-based system 
can be efficiently utilized for deleting or modifying genes in the ergosterol pathway of 
C. glabrata, C. auris, and C. albicans. Moreover, the utility of these tools has provided new 
insights into ERG genes and their relationship to azole resistance in Candida. Overall, we 
have expanded the toolkit for Candida pathogens to increase the versatility of geneti­
cally modifying complex pathways involved in drug resistance and pathogenesis.

KEYWORDS CRISPR-RNP, Candida auris, Candida glabrata, Candida albicans, ERG5 and 
ERG3, antifungal drug resistance, KanMX and BleMX, ergosterol pathway, toxic sterols, 
azole antifungal drugs

November/December 2023  Volume 8  Issue 6 10.1128/msphere.00311-23 1

Editor Aaron P. Mitchell, University of Georgia, 
Athens, Georgia, USA

Address correspondence to Scott D. Briggs, 
sdbriggs@purdue.edu.

The authors declare no conflict of interest.

See the funding table on p. 18.

Received 16 June 2023
Accepted 28 September 2023
Published 6 November 2023

Copyright © 2023 Gregor et al. This is an open-access 
article distributed under the terms of the Creative 
Commons Attribution 4.0 International license.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/m
sp

he
re

 o
n 

27
 F

eb
ru

ar
y 

20
24

 b
y 

12
8.

21
0.

10
7.

13
0.

https://crossmark.crossref.org/dialog/?doi=10.1128/msphere.00311-23&domain=pdf&date_stamp=2023-11-06
https://doi.org/10.1128/msphere.00311-23
https://creativecommons.org/licenses/by/4.0/


F ungal infections pose a significant public health concern, with over a billion 
superficial infections and 1.5 million deaths, mostly from invasive infections, 

occurring annually worldwide (1, 2). Candida species are responsible for roughly 40%–
70% of invasive fungal infections (1–3), and several species are classified as “high priority 
fungal pathogens” by the World Health Organization (WHO) for study, including Candida 
glabrata, Candida albicans, and Candida auris. Infections can range from superficial to 
life-threatening, with invasive candidiasis leading to a mortality rate of 20%–60% (4, 
5). Currently, there are three FDA-approved major antifungals clinically used for the 
treatment of systemic fungal infections: azoles, echinocandins, and polyenes (6–8). 
However, antifungal drug resistance has become a significant concern, highlighted by 
the increase in clinically acquired drug resistance in C. albicans and C. glabrata and the 
recent emergence of a multi-drug-resistant pathogen, C. auris (8, 9).

Two of these drug classes, azole and polyenes, target the ergosterol pathway, an 
essential but complex biological pathway that is largely conserved across yeast and 
fungi (10–13). Most of our understanding of the ergosterol pathway has been derived 
from studies in auxotrophic Saccharomyces cerevisiae and C. albicans strains (13–15), 
whereas in comparison, our understanding of this pathway in C. glabrata and C. auris 
has been limited. These genetic and biochemical studies have proposed a model 
where azoles prevent ergosterol biosynthesis by directly inhibiting Erg11, the lanosterol 
14-α-demethylase. Consequently, azole inhibition results in the production of a toxic 
sterol intermediate, 14α-methyl-3,6-diol, generated by the sterol Δ5,6-desaturase, Erg3 
(14). Concurring with this model is the observation that deletion of ERG3 in S. cerevisiae 
and C. albicans prevents the formation of the 14α-methyl-3,6-diol toxic sterol, resulting in 
azole resistance (14, 15). However, it has been reported and widely accepted in the field 
that deletion of ERG3 in C. glabrata is not azole resistant but in contrast azole susceptible 
(16–18). Contrary to this observation, clinical isolates of C. glabrata and micro-evolved 
ERG3 mutations can result in azole resistance, thereby providing an unexplained role 
for ERG3 in C. glabrata (19, 20). Currently, it is unknown if an ERG3 deletion results in 
azole resistance in C. auris. However, to further characterize the ergosterol pathway in 
prototrophic strains of C. glabrata, C. auris, and C. albicans, additional genetic tools are 
needed.

Currently, the C. glabrata, C. auris, and C. albicans toolkit has been mainly limited to 
the use of nourseothricin (NatMX/SAT1) or hygromycin B (HphMX/CaHyg). In contrast, 
drug resistance cassettes such as KanMX and BleMX are either rarely or not used in 
Candida but are commonly used in Saccharomyces cerevisiae. One major reason for this 
limitation is that Candida species have developed resistance to antibiotics, including 
kanamycin/geneticin (G418) and phleomycin/zeocin, which results in high background 
growth and prevents the ability to identify colonies containing KanMX and BleMX 
cassettes. The ability to repurpose and efficiently use these dominant selection markers 
in Candida would significantly enhance the flexibility for genetic manipulation of the 
ergosterol and/or other complex pathways when using prototrophic strains and clinical 
isolates.

In this study, we demonstrate that multiple drug resistance markers can be effec­
tively used in Candida species when coupled with an in vitro assembled CRISPR-Cas9 
ribonucleoprotein (RNP)-based system. Using this approach, we were able to efficiently 
make erg3 deletions when using NatMX, HphMX, KanMX, or BleMX cassettes for C. 
glabrata, while KanMX and BleMX were used to make erg3 deletions in C. auris. In 
addition, endogenous epitope tagging of ERG3 and ERG11 in C. glabrata was done 
using a 3×HA-KanMX cassette. Subsequently, the ERG3 epitope-tagged gene was used to 
generate an ERG3-3×HA-KanMX cassette to functionally complement erg3Δ phenotypes. 
In addition, double gene deletions (erg3Δerg5Δ) were sequentially generated using 
NatMX and HphMX cassettes in C. glabrata. Finally, the ability to make simultaneous 
deletions of C. albicans alleles with a combinatorial drug selection approach using 
CaKanMX and SAT1 or BleMX and SAT1 cassettes was also demonstrated.
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Our approach allowed us to not only enhance the Candida toolbox but also provide 
the genetic capability to efficiently manipulate the ergosterol pathway using prototro­
phic strains. Using these tools, we showed for the first time that erg3Δ strains are azole 
resistant in prototrophic C. glabrata strains, which provides support that the toxic sterol 
model is conserved in C. glabrata. In addition, prototrophic C. auris and C. albicans 
erg3Δ strains also showed an azole-resistant phenotype, demonstrating that the function 
of Erg3 is broadly conserved across all three pathogens. We also determined that an 
erg5Δ strain was susceptible to subinhibitory concentrations of azoles and suggested 
that Erg5 plays a role in azole buffering in C. glabrata. Finally, a synthetic growth defect 
was observed for a C. glabrata erg3Δerg5Δ double deletion strain, and we propose that 
this growth inhibition is caused by another toxic sterol. Overall, we have identified new 
insights involving the ergosterol pathway, and we anticipate that this expanded toolkit 
will provide the field the capacity to interrogate other complex pathways.

RESULTS

Short homology regions can be used for gene replacement in C. glabrata 
when coupled with CRISPR-RNP

CRISPR-mediated or non-CRISPR-based methods generally rely on large flanking 
homology regions ranging from 500 to 1,000 base pairs (bp) for efficient gene replace­
ment in Candida glabrata (21, 22). Often, steps to generate long flanking regions are 
time-consuming and tedious using either cloning or multi-step fusion PCR approaches. 
The initial CRISPR-Cas9 RNP system developed for Candida species, including C. glabrata, 
utilized long homology regions ranging from 500 to 1,000 bp (21). However, it has 
been reported for C. glabrata that flanking homology regions ranging from 20 to 200 
bp can be used for gene insertions resulting in gene disruption, albeit with the aid 
of a CRISPR-Cas9 plasmid-based system in an auxotrophic strain (23). To determine if 
short homology regions (HRs) flanking drug resistance cassettes were efficient in making 
gene deletions in C. glabrata using a CRISPR-Cas9 RNP method, we PCR amplified drug 
resistance cassettes using oligonucleotides (IDT Ultramers) of ~130–150 bp of homology 
to the ADE2 gene. ADE2 was selected due to its red pigment phenotype when the 
ADE2 gene is disrupted, which allows for an unbiased determination of gene replace­
ment efficiency (24–26). Using the pAG25 NatMX and pAG32 HphMX plasmids (Fig. 1A 
and B) (27), we deleted the ADE2 open reading frame and counted the proportion of 
white and red colonies (Fig. 1C). With the addition of a CRISPR-Cas9 RNP containing 
two gRNAs and 130–150 bp of flanking homology, we observed a fivefold increase 
in the proportion of red colonies compared to the cassette alone (Fig. 1D). Similarly, 
we observed a fivefold increase in the proportion of red colonies using hygromycin 
B (HphMX) when using CRISPR-Cas9 RNP (Fig. 1E). With this efficiency, we determined 
that 500–1,000-bp homology regions are not required for efficient gene replacement in 
C. glabrata. To determine the lower limit of homology, we also tested 60-bp HRs and 
observed a 35% decrease in efficiency when compared to 130-bp HRs (Fig. S1A; Fig. 1D). 
Based on this comparison, we selected 130–150-bp HRs as the standard length for our 
CRISPR-RNP-mediated genetic manipulation. Altogether, these data suggest that short 
HRs are efficient in generating gene deletions in C. glabrata using NatMX and HphMX 
when coupled to CRISPR-RNP.

Deletion of ERG3 results in an azole drug-resistant phenotype in C. glabrata

We next applied our optimized approach to investigate the ergosterol pathway, a critical 
biosynthesis pathway targeted by both the azole and polyene antifungal drug classes. 
Azole drugs inhibit Erg11, lanosterol 14-α-demethylase, to block ergosterol biosynthesis, 
which leads to accumulation of an Erg3-dependent toxic sterol 14α-methyl-3,6-diol and 
growth inhibition (14, 28, 29) (see Fig. S2). While ERG3 is known to have an azole-resistant 
phenotype when deleted or mutated in S. cerevisiae or C. albicans (14, 15, 30), C. glabrata 
auxotrophic strains deleted for ERG3 show fluconazole susceptibility (16, 17). In contrast, 
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micro-evolved ERG3 mutations and clinical isolates show resistance to fluconazole (19, 
20, 29). To address this unexplained contradiction, we used our optimized CRISPR-RNP 
method to make erg3Δ strains in the Cg2001 background strain using pAG25-NatMX and 
pAG32-HphMX as templates (Fig. 1A and B) and reported replacement efficiencies similar 
to those observed when targeting ADE2 (Fig. S1B). In addition, the use of 60-bp HRs for 

FIG 1 Homology regions of 130–150-bp efficiently generate ADE2 deletions in C. glabrata using NatMX and HphMX when 

coupled with CRISPR-Cas9 RNP. (A) Schematic of the pAG25 NatMX plasmid. P1 and P2 indicate the locations of amplifica­

tion sequences. (B) Schematic of the pAG32 HphMX plasmid. P1 and P2 indicate the locations of amplification sequences. 

(C) Representative transformation plate for ADE2 deletion using NatMX with and without the addition of CRISPR-RNP. 

(D) Total number of positive transformants using NatMX with and without the addition of CRISPR-RNP. Numbers represent the 

summation across three separate transformations. (E) Total number of positive transformants using HphMX with and without 

the addition of CRISPR-RNP. Numbers represent the summation across three separate transformations.
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generating ERG3 deletions also showed 79% decreased efficiency when compared to 
130-bp HRs (Fig. S1C).

After the erg3Δ strains were confirmed by PCR, we performed spot assays to confirm 
and compare their phenotypes with and without 64 µg/mL fluconazole. Both erg3Δ 
strains demonstrate a slow growth phenotype but also a clear increased resistance to 
fluconazole, in contrast to the previously published erg3Δ phenotypes in auxotrophic C. 
glabrata strains (Fig. 2A). To test whether this phenotype was strain specific, we deleted 

FIG 2 Deletion of ERG3 results in an azole drug-resistant phenotype in C. glabrata. (A and B) Fivefold serial dilution spot assays with and without 64 µg/mL 

fluconazole (FLZ) in SC (A) and YPD (B) media. Indicated deletion strains were generated using CRISPR-Cas9 RNP. Images were captured at 48 hours. (C and 

D) Liquid growth assays of the indicated strains in YPD over 50 hours with and without 64 µg/mL FLZ, respectively. Growth curves represent the average of three 

biological replicates per strain.
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ERG3 in the BG2 strain with CRISPR-RNP and performed spot assays with and without 
64 µg/mL fluconazole and observed a similar azole-resistant phenotype to the Cg2001 
erg3Δ strain (Fig. 2B). To quantify this difference, we performed liquid growth assays in 
both strains. We selected 64 µg/mL fluconazole as it led to a significant growth delay in 
both WT strains (Fig. S3A). Under untreated conditions, we observed minor differences 
in both doubling time and growth delays when comparing each erg3Δ strain with their 
parent WT strain (Fig. 2C and D; Fig. S3B). However, under fluconazole treatment, both 
erg3Δ strains had a significantly shorter growth lag compared to their respective WT, 
corroborating the plate-based assay results (Fig. 2C and D; Fig. S3C). Altogether, our 
data show that azole resistance does occur in prototrophic Cg2001 and BG2 strains 
when deleted for ERG3, suggesting that the function of Erg3 under azole treatment is 
conserved in C. glabrata.

ERG3 and ERG5 deletions alter growth and azole drug susceptibility in C. 
glabrata

Similar to Erg11 (CYP51), Erg5 is also a known cytochrome P-450 (CYP61), which can be 
inhibited by azole drugs in vitro when using purified Erg5 protein from S. cerevisiae and 
C. glabrata at similar affinities to Erg11 (31–33). In addition, Candida albicans, Neurospora 
crassa, and Fusarium verticillioides fungal species deleted for ERG5 show susceptibility 
to azoles, which has led to a hypothesis that Erg5 may serve as an azole buffer for 
Erg11 in these fungal species (34, 35). To determine the role of Erg5 in growth and 
azole susceptibility in C. glabrata, we generated an erg5Δ strain using our CRISPR-RNP 
approach. The erg5Δ strain grew similar to WT but showed susceptibility to 32 µg/mL 
fluconazole (Fig. 3A), which may be a consequence of more fluconazole inhibiting 
Erg11, indicating a protective buffering role for Erg5. Alternatively, under subinhibitory 
concentrations of azoles, an erg5Δ strain would produce Ergosta 5,7 dienol and/or 
14α-methyl-3,6-diol, and both could be acting as growth inhibitory sterols (Fig. S2).

To determine if Ergosta 5,7 dienol is contributing to azole susceptibility, we generated 
an erg3Δerg5Δ double deletion strain in a previously constructed erg3Δ background. 
Based on known genetic and biochemical data (16, 36), the erg3Δerg5Δ double deletion 
would prevent the production of Ergosta 5,7 dienol (Fig. S2). While the pAG25 NatMX and 
pAG32 HphMX drug cassettes are effective for use in single deletions, it can be difficult to 
generate double gene deletions with drug cassettes when using non-CRISPR methods 
and short homology regions. This is particularly an issue when drug cassettes share 
similar flanking sequences, such as the AgTEF1 promoter and the AgTEF1 terminator (Fig. 
1A and B). In this case, any subsequent gene deletion attempts could replace the drug 
cassette of the initially deleted gene, leading to drug cassette swapping. To circumvent 
this issue, we used our CRISPR-RNP approach and generated erg3Δerg5Δ strains using 
HphMX and NatMX resistance cassettes, which share similar promoter and terminator 
sequences. Despite the large AgTEF1 homology regions present, we were able to 
efficiently generate erg3Δerg5Δ strains with the aid of CRISPR-Cas9-RNP (Fig. S1B). For 
strain confirmation, we performed qRT-PCR and detected no ERG3 transcript in each 
strain lacking ERG3 and no ERG5 transcript in each strain lacking ERG5 (Fig. 3B and C). 
Interestingly, we see a trend of decreased ERG3 expression in the erg5Δ strain and 
increased expression of ERG5 in the erg3Δ strain (Fig. 3B and C; Table S5). Although not 
statistically significant, this observation is consistent with what is observed in S. cerevisiae 
(37, 38). After confirming gene deletions by PCR and qRT-PCR analysis, spot assays were 
performed with and without fluconazole. Interestingly, all erg3Δerg5Δ strains suppressed 
azole susceptibility of erg5Δ, suggesting that 14α-methyl-3,6-diol and not Ergosta 5,7 
dienol is contributing to erg5Δ’s susceptibility to azoles. Overall, our data support the 
hypothesis that azole susceptibility of erg5Δ with subinhibitory concentrations of azoles 
is a consequence of losing Erg5’s azole buffering effect, thereby allowing more azoles to 
inhibit Erg11.

To our surprise, all erg3Δerg5Δ strains display a synthetic growth defect, more than 
what was observed in the single erg3Δ and erg5Δ strains (Fig. 3A). We suspect that 
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FIG 3 Double deletion of ERG3 and ERG5 results in a synthetic growth defect in C. glabrata. (A) Fivefold serial dilution spot assays with 0, 32, and 64 µg/mL 

fluconazole (FLZ) in SC media. Indicated deletion strains were generated using CRISPR-Cas9 RNP. (B and C) Expression of the indicated genes was determined by 

qRT-PCR analysis of mid-log phase cells in SC media. Data were normalized to RDN18 mRNA levels and are the average of three biological replicates with three 

technical replicates each. Error bars represent the standard deviation. *P-value < 0.05. n.e., not expressed. Statistical analysis for qRT-PCR analysis was done using 

GraphPad PRISM using an unpaired two-tailed Student’s t-test. (D and E) Liquid growth assays of the indicated strains over 50 hours with and without 20 µg/mL 

ergosterol in SC media. Growth curves represent the average of three biological replicates per strain.
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growth inhibition is due to the buildup of Ergosta 7-enol (Fig. S2). Despite this significant 
growth defect under untreated conditions, erg3Δerg5Δ strains grew on fluconazole­
containing plates similar to an erg3Δ strain, which further supports the hypothesis that 
Ergosta 7-enol and 14α-methyl-3,6-diol are acting as growth inhibitory toxic sterols in C. 
glabrata.

In addition to plate-based growth assays, we performed liquid growth assays to 
quantify changes in growth. The erg5Δ strain had a doubling time and lag phase similar 
to WT. The erg3Δ strain had a growth defect with a twofold longer doubling time and lag 
phase compared to WT (Fig. 3D; Fig. S4). The erg3Δerg5Δ strain had a synthetic growth 
defect with a 3.5-fold increase in both doubling time and lag phase compared to WT, 
as well as a decrease in OD600 saturation (Fig. 3D; Fig. S4). We hypothesized that these 
defects were due to altered sterol content in the erg3Δ and erg3Δerg5Δ strains, so we 
tested if supplementation with 20 µg/mL ergosterol could rescue these phenotypes. 
Strikingly, ergosterol supplementation led to a near complete rescue of the growth 
delays in each ERG deletion strain as well as a complete rescue of the saturation defect 
in erg3Δerg5Δ strains (Fig. 3E). Additionally, erg3Δ strains grew better in YPD vs SC media, 
which we suspect is due to the presence of ergosterol in YPD but not in SC media (Fig. 2C 
vs 3D), further supporting that the growth defects of ERG deletion strains are likely due 
to altered sterol content.

Overall, our genetic studies have identified a potential azole buffering effect for Erg11 
contributed by Erg5. In addition, when both ERG3 and ERG5 are deleted, we observe a 
synthetic growth defect that is likely caused by the buildup of Ergosta 7-enol, suggesting 
that this sterol is acting as a toxic sterol that inhibits growth. Additional biochemical 
and genetic studies will be needed to fully understand the observed ERG gene deletion 
phenotypes.

BleMX and KanMX can be used efficiently to make ADE2 and ERG3 deletions 
in C. glabrata when using CRISPR-RNP, where ERG3 deletion results in azole 
drug resistance

To further investigate the ergosterol pathway in prototrophic strains, additional drug 
resistance markers are needed. Since our CRISPR-RNP system is efficient at generating 
single and double deletions in C. glabrata using NatMX and HphMX, we then tested 
whether this system was effective for using other drug resistance cassettes typically not 
used in C. glabrata. We first tested BleMX, which confers resistance to zeocin, as the 
use of BleMX has been reported once in C. glabrata using a non-CRISPR transformation 
method, albeit at extremely low efficiency (<1%) (39). To first determine whether the 
CRISPR-Cas9 RNP system effectively generates gene deletions using BleMX, we deleted 
the entire open reading frame of ADE2 using pCY3090-07 as a template (Fig. 4A) (40). 
When comparing the proportion of red colonies with and without the addition of 
CRISPR-Cas9, a five­ to sixfold increase in efficiency was observed when using CRISPR 
(Fig. 4B).

Next, we tested whether this system permitted efficient use of KanMX as a drug 
resistance cassette in C. glabrata. Although KanMX is routinely used in S. cerevisiae, 
KanMX has not been successfully utilized for genetic manipulations in C. glabrata, with 
the exception of one study (41). Effective use of KanMX would allow for direct repurpos­
ing of many S. cerevisiae tagging and deletion KanMX cassettes for C. glabrata. To test 
this, we deleted ADE2 using a KanMX drug resistance cassette amplified from pUG6 (Fig. 
4C) (42). With the addition of CRISPR-RNP, we observed a 55-fold increase in efficiency, 
suggesting that CRISPR-RNP is required for the use of KanMX in C. glabrata (Fig. 4D).

We also deleted ERG3 with KanMX or BleMX using CRISPR-RNP with similar efficiencies 
to ADE2 (Fig. S1B). By spot assays, we observed an azole-resistant phenotype similar to 
the other constructed erg3Δ strains (Fig. 4E). These data demonstrate that KanMX and 
BleMX can be used as effective drug resistance cassettes in C. glabrata when coupled 
with CRISPR.
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The KanMX drug resistance cassette can be repurposed for generating 
endogenous epitope-tagged proteins in C. glabrata

Because our data indicate that KanMX is a suitable drug resistance cassette for gene 
deletions in C. glabrata, we wanted to determine if KanMX could be used for endoge­
nous epitope tagging of ERG3 and ERG11 using the C-terminal 3×HA-KanMX plasmid 

FIG 4 BleMX and KanMX can be used as efficient drug resistance cassettes in C. glabrata when coupled with CRISPR-Cas9 RNP. 

(A) Schematic of the pCY3090-07 plasmid. P1 and P2 indicate the locations of amplification primer sequences. (B) Total 

number of positive transformants using BleMX with and without the addition of CRISPR-Cas9 RNP. Numbers are the 

summation across three separate transformations. (C) Schematic of the pUG6 plasmid. P1 and P2 indicate the locations 

of amplification primer sequences. (D) Total number of positive transformants using KanMX with and without the addition 

of CRISPR-RNP. Numbers are the summation across three separate transformations. (E) Fivefold serial dilution spot assays of 

indicated strains with and without 64 µg/mL fluconazole (FLZ) in SC media. Images were captured at 48 hours.
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(pFA6a/PYM1) designed for Schizosaccharomyces pombe but also used in S. cerevisiae 
(Fig. 5A) (43, 44). ERG3 and ERG11 tags were generated using CRISPR-RNP and G418 
selection. After PCR confirmation, tagged strains were grown with and without 64 µg/mL 
fluconazole in SC media and collected at mid-log phase for immunoblotting using 
anti-HA (12CA5). Histone H3 was used as a loading control. Our data indicate that 
Erg3 and Erg11 proteins are expressed under untreated conditions and induced under 

FIG 5 C-terminal 3×HA tagging of ERG3 and ERG11 does not alter azole susceptibility in C. glabrata. (A) Schematic of the 

pFA6-3HA-KanMX plasmid. P1 and P2 indicate the locations of amplification primer sequences. (B and C) Indicated strains 

were either untreated (−) or treated (+) with 64 µg/mL fluconazole (FLZ) for 3 hours. Whole cell extracts were isolated and 

immunoblotted against an anti-HA antibody for the detection of Erg3 or Erg11. Histone H3 was used as a loading control. 

Three independent clones were represented for Erg3-3×HA and Erg11-3×HA. (D and E) Fivefold serial dilution spot assays 

in SC media of indicated strains with 0, 16, and 64 µg/mL FLZ, respectively. Three independent clones were represented for 

Erg3-3×HA and Erg11-3×HA. Images were captured at 48 hours.

Research Article mSphere

November/December 2023  Volume 8  Issue 6 10.1128/msphere.00311-23 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/m
sp

he
re

 o
n 

27
 F

eb
ru

ar
y 

20
24

 b
y 

12
8.

21
0.

10
7.

13
0.

https://doi.org/10.1128/msphere.00311-23


fluconazole treatment (Fig. 5B and C), which is consistent with transcript analysis from 
previous studies (45, 46). To confirm that the epitope tag does not alter function, we 
performed spot assays with and without 64 µg/mL fluconazole, using an erg3Δ strain 
as a control. All epitope-tagged Erg3-3×HA and Erg11-3×HA strains grow similar to WT 
under both untreated and fluconazole treatment (Fig. 5D and E). Altogether, these data 
suggest that KanMX epitope tagging constructs used in S. pombe and S. cerevisiae can be 
repurposed in C. glabrata and that C-terminal tagging of Erg11 and Erg3 does not alter 
their function.

ERG3-3×HA-KanMX complements erg3Δ and erg3Δerg5Δ phenotypes

Because C-terminal tagging of ERG3 did not disrupt function (Fig. 5D), we used the 
ERG3-3×HA-KanMX strain as a genomic template to generate a replacement cassette 
to complement the erg3Δ and erg3Δerg5Δ strain phenotypes. The ERG3-3×HA-KanMX 
cassette was PCR amplified, and CRISPR-RNP was targeted to the NatMX cassette that 
was used to delete ERG3. Re-introducing ERG3 at its endogenous locus in the erg3Δ 
strain restored WT growth and azole susceptibility (Fig. 6A). In addition, re-introduction 
of ERG3 at its endogenous locus in the erg3Δerg5Δ strain reverts erg3Δerg5Δ growth 
back to erg5Δ and restores azole susceptibility (Fig. 6B). We were able to confirm 
that Erg3 is expressed by Western blotting (Fig. 6C). Altogether, these data support 
that the azole-resistant phenotype observed in our erg3Δ strains can be suppressed 
when complemented with Erg3. These complementation studies indicate that Erg3 was 
solely responsible for the erg3Δ azole-resistant phenotype. In addition, restoring Erg3 
in erg3Δ and erg3Δerg5Δ strains rescues azole susceptibility, which is a consequence 
of Erg3’s ability to produce the growth inhibitory toxic sterol 14α-methyl-3,6-diol (Fig. 
S2). Furthermore, complementation of erg3Δerg5Δ also suppressed the growth defect, 
further supporting that Ergosta-7-enol is another potential growth inhibitory toxic sterol. 
Because of our demonstrated efficient use of KanMX and BleMX, additional genetic 
studies can be done to further address these discoveries in prototrophic strains.

BleMX and KanMX can be used efficiently to make ADE2 and ERG3 deletions 
in C. auris when using CRISPR-RNP, where ERG3 deletion results in azole drug 
resistance

Next, we tested whether we could use BleMX and KanMX as drug resistance cassettes in 
the emerging pathogen, C. auris, since previous studies in C. auris have been limited to 
using SAT1 and CaHyg as drug resistance cassettes (47, 48). We first generated a codon-
optimized BleMX for use in CTG clade species and named the plasmid pCdOpt-BMX (Fig. 
7A). Using this codon-optimized BleMX plasmid as a template, we deleted ADE2 in C. 
auris AR0387 using the CRISPR-RNP method and reported 65% efficiency compared to 
0% replacement without CRISPR (Fig. 7B). Next, we used pSFS2A-CaKan codon-optimized 
KanMX as a template and again targeted ADE2 (Fig. 7C). Using this codon-optimized 
KanMX, we report 29% efficiency with CRISPR compared to 0% without (Fig. 7D).

Because erg3Δ phenotypes have not been reported in C. auris, we deleted ERG3 with 
both BleMX and KanMX. After PCR confirmation, we performed spot assays with and 
without 64 µg/mL fluconazole. Similar to the C. glabrata erg3Δ strains, we observed 
an azole-resistant phenotype across all clones tested (Fig. 7E). Altogether, these data 
demonstrate that BleMX and KanMX can be used for efficient gene replacement in C. auris 
when coupled with CRISPR. This is the first report that erg3Δ strains are azole resistant 
in C. auris, demonstrating the conservation of Erg3 function in C. auris and providing 
support for Erg3-dependent production of the toxic 14α-methyl-3,6-diol sterol.

BleMX and KanMX can be used to make simultaneous ERG3 allele deletions in 
C. albicans when coupled with SAT1 and CRISPR-RNP

Because our data show that KanMX and BleMX are effective drug resistance cassettes 
for deleting ERG3 in prototrophic C. glabrata and C. auris strains when coupled to 
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CRISPR-RNP, we next tested if these drug resistance cassettes could be used in C. 
albicans. Although erg3Δ strains have been generated in auxotrophic C. albicans strains 
(15), homozygous erg3Δ strains have not been characterized in a prototrophic SC5314 
strain or other prototrophic C. albicans isolates. In contrast to C. glabrata and C. auris, 
C. albicans possesses innate resistance toward G418, hygromycin B, and zeocin even 
when using high concentrations of these drug compounds, which prevents using them 
for genetic manipulation. Interestingly, a dual selection approach with both SAT1 and 
HphMX replacement cassettes coupled with a CRISPR-RNP approach was shown to be 
effective at generating homozygous double deletions (49). Therefore, we hypothesized 
that an analogous approach using SAT1 and BleMX or KanMX would work for deleting 
ERG3.

To test this approach, ERG3 drug resistance cassettes were PCR amplified using both 
pCdOpt-BMX (BleMX) and pBBS2-SAT1-FLP as templates and simultaneously transformed 

FIG 6 Complementation at ERG3’s endogenous locus with ERG3-3×HA-KanMX rescues erg3Δ and 

erg3Δerg5Δ phenotypes. (A and B) Fivefold serial dilution spot assays of indicated strains with 0 and 

64 µg/mL fluconazole (FLZ) in SC media. Images were captured at 48 hours. (C) Whole cell extracts were 

isolated and immunoblotted against an anti-HA antibody for the detection of Erg3 in complemented 

strains. Histone H3 was used as a loading control, and ERG3-3×HA was used as a positive control.
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into SC5314 using our CRISPR-RNP method. When transformants were plated on zeocin 
alone, we observed no drug selectivity; however, drug selectivity was observed on 
plates containing both zeocin and nourseothricin or nourseothricin alone (Fig. 8A). From 
the zeocin and nourseothricin plates, we obtained 16% positive erg3Δ/erg3Δ strains 
confirmed by PCR (Fig. 8B; Fig. S5A). We then used the same transformation approach 

FIG 7 BleMX and KanMX can be used as drug resistance cassettes in C. auris when coupled with CRISPR-Cas9-RNP. 

(A) Schematic of the pCdOpt-BMX plasmid. P1 and P2 indicate the locations of amplification primer sequences. (B) Total 

number of positive transformants using BleMX with and without the addition of CRISPR-Cas9 RNP. (C) Schematic of the 

pSFS2A-CaKan plasmid. P1 and P2 indicate the locations of amplification primer sequences. (D) Total number of positive 

transformants using KanMX with and without the addition of CRISPR-Cas9 RNP. (E) Fivefold serial dilution spot assays 

of indicated C. auris strains with and without 64 µg/mL fluconazole (FLZ) in SC media. Three independent clones were 

represented for each erg3Δ strain deleted with BleMX or KanMX. Images were captured at 48 hours.
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but instead with SAT1 and KanMX as replacement templates. Again, we observed 
no selectivity when plated on G418 plates alone, but drug selectivity was observed 
on plates containing both G418 and nourseothricin (Fig. 8C). However, we obtained 
10% positive erg3Δ/erg3Δ strains, and PCR confirmed the integration of both cassettes 
(Fig. 8D; Fig. S5B). Interestingly, we were able to get >94% of the SAT1 integration, 

FIG 8 BleMX and KanMX can be used in conjunction with SAT1 for simultaneous homozygous deletions in C. albicans. 

(A) Representative transformation plated on zeocin alone, nourseothricin alone, and both zeocin and nourseothricin. 

Images were captured at 48 hours. (B) Percentage of homozygous and heterozygous ERG3 deletions screened by PCR from 

BleMX+SAT1 double selection plates. (C) Representative transformation plated on G418 alone, nourseothricin alone, and both 

G418 and nourseothricin. Images were captured at 48 hours. (D) Percentage of homozygous and heterozygous ERG3 deletions 

screened by PCR from KanMX+SAT1 double selection plates. (E) Fivefold serial dilution spot assays of indicated C. albicans 

strains with and without 64 µg/mL fluconazole (FLZ) in SC media. Images were captured at 48 hours.
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which allowed us to identify heterozygous ERG3/erg3Δ strains, indicating that both 
homozygous and heterozygous deletions can be identified from colonies grown on the 
combined drug plate (Fig. 8B and D; Fig. S5A and B).

To assess the deletion strains, spot assays were performed with and without 64 µg/mL 
fluconazole (Fig. 8E). Azole resistance was observed for all erg3Δ/erg3Δ strains, corrobo­
rating previous deletions in auxotrophic C. albicans strains (15). Similar to HphMX, our 
data show that BleMX and KanMX can be used in conjunction with SAT1 for homozygous 
double deletion engineering in C. albicans. In addition to C. glabrata and C. auris, we have 
also expanded the tools to genetically manipulate prototrophic C. albicans strains.

DISCUSSION

In this study, we have expanded the Candida toolbox to include KanMX and BleMX when 
coupled to CRISPR-RNP, which has allowed us to efficiently manipulate the ergosterol 
pathway. Using these tools, we have established for the first time that deleting ERG3 
results in an azole drug-resistant phenotype in C. glabrata, C. auris, and C. albicans 
prototrophic strains. We also show that a C. glabrata erg5Δ strain is susceptible to azoles, 
while erg3Δerg5Δ strains show a synthetic growth defect. Overall, we provided new tools 
for genetic manipulation that allowed us to determine the impact of multiple ERG gene 
deletions in Candida.

In S. cerevisiae and C. albicans, erg3Δ strains have been well characterized to have an 
azole drug-resistant phenotype, which is attributed to the failure to make the growth 
inhibitory toxic sterol, 14α-methyl-3,6-diol (14, 15). In contrast, the prevailing thought 
in the field is that this does not occur when ERG3 is deleted in C. glabrata because 
erg3Δ strains have been reported to be susceptible to azole drugs (16, 17). However, 
this observation has been based mainly on one report where an ERG3 deletion in 
an auxotrophic C. glabrata strain was reported to be azole susceptible (16). Based on 
our findings, Erg3’s function is conserved, and deletion of ERG3 leads to azole drug 
resistance in all prototrophic strains tested. Furthermore, our ERG3 complemented strains 
generated by our expanded toolkit show that azole drug susceptibility can be restored, 
indicating that only ERG3 was responsible for the observed phenotypes.

Currently, it is unclear why other groups have observed susceptibility in C. glabrata 
auxotrophic erg3Δ strains. However, an issue using auxotrophic strains for studying the 
ergosterol pathway could be an unintentional altered growth phenotype caused by 
mutations in the amino acid biosynthetic pathway. For example, it has been shown in 
S. cerevisiae that azole-resistant phenotypes in an erg3Δ strain were contingent on the 
auxotrophic status of the strain (50). Alternatively, because azoles have been shown to 
bind to Erg5 and Erg11 with equal affinity and inhibit both enzymes in vitro (31–33), the 
observed azole susceptibility difference in erg3Δ strains could be caused by differen­
ces in Erg5 expression or non-synonymous mutations across C. glabrata strains. These 
differences could alter the buffering capacity of Erg5 toward azoles and thus change 
the concentration of azoles that inhibit Erg11. Another possibility could be a paradoxical 
effect where subinhibitory concentrations of azoles in an erg3Δ strain fail to completely 
block Erg11, resulting in a potential buildup of another toxic sterol, leading to azole 
susceptibility. In this case, if Erg5 is effectively inhibited in erg3Δ, this would phenocopy 
an erg3Δerg5Δ strain, resulting in a buildup in Ergosta-7-enol and growth inhibition 
(Fig. 3D; Fig. S2). Further investigation will be needed to determine why the reported 
auxotrophic erg3Δ strains show azole susceptibility and whether this is due to amino acid 
uptake, Erg5 fluconazole buffering effect, and/or toxic sterol. Nonetheless, we observed 
broad conservation of erg3Δ phenotypes using prototrophic strains resulting in azole 
resistance across C. glabrata, C. auris, and C. albicans when treated with growth inhibitory 
azole concentrations, supporting the notion that Erg3 contributes to the production of 
the toxic sterol 14α-methyl-3,6-diol in all prototrophic strains tested.

In this study, we show that two additional drug resistance cassettes, KanMX and 
BleMX, commonly used for S. pombe or S. cerevisiae can be repurposed and used 
reliably in C. glabrata. Moreover, we show that the codon-optimized KanMX from 
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the pSFS2A-CaKan (KanMX) plasmid (51) and our generated codon-optimized BleMX 
from the pCdOpt-BMX plasmid can be used for C. auris. In contrast to C. glabrata 
and C. auris, KanMX or BleMX in C. albicans cannot be used due to this organism’s 
high tolerance/resistance to the aminoglycoside antibiotic G418 and the glycopeptide-
derived antibiotics bleomycin, phleomycin, and zeocin (see Fig. 6). Because the CRISPR-
RNP-based system has been used successfully to simultaneously delete both alleles in C. 
albicans when using SAT1 and HygB (49), we applied a similar approach to use KanMX 
and BleMX. While we observed lower percentages of homozygous double deletions 
using this approach, adjuvants such as quinine or molybdate have been shown to 
suppress background growth of C. albicans when grown on G418 or hygromycin, which 
allows successful integration of codon-optimized CaKan and CaHygB cassettes (51). The 
addition of adjuvants and/or the use of integrated/transient expression-based CRISPR 
systems (26, 52) could further improve the efficiency of simultaneous allele deletions.

Our study also successfully demonstrates the repurposing of KanMX-containing 
plasmids traditionally utilized for making gene deletions or C-terminal epitope tags 
in S. pombe or S. cerevisiae for use in C. glabrata. While we clearly demonstrate that 
the endogenous C-terminal 3×HA tagging constructs are suitable for C. glabrata, this 
approach may not work for all genes, as C-terminal tagging may disrupt the function of 
the protein. Thus, our approach would also allow for repurposing endogenous N-termi­
nal KanMX tagging constructs designed for S. cerevisiae (53). Additionally, the efficiency 
of endogenous epitope-tagged proteins using CRISPR allows for more functional and 
mechanistic studies beyond transcript analysis, as endogenous epitope-tagged proteins 
have been used sparingly in prototrophic strains and clinical isolates of C. glabrata. 
This is particularly important since antibodies to endogenous proteins are scarce and 
costly to make. Finally, we show that endogenous epitope-tagged genes can be used as 
templates to complement the function of their respective gene deletion.

Overall, our study provides the field with additional ways to efficiently manipulate 
prototrophic Candida pathogens when using a CRISPR-based approach. Importantly, 
this approach provides us with further insight into the ergosterol pathway, although 
additional studies would be needed to address the mechanisms of our new observations. 
Applying this expanded toolkit in Candida should also enhance our understanding of 
other complex pathways impacting fungal drug resistance and pathogenesis.

MATERIALS AND METHODS

Yeast strains and plasmids

All strains used are described in Table S1. C. glabrata strains were derived from Cg2001 or 
BG2 (ATCC 2001). C. albicans strains were derived from SC5314 (54), a gift from William A. 
Fonzi, Georgetown University. The C. auris AR0387 strain was obtained from the CDC AR 
Isolate Bank. The pAG25, pAG32, and pUG6 plasmids were obtained from Euroscarf (27, 
42). The pFA6a-3HA-KanMX, pCY3090-07, and pSFS2A-CaKan plasmids were obtained 
from Addgene (40, 43, 51). The pBSS2-SAT1 flipper plasmid was provided to us by 
P. David Rogers, St. Jude Children’s Research Hospital, with permission from Joachim 
Morschauser (55). pCdOpt-BMX (BleMX) was synthesized by IDT, where the TEF1p-BleMX-
TEF1t sequence was codon optimized for CTG clade Candida species, synthesized, and 
cloned into the pUCIDT plasmid. The pCdOpt-BMX plasmid can be obtained at Addgene 
(ID number 203929).

PCR amplification for gene deletion and epitope tagging

All oligonucleotides used are denoted in Table S2. PCR amplification of drug resistance 
cassettes is as follows: 95°C for 5 minutes, 95°C for 30 seconds, 52°C for 30 seconds, and 
72°C for 2–3 minutes for a total of 30 cycles, with a final elongation step at 72°C for 10 
minutes. The PCR products were purified from agarose gels.
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CRISPR gRNA design and selection

Custom Alt-R CRISPR gRNAs were designed and ordered from Integrated DNA Technol­
ogies (Table S3). For each gene deletion, two CRISPR gRNAs were designed close to 
the 5′ and 3′ open reading frames (ORFs) of the gene of interest. For epitope tagging, 
one CRISPR gRNA was designed in the 3′ untranslated region (UTR) of the gene of 
interest. CRISPR gRNAs were selected based on their designated “on-target score” 
as determined by the CRISPR-Cas9 guide RNA design checker (IDT). Potential gRNAs 
were screened for off­target events using the CRISPR RGEN Tools Cas OFFinder (http://
www.rgenome.net/cas­offinder/). Selected gRNAs required >75 on-target scores as well 
as 0 potential off­target events with three mismatches or less.

CRISPR-Cas9 RNP system

The CRISPR-Cas9 RNP method was based on Grahl et al. with slight modifications (21). 
Briefly, Alt-R CRISPR crRNA and tracrRNA were used at a working concentration of 20 µM. 
The CRISPR-Cas9 crRNAs:tracrRNA hybrid was made by mixing together 1.6 µL of crRNA 
(8 µM final concentration), 1.6 µL of tracrRNA (8 µM final concentration), and 0.8 µL 
of RNAse-free water. For gene deletions, two crRNAs, 0.8 µL each, were added at a 
stoichiometric equivalent to tracrRNA, and for C-terminal tagging, one crRNA, 1.6 µL, 
was used. The CRISPR-RNP mix was incubated at 95°C for 5 minutes and allowed to cool 
to room temperature. Three microliters of 4 µM Cas9 (IDT) was added to the mix (final 
concentration of 1.7 µM) and incubated at room temperature for 5 minutes.

Cell transformation

Twenty­five milliliters of the desired strain was grown to an OD600 of 1.6 to saturation 
prior to transformation. Cells were resuspended in 10 mL of 1× LiTE Buffer (100 mM 
LiAc, 10 mM Tris-HCl, and 1 mM EDTA) and shaken at 250 rpm at 30°C for an hour. DTT 
was added to a final concentration of 100 mM, and cells were incubated at 30°C for an 
additional 30 minutes. Cells were collected by centrifugation, washed twice with 1 mL of 
ice-cold water, and washed once with 1 mL of cold sorbitol. Cells were resuspended in 
200 µL of cold sorbitol for electroporation.

Electroporation and colony PCR

Twenty microliters of prepared cells, 1–3 µg of drug resistance cassette DNA, CRISPR 
mix, and RNAse-free water to a final volume of 45 µL was mixed and transferred to 
a Bio-Rad Gene Pulser cuvette (0.2-cm gap). Cells were pulsed using an Eppendorf 
Eporator at 1,500 V and immediately resuspended in 1 mL of ice-cold sorbitol. Cells were 
collected by centrifugation, resuspended in 1 mL of YPD media, and allowed to recover 
by incubation at 30°C at 250 rpm for 3–24 hours. Recovered cells were resuspended 
in 100 µL of YPD and plated onto drug-selective media. Nourseothricin (GoldBio) was 
used at a final concentration of 300 µg/mL for antibiotic selection of the NatMX cassette. 
Hygromycin B (Cayman) was used at a final concentration of 500 µg/mL. Geneticin 
(G418, GoldBio) was used at a final concentration of 800 µg/mL. Zeocin (Cayman) was 
used at a final concentration of 600 µg/mL for C. glabrata and 800 µg/mL for C. auris. 
For double selection for C. albicans using SAT1 and BleMX or KanMX, plates contained 
200 µg/mL nourseothricin and 800 µg/mL zeocin or 800 µg/mL G418 sulfate. Colonies 
were screened via PCR using primers indicated in Table S2. Three independent clones 
were used for phenotypic characterizations.

Serial dilution spot assays and liquid growth assays

For serial dilution spot assays, yeast strains were inoculated in SC or YPD media and 
grown to saturation overnight as previously published (45). Yeast strains were diluted 
to an OD600 of 0.1 and grown in SC or YPD media to log phase with shaking at 30°C. 
The indicated strains were spotted in fivefold dilutions starting at an OD600 of 0.01 on 
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untreated SC or YPD plates or plates containing 8, 16, or 64 µg/mL fluconazole (Cayman). 
For C. glabrata, C. albicans, and C. auris, plates were grown at 30°C for 48 hours prior to 
imaging. For liquid growth assays, the indicated yeast strains were inoculated in SC or 
YPD media and grown to saturation overnight. Yeast strains were diluted to an OD600 
of 0.1 and grown in SC or YPD media to log phase with shaking at 30°C. The indicated 
strains were diluted to an OD600 of 0.01 in 100 µL SC or YPD media. Cells were left 
untreated or treated with 20 µg/mL ergosterol (Alfa Aesar) and grown for 50 hours with 
shaking at 30°C. The OD600 was determined every 15 minutes using a Bio-Tek Synergy 4 
multimode plate reader.

Quantitative real-time PCR analysis

RNA was isolated from cells grown in SC media by standard acid phenol purification as 
previously described (56). ABM All-In-One 5X RT MasterMix (ABM) was used to generate 
cDNA. Primers for gene expression analysis are indicated in Table S4. A minimum of 
three biological replicates, as well as three technical replicates, were performed for each 
biological replicate using the comparative CT method (2−ΔΔCT) see Table S5.

Cell extract and Western blot analysis

Whole cell extraction and Western blot analysis were performed as previously descri­
bed (57, 58). The anti-HA (Roche 12CA5, 1:10,000) monoclonal antibody was used as 
previously described (59). Histone H3 rabbit polyclonal antibody (PRF&L) was used at a 
1:100,000 dilution as previously described (60).
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