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Abstract 

Collectively, Candida species are the most prevalent cause of both superficial and 

invasive fungal infections worldwide. Invasive Candida infections have a high mortality 

rate and predominantly affect individuals with underlying diseases, such as diabetes, HIV, 

or cancer. Unfortunately, many invasive Candida infections are recalcitrant to antifungal 

treatment, while intrinsically multidrug-resistant pathogens, like Candida auris, are 

increasing in prevalence. Although the canonical mechanisms of antifungal resistance in 

Candida species are well established, i.e., overexpression of efflux pumps and 

overexpression of or mutations in genes encoding drug targets, factors affecting the natural 

evolution and regulation of resistance mechanisms remain poorly understood. 

One cause of antifungal resistance in Candida species is the acquisition of gain-of-

function mutations in the transcription factor Mrr1, resulting in overexpression of the 

multidrug transporter Mdr1. However, little is known about the functions of other genes 

regulated by Mrr1 or how Mrr1 activity is modulated in vivo. In this work, we demonstrate 

in Candida lusitaniae and in C. auris that Mrr1 contributes to resistance against 

methylglyoxal (MG), a toxic, electrophilic dicarbonyl derived from natural metabolic 

processes, and that Mrr1-mediated MG resistance is driven in part by expression of the 

methylglyoxal reductase genes MGD1 and MGD2 in C. lusitaniae and MGD1 in C. auris. 

Furthermore, we show that a sublethal concentration of MG induces expression of MDR1 

and MG reductase genes in C. lusitaniae and C. auris, and consequently increases 

fluconazole (FLZ) resistance in C. lusitaniae. Finally, we characterize the complete Mrr1- 

dependent and independent transcriptional response of C. auris to MG and to the known 

inducer of Mrr1-regulated gene expression, benomyl, and show that both compounds cause 
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the differential expression of a multitude of genes involved in metabolism and stress 

response, which could contribute to pathogen survival while colonizing and infecting a 

mammalian host. 

Together, the work presented herein provides valuable insight into a potential 

mechanism for the regulation of Mrr1-dependent transcription in vivo as well as a possible 

selective pressure for gain-of-function mutations in the MRR1 gene. This is particularly 

noteworthy because MG is elevated in many of the same human diseases that are 

considered risk factors for Candida infection, and MG is also produced by activated 

phagocytes in response to pathogens. Thus, it is conceivable that Candida would encounter 

biologically significant levels of MG in the context of infection. We propose that MG-

mediated induction of Mrr1-dependent transcription in Candida species is one factor that 

plays a role in antifungal treatment failure. 
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 1 

Chapter 1 

Introduction 

1.1 Candidemia and candidiasis caused by non-albicans Candida species 

Together, Candida species are the most prevalent etiologic agents of mycosis 

globally (1). Severity of candidiasis, which refers broadly to infections caused by any 

Candida species, exhibits a wide range from superficial to invasive. Superficial candidiasis 

includes acute infections of the skin, mucocutaneous membranes, or nails. Invasive 

candidiasis may be deep or disseminated and usually affects the bloodstream (candidemia) 

or internal organs. Mortality due to invasive candidiasis is estimated to be between 30 – 

60% depending on factors such as geographic location, infecting species and/or strain, and 

the presence of underlying medical conditions such as diabetes or renal failure (2-10). 

Historically, Candida albicans has been considered the predominant human pathogen 

among Candida spp. and is still generally the most frequently isolated single Candida 

species (2, 5, 6, 8, 11-18). However, the clinical incidence of non-albicans Candida (NAC) 

species has been rising in the past few decades (see references (19-22) for review). 

Retrospective and cross-sectional epidemiological analyses indicate that NAC collectively 

account for about 43 – 64% of clinical specimens (5, 8, 15-18, 23, 24). 

The increasing clinical prevalence of NAC is concerning because epidemiological 

evidence indicates that NAC infections lead to increased healthcare burdens such as longer 

stay in the intensive care unit (16), longer course of antifungal therapy (16, 25), increased 

duration of symptoms following treatment (25), and increased likelihood of recurrence (26) 

compared to infection with C. albicans. This is likely due, at least in part, to the trend of 

NAC exhibiting a higher rate of resistance against azoles (2, 6, 23, 27, 28), one of only 
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three existing classes of antifungal drugs. NAC may be more common in individuals with 

diseases involving the immune system, such as diabetes mellitus (11, 12, 14) or neutropenia 

(28, 29). Candida auris, which has perhaps become the most notorious NAC species, is a 

member of the Metschnikowiaceae family along with the closely related Candida 

haemulonii complex and Candida (Clavispora) lusitaniae. In contrast, C. albicans and 

most of the clinically predominant NAC belong to the Debaryomycetaceae family. Prior 

to the global emergence of C. auris, the Metschnikowiaceae family had received little 

attention as human pathogens. However, it has become clear that multiple members of this 

group display alarming pathogenic potential. 

 

1.1.1 Candida auris 

The recently emerged pathogen C. auris was first isolated from the external ear 

canal of an elderly patient in Japan in 2009 and identified as a novel species based on 

chemotaxonomic qualities and ribosomal DNA sequence (30). A retrospective molecular 

analysis of banked, previously unidentified fungal isolates traced the earliest known isolate 

of C. auris to 1996 (31), implying that C. auris has arisen as a human pathogen quite 

recently compared to other known pathogenic Candida species. Whole-genome 

sequencing (WGS) of C. auris isolates collected from across the globe indicates the 

simultaneous emergence of four genetically distinct clades on three continents (32, 33); 

later, a potential fifth clade was reported in Iran (34). C. auris is considered an urgent threat 

worldwide due to its high frequency of multidrug resistance (9, 32, 33, 35-39) and 

propensity to cause hospital outbreaks (36, 40, 41). Nosocomial transmission of C. auris is 

thought to be facilitated by the organism’s remarkable thermo- and osmo-tolerance (42), 
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resistance to commonly used surface disinfectants (43), and ability to survive on abiotic 

surfaces for long periods of time (36, 40, 42, 44, 45). Mechanisms of azole resistance in C. 

auris have been well-studied and include overexpression of the ABC transporter Cdr1 (46-

49) due to gain-of-function mutations in the transcription factor Tac1b (49-52) and 

overexpression of or mutations in ERG11 (33, 38, 49, 52-56), which encodes the target 

enzyme of azole drugs. Echinocandin resistance in C. auris is attributed to mutations in 

FKS1 (33, 38, 49), which encodes the target of inhibition by echinocandins. However, there 

is a dearth of knowledge regarding factors that contribute to the resistance of C. auris to 

abiotic stresses, such as those that may be encountered in a hospital setting. 

 

1.1.2 Candida haemulonii species complex 

Species belonging to the C. haemulonii complex, which include C. haemulonii, 

Candida duobushaemulonii, Candida pseudohaemulonii, and Candida vulturna, are the 

closest known relatives of C. auris. Though members of this complex are clinically 

uncommon, these species can cause invasive infections of blood or wounds, primarily 

affecting neonates or adults with existing co-morbidities (57-65). Like C. auris, isolates 

from the C. haemulonii complex display high rates of multidrug resistance (57, 63, 66-68), 

particularly against amphotericin B (AmB) (62, 69, 70) and azoles (58, 60, 64, 71, 72). The 

multi-azole resistance of C. haemulonii complex species appears to be mediated by high 

efflux pump activity and mutations in ERG11 (73), while their decreased membrane 

ergosterol content, fermentative metabolism, and high antioxidant enzyme activity likely 

contribute to AmB resistance (74). C. haemulonii complex species are less virulent than C. 

auris in murine (75, 76), zebrafish (77), and Galleria melonella (75) models of infection, 
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but it should be noted that animals in these studies were immunocompetent and had no 

underlying disease, in contrast to most humans afflicted by C. haemulonii complex species. 

 

1.1.3 Candida lusitaniae 

Another member of the Metschnikowiaceae family that is gaining recognition as an 

opportunistic pathogen of humans is C. lusitaniae, which is known for causing bloodstream 

infections in cancer patients undergoing chemotherapy (78-85) and can cause opportunistic 

infections in individuals with other underlying diseases. Although many isolates of C. 

lusitaniae appear susceptible to antifungal drugs in vitro (86-89), recalcitrance of C. 

lusitaniae infections to AmB is common (90-92). Furthermore, C. lusitaniae exhibits a 

propensity to develop resistance or tolerance against AmB (81, 84, 85, 93-96), azoles (94, 

95, 97), and/or echinocandins (94, 98) during – or, in some cases, even without (97) – 

treatment, which can make this organism difficult to eradicate once colonization or 

infection has been established. Mechanisms of drug resistance in C. lusitaniae are similar 

to those reported for other Candida species: altered sterol metabolism contributes to 

resistance against AmB (99, 100), azole resistance is caused overexpression of ERG11 

and/or multidrug transporter genes (94, 97, 101-103), and echinocandin resistance is 

associated with mutations in FKS1 (94, 98). 

 
1.1.4 Diabetes as a risk factor for colonization and infection by Candida species 

 Numerous risk factors for colonization and/or infection by Candida species have 

been identified. Perhaps one of the most well-established risk factors for candidiasis is 

diabetes mellitus, which refers to a group of metabolic diseases characterized by prolonged 

hyperglycemia. The most common types of diabetes mellitus are Type 1 diabetes – 
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characterized by insulin insufficiency – and Type 2 diabetes – characterized by insulin 

resistance – but other types exist, such as gestational diabetes or cystic fibrosis-related 

diabetes (CFRD). Individuals with diabetes exhibit a higher prevalence and increased risk 

of oral Candida carriage (13, 104-110) and infection (111-113), vulvovaginal candidiasis 

(VVC) (114-116), and candidemia (6, 35, 39, 117) compared to non-diabetic subjects. The 

possible causes of increased susceptibility to candidiasis in diabetic patients are manifold 

and have been reviewed thoroughly in references (118-120). Thus, only a brief overview 

will be given here. 

 Undoubtedly, abnormal immune function is one of the factors contributing to the 

higher prevalence of certain infections, including candidiasis and candidemia, that is 

observed in diabetic patients. Polymorphonuclear leukocytes (PMNs) from diabetic 

mammals display defects in chemotaxis (121-123), phagocytosis (122, 124, 125), and 

killing (123, 126, 127). Likewise, monocytes and macrophages from diabetic subjects 

exhibit impaired phagocytosis (128-131) and killing (132). Moreover, the adaptive immune 

response may also be dampened in diabetes; immunoglobulin deficiency has been observed 

in some children with Type 1 diabetes (133), and Type 1 diabetic patients in a controlled 

vaccination study displayed a lessened T-cell-mediated antigen response compared to 

nondiabetic controls (134). However, it should be noted that diabetic patients are not a 

homogenous group; some studies have failed to find significant differences in the immune 

functions of diabetics compared to nondiabetics (135-137), and some immune 

abnormalities seem to correlate with poorer glycemic control (122, 124, 136-140). 

 In addition to its effects on the immune system, diabetes can also alter the 

pharmacokinetics and/or pharmacodynamics of medications through delayed gastric 
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emptying, impaired hepatic function, disruptions in drug distribution, vascular 

abnormalities, and slower drug absorption (see reference (141) for review). For example, 

non-enzymatic glycation of albumin by glucose, a process that is rampant in uncontrolled 

diabetes, changes the topography of albumin and decreases its binding affinity for some 

drugs (142), including the antifungal itraconazole (143). Additionally, it has been shown 

in vitro that glucose can directly interact with the antifungal drugs voriconazole (VOR) and 

AmB via stable hydrogen bonds, thus decreasing the antifungal activity of these agents 

(144). In the same study, VOR and AmB display reduced efficacy in streptozotocin-

induced diabetic mice infected with C. albicans compared to Candida-infected control 

mice (144). Although data on the absorption and distribution of antifungal drugs in diabetic 

patients is lacking, it has been shown that diabetic patients with tuberculosis (TB) have 

significantly lower plasma concentrations of the anti-TB drugs isoniazid and pyrazinamide 

two hours post-treatment compared to nondiabetic TB patients (145). Additionally, a lower 

blood accumulation of tenofovir diphosphate, an indicator of cumulative exposure to the 

antiretroviral drug tenofovir, has also been observed in patients living with diabetes and 

human immunodeficiency virus (HIV) compared to patients who have only HIV (146). 

 There is also evidence to suggest that the hyperglycemic environment within a 

diabetic host may also impact the growth and physiology of microbial denizens, including 

Candida species. For instance, salivary glucose level in diabetics is inversely correlated 

with salivary pH and positively correlated with oral Candida carriage and species diversity 

(105, 147-149), suggesting that the high glucose and/or acidic pH of diabetic saliva may 

promote Candida growth. Glucose also has been shown to directly affect antifungal 

resistance; in the presence of 50% human serum, glucose and insulin have species-
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dependent effects on the minimum inhibitory concentration (MIC) of different antifungal 

drugs (150). Furthermore, a transcriptomics analysis revealed that glucose at 

concentrations ranging from 0.01 to 1.0% (physiological range, 0.06 to 0.1%) induces 

expression of genes involved in osmotic and oxidative stress response in addition to four 

genes encoding multidrug transporters in C. albicans (151). Consistent transcriptomics 

data, glucose also increases resistance of C. albicans to salt stress, hydrogen peroxide 

(H2O2), and the antifungal miconazole (151). Although this study was not performed in the 

context of diabetes, it is reasonable to hypothesize that the elevated blood and salivary 

glucose in diabetic patients may increase the tolerance of resident Candida to some 

stressors, including antifungal drugs. It would be interesting to investigate whether 

Candida species might evolve toward higher baseline expression of certain stress-response 

genes in diabetic compared to nondiabetic hosts. Intriguingly, some studies have found a 

higher frequency of antifungal resistance in Candida isolates from diabetic patients 

compared to those from nondiabetic controls (14, 105, 152-154), although others have 

found no such difference (155). Finally, there have been reports of increased virulence 

attributes among Candida isolates from diabetic versus nondiabetic subjects, such as 

adherence to fibronectin (156), proteinase activity (157), hemolytic activity (157, 158), 

esterase activity (158), or biofilm formation (159), but more research is needed to establish 

a causal link between any of these phenotypes and the diabetic environment. 

 

1.2 The transcription factor Mrr1 contributes to multidrug resistance in Candida 

species 
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 The multidrug resistance regulator Mrr1 is a transcription factor known for its role 

in regulating expression of the multidrug exporter gene MDR1, particularly in C. albicans. 

Mrr1 was first described in C. albicans by Morschhäuser et al. (160) and orthologs were 

later identified in Candida dubliniensis (161), Candida parapsilosis (162), Candida 

tropicalis (163), C. lusitaniae (97, 102), and C. auris (50). Morschhäuser et al (160) 

demonstrated that Mrr1 regulates expression of MDR1 among other genes and that gain-

of-function mutations in the MRR1 gene confer increased resistance to the antifungal drug 

fluconazole (FLZ). MDR1 and several of the other Mrr1-regulated genes and their 

predicted functions are discussed in the following section. Mrr1 has been most extensively 

studied in C. albicans, although its orthologs have been shown to function similarly in the 

non-albicans Candida species listed above (97, 161-163), though the findings in C. auris 

are less clear (50, 164). 

 

1.2.1 Structure 

 Mrr1 is a member of the zinc cluster protein family, which are found exclusively in 

fungi and regulate expression of genes involved in a diverse array of cellular processes, 

including metabolism of amino acids and sugars, stress or drug response, and ergosterol 

biosynthesis (see reference (165) for review). In general, zinc cluster proteins share three 

common functional domains (Fig. 1.1A), although with some variations within and across 

species. The DNA-binding domain is almost always located in the N-terminal end of the 

protein and consists of the highly conserved CysX2CysX6CysX5–12CysX2CysX6–8Cys zinc-

binding motif (Cys6Zn2), a coiled-coil dimerization domain, and a linker region thought to 

contribute to DNA-binding specificity (165). The regulatory domain, also known as the 
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middle homology region, is thought to be involved in negative autoregulation of the 

protein’s activity, because several characterized zinc cluster proteins display constitutive 

activity upon deletion of this region (165). Additionally, gain-of-function mutations of 

certain zinc cluster proteins, such as the drug resistance regulators Pdr1 and Pdr3 of S. 

cerevisiae, have been identified in this regulatory domain (165). Finally, the C-terminal 

acidic region is the most diverse and consequently, least well-understood domain, but it is 

thought to play a role in activation of the protein, and in some cases, recruitment of 

interaction partners for transcriptional activation (165). Gain-of-function mutations in zinc 

cluster proteins have also been found in the acidic region (165). 

 C. albicans Mrr1 is a large protein of 1108 amino acids and contains the functional 

domains characteristic of zinc cluster transcription factors, as determined by Schubert et al 

(166) (Fig. 1.1B). The DNA-binding domain (residues 1 – 106) contains the conserved 

Cys6Zn2 motif and is sufficient to activate the MDR1 promoter when fused to the activation 

domain of another transcription factor (166). The region called inhibitory domain 1 

(residues 951 – 1050) appears to be involved in autoregulation, as deletion of either 

residues 951 – 1000 or residues 1001 – 1050 renders Mrr1 constitutively active (166). 

However, deletion of the entire region eliminates constitutive activity (166). Additionally, 

deletion of all 175 C-terminal residues (MRR1∆C933) results in complete loss of Mrr1 

activity (166). Activation domain 1 is located at the C-terminus (residues 1051 – 1108) 

and, when fused to TetR, is sufficient to activate a TetR-dependent reporter promoter in 

the presence of the Mrr1 inducer benomyl (166). Schubert et al. (166) also found evidence 

of a second activation domain, slightly upstream of inhibitory domain 1, but were unable 

to identify the specific residues involved. Like many other zinc cluster proteins, CaMrr1 
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also contains a middle homology region (residues 560 – 664), although deletions in this 

region do not cause constitutive activity and in fact, abolish activation by benomyl (166). 

The mechanisms by which Mrr1 activity is regulated in Candida species remain poorly 

understood, but likely involve complex interactions between activation and inhibitory 

domains in response to certain signals. 

 

1.2.2 Activation 

Gain-of-function mutations 

 Most gain-of-functions mutations that have been found in CaMRR1 of clinical 

isolates as well as in vitro evolved MDR1-overexpressing strains are located within four 

“hotspots”, three of which are part of the uncharacterized region between the DNA binding 

domain and the inhibitory domain (specifically, three small regions between residues 335 

and 896) and the other is within the inhibitory domain (residues 997 and 998) (167) (Fig. 

1.1B). It is not known how any of these amino acid substitutions cause constitutive Mrr1 

activity, though it is speculated that they may disrupt autoinhibition. Notably, no MRR1 

gain-of-function mutations to date, in any Candida species, have been identified in the 

DNA-binding domain, suggesting that differences in Mrr1 activity are not due to 

differential binding to target promoters. In C. albicans, which is diploid, a single copy of 

a gain-of-function MRR1 is sufficient to confer increased FLZ resistance and MDR1 

expression compared to a homozygote without gain-of-function MRR1 (167). However, 

strains that are homozygous for gain-of-function MRR1 display substantially higher FLZ 

resistance and MDR1 expression than heterozygotes, and most MDR1-overexpressing 

clinical isolates and in vitro evolved strains are homozygous for mutated MRR1 (167). 
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Benomyl and H2O2 

Benomyl is an agricultural fungicide that is known to induce expression of MDR1 

and other Mrr1 target genes in multiple Candida species (97, 160, 161, 168-170). Although 

CaMrr1 is required for induction of CaMDR1 expression in response to benomyl (160, 

171), it is unlikely that benomyl interacts directly with CaMrr1. When targeted to the 

promoter of CaCDR2 or CaERG11 via replacement of its native DNA-binding domain 

with that of either CaTac1 or CaUpc2 respectively, Mrr1 cannot activate expression of 

either gene in response to benomyl (172). H2O2 can also induce expression of MDR1 in an 

Mrr1-dependent manner, though to a lesser extent than benomyl (160, 171). The 

mechanism by which these chemicals activate expression of Mrr1 target genes in Candida 

species remains unknown, though it is speculated to be mediated by oxidative stress. In S. 

cerevisiae, benomyl induces many genes characteristic of an oxidative stress response, 

such as the thioredoxin genes TRX1 and TRX3, the glutathione synthase gene GSH1, and 

the glutathione reductase gene GLR1 (173, 174). Interestingly, benomyl also induces 

expression of the MDR1 ortholog FLR1 (173, 174), and the benomyl response in S. 

cerevisiae is largely dependent on the transcription factors Pdr1 and Yap1 (173, 174), 

which play comparable roles in S. cerevisiae as Mrr1 and Cap1 respectively, in Candida 

species. A similar transcriptional response to benomyl has been observed in Candida 

glabrata, a close relative of S. cerevisiae, although with less dependence on the Yap1 

ortholog Cgap1 (174). 
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1.2.3 Interaction partners 

 In C. albicans, there is evidence that other transcription factors and transcriptional 

machinery interact with Mrr1 to regulate expression of shared target genes. One such 

example is Cap1, a basic leucine zipper (bZIP) transcription factor of the AP-1 family that 

plays a major role in the oxidative stress response (175). Cap1 in C. albicans shares high 

identity with, and is a functional homolog of, Yap1 in S. cerevisiae (175). Cysteine residues 

in the N- and C-terminal domains of Yap1 function as redox sensors; oxidation of specific 

Cys residues disrupts its sequestration by Crm1 and allows Yap1 to accumulate in the 

nucleus to induce expression of its target genes (176-179). In C. albicans, Cap1 shares 

numerous target genes with Mrr1, including MDR1 and GRP2 (160, 171, 180), which will 

be discussed in more detail in the following section. Although hyperactive Cap1 and 

hyperactive Mrr1 can activate MDR1 expression and FLZ resistance independently of one 

another, homologous expression of both hyperactive transcription factors has an additive 

effect on FLZ resistance and MDR1 promoter activity (171). Additionally, Cap1 is required 

for MDR1 induction by Mrr1 in response to H2O2 and may contribute to MDR1 induction 

in the presence of benomyl (171), adding further support for cooperation between Mrr1 

and Cap1. 

Mcm1 is a member of the MADS box transcription factor family and is essential in 

yeasts (see reference (181) for review). The MDR1 promoter in C. albicans contains a 

binding site for Mcm1 (182, 183), and hyperactive Mrr1 cannot activate the MDR1 

promoter in Mcm1-depleted C. albicans (184). Additionally, Mcm1 is required for 

maximal induction of MDR1 by Mrr1 in response to benomyl but not H2O2 (184). 

Likewise, Mcm1 is dispensable for MDR1 overexpression by hyperactive Cap1 (184). 
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Other processes that have been shown to be Mcm1-regulated in C. albicans include yeast-

hyphae morphogenesis (185), arginine metabolism (183), white-opaque switching (183), 

and biofilm formation (183). In S. cerevisiae, Mcm1 is known to regulate expression of 

genes involved in mating (186-188), cell cycle progression (189-191), cell wall and 

membrane maintenance (191), and osmotolerance (192) in addition to arginine metabolism 

(193). Interestingly, loss-of-function mutations in the genes encoding phosphoglycerate 

mutase (PGM1) or enolase (ENO2) lead to increased activity of a loss-of-function Mcm1 

in S. cerevisiae – and decreased activity of wild-type Mcm1 – suggesting the Mcm1 activity 

is post-translationally modulated according to the glycolytic flux, although the mechanism 

is not known (194). Mcm1 activity is also regulated by Sln1 (195, 196), a stress-sensing 

kinase known for its role in the high-osmolarity glycerol mitogen-activated kinase (HOG-

MAPK) signaling cascade in S. cerevisiae. Phosphorylated Sln1 activates Mcm1 and 

represses signaling through the HOG-MAPK pathway (196). 

  Upc2, another zinc cluster transcription factor, is a master regulator of genes 

involved in ergosterol biosynthesis and activates their transcription in response to 

ergosterol depletion (197, 198). In C. albicans, Upc2 has also been shown to bind the 

MDR1 promoter and can regulate expression of MDR1 (199), and moderately increased 

MDR1 expression has been observed in a clinical C. albicans isolate with a gain-of-

function mutation in Upc2 (200). Hyperactive Upc2 cannot activate MDR1 expression in 

the absence of Mrr1, suggesting that Mrr1 and Upc2 may cooperatively regulate MDR1 

expression (171). However, hyperactive Mrr1 can upregulate MDR1 expression just as 

effectively in a UPC2-null mutant as in the presence of functional Upc2, indicating that 
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any interaction between Mrr1 and Upc2 in C. albicans plays only a minor role in the 

regulation of MDR1 or other target genes (171). 

 There is also evidence that Mrr1 interacts with the Swi/Snf and Mediator complexes 

in C. albicans (201). Swi/Snf is an ATP-dependent chromatin remodeling complex that 

aids in transcriptional regulation, and most of its component proteins are conserved 

throughout eukaryotes (see reference (202) for review). In C. albicans, the Swi/Snf 

complex is essential for hyphal formation (203, 204) but is likely involved in other aspects 

of Candida physiology; for example, deletion of specific components of the Swi/Snf 

complex in C. albicans leads to decreased tolerance to heat stress or cell-wall damaging 

agents (205, 206). Liu and Myers (201) have demonstrated that the elevated MDR1 

expression and FLZ resistance of MRR1 gain-of-function mutants depends on Snf2, the 

catalytic subunit of Swi/Snf (201). Furthermore, Snf2 is required for induction of MDR1 

expression by benomyl and H2O2 via histone depletion at the MDR1 promoter (201). Mrr1 

and the Swi/Snf complex display mutual dependence for MDR1 promoter occupancy, as 

an MRR1-null strain exhibits significantly lower occupancy of Swi/Snf at the MDR1 

promoter (201). Thus, it is hypothesized that Mrr1 recruits the Swi/Snf complex to some 

of its target promoters, where Swi/Snf displaces the histones and allows for easier access 

of Mrr1 and other co-activators to bind the DNA (201). 

 Mediator is another highly conserved, multi-protein complex that cooperates with 

other aspects of eukaryotic transcriptional machinery. In general, the Mediator complex is 

comprised of four “modules”: the head, middle, tail, and the Cdk8 module (see reference 

(207) for review). Some individual components of the Mediator modules vary across 

species, and deletion of specific subunits has different effects on Mediator-dependent 
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transcriptional regulation (see reference (207) for review). In C. albicans, Mediator plays 

indispensable roles in positive and/or negative regulation of filamentation (208-210), 

white-opaque switching and mating (211), metabolism (208-210), and virulence (208, 

212). A functional Mediator complex is also required for both Mrr1- (201) and Tac1-

mediated (213) azole resistance in C. albicans. Deletion of the Med3 subunit of Mediator, 

which abrogates normal assembly of the tail module, leads to decreased induction of MDR1 

expression by either gain-of-function Mrr1 or benomyl without affecting histone 

displacement or Mrr1 occupancy at the MDR1 promoter (201). Mediator also demonstrates 

the ability to negatively regulate expression of Mrr1 target genes. Deletion of SSN3, which 

encodes a kinase subunit of the Cdk8 module, leads to greater induction of MDR1 and other 

Mrr1 target genes by benomyl (201). Furthermore, the ssn3∆/∆ mutant exhibits increased 

histone displacement at the MDR1 promoter in the presence of benomyl, and increased 

MDR1 promoter occupancy by Mrr1 either in strains with a gain-of-function MRR1 or 

under benomyl induction (201). Finally, SSN3 deletion can partially rescue the defects in 

MDR1 induction by benomyl or hyperactive Mrr1, histone displacement, and Mrr1 

occupancy of the MDR1 promoter observed in the snf2∆/∆ mutant, suggesting that the 

Swi/Snf complex and the Mediator Cdk8 module act in opposition to one another at the 

promoters of MDR1 and certain other Mrr1 target genes (201). The transcriptional 

repressor activity of Ssn3 is dependent on its kinase activity, as a strain expressing a kinase-

dead SSN3 allele exhibits many of the same phenotypes as the SSN3-null strain (201). 

 

1.2.4 Mrr1 orthologs in C. lusitaniae and C. auris 

C. lusitaniae 
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 The C. lusitaniae genome encodes a single MRR1 ortholog, CLUG_00542, which 

encodes a protein of 1265 amino acids that shares 37% identity with CaMrr1 across 79% 

of the protein. Naturally occurring gain-of-function mutations in MRR1 have been reported 

in clinical isolates of C. lusitaniae from cystic fibrosis patients with no prior use of clinical 

antifungal agents (97), raising questions about other pressures which may have selected for 

changes in Mrr1 activity. Additionally, a different gain-of-function mutation was found in 

the MRR1 locus of a C. lusitaniae isolate from a patient who had been treated with multiple 

types of antifungal drugs (102). Most of the observed gain-of-function mutations in ClMrr1 

occur within the regions of the protein homologous to the middle homology region and 

inhibitory domain of C. albicans Mrr1 (102, 166, 214) (Fig. 1.1C). Like CaMrr1 with 

CaMDR1, ClMrr1 regulates expression of the C. lusitaniae MDR1 ortholog 

CLUG_01938/CLUG_01939, and Mrr1-mediated induction of MDR1 expression by 

benomyl is also observed in C. lusitaniae (97, 214). In addition to FLZ, gain-of-function 

mutations in ClMRR1 also confer resistance to the human antimicrobial peptide histatin-5 

and bacterially produced toxic phenazines (97). However, constitutively active Mrr1 

increases susceptibility of C. lusitaniae to H2O2 for reasons unknown, suggesting the 

existence of opposing selection for or against Mrr1 activity (214). 

 

C. auris 

 Three orthologs of CaMrr1 have been identified in C. auris: Mrr1a, 1133 amino 

acids in length with 35% identity to CaMrr1; Mrr1b, 1059 amino acids in length with 29% 

identity to CaMrr1; and Mrr1c, 851 amino acids in length with 25% identity to CaMrr1 

(50). MRR1b and MRR1c definitively do not contribute to azole resistance in either the 
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clade III isolate B11221 or the clade IV isolate B11243, as deletion of either gene does not 

affect the FLZ or VOR MIC of either strain (50). Likewise, the FLZ or VOR MIC of the 

mrr1a∆ mutant in B11243 does not differ from that of the parental isolate, although 

deletion of MRR1a from B11221 results in a twofold decrease in the MIC of FLZ and 

VOR, suggesting a minor role for Mrr1a in azole resistance in the B11221 background 

(50). It should be noted, however, that double or triple mutants lacking more than a single 

MRR1 ortholog in C. auris have not yet been created; it is possible that one or two may 

compensate for the absence of another. Many isolates of clade III, including B11221, 

contain a SNP encoding an N647T amino acid substitution in MRR1a (33, 215), which is 

predicted to be gain-of-function due to the resistance of clade III isolates against the novel 

efflux pump inhibitor azoffluxin (215). Notably, this substitution in C. auris occurs in the 

middle region of Mrr1a, corresponding to the MHR domain where gain-of-function 

mutations have been identified in Mrr1 of C. albicans and C. lusitaniae (166, 167, 214). 

Recently, it has been shown that complementation of the MRR1aN647T allele into a FLZ-

susceptible strain of C. auris does increase resistance to FLZ and VOR independently of 

other resistance mechanisms (164). Therefore, the role of Mrr1a in the azole resistance of 

C. auris appears to be strain dependent, and much more remains to be elucidated about its 

natural functions. 

 

1.3 In addition to MDR1, Mrr1 regulates expression of many other genes, including 

several with homology to aldo-keto reductases 

 Despite having been discovered over a decade ago (160), the natural function of 

Mrr1 in Candida species remains poorly understood. Though most studies of Mrr1 have 
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focused on its role in drug resistance via regulating expression of MDR1, transcriptional 

and proteomic analyses have identified numerous other genes that are co-regulated with 

MDR1, many of which encode proteins with known or predicted aldo-keto reductase 

activity (160, 169, 171, 216-221). It has been hypothesized that some of these other Mrr1-

regulated genes contribute to multidrug resistance by mitigating oxidative or osmotic stress 

that may be induced by toxic xenobiotics such as azoles (160, 219, 220). However, azole 

antifungal agents are a fairly recent invention; the first report of antifungal activity of an 

azole compound – benzimidazole – occurred in 1944 (222), and the first clinically available 

topical azole drug – chlormidazole – was introduced in 1958 (223). FLZ, which one may 

regard as a canonical substrate of Mdr1, was developed by Pfizer in 1989 (224). Therefore, 

the evolutionary pressures which had shaped Mrr1 and its regulon in Candida species prior 

to the introduction of commercial azoles remain unknown. 

 

1.3.1 MDR1 

It is undeniable that MDR1 is the most extensively studied Mrr1-regulated gene in 

C. albicans. MDR1, formerly known as BENr, encodes an efflux protein of the major 

facilitator superfamily (MFS) and was first identified in a screen of the C. albicans genome 

for genes that confer resistance to benomyl and the dihydrofolate reductase inhibitor 

methotrexate (Fig. 1.2A) when expressed in S. cerevisiae (225). It was later shown that 

expression of CaMDR1 in S. cerevisiae also confers resistance to cycloheximide, 

benzotriazoles, 4-nitroquinoline-N-oxide (4-NQO), and sulfometuron methyl (226) (Fig. 

1.2A). All six of the aforementioned compounds are structurally and functionally 

unrelated, leading to the authors to hypothesize that Mdr1 is a multidrug efflux pump (226). 
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In C. albicans, disruption of MDR1 causes increased susceptibility to methotrexate, 4-

NQO, and cycloheximide, but does not affect benomyl resistance (227). Following the 

initial cloning and identification of MDR1, numerous groups have observed overexpression 

of MDR1 in FLZR C. albicans isolates (228-232), and it has been demonstrated that 

homozygous deletion of MDR1 from FLZR clinical isolates leads to a significant reduction 

in FLZ MIC (233). Although overexpression of CaMDR1 in S. cerevisiae increases FLZ 

resistance (228), overexpression of MDR1 from the ADH1 promoter in laboratory strains 

or clinical isolates of C. albicans reduces susceptibility to cerulenin and brefeldin A but 

not FLZ (234). The lack of an increase in FLZ MIC may be explained by the observation 

that MDR1 overexpression from the ADH1 promoter does not lead to Mdr1 protein levels 

as high as in the clinical isolates that naturally overexpress MDR1 (234). 

 In C. albicans strains without gain-of-function mutations in MRR1, baseline 

expression of MDR1 is low to nondetectable under standard laboratory conditions (228, 

229, 231, 232). Nonetheless, as described in the previous section, MDR1 expression is 

highly induced by benomyl in C. albicans as well as in other Candida species (97, 160, 

161, 168-170, 235). Moreover, several other chemicals have been shown to induce 

CaMDR1 expression: methotrexate (235); the oxidizing agents diethyl maleate (DEM) 

(170), diamide (170), H2O2 (170), and tert-butyl hydrogen peroxide (T-BHP) (170); the 

alkylating agent methyl methane sulfonate (170); the mutagen 4-NQO (170, 235); the 

acetolactate synthase inhibitor sulfometuron methyl (235); and the metal chelator o-

phenanthroline (235) (Fig. 1.2B). More recently, it has been demonstrated that expression 

of CaMDR1 is upregulated in response to the antibiotic rifampicin (236), and during 

growth with fructose as a carbon source (237); induction of MDR1 under either condition 
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is accompanied by an increase in FLZ resistance (236, 237). Elevated expression of MDR1 

has also been observed during C. albicans biofilm formation in vivo (238) and in vitro 

(239), which may in part account for the increased azole resistance of Candida biofilms 

relative to planktonic cells. 

Orthologs of CaMDR1 also contribute to FLZ resistance in C. dubliniensis (240, 

241), C. parapsilosis (162, 242-245), C. tropicalis (163, 246-248), and C. lusitaniae (97, 

101, 214). In C. auris, MDR1 is overexpressed in some azole-resistant isolates, but deletion 

of MDR1 from these isolates does not substantially affect their azole resistance (47). 

However, introduction of the predicted gain-of-function MRR1aN647T allele increases the 

FLZ and VOR resistance of an azole-susceptible C. auris strain via upregulation of MDR1 

expression (164). Due to its ability to transport multiple chemicals with structural and 

functional diversity, the natural function of Mdr1 in Candida species is not well 

understood. Curiously, Kohli et al. (249) demonstrated that methotrexate is a better 

substrate than FLZ for CaMdr1. In addition to FLZ, Mdr1 has been shown to confer 

resistance to the human antimicrobial peptide histatin-5 in C. albicans (250) and C. 

lusitaniae (97). Furthermore, in C. lusitaniae, Mdr1 confers resistance to toxic phenazines 

produced by the Gram-negative bacterium Pseudomonas aeruginosa (97). Thus, it is 

possible that the MDR1 gene may have evolved to aid in colonization of mammalian hosts 

and/or competition with other microbes. Importantly, Candida species are frequently co-

isolated with bacteria, including P. aeruginosa, from human infections (see reference (251) 

for review), and it would be interesting to investigate the potential importance of Mdr1 for 

the interactions between Candida and their bacterial neighbors. 
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1.3.2 GRP2/MGD1 

In C. albicans, high expression of GRP2, also referred to as MGD1 (252), has been 

correlated with MDR1-mediated azole resistance in numerous independent studies (160, 

169, 171, 216-219), and was shown via transcriptional profiling (160) and chromatin 

immunoprecipitation (ChIP) (171) to be regulated by Mrr1. Like MDR1, expression of 

GRP2/MGD1 is also regulated by Cap1 (180) and is induced by H2O2 in a Cap1-dependent 

manner (175). GRP2/MGD1 expression is also upregulated in response to benomyl (169), 

salt stress (253, 254), cadmium (253, 254), hypoxia (255), and during biofilm formation 

(256) or colonization of the murine cecum (257). The closest homolog of GRP2/MGD1 in 

S. cerevisiae is GRE2, which was first identified as a gene induced by osmotic, ionic, 

oxidative, and heat stresses along with GRE1 and GRE3 (258). Upregulation of ScGRE2 

in response to cadmium has also been reported, although genetic deletion of ScGRE2 does 

not appear to affect cadmium resistance in the S. cerevisiae strain YPH98 (259). Like 

GRP2/MGD1 in C. albicans, overexpression of GRE2 is correlated with FLZ resistance in 

S. cerevisiae (260). 

In 2003, Chen et al. (261) demonstrated that ScGRE2, which had previously been 

uncharacterized, encodes a protein with NADPH-dependent methylglyoxal reductase 

activity. Methylglyoxal (MG) is a metabolically produced keto-aldehyde compound which 

will be discussed in further detail in the following section. In addition to MG, Gre2 has 

also been shown to accept a variety of other biological aldehyde substrates in S. cerevisiae. 

For example, ScGre2 can reduce isovaleraldehyde, a metabolic derivative of leucine, to 

isoamyl alcohol (262), and overexpression of GRE2 confers resistance against 

glycolaldehyde, a toxic intermediate in the production of biofuels (263, 264). Furthermore, 
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crude cell extracts from S. cerevisiae strains overexpressing GRE2 exhibit the ability to 

reduce a multitude of aldehyde compounds, including furfural, acetaldehyde, propanal, and 

butanal, with varying degrees of activity (265). It is not yet known whether this apparent 

substrate promiscuity extends to Candida Grp2/Mgd1. 

 Aldehyde reductase enzymes like ScGre2 and CaGrp2 may play important roles in 

yeast metabolism and physiology, particularly under certain types of cellular stress. S. 

cerevisiae gre2∆ mutants do not display a growth defect in favorable conditions but are 

substantially more sensitive to agents which cause membrane stress, such as NaCl, EGTA, 

SDS, and brefeldin A (266). Additionally, several proteins involved in the ergosterol 

biosynthesis pathway are highly induced in gre2∆ mutants grown in the presence of the 

calcium chelator EGTA, and gre2∆ mutants exhibit increased susceptibility to inhibitors 

of ergosterol biosynthesis but not inhibitors of synthesis of other lipids (266). Thus, GRE2 

appears to play a role in ergosterol biosynthesis during stress in S. cerevisiae, although it 

is not known whether this function is related to its aldehyde reductase activity. It has also 

been reported that S. cerevisiae gre2∆ mutants display a hyper-filamentous phenotype; this 

is speculated to be a consequence of the isovaleraldehyde reductase activity of Gre2 (262). 

 In C. albicans, Grp2/Mgd1 protein (henceforth referred to as Mgd1) is 

overexpressed in Δgcs1 mutants, which are auxotrophic for reduced glutathione (GSH) 

(252). Purified CaMgd1 exhibits the ability to reduce MG as well as pyruvate in the 

presence of NADH, with a Kcat of 1.15 × 104 and 9.55 × 103 min-1, respectively (252). 

Genetic deletion of MGD1 in C. albicans leads to increased intracellular MG, pyruvate, 

and reactive oxygen species, decreased vacuolar pH, and decreased intracellular NADPH 

(252). Interestingly, both MGD1-deficient and MGD1-overexpressing C. albicans mutants 
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display a severe virulence defect in mice (252), suggesting that expression of MGD1 must 

be finely controlled during infection, likely due to its effects on cellular metabolism and 

redox balance. Alternatively, an MGD1-overexpressing strain may instigate a strong 

immune response in an animal model, as the protein it encodes appears to be antigenic in 

humans (267). 

 

1.3.3 IFD gene family 

 Multiple members of the IFD gene family have repeatedly exhibited 

overexpression coordinately with MDR1 in azole-resistant isolates of C. albicans (160, 

169, 171, 216-221) and show evidence for regulation by Mrr1 (160, 171). The IFD genes 

share homology to S. cerevisiae YPL088w, an uncharacterized member of the aldo-keto 

reductase (AKR) superfamily which is predicted to encode a protein with aryl alcohol 

dehydrogenase (AAD) activity. Purified AAD protein from the ligninolytic fungus 

Phanerochaete chrysosporium can reduce a wide array of aromatic benzaldehyde 

compounds to their cognate alcohols using NADPH as a co-factor (268, 269). The S. 

cerevisiae genome encodes seven other genes which encode proteins with high sequence 

similarity to the AAD characterized in P. chrysosporium; YPL088w appears to be more 

distantly related to these seven genes and to the AAD from P. chrysosporium (270). In an 

individual and combinatorial knockout analysis, deletion of neither YPL088w nor the other 

seven putative AAD genes in S. cerevisiae influences general growth, lipid metabolism, or 

reduction of veratraldehyde (270), the natural substrate of P. chrysosporium AAD (268, 

269). YPL088w is one of 581 genes with increased expression in an in-vitro evolved 

coniferyl aldehyde-resistant S. cerevisiae strain relative to the parental strain, though its 
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potential contribution to coniferyl aldehyde resistance is not known (271). The function of 

YPL088w remains poorly understood, although its expression is known to be reciprocally 

regulated by the transcription factors Yrm1 and Yrr1 which are associated with multidrug 

resistance in S. cerevisiae (272). Thus, it appears that increased expression of at least one 

putative AAD may be beneficial to drug-resistant strains of Saccharomyces and Candida, 

although a specific mechanism linking drug resistance to AAD activity has not yet been 

described. 

 Like YPL088W, most IFD genes in Candida remain uncharacterized. An exception 

is IFD4, now known as CSH1. The Csh1 protein was first characterized as the antigen of 

the monoclonal antibody 6C5-H4CA (273), which partially blocks hydrophobic attachment 

of C. albicans to surfaces. CSH1-null mutants in C. albicans have lower cell surface 

hydrophobicity scores and a defect in adhesion to fibronectin-coated wells (273), 

implicating a role for CSH1 in maintaining cell surface hydrophobicity. However, the 

mechanism by which Csh1 modulates cell surface hydrophobicity is not known. 

Expression of CaCSH1 is induced by hypoxic growth (274), treatment with ketoconazole 

(275) or benomyl (169), and in co-culture with J774A murine macrophage-like cells (276). 

Interestingly, CSH1 expression in C. albicans may be linked to the biosynthesis of sulfur-

containing amino acids, as ECM17-null mutants, which are deficient in methionine and 

cysteine biosynthesis, exhibit decreased expression of CSH1 and other genes involved in 

adhesion or filamentation (277). 
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1.3.4 IPF5987/YPR127 

Another gene that appears to be co-regulated with MDR1 by Mrr1 in C. albicans is 

IPF5987 (160, 169, 217, 219, 220), also known as YPR127 due to its homology to the S. 

cerevisiae gene YPR127w. Like the IFD genes described above, IPF5987/YPR127 is an 

uncharacterized member of the AKR superfamily. The protein encoded by S. cerevisiae 

YPR127w is also uncharacterized, though shows sequence similarity to the pyridoxal 

reductase of the fission yeast Schizosaccharomyces pombe (278), which catalyzes 

NADPH-dependent reduction of pyridoxal to pyridoxine (279) and may be important for 

the biosynthesis of pyridoxal 5-phosphate, a coenzyme form of vitamin B6. In S. cerevisiae, 

expression of YPR127w is regulated by the transcription factor Yrm1 (272) and induced 

under nitrogen starvation (280), upon entry into stationary phase (280), and during wine 

fermentation (278, 281). In C. albicans, deletion or overexpression of IPF5987/YPR127 

does not affect susceptibility to FLZ, 4-NQO, cerulenin, brefeldin A, H2O2, menadione, or 

diamide (220). 

 

1.3.5 ADH4 

 Expression of ADH4 is also associated with MDR1-mediated azole resistance in C. 

albicans (169, 171, 217, 219) and the ADH4 promoter has been found to be bound by Mrr1 

in a ChIP assay (171). CaADH4 is predicted to encode a protein with 3-hydroxyacyl-CoA 

dehydrogenase activity, though it remains uncharacterized. Its closest ortholog in S. 

cerevisiae is YMR226C, which encodes a short-chain dehydrogenase that can catalyze 

NADP+-dependent oxidation of L- and D-serine, D-threonine, L-allo-threonine, and 

several other 3-hydroxy acids (282). The protein encoded by YMR226C has also 
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demonstrated activity as a diacetyl reductase and an acetoin reductase; both reactions are 

dependent on NADPH (283). Thus, it appears that YMR226C encodes a broad-specificity 

oxidoreductase that can catalyze the oxidation or reduction of its substrates depending on 

factors such as pH and NADP+/NADPH ratio. The role of ADH4 in C. albicans has not 

been investigated, but its gene product may share similar activities with that of YMR226C. 

 

1.3.6 Mrr1-regulated genes in other Candida species 

 Thus far, the Mrr1 regulon has only been described for C. albicans (160), C. 

parapsilosis (162), and C. lusitaniae (97, 102, 214). Across all three species, the genes 

which appear most strongly regulated by Mrr1 are MDR1, a putative pyridoxal reductase, 

and at least one putative methylglyoxal reductase, all of which have been described above. 

Interestingly, two genes encoding putative methylglyoxal reductases are overexpressed 

along with MDR1 in azole-resistant C. parapsilosis strains (162), and C. lusitaniae has 

three such genes whose expression is regulated by Mrr1 (97, 214). The Mrr1 regulons of 

C. parapsilosis and C. lusitaniae also contain several other predicted AKRs, 

oxidoreductases, and alcohol dehydrogenases, but not the IFD gene family (97, 162, 214). 

Many of the genes regulated by Mrr1 in these species remain uncharacterized (97, 162, 

214). The biological significance of the conserved co-regulation of MDR1 with the 

aforementioned genes remains to be understood but will likely shed new light on drivers 

of MDR1 expression, and perhaps drug resistance as a whole, in fungal pathogens. 
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1.4 Methylglyoxal and other reactive carbonyl compounds 

Methylglyoxal (MG), also known as pyruvaldehyde or 2-oxopropanal, is a small, 

electrophilic dicarbonyl molecule that is endogenously formed in all living cells as a 

byproduct of several metabolic processes. Due to its reactivity toward biomolecules, MG 

at high concentrations is toxic, but at nonlethal concentrations has been shown to have a 

signaling effect on both prokaryotic and eukaryotic cells. 

 

1.4.1 Formation from endogenous metabolism 

Glycolytic intermediates: dihydroxyacetone phosphate and glyceraldehyde-3-

phosphate 

 It is widely accepted that glycolysis is the predominant source of MG formation in 

most organisms. Under physiological pH and temperature in vitro, MG is spontaneously 

formed from the triose phosphates glyceraldehyde-3-phosphate (GA3P) and 

dihydroxyacetone phosphate (DHAP) in a first-order reaction (284) (Fig. 1.3). Under these 

conditions, spontaneous MG formation occurs more rapidly from GA3P, but addition of 

the enzyme triose phosphate isomerase increases the rate of conversion from DHAP to MG 

(284). Thus, it is hypothesized that MG formation is the consequence of spontaneous 

phosphate elimination of the 3-phospho-2,3-enediol intermediate that is formed during the 

isomerization of DHAP to GA3P (and vice-versa) by triose phosphate isomerase (TPI) 

(284). Indeed, directed deletion of just four amino acid residues from the highly conserved 

flexible loop of TPI drastically impedes the enzyme’s ability to interact with the phosphate 

group of the enediol intermediate and results in an increased rate of phosphate release and 

MG formation in vitro (285). Although the phosphate elimination catalyzed by 
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triosephosphate isomerase is several orders of magnitude slower than the isomerization 

reaction in vitro (286), TPI is highly abundant in mammalian cells (287), and thus MG 

generation from triose phosphates may have significant consequences for the cell. 

 The enzyme MG synthase specifically acts upon DHAP to produce MG (288) (Fig. 

1.3) and has been identified primarily in bacteria, namely Escherichia coli (288), 

Pseudomonas saccharophilia (289), Proteus vulgaris (290), Clostridium acetobutylicum 

(291), Bacillus subtilis (292), and a strain of the thermophilic genus Thermus isolated from 

a hot spring (293). One study from 1971 reported the isolation of MG synthase activity 

from homogenized goat liver (294), but there have currently been no other published 

observations of MG synthase activity in animal tissue. Purified MG synthase from E. coli 

is specific for DHAP, exhibits optimal activity at pH 7.5, and is strongly inhibited to 

varying degrees by phosphoenolpyruvate, 3-phosphoglycerate, pyrophosphate (PPi), and 

inorganic phosphate (Pi) (288). The concentration at which Pi inhibits MG synthase is 

similar to the Km of the enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for 

Pi as a substrate, leading researchers to postulate that MG synthesis by MG synthase is 

regulated by intracellular Pi (288). 

 Other compounds capable of being metabolized to glycolytic intermediates may 

also lead to spontaneous and/or enzymatic MG generation, including hexose phosphates 

(295), gluconate (296), and five-carbon sugars like xylose and ribose (296, 297) (Fig. 1.3). 

In E. coli, overexpression of transporters and/or catabolic pathways for any of these 

substrates leads to inhibitory or lethal endogenous MG production (295-297), and thus, 

their intracellular content must be tightly regulated. Glycerol is well-characterized as a 

precursor to MG through DHAP (Fig. 1.3). In E. coli, loss of feedback inhibition of 
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glycerol kinase leads to fatal accumulation of MG via uncontrolled dissimilation of 

glycerol into GA3P and DHAP (298), and mutants in S. cerevisiae (299) and C. albicans 

(300) with defects in MG detoxification cannot utilize glycerol as a carbon source due to 

increased accumulation of intracellular MG. Glycerol has also been associated with MG 

formation in Mycobacterium bovis (301), Mycobacterium tuberculosis (302), and the 

cyanobacterium Synechococcus (303). Another potential source of MG is fructose, which 

can be metabolized to fructose-6-phosphate and subsequently to fructose-1,6-bisphosphate, 

a direct triosephosphate precursor (Fig. 1.3). Elevated serum or tissue MG has been 

observed in mice or rats fed a high-fructose diet (304-306) and can be prevented by 

knockdown of aldolase B (304, 306), the enzyme which converts fructose-1,6-

bisphosphate to GA3P and DHAP. Furthermore, S. cerevisiae accumulates higher levels of 

intracellular dicarbonyls – like MG – and glycated proteins when grown in fructose 

compared to glucose (307). Sorbitol can also be metabolized to MG through this pathway 

after its oxidation to fructose by sorbitol dehydrogenase (Fig. 1.3). 

 

Aminoacetone 

 MG may also arise as a byproduct of threonine catabolism through oxidation of 

aminoacetone (Fig. 1.3). Suspensions of Staphylococcus aureus cells incubated with 

threonine produce aminoacetone in the presence of oxygen, which was the first indication 

of aminoacetone as a metabolite of threonine (308, 309). Aminoacetone was also detected 

in S. aureus cell suspensions incubated aerobically with glycine and glucose, although its 

rate of formation under these conditions was approximately 30 times slower than with 

threonine (308, 309). When grown with L-threonine as a sole nitrogen source, cultures of 
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S. cerevisiae accumulate aminoacetone concomitantly with the disappearance of L-

threonine from the medium, accompanied by increased activities of MG detoxification 

enzymes compared to yeast grown with ammonium sulfate as a nitrogen source (310). 

 Studies in mammalian tissues have demonstrated enzymatic oxidation of 

aminoacetone of MG via amine oxidase (311-313). There is also evidence to suggest that 

MG acts as a feedback inhibitor of its own formation from aminoacetone, as it has been 

shown to inhibit activity of L-threonine dehydrogenase, an enzyme which catalyzes the 

oxidation of L-threonine to aminoacetone (314). Homogenates of human umbilical artery 

have been reported to oxidize aminoacetone to MG via semicarbazide-sensitive amine 

oxidase (SSAO) activity (315, 316). SSAO-mediated deamination of aminoacetone to MG 

has also been demonstrated in rats via HPLC analysis of urine from rats administered 

aminoacetone (317). More recently, it has been shown in vitro that purified 

ferricytochrome C, a hemeprotein component of the electron transport chain, can also 

catalyze oxidation of aminoacetone to MG and H2O2 (318). 

 

Acetone 

 Acetone, a metabolite of fatty acids that becomes elevated in mammalian plasma 

and urine during ketogenic conditions such as fasting or uncontrolled diabetes (see 

reference (319) for review), can also be metabolized to MG via acetol (Fig. 1.3). 

Microsomes from the homogenized livers of acetone-fed rats display NADPH- and O2- 

dependent enzymatic conversion of acetone to acetol (acetone monooxygenase activity) 

and acetol to MG (acetol monooxygenase activity) (320). Subsequently, both enzymatic 

activities were attributed to cytochrome P-450 isozyme 3a in hepatic microsomes from 
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rabbits treated with either ethanol or acetone (321). Ethanol induces acetone 

monooxygenase activity of rabbit hepatic microsomes by about 6-fold and acetol 

monooxygenase activity by about 3-fold relative to untreated rabbits (321). Likewise, 

acetone induces these enzyme activities by 11-fold and 3-fold respectively (321). There is 

evidence that ketosis leads to increased serum levels of acetone and MG in humans (322) 

and dairy cattle (323), suggesting that acetone is a significant source of MG formation in 

mammals, including humans, during ketogenic conditions. 

 Catabolism of acetone with the potential to generate MG has also been observed in 

microbes. In particular, acetone response and catabolism have been studied in the 

Mycobacterium genus (324-326). In M. smegmatis and Mycobacterium goodii, acetone 

induces expression of the mimABCD gene cluster, which encodes a multicomponent 

binuclear iron monooxygenase that involved in the catabolism of acetone, propane, and 

phenol (327). Subsequently, it was confirmed via gas chromatography analysis of 

recombinant E. coli expressing mimABCD that the product of this gene cluster directly 

oxidizes acetone to acetol (328). Additionally, four strains of Gram-positive bacteria, likely 

all belonging to the genus Corynebacterium, isolated from soil in different locations 

demonstrate the ability to oxidize acetone to acetol and acetol to MG in an NAD+-

dependent manner (329). Recently, isolates of the methanotroph Methylacidiphilum have 

been observed to oxidize acetone to acetol via a particulate methane monooxygenase 

enzyme; it is hypothesized that this organism subsequently oxidizes acetol to MG and MG 

to pyruvate, when can then enter the citric acid cycle or gluconeogenesis (330). 
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Degradation of glucose and glycated proteins 

 In addition to the metabolic pathways outlined above, glucose can undergo 

spontaneous degradation to MG, glyoxal, and 3-deoxyglucosone in vitro at physiological 

temperature and pH, albeit at a slow rate (331). Formation of all three compounds occurs 

at a much faster rate in the presence of either Nα-t- butoxycarbonyl-lysine or human serum 

albumin, suggesting that glucose glycates amino acids to form a Schiff base which then 

spontaneously degrades to MG, glyoxal, and 3-deoxyglucosone (331). 

 

1.4.2 Mechanisms of MG-mediated cytotoxicity 

Glycation of amino acids 

 Regarding proteins, MG reacts preferentially with arginine, lysine, and cysteine 

residues. Studies indicate that arginine is the predominant target of glycation by MG (332-

336), the most common products of which are methylglyoxal hydroimidazolone (MG-H1) 

(335) and argpyrimidine (333) (Fig. 1.4). Quantitative studies of MG-derived AGEs in 

human tissues indicate that from 0.1 to 2% of total cellular arginine is modified by MG 

(337, 338). This is particularly damaging due to the prevalence of arginine residues in the 

active sites of many enzymes (339, 340). In fact, arginine residues are present in the 

catalytic sites of all enzymes involved in glycolysis, with the exception of triosephosphate 

isomerase (341). The most common products of lysine modification by MG are Ne-

carboxyethyl lysine (CEL) and lysine-derived 4-methylimidazolium crosslink (MOLD) 

(334-336) (Fig. 1.4). Additionally, MG can form cross-links between lysine and arginine 

residues, forming 2-ammonio-6-((2-[(4-ammonio-5-oxido-5-oxopentyl) amino]-4-methyl-

4,5-dihydro-1H-imidazol-5-ylidene) amino) hexanoate (MODIC) (342) (Fig. 1.4). Human 



 33 

proteins that have been found to be glycated by MG at arginine and/or lysine residues (see 

references (343) and (344) for review) include hemoglobin, albumin, lens crystallin, 

histones, and collagen. Finally, MG can react reversibly with cysteine residues to form 

hemithioacetal products (345), which may undergo rearrangement to more stable adducts 

such as S-(2-carboxyethyl) cysteine (CEC) (346). In S. cerevisiae, the most prominent 

targets of glycation by MG are the glycolytic enzymes enolase, aldolase, and 

phosphoglycerate mutase in addition to the heat shock proteins Hsp71/72 and Hsp26 (347). 

Remarkably, glycation of these three enzymes in S. cerevisiae does not affect the glycolytic 

flux despite a demonstrated loss of enzymatic activity; mathematical modeling predicts a 

significant decrease in glycolytic flux only if enolase loses 95% of its native activity (347). 

MG-induced glycation of glycolytic enzymes has also been reported in several mammalian 

cell lines (348). 

Although protein modification by MG occurs spontaneously, numerous studies 

indicate that it is a nonrandom process in which specific residues within specific proteins 

have a higher propensity than others to react with MG under physiological conditions (349-

355). For example, an LC-MS/MS-based analysis of lysine or arginine glycation sites on 

proteins following in vitro incubation of human plasma with MG revealed only 14 potential 

hotspots for MG glycation across five different proteins, including albumin which contains 

nine of the identified hotspots (351). Interestingly, human serum albumin contains a total 

of 27 arginine residues and thus it is clear that MG exhibits site-specific reactivity (351). 

Similarly, another study found via mass spectrometry that when myoglobin is incubated 

with MG in vitro, only two specific lysine residues are modified regardless of the length 

of incubation time (352). The determinants of site-specific glycation are poorly understood 
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but are likely based on one or more chemical properties of a given residue within its unique 

microenvironment. Some studies have reported an association between the pKa of an 

arginine or lysine residue and nucleophilic reactivity; that is, a lower pKa leads to decreased 

protonation thereby promoting reaction with electrophiles (355-357). In contrast, Sjoblom 

et al. (350) reported no correlation between MG-dependent glycation of arginine or lysine 

and either pKa or content of surface-accessible nucleophilic residues, but that glycation is 

promoted by proximal tyrosine and hindered by proximal acidic residues (350). 

Nucleophilic reactivity of thiols such as cysteine may depend on hydrophobicity of the 

thiol’s microenvironment (358, 359). 

 

Glycation of nucleic acids and nucleotides 

 In addition to amino acid residues, MG and other 2-oxoaldehydes can irreversibly 

modify nucleic acids in both DNA and RNA. MG predominantly reacts with deoxyguanine 

(dG), forming the nucleotide AGE N2-(1-carboxyethyl)-deoxyguanosine (CEdG) (360, 

361). The abundance of CEdG in human tissue is estimated to range from 0.1 to 1.0 CEdG 

molecules per 106 nucleotides (362, 363). Modification of DNA by MG may lead to DNA-

DNA crosslinks (364), DNA-protein crosslinks (365, 366), and DNA strand breaks (363, 

367), which likely account for the observed mutagenicity of MG (368-372). Interestingly, 

MG can also inhibit synthesis of DNA, RNA, and proteins by reacting with free GTP (373). 

In mammals, MG-modified DNA instigates an autoimmune response, which is likely 

another mechanism of MG toxicity at the organismal level (374-376). 
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Oxidative stress 

 Aside from its direct effects on proteins and nucleic acids, MG can also induce 

oxidative stress by promoting ROS and RNS formation or depletion of the cellular 

antioxidant glutathione (see reference (377) for review). Exposure to MG leads to increased 

fluorescence of the oxidative stress indicator DCFH-DA in the macrophage-derived cell 

line U937 (378), rat vascular smooth muscle cells (379), rat fetal cortical neurons (380), 

the rat thoracic aorta cell line A10, and human red blood cells (381). The mechanism(s) of 

MG-driven ROS and RNS production are not well understood and are likely multifactorial. 

One possible mechanism is that MG can inhibit the activities of several antioxidant 

enzymes, such as superoxide dismutase (SOD) (382, 383), glutathione-S-transferase (382), 

catalase (382), and numerous peroxiredoxins (PRX) (384). Inhibition of Prx activity by 

MG is hypothesized to be the result of irreversible modification of catalytically important 

cysteine residues (384), and the inhibition of Sod1 activity appears to be caused by 

misfolding of the immature form of the enzyme following glycation by MG (383). 

Several studies in mammalian cells have indicated that treatment with MG may 

also lead to depletion of reduced glutathione (GSH), a vital component of the defense 

machinery against oxidative stress in most organisms (see reference (385) for review). For 

example, murine hepatocytes incubated in the absence of glucose, pyruvate, or amino acids 

displayed a significant and lasting decrease in GSH content upon treatment with 20 mM 

MG (386). However, for hepatocytes treated with MG in medium containing glucose, 

pyruvate, or amino acids, only a transient loss of cellular GSH was observed (386). 

Additionally, MG-treated cells are unable to restore their GSH levels in the presence of 

buthionine sulfoximine, which inhibits GSH biosynthesis (386), suggesting that in 



 36 

hepatocytes, GSH is newly synthesized in response to high levels of MG. GSH depletion 

following addition of MG has been observed, to varying degrees, in serval other 

mammalian cell types, including human platelets (387), rat colonocytes (388), rat lense 

cells (389), and human umbilical vein endothelial cells (390). Decreased GSH content 

resulting from MG treatment has also been reported in vivo; namely, in the liver (391, 392), 

spleen (391), and blood (393) of mice either injected with MG or supplemented with it in 

their drinking water. Furthermore, MG has been observed in vitro to inhibit activity of 

glutathione reductase (394, 395) and glutathione peroxidase enzymes (395), both of which 

play an essential role in the normal redox cycling of glutathione. 

 

1.4.3 Detoxification and catabolism of MG 

GSH-dependent glyoxalase system 

 The major mechanism for MG detoxification and catabolism in most organisms is 

the GSH-dependent glyoxalase system, which consists of two enzymes, glyoxalase I and 

glyoxalase II, and yields D-lactate as a final product (Fig. 1.5). The earliest discovery of 

the glyoxalase system dates as far back as 1913, when Neuberg (396) described the 

enzymatic conversion of MG to lactic acid in animal tissues. In 1951, Racker (397) 

demonstrated in S. cerevisiae that production of lactic acid from MG was a two-step, GSH-

dependent process catalyzed sequentially by two enzymes, which he named glyoxalase I 

(Glo1) and glyoxalase II (Glo2). Glyoxalase I is a lactoylglutathione lyase that catalyzes 

the formation of S-D-lactoylglutathione from the product of spontaneous condensation 

between MG and GSH (Fig. 1.5). Glyoxalase I enzymes have been identified across a wide 

array of mammals, plants, protozoa, fungi, and bacteria (see reference (398) for review), 
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although a GLO1 gene appears to be absent from the genomes of the protozoan organisms 

Trypanosoma brucei, Giardia lamblia, and Entamoeba histolytica (see reference (399) for 

review). In most species that do express glyoxalase I, enzyme activity requires a catalytic 

amount of GSH; however, many protozoan parasites of the Kinetoplastida class, such as 

Trypanosoma cruzi and Leishmania major, preferentially use trypanothione (TSH), a 

conjugate of two glutathione molecules with spermidine (399). In addition to GSH or TSH, 

catalytic activity of glyoxalase I is dependent on a divalent metal cation, generally zinc 

(Zn2+) or nickel (Ni2+) depending on the organism. The glyoxalase I enzymes thus far 

studied from most eukaryotes are Zn2+-dependent (400-402) and most prokaryotic 

glyoxalase I enzymes are Ni2+-dependent (403), although some exceptions have been noted 

(404-408). 

 Glyoxalase II, a hydroxyacylglutathione hydrolase, catalyzes the hydrolysis of S-

D-lactoylglutathione (or, in the case of trypanosomatids, S-lactoyltrypanothione) to D-

lactate and GSH (Fig. 1.5). Like glyoxalase I, glyoxalase II has been identified in 

mammals, plants, yeasts, protozoans, and bacteria and is thought to be nearly ubiquitous 

(see reference (398) for review). In some organisms, such as S. cerevisiae (409), P. 

falciparum (410), and T. brucei (411, 412), two glyoxalase II enzymes have been 

characterized. The case of T. brucei is particularly interesting because, as stated above, this 

organism lacks a glyoxalase I. Only one of the glyoxalase II enzymes in T. brucei 

demonstrates S-lactoyltrypanothione hydrolase activity (411). In contrast, both glyoxalase 

II enzymes in P. falciparum are functional; one localizes to the cytosol and the other to the 

apicoplast (410). Likewise, the two glyoxalase enzymes of S. cerevisiae, Glo2 and Glo4, 

are also differentially localized: Glo2 is cytosolic and Glo4 is mitochondrial (409). Yeast 
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mitochondria do not contain Glo1, but it has been hypothesized that Glo4 is involved in 

salvaging GSH from S-D-lactoylglutathione, which can enter the mitochondria (413). 

Similarly, the single functional glyoxalase II of T. brucei is postulated to act as a general 

trypanothione thioesterase, as it can catalyze the hydrolysis of spontaneously formed 

thioesters such as S-propionyl- and S-acetyltrypanothione (411). 

 

GSH-independent glyoxalase 

Enzymes which catalyze GSH-independent conversion of MG to D-lactate have 

also been characterized in numerous organisms (Fig. 1.5). E. coli was the first organism in 

which GSH-independent glyoxalase activity, termed glyoxalase III (Glo3), was discovered 

(414). In E. coli, expression of the glyoxalase III gene is regulated by RNA polymerase 

sigma factor (rpoS) and is enriched during the stationary phase of growth (415). Glo3 of 

E. coli appears highly specific for MG; of the other carbonyl compounds tested, only 

phenylglyoxal could also serve as a substrate for Glo3, and with just 15% of the enzymatic 

activity compared with MG as a substrate (414). In one study, Glo3 exhibited significantly 

higher activity than Glo1 or Glo2, suggesting that it may be the predominant mechanism 

of MG detoxification, although its activity is not induced by MG (416). In vitro, Glo3 is 

sensitive to inactivation by H2O2, which can be rescued by addition of purified catalase 

enzyme (416). E. coli Glo3 is encoded by the hchA gene (417), the product of which had 

previously been known as the heat-inducible molecular chaperone Hsp31 (418-420). Prior 

to its identification as glyoxalase III, Hsp31 was found to contribute to the resistance of E. 

coli against heat shock (420, 421), starvation (420, 421), and acid stress (422); it is 
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unknown whether the protective effects of Hsp31/Glo3 against these stressors are 

dependent on its glyoxalase III activity. 

 GSH-independent glyoxalase III has also been reported in the Gram-positive 

bacteria Staphylococcus aureus (423) and Bacillus subtilis (424); the fungi S. cerevisiae 

(425), S. pombe (426), and C. albicans (300); in humans, mice, and the nematode 

Caenorhabditis elegans (427); and in numerous plant species (428-431). All glyoxalase III 

enzymes characterized thus far belong to the ThiJ/DJ-1/PfpI protein family, a large group 

of structurally similar proteins with diverse functions, many of which are involved in 

cellular stress response (see reference (432) for review). Human glyoxalase III, known as 

DJ-1 or Park7, has been extensively studied for its role in oncogenesis and early-onset 

Parkinson’s disease (see reference (433) for review) long before its glyoxalase activity 

became apparent. Human DJ-1 is likely a multifunctional protein, as it also exhibits 

important roles in ROS signaling, metabolism, serine biosynthesis, glutathione redox 

cycling, mitochondrial function, and as a molecular chaperone (see reference (433) for 

review). 

 The first confirmed glyoxalase III in any species of fungus was C. albicans Glx3, 

identified in 2014 by Hasim et al (300). Relative to the wild-type C. albicans strain 

SC5314, a glx3-null mutant exhibits increased intracellular concentrations of MG, 

increased susceptibility to exogenously added MG, and a growth defect when glycerol is 

provided as the sole carbon source (300). Like E. coli Hsp31, C. albicans Glx3 is enriched 

in stationary phase cultures (434). Expression of the GLX3 gene in C. albicans is regulated 

by Mrr1 (160, 169, 219), induced by oxidative stress via Cap1 (175) and induced in low iron 

via Hap43 (435). Two proteins from S. pombe, Hsp3101 and Hsp3102, demonstrate 
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glyoxalase III activity in vitro, and overexpression of either one increases resistance against 

exogenous MG and glyoxal, even in a glo1-null mutant (426). Hsp31 in S. cerevisiae plays 

an important role in resistance to oxidative and carbonyl stress and in the maintenance of 

cellular redox status (425). Additionally, S. cerevisiae Hsp31 along with three other DJ-1-

like proteins, Hsp32, Hsp33, and Hsp34, are seemingly involved in cytoplasmic protein 

quality control during stationary phase (436). Expression of S. cerevisiae HSP31 is strongly 

induced by MG, ethanol, glycerol, acetic acid, oxidative stress, heat stress, and osmotic 

stress (437). The HSP31 promoter contains binding motifs for the stress-responsive 

transcription factors Yap1, Cad1, Gis1, Haa1, Msn2, Msn4, and Hsf1, and experimental 

evidence supports a role for each of them in the upregulation of HSP31 expression in 

response to specific types of stress (437). Genetic deletion of HSP31 sensitizes S. 

cerevisiae to many of the stresses which induce its expression, indicating that Hsp31 is a 

multi-stress response protein (437). 

 

Oxidoreductases and dehydrogenases 

The AKR superfamily proteins are a large group of structurally similar enzymes 

which catalyze the NADPH- or NADH-dependent reduction of carbonyl substrates to their 

corresponding alcohols and have been identified in prokaryotes, protozoa, fungi, plants, 

and animals (438). Substrate specificity of these enzymes is determined by variable loops 

in the C-terminal region of the protein (438); however, many AKRs demonstrate some 

degree of substrate promiscuity in vitro (see reference (439) for review). Many AKR 

enzymes have been shown to act upon MG as a substrate, even if they are not specific for 

MG. For example, four AKRs from E. coli, YafB, YqhE, YeaE, and YghZ, can reduce MG 
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to acetol (Fig. 1.5) in vitro and genetic deletion of any of these proteins increases MG 

susceptibility in a glyoxalase-deficient mutant (440). In addition to MG, YghZ can reduce 

4-nitrobenzaldehyde and Isatin with relatively high specific activities, as well as 

phenylglyoxal, diacetyl, and several other carbonyl compounds with much lower specific 

activities (441). In the cyanobacterium Synechococcus, the AKR SakR1 reduces MG and 

several nitrobenzaldehyde derivatives with high specific activities and can act upon many 

other aldehyde substrates with a fraction of the specific activity shown with MG (303). 

Moreover, a sakR1-deficient mutant accumulates higher levels of MG in the presence of 

glycerol and is more susceptible to exogenous MG compared to a wild-type strain (303). 

In S. cerevisiae, the AKR known as aldose reductase, encoded by GRE3, 

contributes to MG detoxification (Fig. 1.5). Like GRE2 described in the previous section, 

expression of GRE3 is upregulated in response to a variety of stresses, including heat, 

osmotic, oxidative, and carbon limitation (258, 442). Induction of GRE3 in response to 

these stresses is dependent on the high osmolarity glycerol (HOG) mitogen-activated 

protein kinase (MAPK) cascade, as deletion of the kinase Hog1 abolishes salt-induced 

GRE3 expression and deletion of the downstream transcription factors Msn2 and Msn4 

abolishes GRE3 induction by carbon starvation (442). No induction of GRE3 expression is 

observed in a hog1∆/msn2∆/msn4∆ triple mutant (442). The thermal-responsive 

transcription factor Hsf1 is also partially required for GRE3 induction in response to heat 

stress. Neither overexpression nor deletion of GRE3 influences tolerance to the stressors 

which induce its expression, but GRE3 overexpression enhances MG tolerance and can 

even rescue the MG sensitivity of a glo1∆ mutant (442). Conversely, deletion of GRE3 

from either a wild-type or a glo1∆ background does not increase MG sensitivity (442). 
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Interestingly, the stresses which induce GRE3 expression in S. cerevisiae also lead to 

transient elevation of intracellular MG (442), suggesting that MG detoxification may be 

particularly important under such conditions. 

Specific AKR genes have also been implicated in MG detoxification in plants (443-

448), mammals (449-451); the yeast Kluyveromyces marxianus (452, 453), trypanosomatid 

parasites (454), and the tapeworm Moniezia expansa (455). Notably, the genomes of most 

organisms encode multiple AKR proteins, some of which may have overlapping substrate 

specificity (see reference (439) for review). This in combination with the relatively broad 

substrate specificity of many AKRs makes studying their physiological roles difficult. It 

has been postulated that the AKR superfamily is the result of evolutionary divergence from 

an ancestral enzyme that catalyzed NAD(P)H-dependent reduction of a diverse array of 

carbonyl substrates (438). 

Like the AKR superfamily, the short-chain dehydrogenase/reductase (SDR) 

superfamily consists of NAD(P)H-dependent oxidoreductases, many of which play 

important roles in metabolic processes. SDRs are more biochemically and functionally 

diverse than AKRs; types of reactions catalyzed by SDRs include carbonyl-alcohol 

oxidoreduction, steroid isomerization, enoyl-CoA reduction, decarboxylation, 

dehalogenation, and dehydrogenation (see reference (456) for review). MG reductases, like 

Gre2 and Mgd1 described in previous sections, are members of the SDR superfamily that 

catalyze the irreversible NADPH- or NADH- dependent reduction of MG to lactaldehyde, 

which is subsequently oxidized to L-lactate by lactaldehyde dehydrogenase (Fig. 1.5). This 

distinguishes MG reductases from the AKRs described above, which yield alcohols as a 

product of 2-oxoaldehyde reduction. Like the AKRs, MG reductase enzymes are 
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ubiquitous throughout the tree of life and have been reported in mammals (457, 458), plants 

(459, 460), fungi (261, 461, 462), protists (463-465), bacteria (466-468), and archaea (469). 

In general, MG is the preferred substrate of the MG reductases characterized thus far, but 

many of these enzymes can reduce other aldehyde compounds, albeit with less activity than 

that observed for MG (457, 458, 461, 462). 

Alcohol dehydrogenase (ADH) enzymes are also members of the SDR superfamily 

that have been shown to contribute to detoxification of MG and other reactive carbonyls in 

certain species (Fig. 1.5). For example, an ADH purified from E. coli can catalyze the 

reversible reduction of MG, acetaldehyde, formaldehyde, and benzaldehyde to their 

corresponding alcohols in an NADH-dependent manner (470). NADH-dependent 

reduction of MG to acetol by ADH enzymes has also been observed in horse liver (471), 

the hyperthermophilic archaeon Pyrococcus furiosus (472), the enterobacterium Dickeya 

zeae (473), S. cerevisiae (261), and C. albicans (474). In C. albicans, disruption of the 

ADH1 locus leads to increased intracellular accumulation of MG and ROS, increased 

susceptibility to exogenous MG, and cell cycle arrest in the G2 phase, suggesting that Adh1 

is important for maintaining cellular redox balance and regulating cell cycle progression in 

C. albicans (474). Moreover, there is evidence that Adh1 and the MG reductase Mgd1, 

discussed in the prior section, cooperatively modulate cellular MG and ROS in C. albicans. 

Disruption of ADH1 and/or MGD1 leads to increased intracellular MG and ROS, decreased 

GSH content, and decreased activity of the glutathione reductase Glr1 (474). 

Finally, some organisms possess MG dehydrogenase enzymes, which oxidize MG 

directly to pyruvate in an NAD(P)+ manner (Fig. 1.5). This activity has been reported in 

mammalian livers (475-477) and in the bacterium Psuedomonas putida (478). 
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1.4.4 Methylglyoxal is elevated in many human diseases, including diabetes 

 MG and other reactive carbonyl compounds have been linked to a myriad of human 

diseases, including cancer, obesity, neurodegenerative diseases, and diabetes in addition to 

normal aging (see reference (479) for review). There exists a vast body of literature 

regarding the role of MG in human disease, and numerous reviews have been published on 

the topic. Thus, only a brief summary of the sources and effects of MG in the context of 

diabetes will be given here, linking this section to the summary of fungal infections in 

relation to diabetes presented in the first section of this chapter. 

 Despite the variability of MG concentrations measured in human samples – which 

is likely due to differences in sample preparation and heterogeneity among individuals – 

concentrations of MG in the blood or urine are consistently observed to be higher in 

diabetic patients compared to nondiabetic controls (see reference (480) for review). For 

example, reported plasma concentrations of free MG range from 123 nM to 3.3 µM and 

from 189 nM to 5.9 µM in nondiabetic and diabetic humans, respectively (reference (480) 

and the references therein). More recently, elevated MG has also been measured in the 

saliva of Type 2 diabetic patients compared to healthy controls (481). Additionally, while 

most studies have focused on the role of MG and AGEs in patients with either Type 1 or 

Type 2 diabetes, a recent study reported higher levels of MG and pro-inflammatory 

cytokines in individuals with gestational diabetes compared to nondiabetic, nonpregnant 

controls (482). 

The specific sources of extracellular MG in mammals remain unclear, as most 

enzymes involved in MG production are intracellular except for SSAO circulating in the 
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plasma (483), but a few possibilities exist. As described previously, MG can form 

spontaneously from the degradation of glucose, and this process is accelerated in the 

presence of protein (331). Therefore, it is plausible that hyperglycemia promotes 

spontaneous MG generation, especially in the presence of abundant blood proteins like 

hemoglobin and albumin. Indeed, even transient hyperglycemia leads to elevated plasma 

MG (484, 485). There is also evidence to support a role for plasma SSAO in extracellular 

MG production; namely, individuals with Type 1 or Type 2 diabetes exhibit increased 

plasma SSAO activity compared to nondiabetic controls (486, 487). To date, there are no 

published studies comparing plasma aminoacetone levels in humans with and without 

diabetes. However, in vascular smooth muscle cells in vitro, aminoacetone is the most 

potent precursor of MG formation (488), suggesting that if the concentration of 

aminoacetone is indeed elevated in diabetes, it could be a significant source of plasma MG. 

Inevitably, a rise in MG formation that outweighs an organism’s detoxification 

capacity will have biochemical and physiological consequences due to the nature of MG 

as a reactive electrophile. In fact, MG is thought to be one of the predominant molecular 

causes of diabetic complications, particularly retinopathy, nephropathy, neuropathy, and 

cardiovascular disease. Measurements of MG and MG-derived AGEs may be predictive of 

certain clinical outcomes, even before the presentation of symptoms. For example, plasma 

concentrations of the MG-derived AGEs MG-H1 and CEL are significantly higher in 

patients with fast-progressing diabetic nephropathy compared to those with slow-

progressing or absent nephropathy (489). Additionally, in Type 1 (490) and Type 2 (491) 

diabetic patients, plasma MG concentration is associated with both fatal and non-fatal 

cardiovascular disease. Another study found an association between plasma MG or CEL 
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and more adverse outcomes and increased risk of amputations in diabetic patients with 

severe limb ischemia (492). Thus, in general, it appears that higher levels of MG and some 

of its adducts are correlated with worse clinical outcomes and a greater risk for diabetic 

complications. But why might that be the case? As it turns out, MG and several MG-

derived AGEs have a detrimental effect on the immune system, capable of both triggering 

inflammatory responses and dampening some aspects of cell-mediated immunity, which 

likely contribute to the aberrant immune function often seen in diabetic patients. 

 The effects of MG and its AGEs on the immune system are manifold. One way in 

which MG modulates immune function is through activation of the p38 MAPK, nuclear 

factor-κB (NF-κB), and c-Jun N-terminal kinase (JNK) pathways of mammalian cells, 

promoting secretion of pro-inflammatory cytokines (493-497), ROS (495, 497, 498), and 

expression of the pro-inflammatory gene COX-2 which encodes a prostaglandin-

endoperoxide synthase (499, 500). Furthermore, glycation by MG creates immunogenic 

neoepitopes on extracellular proteins such as fibrinogen (501, 502), low-density lipoprotein 

(LDL) (503, 504), and albumin (505, 506), resulting in an autoimmune reaction. 

Additionally, MG-derived AGEs such as MG-H1, CEL, and MOLD can act as ligands for 

the receptor for advanced glycation end products (RAGE) (497, 507-510) to initiate an 

inflammatory response via the MAPK/extracellular signal-regulated kinase (MAPK/ERK), 

transforming growth factor-β (TGF-β), JNK, and NF-κB signaling pathways (see reference 

(511) for review). 

 In apparent contrast to the induction of inflammation, MG also has an inhibitory 

effect on monocyte and PMN phagocytic capabilities and on migration of immune cells. 

Guerra et al. (495) demonstrated that MG and high glucose diminish the phagocytic 
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capacity of neutrophils while simultaneously increasing myeloperoxidase activity and ROS 

production. These effects can be synergistically mitigated in vitro by administration of the 

antioxidants astaxanthin and vitamin C (495). MG also impairs phagocytosis of microbes 

and cellular debris by macrophages (494, 512), which may contribute to the compromised 

wound healing and microbial clearance that is common among diabetic patients. In vitro, 

addition of the antioxidant pyridoxamine can rescue the phagocytic defect of M1 

macrophages (512), which, along with the observation that astaxanthin and vitamin C can 

restore MG-disrupted neutrophil function (495), suggests that supplementation with 

specific antioxidants may help ameliorate some of the immune dysregulation in diabetes. 

MG can also impede the ability of immune cells to localize to the site of an infection by 

altering the extracellular landscape. For instance, glycation of fibronectin and collagen, 

components of the extracellular matrix, impairs the migration and attachment of Jurkat T-

cells in vitro (513). Finally, it is worth noting that activated macrophages (514-516) and 

neutrophils (517-522) produce MG and other reactive aldehydes in response to microbial 

antigens, which could, under hyperglycemic conditions with impaired microbial killing, 

lead to a progressive cycle of inflammation, MG production, and failure to clear the 

pathogenic targets, resulting in host tissue damage and an unresolved infection. 

 

1.4.5 MG as a stress signal 

 There is substantial evidence that MG and other physiologically generated reactive 

electrophiles function as signaling molecules in eukaryotes and prokaryotes alike. 

Mechanisms of MG-mediated signaling have been well studied in S. cerevisiae as well as 

in numerous human-derived cell lines. This section will overview the signaling pathways 
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modulated by MG in S. cerevisiae, followed by examples of parallels in other organisms 

in addition to several signaling pathways that have not been identified in yeast. 

 

In S. cerevisiae 

In S. cerevisiae, MG has been shown to interact with multiple independent 

signaling pathways, including the HOG MAPK cascade (523, 524), the target of rapamycin 

complex 2 (TORC2)/protein kinase C (Pkc1) kinase cascade (525, 526), the stress-

responsive kinase Gcn2 (527, 528), and the redox-sensing transcription factor Yap1 (529). 

The earliest indication of MG acting as a specific stress signal in yeast was the finding that 

exposure to MG in the millimolar range induces expression of both GRE3 and GLO1, but 

not of the general stress response genes HSP26, HSP104, or CTT1 (530). In addition, MG 

also induces expression of the glycerol synthesis gene GPD1 and consequently, enhanced 

glycerol production (530). 

 Because expression of GRE3, GLO1, and GPD1 is induced by osmotic stress via 

the HOG pathway in yeast (442, 531-533), it was hypothesized that this pathway is also 

involved in the response to MG. Indeed, two independent groups have demonstrated that 

MG activates the HOG pathway through the Sln1 branch (Fig. 1.6) and that the Sln1-

mediated HOG kinase cascade is necessary for resistance and adaptation to MG (523, 524). 

Mutants lacking HOG1, the upstream factors PBS2 or SSK1, or the downstream factor 

MSN1, display substantial defects in MG-induced expression of GPD1, and are 

hypersensitive to MG compared to the parental strain (524). In contrast, deletion of the 

osmosensor SHO1 or the Hog1-dependent transcription factor HOT1 has no effect on MG 
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resistance or on GPD1 induction, although an ssk1∆/sho1∆ double mutant is more 

susceptible to MG compared to the ssk1∆ single mutant (524). 

 In addition to activation of the HOG-MAPK cascade by MG, Maeta et al. (523) 

also reported that MG causes an influx of calcium ions (Ca2+), thereby activating 

calcineurin to dephosphorylate the transcription factor Crz1, resulting in increased nuclear 

localization of Crz1 and increased expression of the Crz1 target gene FKS2 (Fig. 1.6). The 

mechanism of MG-induced Ca2+ influx has yet to be elucidated, although it is blocked by 

the Ca2+ chelator EGTA and does not appear to depend on the known Ca2+ channels Mid1 

or Cch1 (523). 

 The TORC2-Pkc1 kinase cascade is another signaling pathway activated by MG in 

yeast (525) (Fig. 1-6). In brief, the yeast TORC2 complex is known to regulate plasma 

membrane tension homeostasis, actin polarization, actin-mediated endocytosis, and cell 

growth via phosphorylation of its protein kinase targets, which initiates a kinase cascade 

(see reference (534) for review). In S. cerevisiae, treatment with MG leads to a Pkc1-

dependent increase in phosphorylation of the MAP kinase Mpk1 (also known as Slt2), and 

mutants defective in the Pkc1-Mpk1 cascade (pkc1∆, bck1∆, mkk1∆/mkk2∆, and mpk1∆) 

display increased sensitivity to MG compared to the parental strain (525). The increased 

kinase activity of Pkc1 in response to MG is due to phosphorylation of Pkc1 by TORC2 

(525). Activation of the Pkc1-Mpk1 cascade by MG proceeds differently from activation 

by heat stress, as the former occurs independently of the heat shock responsive proteins 

Wsc1 and Mid2 (525), which are required for the latter. A more recent study implicates 

both TORC1 and TORC1 in the adaptive response of S. cerevisiae to MG, and genetic 

deletion of TOR1 and/or TOR2 renders cells more sensitive to MG and glyoxal (535). 
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The redox-sensing transcription factor Yap1 is yet another target for MG activation 

in S. cerevisiae (529) (Fig. 1-6). Though Yap1 is well-known for its role in the yeast 

oxidative stress response, it has also been implicated in the response to cadmium (259), 

arsenate (536), carbon limitation (537), ionizing radiation (538), nitrosative stress (539), 

and a variety of thiol-reactive electrophiles such as vanillin (540), furfural (541), and 

malondialdehyde (542). Maeta et al. (529) observed that Yap1 is constitutively localized 

to the nucleus in a glo1∆ mutant deficient for MG detoxification, and that this mutant 

overexpresses a number of Yap1 target genes, including the MG reductase gene GRE2. 

Because the steady-state intracellular concentration of MG is elevated in the absence of 

GLO1, the authors hypothesized that MG itself can activate Yap1 (529). Indeed, exogenous 

MG also leads to nuclear accumulation of Yap1, which can be reversed by washing the 

cells and removing the MG-containing medium (529). Any one of the three C-terminal 

cysteine residues is sufficient for activation by MG, which rules out disulfide bond 

formation as part of the mechanism (529). Unlike H2O2, MG does not affect the redox state 

of Yap1 on a non-reducing SDS-PAGE, and overexpression of thioredoxin genes TRX1 

and TRX2 does not reverse the nuclear localization in response to MG (529). Thus, it is 

hypothesized that MG directly forms adducts with any of the C-terminal cysteine residues 

of Yap1, thereby blocking the binding site of the exportin Crm1 (529). 

 Another target of activation by MG in yeast is the protein kinase Gcn2 (Fig. 1-6), 

which either activates or represses its targets via phosphorylation in response to a variety 

of stresses including starvation, oxidative stress, and UV irradiation (543). Activated Gcn2 

can phosphorylate the alpha subunit of eukaryotic translation initiation factor 2 (eIF2a), 

resulting in attenuation of protein synthesis. Active Gcn2 also positively regulates the 
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protein level of the bZIP transcription factor Gcn4, which regulates expression of amino 

acid biosynthetic genes. Nomura et al. (527, 528) have demonstrated that millimolar 

concentrations of MG lead to overall inhibition of translation by activating Gcn2 to 

phosphorylate eIF2a. However, Gcn2-mediated translation of GCN4 mRNA contributes to 

MG adaptation, as deletion of GCN4 abolishes the ability of S. cerevisiae to acquire 

tolerance to lethal concentrations of MG following exposure to lower concentrations (527, 

528). Therefore, it is apparent that the response of S. cerevisiae to MG includes attenuation 

of overall protein synthesis and redirection of cellular resources into translating only 

proteins that are beneficial in that condition. The mechanism of Gcn2 activation by MG is 

not known, but contrary to most other activators of Gcn2, MG does not increase the cellular 

content of uncharged tRNA (527, 528). 

 MG can also directly influence yeast metabolism by inhibiting glucose uptake. 

Specifically, treatment with MG leads to Rsp5-dependent ubiquitination and subsequent 

endocytosis and vacuolar degradation of hexose transporters (Hxts) (544). Endocytosis of 

ubiquitinated Hxts is delayed in a mutant lacking protein kinase C (Pkc1) but occurs 

independently of the downstream Pck1 target Mpk1 (544). Moreover, MG exposure causes 

the ubiquitination and endocytosis of the low- and high-affinity glucose sensors Rgt2 and 

Snf3 respectively, resulting in decreased expression of HXT genes (545). 

 

In other eukaryotes 

 Many signaling pathways that have been characterized in S. cerevisiae are 

conserved across the domain Eukaryota. Therefore, it is unsurprising that MG has also 

been demonstrated to activate some of the same pathways in other eukaryotes that it 



 52 

activates in S. cerevisiae. In S. pombe, MG treatment leads to phosphorylation and nuclear 

accumulation of the stress-response MAPKs Sty1 (546) and Spc1 (547, 548), both of which 

are orthologous to S. cerevisiae Hog1. Phosphorylation of Spc1 persists longer in a glo1∆ 

mutant (547, 548). MG-induced phosphorylation of Spc1 is dependent on the upstream 

factors Wis1 (a MAPKK) and Mcs4 (a response regulator), but not on the histidine kinases 

Phk1/Phk2/Phk3 or the phosphorelay protein Spy1 (547). The mechanism by which MG 

increases phosphorylation of Spc1 appears to be via interaction with the conserved cysteine 

residue of the protein tyrosine phosphatases Pyp1 and Pyp2, thereby inhibiting their ability 

to dephosphorylate Spc1 (548). In the same study, inhibition of human protein tyrosine 

phosphatase 1B by MG was demonstrated in vitro (548), suggesting that this mechanism 

of MG signaling is conserved throughout Eukaryota. Numerous studies (493, 499, 500, 

506, 549-563) have reported that MG enhances phosphorylation and activation of p38, the 

mammalian ortholog of Hog1, in human-derived cell lines and in animal models. 

Depending on the cell type, activation of p38 by MG can lead to apoptosis (552, 555, 558, 

560) or secretion of proinflammatory cytokines (506, 549, 557).  

 As observed in S. cerevisiae (523), MG can disrupt Ca2+ homeostasis in eukaryotic 

cells, which can have profound effects on signaling via Ca2+-responsive proteins. In murine 

neurons, for example, MG has a dose-dependent, biphasic effect on Ca2+ influx: a low dose 

of MG (150 µM) increases Ca2+ influx in the presence of KCl, while higher doses decrease 

Ca2+ influx. MG also leads to increased intracellular Ca2+ in renal tubular cells (564), 

murine endothelial and mesangial cells (565), human platelets (566), and in plants (567, 

568). In mammals, dysregulation of endothelial Ca2+ channel activity by MG causes 

increased vasoconstriction (569), leading to hypertension (570) and other vascular 
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complications. In plants, MG-mediated Ca2+ signaling regulates stomatal closing (567) and 

may play a role in thermotolerance (568). 

The TOR pathway appears to be another conserved target of MG modulation in 

eukaryotes. In vitro, MG activates mammalian TORC2 (mTORC2), resulting in 

phosphorylation and activation of the multifunctional regulator Akt (525). MG also 

stimulates Akt phosphorylation in the adipocytes of obese rats, accelerating cell cycle 

progression and proliferation (571). Conversely, MG suppresses Akt-dependent hypoxia-

inducible factor 1 alpha (HIF-1α) signaling in brain endothelial cells, leading to 

mitochondrial dysfunction and mitophagy (572). In colorectal cancer cells, MG activates 

mTORC2 through phosphatidylinositol 3-kinase (PI3K), which enhances resistance 

against the anticancer drug cetuximab (573). Low level MG produced by E. coli extends 

the lifespan of C. elegans, dependent on TORC2 and its downstream target Sgk1 (574). 

Counter to the lifespan extension observed in C. elegans, the same study reported that MG-

stimulated hyperphosphorylation of Sgk1 in human dermal fibroblasts results in 

accelerated senescence (574). 

 In addition to the pathways outlined above, which are conserved between yeast and 

mammals, MG also activates several pathways that are thus far only known to exist in 

higher eukaryotes. As touched upon above, activation of the JNK, ERK, and NF-kB 

pathways are a crucial aspect of MG-mediated inflammation and immune dysfunction in 

diabetes and other chronic diseases (493-500). Moreover, MG modulates these and other 

signaling pathways in a multitude of other cell types in mammals, generally with negative 

effects for the organism. For instance, activation of JNK by MG in beige adipocytes 

inhibits thermogenesis via repression of the gene encoding uncoupling protein 1 (UCP1), 
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a phenotype that is associated with obesity and Type 2 diabetes (575). In breast cancer 

cells, endogenous MG activates MEK/ERK/SMAD1 cascade by repressing expression of 

phosphatases, thereby promoting metastasis in vitro (576). Conversely, MG can also 

stimulate the stress-responsive transcription factor Nrf2 by reacting with cysteine residues 

on its inhibitor, Kelch-like ECH-associated protein 1 (KEAP1) (577). When Nrf2 

accumulates in the nucleus, it initiates transcription of cytoprotective genes such as those 

involved in glutathione synthesis and reduction (577-580). There is experimental evidence 

that activation of Nrf2 prior to MG exposure suppresses MG toxicity and AGE formation 

in vitro (578, 580, 581) and in vivo (582, 583); thus, chemical inducers of Nrf2 activity are 

of interest as potential therapeutic agents in diseases associated with oxidative and carbonyl 

stress. 

 

In prokaryotes 

 MG-mediated signaling is not yet as well understood in prokaryotes as in 

eukaryotes, but some studies have investigated the effects of MG on bacterial transcription 

and physiology. Ozyamak et al. (584) published a transcriptional analysis of E. coli 

exposed to either a subinhibitory, lethal, or progressively increasing concentrations of MG. 

Subinhibitory MG leads to upregulated expression of genes involved in DNA repair, such 

as recA, and of the aldehyde detoxification genes frmAB and yqhD (584). Exposure to a 

lethal concentration of MG also leads to increased expression of DNA repair genes, in 

addition to upregulation of many genes regulated by the oxidative stress-responsive 

transcription factor OxyR (584). Finally, after two to four hours of progressively higher 

concentrations of MG (0 to 0.7 mM), similar genes described in the first two experiments 
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are induced, as well as expression of the NemR-repressed genes gloA (glyoxalase I) and 

nemA (N-ethylmaleimide reductase) (584). NemR is a member of the TetR family of 

transcriptional repressors; modification of its conserved cysteine residues by electrophiles 

(585) or by bleach (586) disrupts its DNA binding affinity resulting in derepression of its 

target genes. Like E. coli NemR, MG modifies one of two conserved cysteine residues in 

the Staphylococcus aureus TetR-family repressor GbaA, thereby derepressing genes 

involved in biofilm formation (587). In Pseudomonas aeruginosa, MG and other toxic 

electrophiles activate the AraC-like transcription factor CmrA, indirectly leading to 

upregulation of the multidrug efflux system MexEF-OprN (588). Interestingly, three of the 

direct targets of CmrA encode a putative oxidoreductase, aldehyde dehydrogenase, and 

alcohol dehydrogenase (588). 

 

1.4.6 Overview of other reactive electrophiles 

In addition to MG, a number of other reactive electrophiles have been implicated 

in disease and/or cellular signaling. As a thorough description of MG formation, toxicity, 

and detoxification has been given at the beginning of this section, such details about other 

compounds will not be discussed here. Rather, the goal of this subsection is to briefly 

introduce the reader to a few additional physiologically relevant molecules that may have 

similar effects to MG on gene transcription and cellular physiology due to their propensity 

to form adducts with biomolecules. The chemical structures of several physiologically 

relevant aldehydes are presented in Fig. 1-7. 
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Formaldehyde 

 Formaldehyde (FA) can be endogenously generated through several metabolic 

processes and is prevalent in cigarette smoke, motor vehicle exhaust, and emissions from 

coal-burning power plants. Acute exposure to exogenous FA is known to cause dermal 

allergies and irritation of the mucus membranes (589), while chronic exposure is linked to 

neurological and pulmonary damage, decreased white blood cell counts, nasopharyngeal 

cancer, and leukemia (589). The primary source of endogenous FA in mammals is thought 

to be the oxidative deamination of methylamine by SSAO enzymes (590), which are also 

implicated in MG formation as previously discussed. The role of endogenous FA 

production in human disease has not been as well-studied as that of MG. Nonetheless, one 

recent study of patients with Alzheimer’s disease or post-stroke dementia demonstrated a 

strong correlation between blood SSAO levels, urinary FA levels, and cognitive decline in 

these patients (591). Additionally, patients with type 2 diabetes and mutations in the gene 

encoding the FA-detoxifying enzyme aldehyde dehydrogenase 2 (ALDH2) exhibit 

increased levels of FA in the blood and urine and more severe dementia compared to age-

matched healthy controls (592). Thus, FA reaches physiologically significant levels in 

humans under certain conditions. The transcriptional response of S. cerevisiae to FA 

includes downregulation of genes involved in protein synthesis and upregulation of genes 

involved in methionine metabolism, DNA repair, and stress response (593). Interestingly, 

FA also induces expression of FLR1, the S. cerevisiae ortholog of MDR1 (593), which 

raises the possibility that it may induce MDR1 expression in Candida species. 
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Acetaldehyde 

 Acetaldehyde (ACA), like FA, is a metabolite and a component of air pollution 

with genotoxic effects. The primary metabolic source of ACA in humans is the oxidation 

of dietary ethanol by alcohol dehydrogenase enzymes. Levels of ACA in human blood 

(594), breath (595), and saliva (596) rise significantly after consuming alcoholic beverages; 

this effect is exacerbated in individuals with alcohol addiction (594, 597) or loss-of-

function mutations in the ALDH2 gene (598-601). Microbial ethanol metabolism in the oral 

cavity and gastrointestinal tract is another significant source of ACA in the human body 

(602-610). In particular, Candida species are known to produce carcinogenic amounts of 

ACA in the presence of ethanol or glucose (602, 611-615), and patients with oral cancer 

exhibit higher frequency and larger burdens of Candida colonization compared to healthy 

controls or patients with non-oral cancer (602, 611, 616). The effects of ACA on Candida 

species are not well characterized, but it has been shown that ACA inhibits the formation 

of hyphae in C. albicans (617) and thus may facilitate dissemination within the host. In 

contrast, the response of S. cerevisiae to ACA has been well-studied, particularly in the 

context of fermentation and biological aging of wines. After 1 hour of growth in ACA, S. 

cerevisiae exhibits Met4-dependent induction of genes involved in sulfur metabolism (e.g., 

STR3, MUP3, multiple MET genes, etc.) and Haa1-dependent induction of polyamine 

transporter genes (e.g., TPO2 and TPO3) among others (618). Several genes encoding heat 

shock proteins (618, 619) and aldehyde dehydrogenases (620) are also upregulated by ACA 

in S. cerevisiae. Mechanisms of ACA tolerance in S. cerevisiae include Stb5-dependent 

induction of pentose phosphate pathway genes (621, 622) and repression of the glycolysis 
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enzyme glucose-6-phosphate isomerase (622), as well as nonenzymatic scavenging of AA 

by GSH (623). 

 

Acrolein 

 Acrolein originates from a variety of sources, including thermal degradation of 

glucose or glycerol, cigarette smoke, lipid peroxidation, and polyamine metabolism. 

Acrolein has been implicated in the pathology of diabetic retinopathy (624) and 

nephropathy (625), atherosclerosis (626), pulmonary inflammation (627), rheumatoid 

arthritis (628), and neurodegenerative diseases such as Alzheimer’s disease (629) and 

multiple sclerosis (630). In S. cerevisiae, exposure to allyl alcohol, which is intracellularly 

oxidized to acrolein via ADH enzymes, leads to depletion of GSH and activation of Yap1 

(631). Like other thiol-reactive electrophiles (529, 632), activation of Yap1 by this 

compound occurs independently of the Gpx3-dependent H2O2 response (631). The Yap1-

dependent transcriptional response of S. cerevisiae to acrolein includes upregulation of 

ribosome biogenesis, RNA processing, and nitrogen- or sulfur-containing compound 

metabolism (632). Allyl alcohol also causes GSH depletion in C. albicans (633), but the 

possible activation of Cap1 by allyl alcohol or acrolein in C. albicans has not been 

investigated. 

 

Malondialdehyde 

 Malondialdehyde (MDA) arises primarily from the spontaneous peroxidation of 

polyunsaturated fatty acids and has gained interest as a biomarker of oxidative stress in 

human disease. Elevated serum levels of MDA have been observed in patients with a 
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variety of disease ranging from neurological disorders such as obsessive-compulsive 

disorder (634) and attention deficit hyperactivity disorder (635); autoinflammatory 

diseases like psoriasis (636) and rheumatoid arthritis (637); and diseases involving organ 

function including coronary heart disease (638), chronic obstructive pulmonary disease 

(639), and diabetic nephropathy (640). MDA is also increased in murine corneas and 

human corneal epithelial cells infected with C. albicans due to fungal stimulation of the 

mammalian p38 MAPK pathway, resulting in upregulation of mammalian heme 

oxygenase-1 and cyclooxygenase-2 with concomitant downregulation of the mammalian 

antioxidant enzymes superoxide dismutase-1, glutathione peroxidase-1, and 

peroxiredoxin-4 (556). Additionally, alveolar macrophages produce MDA in response to 

C. albicans, Cryptococcus neoformans, or Aspergillus fumigatus in vitro (641), indicating 

that these fungi would likely encounter MDA in the context of inflammation in vivo. 

Studies regarding the effects of MDA on any fungal species are lacking, but it has been 

shown that in S. cerevisiae, Yap1 is required for adaption to MDA independently of the 

H2O2 response (542), suggesting that MDA stimulates Yap1 activity in a similar manner 

as MG (529) and acrolein (632). 

 

1.5 Summary of thesis work 

 The origins of the work presented herein can be drawn from the detection of 

remarkably high burdens of C. lusitaniae in the bronchoalveolar lavage (BAL) fluid and 

sputum from three cystic fibrosis (CF) patients receiving care at Dartmouth-Hitchcock 

Medical Center in New Hampshire, USA. All three patients had a previous history of 

Staphylococcus-positive culture from BAL fluid and sputum, which had become 
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undetectable at the time C. lusitaniae was isolated from these patients. One of the patients 

has Type 2 diabetes and another has CFRD. Isolates from all three patients displayed 

phenotypic heterogeneity in vitro, and whole genome sequencing (WGS) revealed 

remarkable genotypic heterogeneity of the MRR1 locus among isolates from one patient 

(97). Other genetic differences between isolates from within single patients and across the 

three patients were also observed but are beyond the scope of this work. 

In total, twelve different alleles of MRR1 were identified among the twenty 

sequenced isolates from one patient (97). It was shown that different MRR1 alleles confer 

differing levels of FLZ resistance and MDR1 expression in these isolates, and some of these 

mutations are gain-of-function (97). Interestingly, none of the three CF patients had prior 

history of clinical antifungal use, which prompted the question of which other pressures 

might have led to selection for gain-of-function in MRR1. Initial RNA sequencing of 

isolates with different MRR1 alleles revealed a set of genes putatively regulated by Mrr1 

in C. lusitaniae, including multiple genes orthologous to C. albicans MGD1 (97). As 

previously discussed, expression of MGD1 is regulated by Mrr1 in C. albicans and 

expression of two genes orthologous to MGD1 is regulated by Mrr1 in C. parapsilosis 

(162). Thus, we hypothesized that Mrr1 plays a role in resistance against the toxic 

electrophile MG in multiple Candida species, either partially or wholly dependent on its 

regulation of genes encoding MG reductases. 

The work presented in Chapter 2 confirms that in C. lusitaniae, Mrr1 regulates 

expression of MGD1 (CLUG_01281) and MGD2 (CLUG_04991) which contribute to MG 

resistance. Mrr1 itself is also involved in MG resistance, as a strain complimented with a 

gain-of-function MRR1 allele exhibits more robust growth in MG compared to an isogenic 
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strain complimented with an MRR1 allele encoding a premature stop codon. Additionally, 

we show that a nonlethal concentration of MG induces expression of the Mrr1-regulated 

genes MGD1, MGD2, and MDR1, and improves growth in FLZ in a partially MRR1- and 

MDR1-dependent manner. Furthermore, deletion of the glyoxalase I gene GLO1 leads to 

increased growth in FLZ in the absence of exogenously added MG. Finally, we assess the 

relative MG resistance and MG-induced growth in FLZ of multiple Candida species and 

strains and show that both phenotypes are generally strain-dependent rather than species-

dependent. 

 Chapter 3 focuses on the role of Mrr1a in C. auris regarding MG resistance and 

induction of gene expression by MG or by benomyl. We show that Mrr1a, but not Mrr1b 

or Mrr1c, contributes to MG resistance in the clade III C. auris isolate B11221, and that 

Mrr1a regulates basal and induced expression of the C. auris orthologs of MDR1 and 

MGD1. Surprisingly, an RNA-seq analysis revealed that Mrr1a only appears to be required 

for expression of MDR1 and MGD1, in contrast to other Candida species which possess 

larger Mrr1 regulons. Finally, we characterize the global transcriptional response of C. 

auris to MG and benomyl and show that the two compounds induce and repress genes 

involved in common cellular processes, independently of Mrr1a. Genes upregulated by 

MG and/or benomyl are involved in sulfur metabolism, amino acid metabolism and 

biosynthesis, and transmembrane transport, while genes downregulated by MG and/or 

benomyl are involved in iron homeostasis and carbohydrate metabolism. 

  



 62 

 

Figure 1.1. Mrr1 is a typical zinc-cluster transcription factor. (A) Conserved structural 

and functional domains of zinc-cluster transcription factors. (B) Experimentally 

determined structural and functional domains of C. albicans Mrr1 (CaMrr1). Known gain-

of-function amino acid substitutions are indicated. (C) Predicted structural and functional 

domains of C. lusitaniae Mrr1 (ClMrr1) based on homology to CaMrr1. Known gain-of-

function amino acid substitutions are indicated in green, mutations resulting in premature 

stop codons are indicated in red. Diagrams are not to scale.  
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Figure 1.2. A variety of structurally and functionally unrelated molecules can act as 

substrates of Mdr1 or induce MDR1 expression in C. albicans. (A) Experimentally 
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demonstrated substrates of CaMdr1. (B) Experimentally demonstrated inducers of 

CaMDR1 expression. 
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Figure 1.3. Pathways of cellular MG formation. 
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Figure 1.4. Chemical structures of the most common MG-derived advanced glycation 

endproducts (AGEs). 
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Figure 1.5. Pathways of MG detoxification and metabolism. 
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Figure 1.6. Overview of signaling pathways modulated by MG in S. cerevisiae. Purple 

ovals represent transcription factors, orange trapezoids represent protein kinases, orange 

clouds represent kinase complexes, green arrows represent protein activation, red lines 
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represent protein inhibition, and black arrows represent translocation. Further detail is 

provided in the text. 
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Figure 1-7. Chemical structures of physiologically relevant reactive carbonyl species 

(RCS).   
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2.1 Abstract 

Transcription factor Mrr1, best known for its regulation of Candida azole resistance 

genes such as MDR1, regulates other genes that are poorly characterized. Among the other 

Mrr1-regulated genes are putative methylglyoxal reductases. Methylglyoxal (MG) is a 

toxic metabolite that is elevated in diabetes, uremia, and sepsis, which are diseases that 

increase the risk for candidiasis, and MG serves as a regulatory signal in diverse organisms. 

Our studies in Clavispora lusitaniae, also known as Candida lusitaniae, showed that Mrr1 

regulates expression of two paralogous MG reductases, MGD1 and MGD2, and that both 

participate in MG resistance and MG catabolism. Exogenous MG increased Mrr1-

dependent expression of MGD1 and MGD2 as well as expression of MDR1, which encodes 

an efflux pump that exports fluconazole. MG improved growth in the presence of 

fluconazole and this was largely Mrr1-dependent with contributions from a secondary 

transcription factor, Cap1. Increased fluconazole resistance was also observed in mutants 

lacking Glo1, a Mrr1-indedependent MG catabolic enzyme. Isolates from other Candida 

species displayed heterogeneity in MG resistance and MG stimulation of azole resistance. 

We propose endogenous and host-derived MG can induce MDR1 and other Mrr1-regulated 
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genes causing increased drug resistance, which may contribute to some instances of fungal 

treatment failure. 

 

2.2 Introduction 

Candida species are among the most prominent fungal pathogens, with mortality 

rates for candidemia ranging from 28 to 72% depending on geographic location (reviewed 

in (1)), and recent decades have seen a worldwide increase in the overall incidence of 

candidemia (2). Treatment failure of invasive fungal infections remains an important 

clinical issue (3) due to long-term complications, high mortality rates, and elevated 

healthcare costs. Perplexingly, treatment may fail even in cases where isolates from a 

patient have tested as susceptible to a certain antifungal in vitro, suggesting that cryptic 

factors which are not present during in vitro testing may influence the outcome of 

antifungal therapy in vivo. 

 In Candida species, one mechanism of azole resistance is overexpression of the 

gene MDR1 (4-7), which encodes an efflux pump. Overexpression of MDR1 is usually 

caused by gain-of-function mutations in the gene encoding the zinc-cluster transcription 

factor Mrr1 (7-10). Many studies have focused on the relationship between Candida Mrr1 

and resistance against clinical, host, and microbially-produced antifungal compounds (7, 

8, 10-14). However, little is known about other genes that Mrr1 regulates and thus, the 

natural role of Mrr1 beyond its involvement in drug resistance is not well understood. By 

studying the biological functions of Mrr1-regulated genes, it is possible to gain insight into 

important questions such as the evolutionary purpose of Mrr1, drivers of selection for gain-

of-function mutations in Mrr1, and other consequences of high Mrr1 activity aside from 
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drug resistance. Independent studies in C. albicans (10, 13, 15-17), Candida parapsilosis 

(18), and Clavispora (Candida) lusitaniae (7, 19) have revealed genes that appear 

coordinately upregulated in fluconazole (FLZ)-resistant isolates with gain-of-function 

mutations in MRR1. 

Previously, we demonstrated a link between FLZ resistance and specific single 

nucleotide polymorphisms in the MRR1 locus (CLUG_00542) among twenty clinical C. 

lusitaniae isolates from a single patient with cystic fibrosis (7). We identified multiple 

MRR1 alleles containing gain-of-function mutations that correlated with elevated FLZ 

resistance, though the presence of MRR1 alleles conferring high FLZ resistance within this 

population was unexpected, as the patient had no prior history of antifungal use. Thus, we 

became interested in other potential factors that could have selected for gain-of-function 

mutations in MRR1. An RNA-Seq analysis comparing several isolates with high- or low-

activity Mrr1 variants identified nineteen genes that may be regulated by Mrr1 in C. 

lusitaniae, including two genes that encoded putative methylglyoxal (MG) reductases (7). 

Although homologs of CaGRP2/MGD1 were known to be more highly expressed in FLZ-

resistant Candida strains with high Mrr1 activity across multiple species (7, 13, 15-19), the 

relationship between Mrr1 and MG has not been described. Recently, genome analyses by 

Kannan, Sanglard, and colleagues (19) found a possible expansion of putative aldehyde 

reductases including MG reductases in the C. lusitaniae genome. 

MG is a reactive compound that forms spontaneously during multiple metabolic 

processes in all known organisms (Fig. 2.1). Because it is a highly reactive electrophile, 

MG can irreversibly modify proteins, lipids, and nucleic acids in a nonenzymatic reaction 

known as glycation, resulting in cellular damage and stress (20, 21). Serum levels of MG 



 166 

are elevated in patients with diabetes (22-24), sepsis (25), and uremia (26-29) relative to 

healthy controls. Additionally, evidence suggests that MG is generated during 

inflammation as part of the neutrophil respiratory burst (30). In fungi, MG can be formed 

during metabolism, for example, in Saccharomyces cerevisiae, a positive correlation has 

been shown between rate of glycolysis and MG levels (31). Catabolism of MG can occur 

through a glutathione-dependent glyoxalase system, Glo1 and Glo2 (32), or through 

NADH- or NADPH-dependent MG reductases (33) (Fig. 2.1). MG reductases have been 

characterized in S. cerevisiae, Gre2 (34), and C. albicans, Grp2 (35). 

 In the present study, we demonstrated that in C. lusitaniae, Mrr1 regulates MGD1 

(CLUG_01281) and MGD2 (CLUG_04991), both of which encode proteins important for 

the detoxification and metabolism of MG. Deletion of one or both genes led to increased 

sensitivity to high concentrations of exogenous MG and decreased ability to use MG as a 

sole carbon source. In addition, we demonstrated that MG can induce Mrr1-dependent 

expression of MGD1 and MGD2, as well as expression of MDR1 in a partially Mrr1-

dependent manner. MG increased growth in FLZ, and this response was largely dependent 

on MRR1 and MDR1. Furthermore, deletion of GLO1 increased FLZ resistance, likely due 

to elevated endogenous levels of MG. Finally, we showed that though MG sensitivity 

varies across Candida species, stimulation of azole resistance by MG is not exclusive to C. 

lusitaniae. Together, these data demonstrate a broader role for Mrr1 in a metabolic process 

and describe a mechanism by which host or microbial metabolism could increase resistance 

to azoles in vivo.  
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2.3 Results 

C. lusitaniae MGD1 and MGD2 contribute to the detoxification and metabolism of 

MG 

In our previous work, an RNA-seq analysis of clinical C. lusitaniae isolates from a 

chronic lung infection showed that two genes with high sequence identity to each other, 

CLUG_01281 and CLUG_04991, were significantly upregulated in isolates with gain-of-

function mutations in MRR1 (7). The protein sequences encoded by CLUG_01281 and 

CLUG_04991 are 88% percent identical to each other, and both have 59% and 58% identity 

to C. albicans Grp2 and S. cerevisiae Gre2, respectively (34, 35) (Fig. 2.2A). Based on 

sequence homology to previously characterized MG reductases and the experimental data 

shown below, from here forward CLUG_01281 and CLUG_04991 are referred to as MGD1 

and MGD2, respectively. We further analyzed the relationships between MGD1, MGD2, 

and other putative MG reductases with homology to C. albicans GRP2 in select Candida 

spp. using FungiDB (36, 37) (Fig. 2.2A). An interesting phylogeny emerged among the 

homologs with at least 50% amino acid identity to C. albicans Grp2. C. lusitaniae MGD1 

and MGD2 were more similar to each other than to homologs in other Candida species, 

and other Candida species, including Candida auris, Candida parapsilosis, and Candida 

tropicalis also had at least one set of highly similar paralogous putative MG reductases 

(Fig. 2.2A). Candida glabrata has a pair of related putative MG reductases that are 

homologous to S. cerevisiae Gre2 (Fig. 2.2A). The phylogeny of Grp2 homologs suggests 

that a duplication of MG reductase genes has occurred in many Candida species, indicating 

that this function may be biologically important within the natural niches of Candida. 
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 To determine if MGD1 and MGD2 were involved in MG resistance and gain more 

insight into the respective roles of these two similar genes, we knocked out each gene 

independently and in combination in the previously characterized C. lusitaniae clinical 

isolate S18, which contains a constitutively active Mrr1 variant, H467L (referred to as H4) 

(7). We found that although the mgd1∆, mgd2∆, and mgd1∆/mgd2∆ mutants grew similarly 

to the S18 parental strain in the absence of MG, they grew significantly worse in the 

presence of 15 mM MG, with a lower OD600 after 36 hours, slower growth rate, and longer 

lag time (Fig. 2.2B, C, and D; see Fig. S2.1A and S2.1C for representative growth curves). 

To our surprise, the double mutant did not exhibit a more severe phenotype than either 

single mutant, suggesting that these genes are not redundant and that both enzymes are 

required for full function of the cell’s NADPH- or NADH-dependent MG reductase 

machinery. We confirmed these phenotypes in the L17 isolate, which is closely related to 

S18 and shares the constitutively active Mrr1-H4 variant, and similarly found that the 

mgd1∆ and mgd2∆ mutants were more sensitive to MG than the parental strains (Fig. 2.2E; 

see Fig. S2.1D and Fig. S2.1B for representative growth curves). We were unable to 

generate an mgd1∆/mgd2∆ double mutant in the L17 background for reasons that are not 

yet known but do not appear to relate to the selectable markers used as each selectable 

marker can be used singly. 

 To determine if MGD1 and MGD2 also contributed to MG metabolism, we tested 

whether the mgd1∆, mgd2∆, or mgd1∆/mgd2∆ mutants were deficient in utilizing MG as 

a sole carbon source. In minimal YNB medium with 5 mM glucose, none of the mutants 

displayed a significant difference in OD600 at 36 h relative to the WT (Fig. S2.2A). With 5 

mM MG as the sole carbon source, neither single mutant exhibited a significant defect in 
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growth, but the mgd1∆/mgd2∆ displayed a 26.8% reduction in yield (p < 0.05) relative to 

the WT (Fig. S2.2B). Together, these data suggest that both MGD1 and MGD2 play a role 

in the detoxification and metabolism of MG. 

 

Mrr1 strongly regulates expression of MGD1, but MGD2 is not highly expressed 

under standard conditions 

We have previously reported (7) an RNA-seq analysis that showed that clinical 

isolates with constitutive Mrr1 activity had higher levels of MGD1 and MGD2 expression 

than strains with low basal Mrr1 activity. Furthermore, analyses of C. albicans, C. 

parapsilosis, and an independent collection of clinical C. lusitaniae isolates also found that 

expression of methylglyoxal reductase genes was elevated in azole-resistant strains with 

gain-of-function mutations in Mrr1 (13, 15-19). In both the S18 and L17 isolate 

backgrounds, the mrr1∆ mutant was significantly more sensitive to 15 mM MG than the 

WT despite no difference in growth between the isogenic parental and mrr1Δ strains in 

control conditions (Fig. 2.3A and B). Furthermore, we found that S18 mrr1∆ had a 32% 

lower yield relative to the parental strain in MG as a sole carbon source, with no defects in 

growth on glucose, and that S18 mrr1∆ phenocopied the mgd1∆/mgd2∆ mutant in this 

assay (Fig. S2.2). 

 To directly assess whether Mrr1 regulates expression of MGD1 and MGD2, we 

developed a set of isogenic strains that differed only by which MRR1 allele was present at 

the native locus. These MRR1 alleles were complemented into the mrr1∆ derivative of 

U04, which we have previously described (7). The naturally occurring MRR1 alleles in this 

set included a high activity variant (Mrr1-Y813C, referred to as Y8) and a low activity 
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variant (Mrr1-L1191H + Q1197* referred to as L1Q1*); the strain with the high activity 

Mrr1-Y8 variant had a FLZ minimum inhibitory concentration (MIC) that was 64-128-fold 

higher than the strain with the low activity Mrr1-L1Q1* variant (Table 2.1). The mrr1∆ 

derivative of U04 had an 8-fold higher FLZ MIC than the strain with a low activity allele, 

though the mechanism for this is not known (Table 2.1). As expected, based on results 

shown in Fig. 2.2, we found that strains with high Mrr1 activity grew better in medium 

with MG compared to strains with low or no Mrr1 activity; no growth differences were 

observed between strains in control conditions (Fig. 2.3C and D). We found that the mrr1Δ 

mutant had significantly lower levels of basal expression of MGD1 relative to the relative 

to WT and Y8 revertant, and the strain with low activity Mrr1 variant had even lower 

MGD1 expression (Fig. 2.3E). MGD2 levels were 10-100-fold lower than MGD1, as 

judged using a standard curve of input DNA with primer sets for MGD1, MGD2, and ACT1 

(see Methods). Surprisingly, MGD2 levels were not different across the U04 strains with 

different Mrr1 variants in YPD medium without MG (Fig. 2.3F). 

 

Exogenous MG induces Mrr1-regulated genes through Mrr1 with contributions from 

Cap1 

 Because of our observations that MGD1 and MGD2 are involved in detoxification 

and metabolism of MG (Fig. 2.2 and S2.2B), we tested whether MG induced their 

expression through Mrr1 in the S18 background. As shown in Fig. 2.4A and B, 5 mM MG 

significantly induced expression of MGD1 by 2-fold at 15 minutes and MGD2 by 16-fold 

at 30 minutes in the unaltered S18 isolate. Expression of both genes remained elevated 

after 60 minutes of MG exposure, although they appeared to be trending downward and 
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the difference at 60 min relative to basal expression only reached statistical significance 

for MGD1. MG also induced expression of another Mrr1-regulated gene, MDR1, by 6-fold 

at 15 and 30 minutes, but as with MGD1 and MGD2, relative MDR1 levels began trending 

downward by 60 minutes (Fig. 2.4C). 

 As C. albicans Mrr1 induces MDR1 in response to benomyl and hydrogen peroxide 

(H2O2) in conjunction with another transcription factor, Cap1 (13), we hypothesized that 

Cap1 may similarly contribute to Mrr1 induction of MDR1 in C. lusitaniae. Furthermore, 

in S. cerevisiae, MG directly modifies the Cap1 ortholog Yap1 by reversibly oxidizing 

cysteines, thereby inducing nuclear translocation (38). To determine whether C. lusitaniae 

MRR1 and/or CAP1 (CLUG_02670) were required for the transcriptional response 

observed in Fig. 2.4A-C, we used isogenic mrr1D, cap1D, and mrr1D/cap1D mutants in 

the S18 background. Consistent with the results in Fig. 2.4A and B, MG induced 

expression of MGD1 (Fig. 2.4D) and MGD2 (Fig. 2.4E) by two-fold and 12-fold, 

respectively in the S18 parental strain, while the mrr1∆, cap1∆, or mrr1∆/cap1∆ 

derivatives of S18 did not exhibit a significant change in expression of either gene in 

response to 5 mM MG (Fig. 2.4D and E). These results support the hypothesis that both 

Mrr1 and Cap1 are necessary for induction of MGD1 and MGD2 expression in response to 

MG. Additionally, the S18 cap1∆ mutant was also defective in growth in YPD + 15 mM 

MG (Fig. S2.3) providing further evidence that Cap1 plays an important role the 

upregulation of genes involved in MG detoxification. 

Consistent with the transcriptomics evidence that Mrr1 coregulates MGD1 and 

MGD2 with MDR1(7), that all three genes are induced by MG (Fig. 2.4A-C), and that 

MG induction of MGD1 and MGD2 depended on Mrr1, we found that Mrr1 also played a 
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role in MG induction of MDR1. While there were no differences in MDR1 levels among 

the WT, mrr1∆, cap1∆ and mrr1∆/cap1∆ in control conditions, the S18 mrr1∆ and the 

S18 mrr1∆/cap1∆ had significantly lower MDR1 levels than the WT and cap1∆ in 

medium with MG (Fig. 2.4F). To confirm these results in strain L17, we repeated our 

analysis of MDR1 expression in the original isolate and its mrr1∆ and cap1∆ derivatives. 

In agreement with the results in Fig. 2.4C and 2.4F, the parental L17 exhibited a 

significant increase in MDR1 expression when exposed to MG, and knocking out MRR1 

reduced MDR1 levels in medium with MG. (Fig S2.4). In L17, the cap1∆ also had 

significantly lower MDR1 levels when compared to the WT. Together, it appears that 

Mrr1 and Cap1 each play a role in MG-dependent MDR1 induction, though the effects of 

loss of Cap1 were only significant in strain L17. The weak stimulation of MDR1 by MG 

in the S18 mrr1∆/cap1∆ background leads us to suggest that there are other factors may 

also influence the levels of MDR1 in response to MG as we discuss below. 

 

MG stimulates growth in FLZ in an Mrr1- and Mdr1-dependent manner 

Due to the induction of MDR1 expression by MG (Fig. 2.4F), we hypothesized that 

MG could increase MDR1-dependent FLZ resistance in C. lusitaniae. To test this, we used 

FLZ at a concentration equal to the MIC (Table 2.1) and 5 mM MG. While MG alone did 

not alter the growth of S18 WT (Fig. S2.5A), it drastically improved growth in the presence 

of FLZ (Fig. 2.5A), resulting in a OD600 at 16 h that was, on average, 5.2-fold higher than 

in FLZ alone (Fig. 2.5). The S18 mrr1∆ and mrr1∆/cap1∆ mutants exhibited a significantly 

lower fold increase in yield at 16 h in FLZ upon amendment of the medium with MG 

compared to the S18 parental strain, 2.4- and 1.8-fold, respectively and S18 mdr1D was 
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similar to the mrr1∆ and mrr1∆/cap1∆ mutants (Fig. 2.5B). The cap1∆ mutant exhibited 

on average a 4.6-fold increase in growth in FLZ with MG which was not significantly 

different from the parental S18 in these analyses, but trended lower (Fig. 2.5B).  

We repeated these growth assays in the L17 background with strains lacking MRR1, 

CAP1, or MDR1. Again, MG did not alter growth for any of the strains relative to the YPD 

control (Fig. S2.5B), but it did lead to a robust stimulation of growth in FLZ, with an 

average fold change in OD600 of 8.5 (Fig. S2.5 C and D). The stimulation of growth in FLZ 

by MG was partially dependent on Mrr1 as the mrr1∆ mutant exhibited a fold change in 

OD600 of 4.2 which was significantly lower than the S18 WT (Fig. S2.5D). Similar to the 

S18 background, the L17 mdr1D mutant exhibited a fold change in OD600 at 16h that was 

significantly lower than the parental isolate (2.7-fold). Consistent with the MDR1 

expression analysis of L17 strains that found that both Mrr1 and Cap1 contributed to the 

induction of MDR1 (Fig. S2.4), both Mrr1 and Cap1 contributed to increased FLZ 

resistance in the presence of MG (Fig. S2.5D). The differences between the S18 and L17 

backgrounds in the robustness of the cap1∆ mutant phenotype, with Cap1 appearing to 

play a greater role in MDR1 regulation in L17, suggest that strain-dependent variables may 

influence the relative importance of the two transcription factors in the MG response.  

 

Strains with constitutively active Mrr1 variants exhibit greater growth with MG in 

FLZ than strains with low activity Mrr1 variants 

Given our discovery of repeated selection for Mrr1 variants with constitutive 

activity within a chronic C. lusitaniae lung infection (7), we sought to determine if higher 

basal Mrr1 activity effected the magnitude of stimulation of FLZ resistance by MG. We 
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compared the effects of a sub-inhibitory concentration of MG on growth in the presence of 

inhibitory concentrations of FLZ for C. lusitaniae strains S18 and L17, which both express 

the constitutively active Mrr1-H4 variant, to previously published strains U05 and L14, 

which express the low activity Mrr1-L1Q1* variant. While there were no differences in 

growth among strains in reference conditions, the combination of FLZ and MG 

significantly increased the growth of isolates with high Mrr1 activity (S18 and L17) by ~6-

fold relative to growth with FLZ alone and isolates with low Mrr1 activity (U05 and L14) 

showed similar trends, though the differences were not significant (Fig. 2.6B). These 

results show strains with highly active Mrr1 variants were able to reach more robust levels 

of FLZ resistance in response to MG than strains with low Mrr1 activity. 

 

Absence of GLO1 causes increased sensitivity to MG and increased resistance to FLZ 

 The experiments above focused on the effects of exogenous MG, but endogenously 

generated MG is also an important signal that modulates cell behavior (39-42). Disruption 

of the glyoxalase pathway in S. cerevisiae has been shown to cause an accumulation of 

intracellular MG (38, 43) and render cells highly sensitive to exogenous MG (44). The 

glyoxalase pathway, which consists of the glutathione-dependent enzymes Glo1 and Glo2, 

is widely recognized as a major mechanism for MG catabolism in eukaryotic cells (see Fig. 

2.1) (45). Thus, we were interested in whether the S18 glo1D mutant (lacking 

CLUG_04105) was more resistant to FLZ than its parent in the absence of exogenously 

added MG. We found that S18 glo1D was highly sensitive to 15 mM MG (Fig. 2.7A), even 

more so than the S18 mgd1D, mgd2D, and mgd1D/mgd2D mutants (Fig. S2.2C). Although 

S18 glo1D had similar growth kinetics in YPD as the S18 WT (Fig. 2.7A), the glo1∆ mutant 



 175 

grew substantially better in FLZ compared to its parent strain (Fig 2.7B). These data lead 

us to speculate that the absence of GLO1 in C. lusitaniae leads to an accumulation of 

intracellular MG, which may influence the activity of Mrr1, causing an increase in FLZ 

resistance.  

 

C. lusitaniae is more resistant to MG than many other Candida species, and some 

strains of other species exhibit induction of azole resistance by MG 

To assess intrinsic MG resistance across multiple Candida species, we assessed 

growth for a panel of isolates representing seven Candida species on YPD agar plates in 

the presence and absence of 15 mM MG. As controls, we included the C. lusitaniae S18 

isolate and S18 glo1D, shown above to be highly sensitive to MG (Fig. 2.7). We found that 

C. lusitaniae and Candida dubliniensis strains were only minimally inhibited by 15 mM 

MG on plates. There was, however, heterogeneity in growth on MG among C. auris and 

C. albicans strains, and the tested Candida guilliermondii, C. glabrata, and C. parapsilosis 

strains were highly sensitive to MG (Fig. 2.8A). Overall, the results in Fig. 2.8A, using a 

limited number of strains, suggest that intrinsic MG resistance varies between Candida 

species and strains.  

We used the same strains as in Fig. 2.8A to determine if the increase in FLZ 

resistance in the presence of MG was conserved across Candida species. Using 3 mM MG, 

a lower concentration of MG than in Fig. 2.8A because of high MG sensitivity of some 

species, we determined resistance to increasing concentrations of either FLZ or 

voriconazole (VOR) depending on the species. As shown in Fig. 2.8B, C. parapsilosis RC-

601 and C. dubliniensis CM2 displayed a striking increase of growth on FLZ with MG and 
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C. glabrata ATCC 2001 exhibited a striking increase of growth on VOR with MG. C. auris 

CAU-01 demonstrated a more subtle increase in growth with MG (Fig. 2.8B). Strains that 

did not demonstrate visible stimulation of growth on FLZ or VOR by MG under the tested 

conditions are shown in Fig S2.6. These results suggest that MG stimulation of azole 

resistance is not exclusive to C. lusitaniae, but not every strain within a species can be 

stimulated under the conditions tested. Future studies are required to determine what 

factors determine whether a strain is or is not capable of being induced by MG to have 

higher azole resistance.  

 

2.4 Discussion 

The findings from this study show that Mrr1 plays an important role in regulating 

genes other than MDR1 in ways that impact growth and fitness, thereby adding to the 

growing appreciation of MG as an important biological signal across the tree of life. 

Although the serum concentrations of MG reported in humans are lower than those used 

in vitro for this study (46, 47), local MG levels at sites of infection are hard to measure as 

MG is highly reactive. At the site of a chronic infection, it is likely that microbes are 

exposed to MG from a variety of exogenous and endogenous sources including the host 

immune system, other microbes, and the pathogen’s own metabolic activity (see Fig. 2.1 

and reviewed in (48)). Evidence for the generation of MG in vivo comes from the fact that 

group A Streptococci require glyoxalase I for resistance to neutrophil killing, suggesting 

that neutrophils may be a source of MG in vivo (30). In addition, CaGRP2, along with other 

stress-response genes, was upregulated in C. albicans cells grown in the murine cecum 

(49). Even low levels of exogenous MG may stimulate a transcriptional response if 
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endogenous MG is already high due to basal metabolism or depletion of the reducing 

agents required for MG detoxification. Production of MG can be affected by the local 

environment with low carbon or phosphate increasing MG production in mammalian and 

bacterial cells, respectively (50-52). In addition, MG reaction with arginine, lysine, and 

cysteine residues on proteins forms both reversible and irreversible adducts, and thus some 

effects of MG on transcriptional activation may increase over time upon low level exposure 

(20, 21). Our demonstration of the induction of azole resistance by MG could be an 

important step toward understanding and preventing treatment failure in populations who 

are susceptible to Candida infection. 

Previous studies of Mrr1 in multiple Candida species have focused on the 

regulation and biological significance of only a small number of Mrr1-regulated genes, 

primarily the two efflux pumps encoded by MDR1 (4-7) and FLU1 (14, 53, 54). Here, we 

show that isogenic C. lusitaniae strains with gain-of-function mutations in Mrr1 led to 

higher levels of MGD1 and MGD2 transcripts, and higher resistance to exogenous MG 

(Fig. 2.3D) than strains with low Mrr1 activity. Furthermore, we showed that MG induced 

Mrr1 activity to increase the expression of not just MGD1 and MGD2, but also MDR1. The 

co-regulation of genes involved in the detoxification of metabolic by-products with efflux 

pumps may highlight a broad coordination of a stress response that could be important in 

vivo. Future studies will determine whether MG enhances FLZ resistance in vivo and if 

MG exposure can contribute to the selection for high activity Mrr1 variants. 

While multiple chemical inducers of Mrr1 activity have been described, including 

methotrexate, 4-nitroquinoline-N-oxide, o-phenanthroline, benomyl, diethyl maleate, 

diamide, and H2O2, (12, 13, 55), little is known about why or how these inducers activate 
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Mrr1. It has been postulated that many of these compounds many directly or indirectly 

induce oxidative stress, which then activates Mrr1. MG is especially interesting as a natural 

inducer of Mrr1 activity because i) it is produced by cells during metabolism and in vivo 

as an antimicrobial agent, ii) Mrr1 regulates enzymes that specifically metabolize and 

detoxify this compound, and iii) it has similarly been documented to cause oxidative stress 

like other known inducers of Mrr1 activity. Though the mechanism by which MG activates 

transcription in C. lusitaniae will be the subject of future work, in S. cerevisiae MG has 

been shown to activate the Cap1 homolog Yap1 by reversibly modifying cysteine residues 

(38). Multiple studies have established that the transcription factors Mrr1 and Cap1, a 

regulator of oxidative stress, can cooperate to regulate the expression of MDR1 in C. 

albicans (12, 13) and we found evidence that this can be the case in C. lusitaniae. We do 

not yet know if Mrr1 or Cap1 is directly modified by MG. C. lusitaniae Mrr1 contains 

many cysteine residues near the C-terminal portion that could be react with MG in a manner 

similar to S. cerevisiae Yap1. Furthermore, the observation that MG slightly induced 

MDR1 even in the absence of both MRR1 and CAP1 (Fig. 2.4F) suggests that other 

transcription regulators may play a role in MDR1 induction in response to MG. Other 

known regulators of MDR1 expression in C. albicans include the transcription factors 

Mcm1, which is required for induction of MDR1 by benomyl and by hyperactive Mrr1, but 

not induction by H2O2 (12), and Upc2 (13, 56), as well as the Swi/Snf chromatin 

remodeling complex (11).  

As MG is elevated in many diseases associated with Candida infections, we were 

struck by the implications of subinhibitory levels of exogenous MG inducing Mrr1 activity 

and by extension FLZ treatment outcomes. Diabetes (reviewed in (57)) and uremia (58, 
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59) are considered risk factors for infection by a variety of Candida species, and both are 

associated with higher levels of MG. Our studies with the C. lusitaniae glo1∆ mutant 

suggest that intracellular MG can also influence FLZ resistance (38, 43). The glyoxalase 

system, utilizing Glo1 and Glo2, requires reduced glutathione (GSH) to function (Fig. 2.1), 

so it is possible that oxidants encountered in vivo could deplete GSH and cause increased 

intracellular MG. In fact, GSH levels are lower in chronic infections, such as those 

associated with cystic fibrosis (60, 61). It is also worth noting that diethyl maleate, a 

compound shown to induce MDR1 expression in C. albicans (55), is commonly used in 

laboratory studies to deplete GSH (62-66). 

 Importantly, we found that MG induction of azole resistance was not specific to C. 

lusitaniae but more broadly applicable to other Candida species though with clear strain-

to-strain differences in MG sensitivity (Fig. 2.8B). Interestingly, several species of bacteria 

exhibit an increase of drug resistance-related genes in response to MG; for example, MG 

induces expression of the MexEF-OprN multidrug efflux system in Pseudomonas 

aerguinosa (67), and derepresses Escherichia coli TetR family repressor NemR (68). 

Clearly, MG is an important stimulus and stressor that many microbes encounter and 

understanding how MG affects microbial physiology and drug resistance can open doors 

to novel means of modulating pathogenic and/or commensal microbes for better health 

outcomes. For example, it would be interesting to investigate whether supplementation 

with carnosine, a known scavenger of MG (69) that is readily available as a dietary 

supplement, could improve the efficacy when treating infection by Candida species, 

particularly in patients who are predisposed to elevated serum MG. 
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2.5 Methods 

Generation of MG reductase phylogenetic tree 

 Orthologs of CaGrp2 from  S. cerevisiae and multiple Candida species were 

identified in FungiDB (https://fungidb.org) (36, 37) and selected for a protein Clustal 

Omega multiple sequence alignment (70). The resulting alignment was then used to 

generate a phylogenetic tree using the Interactive Tree of Life (ITOL) tool 

(https://itol.embl.de) (71). 

 

Strains, media, and growth conditions 

 The sources of all strains used in this study are listed in Table S2.1. All strains were 

stored long term in a final concentration of 25% glycerol at -80°C and freshly streaked onto 

yeast extract peptone dextrose (YPD) agar (10 g/L yeast extract, 20 g/L peptone, 2% 

glucose, 1.5% agar) once every seven days and maintained at room temperature. Cells were 

grown in YPD, yeast nitrogen base (YNB) (0.67% yeast nitrogen base medium with 

ammonium sulfate (RPI Corp)) supplemented with either 5 mM dextrose or 5 mM MG 

(Sigma-Aldrich, 5.55 M), or RPMI-1640 (Sigma, containing L-glutamine, 165 mM MOPS, 

2% glucose at pH 7) liquid as noted. Media was supplemented with FLZ (Sigma-Aldrich, 

stock 4 mg mL-1 in DMSO) or 3 mM, 5 mM or 15 mM MG as noted. Unless otherwise 

noted, all overnight cultures were grown in 5 mL YPD liquid medium (10 g/L yeast extract, 

20 g/L peptone, 2% glucose) on a rotary wheel at 30°C. E. coli strains were grown in LB 

with either 100 µg mL-1 carbenicillin (carb) or 15 µg mL-1 gentamycin (gent) as necessary. 
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Plasmids for complementation of MRR1 

We amplified i) the MRR1 gene and terminator with ~1150 bp upstream for 

homology from the appropriate strain’s genomic DNA, ii) the selective marker, HygB from 

pYM70 (72), and iii) ~950 bp downstream of MRR1 for homology from genomic U05 

(identical sequence for all relevant strains using primers listed in Table S2.2. PCR products 

were cleaned up using the Zymo DNA Clean & Concentrator kit (Zymo Research) and 

assembled using the S. cerevisiae recombination technique previously described (73). 

Plasmids created in S. cerevisiae were isolated using a yeast plasmid miniprep kit (Zymo 

Research) and transformed into High Efficiency NEB®5-alpha competent E. coli (New 

England BioLabs). E. coli containing pMQ30 derived plasmids were selected for on LB 

containing 15 µg mL-1 gentamycin. Plasmids from E. coli were isolated using a Zyppy 

Plasmid Miniprep kit (Zymo Research) and subsequently verified by Sanger sequencing 

with the Dartmouth College Genomics and Molecular Biology Shared Resources Core. 

MRR1 complementation plasmids were linearized with Not1-HF (New England BioLabs), 

cleaned up the Zymo DNA Clean & Concentrator kit (Zymo Research) and eluted in 

molecular biology grade water (Corning) before transformation of 2 µg into C. lusitaniae 

strain U04 mrr1Δ as described below.  

All plasmids for complementing MRR1 were constructed using the S. cerevisiae 

recombination technique previously described (73) and primers listed in Table S2.2. To 

create the precursor plasmid pMQ30MRR1-L1191H+Q1197*-URA3, MRR1 with ~1150 bp 

upstream of MRR1 and separately ~950 bp downstream of MRR1 were amplified from 

genomic U05 (containing MRR1L1191H+Q1197*) DNA and C. albicans URA3 under the 

controls of a TEF1 promoter was amplified from pTEF1-URA3. This construct did not 
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restore growth of 5-FOA resistant C. lusitaniae strains on uracil deplete medium, so we 

replaced URA3 with a different selectable marker. Linearized pMQ30MRR1-L1191H+Q1197*-

URA3 (using XbaI) and PCR amplified HygB, the hygromycin B resistance gene from 

pYM70 (72), were combined using the S. cerevisiae recombination technique to create 

pMQ30MRR1-L1191H+Q1197*-HygB. To create the pMQ30MRR1-Y813C-HygB plasmid, 

pMQ30MRR1-L1191H+Q1197*-HygB was linearized with XbaI and NotI to remove MRR1 and 

the upstream sequence. Replacement sequence including MRR1 with ~1150 bp upstream 

of MRR1 were amplified from U04 (MRR1Y813C) gDNA. 

Plasmids created in S. cerevisiae were isolated using a yeast plasmid miniprep kit 

(Zymo Research) and transformed into High Efficiency NEB®5-alpha competent E. coli 

(New England BioLabs). E. coli containing pMQ30 derived plasmids were selected for on 

LB containing 15 µg mL-1 gentamycin. Plasmids from E. coli were isolated using a Zyppy 

Plasmid Miniprep kit (Zymo Research) and subsequently verified by Sanger sequencing 

with the Dartmouth College Genomics and Molecular Biology Shared Resources Core. All 

restriction enzymes were purchased from New England BioLabs and used as recommended 

by the manufacturer. 

 

Mutant construction 

 Mutants were generated using an expression-free CRISPR-Cas9 method, as 

previously described (74), with the exception of the mgd1∆/mgd2∆ double mutant, as 

detailed below. In brief, cultures were grown to exponential phase in 50 mL YPD on a 

shaker at 150 rpm, then washed and incubated in TE buffer and 0.1 M lithium acetate at 

30°C for one hour. Dithiothreitol was added to a final concentration of 100 mM and 
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cultures were incubated for an additional 30 minutes at 30°C. Cells were washed and 

resuspended in 1 M sorbitol before being transferred to electroporation cuvettes. To each 

cuvette was added 1.5 µg of DNA for the knockout or MRR1 complementation construct 

and Cas9 ribonucleoprotein containing crRNA specific to the target gene. Following 

electroporation, cells were allowed to recover in YPD at 30°C for four to six hours. Cells 

were then plated on YPD agar supplemented with 200 µg mL-1 nourseothricin (NAT) or 

600 µg mL-1 hygromycin B (HYG) and incubated at 30°C for two days. The mgd1∆/mgd2∆ 

double mutant was generated from the S18 mgd1∆ single mutant using the microhomology 

repair method (75). In brief, the knockout construct containing 50 bp homology to the 

flanking regions of MGD2 was transformed alongside Cas9 complexed with two crRNA, 

targeting the 5’ and 3' region immediately adjacent to MGD2. PCR with primers inside the 

NAT1 or HygB cassette and in the flanking regions of the genes outside of each construct 

were used to confirm all mutants. Primers (IDT) used to create knockout constructs and 

verify mutants are listed in Table S2.2. 

 

Minimum Inhibitory Concentration (MIC) Assay 

 MIC assays for FLZ were performed as described in (7) using the broth 

microdilution method. In brief, overnight cultures were diluted to an OD600 of 0.1 in 200 

µL dH2O and 60 µL of each dilution were added to 5 mL RPMI-1640 medium. FLZ was 

serially diluted across a clear, flat-bottom 96-well plate (Falcon) from 128 µg mL-1 down 

to 0.25 µg mL-1 in RPMI-1640. To each well was added 100 µL of cell suspension in 

RPMI-1640. Upon addition of cells, the final concentration of FLZ ranged from 64 µg mL-

1 to 0.125 µg mL-1. Plates were incubated at 35°C and scored for growth at 24 hours; the 
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results are summarized in Table 2.1. The MIC was defined as the drug concentration that 

abolished visible growth compared to a drug-free control. 

 

Growth Kinetics 

 C. lusitaniae cultures were grown overnight, diluted 1:50 into 5 mL fresh YPD, and 

grown for four to six hours at 30°C. After washing, the cultures were diluted to OD600 of 1 

in 200 µL dH2O. Each inoculum was prepared by pipetting 60 µL of the OD600 of 1 

suspension into 5 mL YPD. Clear 96-well flat-bottom plates (Falcon) were prepared by 

adding 100 µl per well YPD or YPD with MG and/or FLZ at twice the desired final 

concentrations. 100 µL of inoculum was added to each row of the plate. Each plate was set 

up in technical triplicate for each strain and condition. The plates were incubated in a 

Synergy Neo2 Microplate Reader (BioTek, USA) to generate a kinetic curve. The plate 

reader protocol was as follows: heat to 37°C, start kinetic, read OD600 every 60 minutes for 

16 or 36 hours, end kinetic. 

 

Spot Assays 

 Candida cultures were grown overnight, diluted 1:50 into 5 mL fresh YPD, and 

grown for four to six hours at 30°C. Cultures were diluted to OD600 of 1 in 200 µL dH2O. 

Each strain was then serially diluted by 1:10 down to an OD600 of approximately 1 x 10-6. 

5 µL of each dilution was spotted onto YPD alone or YPD containing the specified 

concentrations of MG, FLZ or VOR (Cayman Chemical Company, stock 1 mg mL-1 in 

DMSO). Plates were incubated at 37°C for two days before imaging.  
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Quantitative Real-Time PCR 

 C. lusitaniae cultures were grown overnight, diluted 1:50 into 5 mL fresh YPD, and 

grown for four hours at 30°C. Control cultures were harvested at this point and MG was 

added to a final concentration of 5 mM to all other cultures, which were returned to 30°C 

on a roller drum. Cultures were then harvested after 15, 30, or 60 minutes. To harvest, 2 

mL of culture was spun in a tabletop centrifuge at 13.2 x g for 5 min and supernatant was 

discarded. RNA isolation, gDNA removal, cDNA synthesis, and quantitative real-time 

PCR were performed as previously described (7). Transcripts were normalized to ACT1 

expression. Primers are listed in Table S2.2. 

 

Statistical analysis and figure preparation 

 All graphs were prepared with GraphPad Prism 8.3.0 (GraphPad Software). One- 

and two-way analysis of variance (ANOVA) tests were performed in Prism; details on each 

test are described in the corresponding figure legends. All p values were two-tailed and 

p < 0.05 were considered to be significant for all analyses performed and are indicated with 

asterisks or letters in the text: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The 

graphical abstract was prepared using BioRender (biorender.com). 

 

Data availability 

The data that support the findings of this study are available from the corresponding author 

upon request. 
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Table 2.1. FLZ MIC and relative Mrr1 activity of C. lusitaniae strains used in this paper 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Strain FLZ MIC (µg 
mL-1) 

Relative Mrr1 
activity 

S18 8 High 
S18 mgd1Δ 8 High 
S18 mgd2Δ 8 High 

S18 
mgd1Δ/mgd2Δ 8 High 

S18 mrr1Δ 4 N/A 
S18 cap1Δ 8 High 

S18 
mrr1Δ/cap1Δ 4 N/A 

S18 mdr1Δ 2 High 
S18 glo1Δ 8 High 

L17 8 High 
L17 mgd1Δ 8 High 
L17 mgd2Δ 8 High 
L17 mrr1Δ 4 N/A 
L17 cap1Δ 8 High 
L17 mdr1Δ 2 High 

U04 32 High 
U04 mrr1Δ 4-8 N/A 

U04 mrr1Δ + 
MRR1-Y8 32 High 

U04 mrr1Δ + 
MRR1-L1Q1* 0.25 – 0.5 Low 

U05 0.5 - 1 Low 
L14 0.5 - 1 Low 



 188 

Table S2.1. Strains and plasmids used in this study 
 

Strain Lab # Species Parent 
Relevant 

Characteristics or 
Genotype 

Source 

Fungal Strains 

U04 (A04) DH2949 C. lusitaniae  
Clinical isolate, 
FLZ-resistant, 

MRR1Y813C 
(7, 74) 

U04 mrr1D DH3306 C. lusitaniae U04 mrr1D::NAT1 (7) 
U04 mrr1D + 

MRR1Y813C (Y8) DH3613 C. lusitaniae U04 mrr1D MRR1Y813C-HygB This 
study 

U04 mrr1D + 
MRR1L1191H+Q1197* 

(L1Q1*) 
DH3628 C. lusitaniae U04 mrr1D MRR1L1191H+Q1197*-

HygB 
This 
study 

U05 DH3087 C. lusitaniae  
Clinical isolate, 

FLZ-susceptible, 
MRR1L1191H+Q1197* 

(7) 

L14 DH3088 C. lusitaniae  
Clinical isolate, 

FLZ-susceptible, 
MRR1L1191H+Q1197* 

(7) 

L17 DH3101 C. lusitaniae  
Clinical isolate, 
FLZ-resistant, 

MRR1H467L 
(7) 

L17 mrr1D DH3110 C. lusitaniae L17 mrr1D::NAT1 (7) 

L17 cap1D DH3720 C. lusitaniae L17 cap1D::NAT1 This 
study 

L17 mgd1D DH3724 C. lusitaniae L17 mgd1D::NAT1 This 
study 

L17 mgd2D DH3726 C. lusitaniae L17 mgd2D::NAT1 This 
study 

S18 DH3102 C. lusitaniae  
Clinical isolate, 
FLZ-resistant, 

MRR1H467L 
(7) 

S18 mrr1D DH3718 C. lusitaniae S18 mrr1D::NAT1 This 
study 

S18 cap1D DH3719 C. lusitaniae S18 cap1D::HygB This 
study 

S18 mrr1D/cap1D DH3721 C. lusitaniae S18 cap1D cap1D::HygB/mrr1D
::NAT1 

This 
study 

S18 mdr1D DH3722 C. lusitaniae S18 mdr1D::HygB This 
study 

S18 mgd1D DH3723 C. lusitaniae S18 mgd1D::NAT1 This 
study 

S18 mgd2D DH3725 C. lusitaniae S18 mgd2D::HygB This 
study 

S18 
mgd1D/mgd2D DH3727 C. lusitaniae S18 mgd1D mgd1D::NAT1/mgd2

D::HygB 
This 
study 

S18 glo1D DH3728 C. lusitaniae S18 glo1D::NAT1 This 
study 
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SC5314 DH35 C. albicans  Wild-type C. 
albicans lab strain (76) 

F2 DH3550 C. albicans  Clinical isolate, 
FLZ-susceptible (77) 

F5 DH3551 C. albicans  Clinical isolate, 
FLZ-resistant (77) 

Wü284 DH2178 C. 
dubliniensis  Clinical isolate (78) 

CM1 DH3575 C. 
dubliniensis  Clinical isolate, 

FLZ-susceptible (79) 

CM2 DH3576 C. 
dubliniensis  Clinical isolate, 

FLZ-resistant (79) 

RC-601 DH1989 C. 
parapsilosis  Clinical isolate (80) 

JB6 DH3595 C. 
parapsilosis  CLIB24 mrr1D + 

MRR1Q1064P (81) 

JB12 DH3596 C. 
parapsilosis  CLIB24 mrr1D + 

MRR1K873N (81) 

ATCC 6260 (RC-
401) DH1984 C. 

guilliermondii  Clinical isolate (80) 

RC-201 DH1986 C. glabrata  Clinical isolate (80) 
ATCC 2001 DH2788 C. glabrata  Clinical isolate (82) 

CAU-01 DH2768 C. auris  Clinical isolate (83) 
CAU-02 DH2769 C. auris  Clinical isolate (83) 
CAU-03 DH2770 C. auris  Clinical isolate (83) 
CAU-04 DH2771 C. auris  Clinical isolate (83) 
CAU-05 DH2772 C. auris  Clinical isolate (83) 

Y533 DH1981 C. lusitaniae  Clinical isolate (84) 
RC-301 DH1987 C. lusitaniae  Clinical isolate (80) 

UCDFST 80-11 DH3119 C. lusitaniae  Environmental 
isolate 

a 

UCDFST 80-12 DH3120 C. lusitaniae  Environmental 
isolate 

a 

 
Plasmids in E. coli (DH5⍺) 

pMQ30MRR1-

L1191H+Q1197* DH3829 E. coli MRR1L1191H+Q1197*-HygB 
complementation, GentR 

This 
study 

pMQ30MRR1-Y813C DH3831 E. coli MRR1Y813C-HygB 
complementation, GentR 

This 
study 

pNAT DH2664 E. coli TEF1p-NAT1, Amp/CarbR (85) 
pYM70 DH3352 E. coli TEF2p-HygB, Amp/CarbR (72) 

pGEM-URA3 DH3316 E. coli pGEM-T (Promega) containing 
CaURA3, GentR (86) 

pMQ30 DH2620 E. coli 

Plasmid that replicates in S. 
cerevisiae and E. coli, using uracil 

or gentamycin selection, 
respectively 

(73) 

 
a UCDFST, Phaff Yeast Culture Collection, Food Science and Technology, University of 

California Davis; ATCC, American Type Culture Collection. 
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Table S2.2. Oligonucleotides used in this study 
 

Name Description Sequence Ref 

AB001 
Forward to make left flank 
of knockout construct for 

MRR1 
5'- AAG GCG TGT CCT TCA TGT T - 3' (7) 

AB003 
Reverse to make left flank 
of knockout construct for 

MRR1 

5' - AAC GTC GTG ACT GGG AAA AAT 
CAT TAG CTT CGC TGG AAT TTC TGT TT 

- 3' 
(7) 

AB004 
Forward to make right 

flank of knockout 
construct for MRR1 

5' - TAT CCG CTC ACA ATT CCA CTG CTC 
GGT TCT GGT TCT ATA TG - 3' (7) 

AB006 
Reverse to make right 

flank of knockout 
construct for MRR1 

5' - GAG TAC GTG GAT CTC TAC TTG 
ATG - 3' (7) 

AB007 
Nested forward to amplify 

across stitched MRR1 
knockout construct 

5' - CTT TGC TTG TTT GGG AAA CCT C - 3' (7) 

AB008 
Nested reverse to amplify 

across stitched MRR1 
knockout construct 

5' - TGG CAT TGA ACC CGG AAA - 3' (7) 

AB009 
 

Forward to amplify NAT1 
for MRR1 knockout 

construct 

5' - AAA CAG AAA TTC CAG CGA AGC 
TAA TGA TTT TTC CCA GTC ACG ACG TT 

- 3' 
(7) 

AB010 
Reverse to amplify NAT1 

for MRR1 knockout 
construct 

5' - CAT ATA GAA CCA GAA CCG AGC 
AGT GGA ATT GTG AGC GGA TA - 3' (7) 

ED058 Forward for RT-PCR of 
MDR1 5’ - TCCATCCATGGGTCCATTATTC (7) 

ED059 Reverse for RT-PCR of 
MDR1 5’ – CTCAACACAAGGAAAGCACATC – 3’ (7) 

ACT1-F Forward for RT-PCR of 
ACT1 5’ – GTA TCG CTG AGC GTA TGC AA – 3’ (87) 

ACT1-R Reverse for RT-PCR of 
ACT1 5’ – GAT GGA TGG TCC AGA CTC GT – 3’ (87) 

AB023 
Forward to make left flank 
of knockout construct for 

MGD1 

5' - CCG AAG AAT GAG CTA CGA GAA T - 
3' 

This 
study 

AB024 
Reverse to make left flank 
of knockout construct for 

MGD1 

5' - AAC GTC GTG ACT GGG AAA AAT 
CAT TAT TTG GGT TGC TCT CGT GTT - 3' 

This 
study 

AB025 
Forward to make right 

flank of knockout 
construct for MGD1 

5' - TAT CCG CTC ACA ATT CCA CAA ATC 
CGG ACA TTG AGG ACT ATC - 3' 

This 
study 

AB026 
Reverse to make right 

flank of knockout 
construct for MGD1 

5' - CGG AGT ATC GTA TCC CAA CAA 
TAA - 3' 

This 
study 

AB027 
Nested forward to amplify 

across stitched MGD1 
knockout construct 

5' - AAC GAA GTG TAT GCA CAT TTG AC 
- 3' 

This 
study 
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AB028 
Nested reverse to amplify 

across stitched MGD1 
knockout construct 

5' - AGA TCG CAA TCT CCT TAA TGC T - 
3' 

This 
study 

AB029 
Forward to amplify NAT1 

for MGD1 knockout 
construct 

5' - AAC ACG AGA GCA ACC CAA ATA 
ATG ATT TTT CCC AGT CAC GAC GTT - 3' 

This 
study 

AB030 
Reverse to amplify NAT1 

for MGD1 knockout 
construct 

5' - GAT AGT CCT CAA TGT CCG GAT TTG 
TGG AAT TGT GAG CGG ATA - 3' 

This 
study 

AB039 Forward for RT-PCR of 
MGD1 

5' - CGC AGA AAT CCC TAA AGT AAA T - 
3' 

This 
study 

AB040 Reverse for RT-PCR of 
MGD1 5' - TAC CCT TTG CTT CGT TCT T - 3' This 

study 

AB043 
Forward to make left flank 
of knockout construct for 

GLO1 

5' - GGC ATA TCT GCC ACT AGG AAA G - 
3' 

This 
study 

AB044 
Reverse to make left flank 
of knockout construct for 

GLO1 

5' - AAC GTC GTG ACT GGG AAA AAT 
CAT TAC TTT AAT AAG CAG GCC GGA 

GT - 3' 

This 
study 

AB045 
Forward to make right 

flank of knockout 
construct for GLO1 

5' - TAT CCG CTC ACA ATT CCA TTG TAC 
GAG GAA GCG AGA A - 3' 

This 
study 

AB046 
Reverse to make right 

flank of knockout 
construct for GLO1 

5' - CCT TGA TCT TAG GCT CCA ACT T - 3' This 
study 

AB047 
Nested forward to amplify 

across stitched GLO1 
knockout construct 

5' - GAT CGG TGA GTG TGG TTC TTT - 3' This 
study 

AB048 
Nested reverse to amplify 

across stitched GLO1 
knockout construct 

5' - GCC GCC AAT GAA GAT GTT TG - 3' This 
study 

AB049 
Forward to amplify NAT1 

for GLO1 knockout 
construct 

5' - ACT CCG GCC TGC TTA TTA AAG 
TAA TGA TTT TTC CCA GTC ACG ACG TT 

- 3' 

This 
study 

AB050 
Reverse to amplify NAT1 

for GLO1 knockout 
construct 

5' - TTC TCG CTT CCT CGT ACA ATG GTG 
GAA TTG TGA GCG GAT A - 3' 

This 
study 

AB051 Forward for RT-PCR of 
MGD2 5' - CAG AGA TAC CTA AAG CCT TT - 3' This 

study 

AB052 Reverse for RT-PCR of 
MGD2 5' - TCC AAG ATG GTC TGT TGT G - 3' This 

study 

AB053 
Forward to make left flank 
of knockout construct for 

MGD2 

5' – GCT GTA GTC TGT AAG GTT AGG TC 
- 3' 

This 
study 

AB054 
Reverse to make left flank 
of knockout construct for 

MGD2 using NAT1 

5' – AAC GTC GTG ACT GGG AAA AAT 
CAT TAG GTT CAG GCC ATA TTG ACT 

TTG - 3' 

This 
study 

AB055 

Forward to make right 
flank of knockout 

construct for MGD2 using 
NAT1 

5' - TAT CCG CTC ACA ATT CCA CGG TTT 
CAA GCT ACT TAG TGT ATG G -3' 

This 
study 
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AB056 
Reverse to make right 

flank of knockout 
construct for MGD2 

5' – TGA GTA TGA GGA AGG GTG ATA 
TTC - 3' 

This 
study 

AB057 
Nested forward to amplify 

across stitched MGD2 
knockout construct 

5' – GCA TTT ATT GGA GTA TTG GAG 
ATG G - 3' 

This 
study 

AB058 
Nested reverse to amplify 

across stitched MGD2 
knockout construct 

5' – GTG TTC ATG ATC ATT GGG CAT AG 
- 3' 

This 
study 

AB059 
Forward to amplify NAT1 

for MGD2 knockout 
construct 

5' – CAA AGT CAA TAT GGC CTG AAC 
CTA ATG ATT TTT CCC AGT CAC GAC 

GTT - 3' 

This 
study 

AB060 
Reverse to amplify NAT1 

for MGD2 knockout 
construct 

5' – CCA TAC ACT AAG TAG CTT GAA 
ACC GTG GAA TTG TGA GCG GAT A - 3' 

This 
study 

AB069 
Forward to make left flank 
of knockout construct for 

CAP1 

5' - TCA ACA GAA GTA GTG CCT GTA T - 
3' 

This 
study 

AB070 
Reverse to make left flank 
of knockout construct for 

CAP1 using NAT1 

5' - AAC GTC GTG ACT GGG AAA AAT 
CAT TAG CTT TAA CGG CAA GGA GTT 

AG - 3' 

This 
study 

AB071 

Forward to make right 
flank of knockout 

construct for CAP1 using 
NAT1 

5' - TAT CCG CTC ACA ATT CCA CGA 
AAC GGA CAG CGT AGT TAG T - 3' 

This 
study 

AB072 
Reverse to make right 

flank of knockout 
construct for CAP1 

5' - CAG CTT CTC CGT GTA TCG TTT A - 3' This 
study 

AB073 
Nested forward to amplify 

across stitched CAP1 
knockout construct 

5' - CGC TTC TTT ACG CAT TGT AAC C - 3' This 
study 

AB074 
Nested reverse to amplify 

across stitched CAP1 
knockout construct 

5' - CAG CGT ATT CGA CCC ATC TT - 3' This 
study 

AB075 
Forward to amplify NAT1 

for CAP1 knockout 
construct 

5' - CTA ACT CCT TGC CGT TAA AGC TAA 
TGA TTT TTC CCA GTC ACG ACG TT - 3' 

This 
study 

AB076 
Reverse to amplify NAT1 

for CAP1 knockout 
construct 

5' - ACT AAC TAC GCT GTC CGT TTC GTG 
GAA TTG TGA GCG GAT A - 3' 

This 
study 

AB092 
Reverse to make left flank 
of knockout construct for 

CAP1 using HygB 

5' - GAC GTC AGG TGG CAC TTT TCG 
GGG GCT TTA ACG GCA AGG AGT TAG - 

3' 

This 
study 

AB093 
Forward to amplify HygB 

for CAP1 knockout 
construct 

5' - CTA ACT CCT TGC CGT TAA AGC CCC 
CGA AAA GTG CCA CCT GAC GTC - 3' 

This 
study 

AB094 
Reverse to amplify HygB 

for CAP1 knockout 
construct 

5' - ACT AAC TAC GCT GTC CGT TTC GGC 
CTC GTG ATA CGC CTA TT - 3' 

This 
study 

AB095 Forward to make right 
flank of knockout 

5' - AAT AGG CGT ATC ACG AGG CCG 
AAA CGG ACA GCG TAG TTA GT - 3' 

This 
study 
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construct for CAP1 using 
HygB 

AB122 
Forward to amplify MGD2 

MMEJ construct with 
HygB 

5' - GCG TAT AAT TAT TCC GTG TAT GTT 
GAA CTT CGG AAT TAA ACC CAA CGG 
GGT ATA GTG CTT GCT GTT CGA T - 3' 

This 
study 

AB123 
Reverse to amplify MGD2 

MMEJ construct with 
HygB 

5' - CCT TAA TTG TGC GAA CGT ACA 
TGA AAT CCT CAG TAT ATC ACA AAT 

CTT GCA TTT TAT GAT GGA ATG AAT G - 
3' 

This 
study 

ED038 
Forward to make left flank 
of knockout construct for 

MDR1 

5’ – CAG TAG TGT GTT CGT CTC CTT AG 
– 3’ (7) 

ED042 
Nested forward to amplify 

across stitched MDR1 
knockout construct 

5’ – CGG CGG AGT TAT ATC CGT TTC – 3’ (7) 

ED043 
Nested reverse to amplify 

across stitched MDR1 
knockout construct 

5’ – GGC TTC CGT ATT TAA GCT GTA CT 
– 3’ (7) 

ED048 
Reverse to make right 

flank of knockout 
construct for MDR1 

5’ – CCG ACC CTC CCA TTC AAT C – 3’ (7) 

ED103 
Forward to amplify MRR1 

and 1kb upstream w/ 
homology to pMQ30 

5’ – TTT TCC CAG TCA CGA CGT TGT 
AAA ACG ACG GCC GCG GCC GCA AGG 

CGT GTC CTT CAT GTT – 3’ 

This 
study 

ED110 
Reverse to amplify 1 kb 
downstream MRR1 w/ 
homology to pMQ30 

5’ – CGG ATA ACA ATT TCA CAC AGG 
AAA CAG CTA TGA CCC GGA GCT TTT 

CAT CAC CAC CA – 3’ 

This 
study 

ED115 
Reverse to amplify MRR1 

and 1kb upstream w/ 
homology to HygB 

5’ – AGC AAT ATC GAA CAG CAA GCA 
CTA TAT CTA GAG GTT TAC GAC GGA 

ACT AGC TGC T – 3’ 

This 
study 

ED121 
Forward to amplify HygB 

w/ homology to MRR1 
(swap for URA3) 

5’ – TAG TTC AAC TCA GCA GCT AGT 
TCC GTC GTA AAC CTC TAG ATA TAG 

TGC TTG CTG TTC GAT – 3’ 

This 
study 

ED122 

Reverse to amplify HygB 
w/ homology to MRR1 
downstream (swap for 

URA3) 

5’ – CTG ATG TGC CGA TCA ATG AGT 
CAG AAA CAG CCT GTA TTT TAT GAT 

GGA ATG AAT GGG ATG – 3’ 

This 
study 

ED125 
Forward upstream of 

MRR1 to validate 
complement 

5’ – GAA AAA GAA GCC AGC AGA CC – 3’ This 
study 

ED126 
Reverse downstream of 

MRR1 to validate 
complement 

5’ – GGG TAA AGC CAT TGC AGA C – 3’ This 
study 

ED187 
Reverse to make left flank 
of knockout construct for 

MDR1 using HygB 

5’ – GCA ATA TCG AAC AGC AAG CAC 
TAT AGC GAT TAG GTA TTA GAT GGA 

TGT TTG – 3’ 

This 
study 

ED188 
Forward to amplify HygB 

for MDR1 knockout 
construct 

5’ – CAA ACA TCC ATC TAA TAC CTA 
ATC GCT ATA GTG CTT GCT GTT CGA 

TAT TGC – 3’ 

This 
study 

ED189 
Reverse to amplify HygB 

for MDR1 knockout 
construct 

5’ – CCT GAA CAA TTA CCT TGT GAA 
CTC ATT TTA TGA TGG AAT GAA TGG G 

– 3’ 

This 
study 
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ED190 

Forward to make right 
flank of knockout 

construct for MDR1 using 
HygB 

5’ – CCC ATT CAT TCC ATC ATA AAA 
TGA GTT CAC AAG GTA ATT GTT CAG G 

– 3’ 

This 
study 

NG_087 Reverse NAT1 internal, for 
validation 

5’ – GAA GTT CCA GTT GAT CCA CCA 
TTG A – 3’ (74) 

rev seq 
NAT1 

Forward NAT1 internal, 
for validation 5’ – CGA TGG TAC TGC TTC CGA TGG – 3’ (74) 

ED123 Reverse HygB internal, for 
validation 

5’ – CAT AAC CTC TAC CAC CAA CAT C – 
3’ 

This 
study 

ED124 Forward HygB internal, 
for validation 5’ – GCT CAA GGT AGA TGT GAT GC – 3’ This 

study 

POP01 
Forward to amplify 

CaURA3 w/ homology to 
pNAT 

5’ – ACA TCC GAA CAT AAA CAA CCA 
TGA CAG TCA ACA CTA AG – 3’ 

This 
study 

POP02 
Reverse to amplify 

CaURA3 w/ homology to 
pNAT 

5’ – AAT CTT TTT ATT GTC AGT ATT TAT 
AAT TGG CCA GTT TTT TTC – 3’ 

This 
study 

POP03 
Forward to amplify 

pNAT, replacing NAT1 w/ 
CaURA3 

5’ – ATA CTG ACA ATA AAA AGA TTC 
TTG TTT TCA AGA ACT TGT CAT TTG 

TAT AG – 3’ 

This 
study 

POP04 
Reverse to amplify pNAT, 

replacing NAT1 w/ 
CaURA3 

5’ – GGT TGT TTA TGT TCG GAT GTG 
ATG TGA GAA CTG TAT C – 3’ 

This 
study 

POP18 Reverse to validate 
pTEF1-URA3 

5’ - CAG GAA ACA GCT ATG ACC ATG – 
3’ 

This 
study 

POP19 Forward to validate 
pTEF1-URA3 

5’ - CGT ACA TTT AGC CCA TAC ATC C – 
3’ 

This 
study 

MDR1 
crRNA crRNA for MDR1 5’ – AGT CCT TGC TTG GCC ACA GG – 3’ (7) 

MRR1 
crRNA crRNA for MRR1 5’ – TTC ATC ACT AAA GAT GAT GG – 3’ (7) 

CAP1 
crRNA crRNA for CAP1 5’ – AAC CAC ACA CAA AAC CAG GG – 3’ This 

study 
MGD1 
crRNA crRNA for MGD1 5’ – GGA GAA AGG ATA CTC CGT GG – 3’ This 

study 
MGD2 
crRNA 

crRNA for MGD2 (used 
with NAT1 construct) 5’ – GAA AAA GTT TGC TGA AAA GG– 3’ This 

study 
MGD2 5’ 
crRNA 

crRNA for MGD2 (used 
with HYGB construct) 5’ – GGG AAA GAC TAC AGA TAA GG – 3’ This 

study 
MGD2 3’ 
crRNA 

crRNA for MGD2 (used 
with HYGB construct) 5’ – CTA TAC CGA TAA TCT GGA CT – 3’ This 

study 
GLO1 
crRNA crRNA for GLO1 5’ – TGG CCA CAT TTG TAT CAC GG – 3’ This 

study 

NAT1 
crRNA 

crRNA for NAT1 (making 
MRR1 complement 

strains) 
5’ – GGG AAA ACC TTA GTC AAT GG – 3’ This 

study 

  



 195 

 

 

Figure 2.1. Schematic of methylglyoxal (MG) metabolism and catabolism. MG is a 

highly reactive, toxic product that forms spontaneously during the catabolism of sugars, 

fatty acids, and proteins. It can be detoxified to D-lactate via the GSH-dependent 

glyoxalase system, consisting of Glo1 and Glo2, or to lactaldehyde through NAD(P)H-

dependent MG reductases such as Mgd1 and Mgd2, which are homologs of C. albicans 

Grp2. F-1,6-di-P, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; GSH, 

reduced glutathione. Solid arrows represent enzymatic processes; dashed arrows represent 

nonenzymatic processes. 
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Figure 2.2. MGD1 and MGD2 are required for fitness in the presence of high MG. (A) 

Phylogeny of known and putative MG reductase based on amino acid sequences with 

homology to C. albicans Grp2, S. cerevisiae Gre2, and C. lusitaniae Mgd1 and Mgd2. 

Candida species is denoted by color: C. lusitaniae (purple); C. auris (red); C. tropicalis 

(orange); C. parapsilosis (blue); C. glabrata (teal) and C. albicans (green). (B-D) Growth 
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of C. lusitaniae S18 WT (black), mgd1∆ (red), mgd2∆ (teal), and mgd1∆/mgd2∆ (purple) 

strains in YPD with or without 15 mM MG in terms of OD600 after 36 h (B), exponential 

growth rate (C), and lag time (D). Data shown represent the mean ± SD from five 

independent experiments. (E) OD600 after 36 h of strain L17 WT (black), mgd1∆ (red), and 

mgd2∆ (teal) in YPD with or without 15 mM MG. Data shown represent the mean ± SD 

from three independent experiments. Ordinary two-way ANOVA with Tukey’s multiple 

comparison test was used for statistical evaluation in (B) and (E); a-b, a-c, b-c, p < 0.05. 

Data points connected by line in (B) and (E) are from the same experiment. Ordinary one-

way ANOVA with Tukey’s multiple comparison test was used for statistical evaluation in 

(C) and (D); a-b, p < 0.01. 
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Figure 2.3. Mrr1 regulates MG resistance and basal expression of MGD1 but not 

MGD2. (A-B) Growth curves of C. lusitaniae S18 (A) and L17 (B) wild type (black) and 

mrr1∆ (orange) in YPD alone (closed circles) or with 15 mM MG (open circles). One 

representative experiment out of three independent experiments is shown; error bars 
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represent the standard deviation of technical replicates within the experiment. (C-D) 

Growth curves of C. lusitaniae U04 (black), U04 mrr1∆ (orange), U04 mrr1∆ + MRR1Y8 

(pink) and U04 mrr1∆ + MRR1L1Q1* (light blue) in YPD alone (C) or with 15 mM MG (D). 

One representative experiment out of three independent experiments is shown; error bars 

represent the standard deviation of technical replicates within the experiment. (E-F) 

Expression of MGD1 (E) and MGD2 (F) in C. lusitaniae U04 WT (black), U04 mrr1∆ 

(orange), U04 mrr1∆ + MRR1Y8 (pink) and U04 mrr1∆ + MRR1L1Q1* (light blue). Data 

shown represent the mean ± SD from three independent experiments. Ordinary one-way 

ANOVA with Tukey’s multiple comparison test was used for statistical evaluation in (E-

F); a-b and a-c, p < 0.0001; b-c, p < 0.01. 
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Figure 2.4. Levels of MGD1, MGD2, and MDR1 transcripts were increased in 

response to MG in a partially Mrr1- and Cap1-dependent manner. (A-C) C. lusitaniae 

isolate S18 was grown to exponential phase at 30°C and treated with 5 mM MG for the 

time indicated prior to analysis of MGD1 (A), MGD2 (B), and MDR1 (C) transcript levels 

by qRT-PCR. Transcript levels are normalized to levels of ACT1 and presented as ratio at 

each time point relative to 0 min for three independent experiments. Data shown represent 

the mean ± SD from three independent experiments. Ordinary one-way ANOVA with 

Dunnett’s multiple comparison test was used for statistical evaluation of each time point 

compared to 0 min; * p < 0.05, ** p < 0.01, ns not significant. (D-F) C. lusitaniae S18 wild 

type (black) and mrr1∆ (orange), cap1∆ (green), and mrr1∆/cap1∆ (yellow) mutants were 

grown to exponential phase at 30°C and treated with 5 mM MG for 15 minutes prior to 

analysis of MGD1 (D), MGD2 (E), and MDR1 (F) transcript levels by qRT-PCR. 

Transcript levels are normalized to ACT1. Data shown represent the mean ± SD for three 

A CB

D FE

MGD1 MGD2 MDR1
0 15 30 60

0

1

2

3

Time of MG exposure (min)

Fo
ld

 c
ha

ng
e 

* *

**

0 15 30 60
0.5

1
2
4
8

16
32

Time of MG exposure (min)

Fo
ld

 c
ha

ng
e

**

ns

ns

0 15 30 60
0.5

1

2

4

8

16

Time of MG exposure (min)

Fo
ld

 c
ha

ng
e 

* * ns

- + - + - + - +
0.00

0.05

0.10

0.15

M
G
D
2/
AC
T1

WT mrr1Δ cap1Δ mrr1Δ/
cap1Δ

a
a a a

b

a
a

a

- + - + - + - +
0

5

10

15

M
G
D
1/
AC
T1

WT mrr1Δ cap1Δ mrr1Δ/
cap1Δ

5 mM MG

a

a a
a

b

a

a a

- + - + - + - +
0

5

10

15

20

25

M
D
R
1/
AC
T1

WT mrr1Δ cap1Δ mrr1Δ/
cap1Δ

a a
a a

b

c c

b



 201 

independent experiments. Ordinary two-way ANOVA with Tukey’s multiple comparison 

test was used for statistical evaluation; a-b, a-c, and b-c p < 0.05. 
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Figure 2.5. MG increases FLZ resistance via Mrr1 and Mdr1. (A) C. lusitaniae isolate 

S18 was grown at 37°C in YPD alone (black), or with 5 mM MG (red), FLZ (equal to the 

MIC) (teal), or FLZ + 5 mM MG (purple). Data shown represent the mean ± SD for eight 

independent experiments. (B) Fold change in OD600 after 16 hours of growth for each 

indicated strain at 37°C in FLZ versus FLZ + 5 mM MG. Data shown represent the mean 

± SD from at least three independent experiments. Ordinary one-way ANOVA with 

Tukey’s multiple comparison test was used for statistical evaluation; a-b, p < 0.05. 
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Figure 2.6. Strains with a constitutively active Mrr1 variant show a greater increase 

in growth with FLZ by MG than strains with low activity Mrr1 variants. C. lusitaniae 

isolates with low activity Mrr1 variants, U05 (green) and L14 (blue), or with constitutively 

active Mrr1 variants, L17 (grey) and S18 (dark red), were grown at 37°C in YPD with FLZ 

in the presence or absence of 5 mM MG. (A) Growth kinetics of isolates U05, L14, S18, 

and L17 in FLZ with (open circles) or without (closed circles) 5 mM MG. Data shown 

represent the mean ± SD from three independent experiments. (B) OD600 after 16 hours of 

growth for each indicated strain at 37°C in FLZ with or without 5 mM MG as indicated. 

Data shown represent the mean ± SD from three independent experiments. Ordinary two-

way ANOVA Tukey’s multiple comparison test was used for statistical analysis; a-b, p < 

0.05. 
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Figure 2.7. The absence of GLO1, which encodes a MG catabolizing enzyme, leads to 

increased sensitivity to MG and increased resistance to FLZ. (A) C. lusitaniae S18 wild 

type (WT, black) and its glo1∆ derivative (purple) were grown in YPD with (open circles) 

or without (closed circles) 15 mM MG. (B) Growth of S18 wild type (WT, black) and 

glo1∆ (purple) derivative in YPD with 8 µg mL-1 FLZ. Data shown represent the mean ± 

SD from three independent experiments. 
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Figure 2.8. MG sensitivity and MG stimulation of azole resistance varies among 

Candida species and strains. (A) Serial 1:10 dilutions of each Candida strain were spotted 

onto YNBG100 plates without or with 15 mM MG, then grown at 37°C for two days. One 

representative out of three independent experiments is shown. (B) Serial 1:10 dilutions of 

Candida strains were spotted onto YNBG100 plates containing the indicated concentration 

of FLZ or VOR without or with 3 mM MG. Only strains that demonstrated improved 
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growth with the presence of 3 mM MG are shown here, the other strains are shown in Fig. 

S2.6. One representative experiment out of two independent experiments is shown. 
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Figure S2.1. 15 mM MG inhibits growth in a strain-dependent manner. Representative 

growth kinetics for C. lusitaniae strains grown in YPD in the absence (A, B) or presence 

(C, D) of 15 mM MG. S18 (A, C) or L17 (B, D) parental (black) and isogenic mgd1∆ (red), 

mgd2∆ (teal), and mgd1∆/mgd2∆ (purple) mutants are shown. One representative 

experiment out of three (B, D) or five (A, C) independent experiments is shown, data 

summarized in Fig. 2.2B and D. Error bars indicate the standard deviation of technical 

replicates from the same experiment. 
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Figure S2.2. MGD1, MGD2, and MRR1 play a role in MG catabolism. C. lusitaniae 

S18 strains were grown in YNB medium supplemented with either 5 mM glucose (A) or 5 

mM MG (B), and OD600 was measured after 36 h of growth. RM one-way ANOVA with 

Geisser-Greenhouse correction and Tukey’s multiple comparison test was used for 

statistical analysis; a-b, a-c, and b-c, p < 0.05. Data shown represent the mean OD600 at 36 

h from each of five independent experiments. Data points connected by line are from the 

same experiment. 
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Figure S2.3. Loss of CAP1 increases sensitivity to high concentrations of exogenous 

MG regardless of whether MRR1 is present. C. lusitaniae S18 (black), cap1∆ (green), 

and mrr1∆/cap1∆ (gold) were grown in YPD alone (A) or with 15 mM MG (B). One 

representative experiment out of three is shown. Error bars indicate the standard deviation 

of technical replicates from the same experiment. 
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Figure S2.4. MRR1 and CAP1 play a role in MG-dependent MDR1 induction in C. 

lusitaniae isolate L17. Induction of MDR1 in L17 WT (black), mrr1Δ (orange), and cap1Δ 

(green) following 15 minutes of exposure to 5 mM MG in YPD-grown exponential phase 

cells. Data shown represent the mean ± SD from three independent experiments. Ordinary 

two-way ANOVA with Tukey’s multiple comparison test was used for statistical 

evaluation; a-b p < 0.01. 
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Figure S2.5. 5 mM MG increases growth in FLZ but not in YPD alone in isolates S18 

and L17. (A) Fold change in OD600 after 16 hours of growth for indicated S18 strains in 

YPD versus YPD supplemented with 5 mM MG. Data shown represent the mean ± SD 

from at least three independent experiments. Ordinary one-way ANOVA with Tukey’s 

multiple comparison test was used for statistical evaluation; no strains were significantly 

different from one another. (B) Fold change in OD600 after 16 hours of growth for indicated 

L17 strains in YPD versus YPD supplemented with 5 mM MG. Data shown represent the 

mean ± SD from three independent experiments. Ordinary one-way ANOVA with Tukey’s 

multiple comparison test was used for statistical evaluation; no strains were significantly 

different from one another. (C) Growth curve for L17 WT in YPD alone (black), or with 5 

mM MG (red), FLZ (equal to the MIC) (teal), or FLZ + 5 mM MG (purple). Data shown 

represent the mean ± SD from three independent experiments. (D) Fold difference in OD600 
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after 16 hours of growth for indicated L17 strains in FLZ alone versus FLZ with 5 mM 

MG. Data shown represent the mean ± SD from three independent experiments. Ordinary 

one-way ANOVA with Tukey’s multiple comparison test was used for statistical 

evaluation; a-b, p < 0.05. 
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Fig S2.6. Growth of all tested Candida strains on azoles with or without 3 mM MG. 

Serial 1:10 dilutions of each Candida strain were spotted onto YNBG100 with FLZ or VOR 

in the absence and presence of 3 mM MG, then grown at 37°C for two days. One 

representative experiment out of two independent experiments is shown.  

+FLZ/VOR + 3 mM MG+FLZ/VOR

CAU-01
CAU-02
CAU-03

CAU-04
CAU-05

C. auris

S18
S18 glo1

Y533
RC301

UCDFST 80-11
UCDFST 80-12

C. lusitaniae

SC5314

F2

F5

C. albicans

ATCC 6260

ATCC 2001
RC201

C. glabrata

RC601

JB6
JB12

C. parapsilosis

Wü 284

CM1

CM2
C. dubliniensis

C. guilliermondii

2 µg/mL VOR
2 µg/mL VOR

1 µg/mL FLZ

1 µg/mL FLZ
1 µg/mL FLZ

8 µg/mL FLZ

8 µg/mL FLZ
8 µg/mL FLZ
8 µg/mL FLZ
8 µg/mL FLZ
8 µg/mL FLZ
8 µg/mL FLZ

128 µg/mL FLZ
128 µg/mL FLZ

128 µg/mL FLZ

128 µg/mL FLZ
128 µg/mL FLZ

4 µg/mL FLZ

4 µg/mL FLZ

1 µg/mL FLZ

4 µg/mL FLZ

4 µg/mL FLZ

8 µg/mL FLZ



 214 

References 

1. Lamoth F, Lockhart SR, Berkow EL, Calandra T. 2018. Changes in the 

epidemiological landscape of invasive candidiasis. J Antimicrob Chemother 73:i4-

i13. 

2. Arendrup MC. 2010. Epidemiology of invasive candidiasis. Curr Opin Crit Care 

16:445-52. 

3. Nucci M, Perfect JR. 2008. When primary antifungal therapy fails. Clinical 

Infectious Diseases 46:1426-1433. 

4. Hiller D, Sanglard D, Morschhauser J. 2006. Overexpression of the MDR1 gene is 

sufficient to confer increased resistance to toxic compounds in Candida albicans. 

Antimicrob Agents Chemother 50:1365-71. 

5. Jin L, Cao Z, Wang Q, Wang Y, Wang X, Chen H, Wang H. 2018. MDR1 

overexpression combined with ERG11 mutations induce high-level fluconazole 

resistance in Candida tropicalis clinical isolates. BMC Infect Dis 18:162. 

6. Wirsching S, Moran GP, Sullivan DJ, Coleman DC, Morschhauser J. 2001. MDR1-

mediated drug resistance in Candida dubliniensis. Antimicrob Agents Chemother 

45:3416-21. 

7. Demers EG, Biermann AR, Masonjones S, Crocker AW, Ashare A, Stajich JE, 

Hogan DA. 2018. Evolution of drug resistance in an antifungal-naive chronic 

Candida lusitaniae infection. Proc Natl Acad Sci U S A 115:12040-12045. 

8. Dunkel N, Blass J, Rogers PD, Morschhauser J. 2008. Mutations in the multi-drug 

resistance regulator MRR1, followed by loss of heterozygosity, are the main cause 



 215 

of MDR1 overexpression in fluconazole-resistant Candida albicans strains. Mol 

Microbiol 69:827-40. 

9. Schubert S, Rogers PD, Morschhauser J. 2008. Gain-of-function mutations in the 

transcription factor MRR1 are responsible for overexpression of the MDR1 efflux 

pump in fluconazole-resistant Candida dubliniensis strains. Antimicrob Agents 

Chemother 52:4274-80. 

10. Morschhauser J, Barker KS, Liu TT, Bla BWJ, Homayouni R, Rogers PD. 2007. 

The transcription factor Mrr1p controls expression of the MDR1 efflux pump and 

mediates multidrug resistance in Candida albicans. PLoS Pathog 3:e164. 

11. Liu Z, Myers LC. 2017. Candida albicans Swi/Snf and Mediator complexes 

differentially regulate Mrr1-induced MDR1 expression and fluconazole resistance. 

Antimicrob Agents Chemother 61. 

12. Mogavero S, Tavanti A, Senesi S, Rogers PD, Morschhauser J. 2011. Differential 

requirement of the transcription factor Mcm1 for activation of the Candida albicans 

multidrug efflux pump MDR1 by its regulators Mrr1 and Cap1. Antimicrob Agents 

Chemother 55:2061-6. 

13. Schubert S, Barker KS, Znaidi S, Schneider S, Dierolf F, Dunkel N, Aid M, 

Boucher G, Rogers PD, Raymond M, Morschhauser J. 2011. Regulation of efflux 

pump expression and drug resistance by the transcription factors Mrr1, Upc2, and 

Cap1 in Candida albicans. Antimicrob Agents Chemother 55:2212-23. 

14. Hampe IAI, Friedman J, Edgerton M, Morschhauser J. 2017. An acquired 

mechanism of antifungal drug resistance simultaneously enables Candida albicans 

to escape from intrinsic host defenses. PLoS Pathog 13:e1006655. 



 216 

15. Karababa M, Coste AT, Rognon B, Bille J, Sanglard D. 2004. Comparison of gene 

expression profiles of Candida albicans azole-resistant clinical isolates and 

laboratory strains exposed to drugs inducing multidrug transporters. Antimicrob 

Agents Chemother 48:3064-79. 

16. Hoehamer CF, Cummings ED, Hilliard GM, Morschhauser J, Rogers PD. 2009. 

Proteomic analysis of Mrr1p- and Tac1p-associated differential protein expression 

in azole-resistant clinical isolates of Candida albicans. Proteomics Clin Appl 

3:968-78. 

17. Rogers PD, Barker KS. 2003. Genome-wide expression profile analysis reveals 

coordinately regulated genes associated with stepwise acquisition of azole 

resistance in Candida albicans clinical isolates. Antimicrob Agents Chemother 

47:1220-7. 

18. Silva AP, Miranda IM, Guida A, Synnott J, Rocha R, Silva R, Amorim A, Pina-

Vaz C, Butler G, Rodrigues AG. 2011. Transcriptional profiling of azole-resistant 

Candida parapsilosis strains. Antimicrob Agents Chemother 55:3546-56. 

19. Kannan A, Asner SA, Trachsel E, Kelly S, Parker J, Sanglard D. 2019. Comparative 

genomics for the elucidation of multidrug resistance in Candida lusitaniae. mBio 

10. 

20. Zuin A, Vivancos AP, Sanso M, Takatsume Y, Ayte J, Inoue Y, Hidalgo E. 2005. 

The glycolytic metabolite methylglyoxal activates Pap1 and Sty1 stress responses 

in Schizosaccharomyces pombe. J Biol Chem 280:36708-13. 



 217 

21. Takatsume Y, Izawa S, Inoue Y. 2006. Methylglyoxal as a signal initiator for 

activation of the stress-activated protein kinase cascade in the fission yeast 

Schizosaccharomyces pombe. J Biol Chem 281:9086-92. 

22. Lu J, Randell E, Han Y, Adeli K, Krahn J, Meng QH. 2011. Increased plasma 

methylglyoxal level, inflammation, and vascular endothelial dysfunction in diabetic 

nephropathy. Clin Biochem 44:307-11. 

23. Wang XJ, Ma SB, Liu ZF, Li H, Gao WY. 2019. Elevated levels of alpha-

dicarbonyl compounds in the plasma of type II diabetics and their relevance with 

diabetic nephropathy. J Chromatogr B Analyt Technol Biomed Life Sci 1106-

1107:19-25. 

24. McLellan AC, Thornalley PJ, Benn J, Sonksen PH. 1994. Glyoxalase system in 

clinical diabetes mellitus and correlation with diabetic complications. Clin Sci 

(Lond) 87:21-9. 

25. Brenner T, Fleming T, Uhle F, Silaff S, Schmitt F, Salgado E, Ulrich A, 

Zimmermann S, Bruckner T, Martin E, Bierhaus A, Nawroth PP, Weigand MA, 

Hofer S. 2014. Methylglyoxal as a new biomarker in patients with septic shock: an 

observational clinical study. Crit Care 18:683. 

26. Mukhopadhyay S, Ghosh A, Kar M. 2008. Methylglyoxal increase in uremia with 

special reference to snakebite-mediated acute renal failure. Clin Chim Acta 391:13-

7. 

27. Lapolla A, Flamini R, Lupo A, Arico NC, Rugiu C, Reitano R, Tubaro M, Ragazzi 

E, Seraglia R, Traldi P. 2005. Evaluation of glyoxal and methylglyoxal levels in 

uremic patients under peritoneal dialysis. Ann N Y Acad Sci 1043:217-24. 



 218 

28. Karg E, Papp F, Tassi N, Janaky T, Wittmann G, Turi S. 2009. Enhanced 

methylglyoxal formation in the erythrocytes of hemodialyzed patients. Metabolism 

58:976-82. 

29. Odani H, Shinzato T, Usami J, Matsumoto Y, Brinkmann Frye E, Baynes JW, 

Maeda K. 1998. Imidazolium crosslinks derived from reaction of lysine with 

glyoxal and methylglyoxal are increased in serum proteins of uremic patients: 

evidence for increased oxidative stress in uremia. FEBS Lett 427:381-5. 

30. Zhang MM, Ong CL, Walker MJ, McEwan AG. 2016. Defence against 

methylglyoxal in Group A Streptococcus: a role for Glyoxylase I in bacterial 

virulence and survival in neutrophils? Pathog Dis 74. 

31. Stewart BJ, Navid A, Kulp KS, Knaack JLS, Bench G. 2013. D-Lactate production 

as a function of glucose metabolism in Saccharomyces cerevisiae. Yeast 30:81-91. 

32. Thornalley PJ. 1990. The glyoxalase system: new developments towards functional 

characterization of a metabolic pathway fundamental to biological life. Biochem J 

269:1-11. 

33. Ray M, Ray S. 1984. Purification and partial characterization of a methylglyoxal 

reductase from goat liver. Biochim Biophys Acta 802:119-27. 

34. Chen CN, Porubleva L, Shearer G, Svrakic M, Holden LG, Dover JL, Johnston M, 

Chitnis PR, Kohl DH. 2003. Associating protein activities with their genes: rapid 

identification of a gene encoding a methylglyoxal reductase in the yeast 

Saccharomyces cerevisiae. Yeast 20:545-54. 

35. Kwak MK, Ku M, Kang SO. 2018. Inducible NAD(H)-linked methylglyoxal 

oxidoreductase regulates cellular methylglyoxal and pyruvate through enhanced 



 219 

activities of alcohol dehydrogenase and methylglyoxal-oxidizing enzymes in 

glutathione-depleted Candida albicans. Biochim Biophys Acta Gen Subj 1862:18-

39. 

36. Stajich JE, Harris T, Brunk BP, Brestelli J, Fischer S, Harb OS, Kissinger JC, Li 

W, Nayak V, Pinney DF, Stoeckert CJ, Jr., Roos DS. 2012. FungiDB: an integrated 

functional genomics database for fungi. Nucleic Acids Res 40:D675-81. 

37. Basenko EY, Pulman JA, Shanmugasundram A, Harb OS, Crouch K, Starns D, 

Warrenfeltz S, Aurrecoechea C, Stoeckert CJ, Jr., Kissinger JC, Roos DS, Hertz-

Fowler C. 2018. FungiDB: An Integrated Bioinformatic Resource for Fungi and 

Oomycetes. J Fungi (Basel) 4. 

38. Maeta K, Izawa S, Okazaki S, Kuge S, Inoue Y. 2004. Activity of the Yap1 

transcription factor in Saccharomyces cerevisiae is modulated by methylglyoxal, a 

metabolite derived from glycolysis. Mol Cell Biol 24:8753-64. 

39. Moraru A, Wiederstein J, Pfaff D, Fleming T, Miller AK, Nawroth P, Teleman AA. 

2018. Elevated levels of the reactive metabolite methylglyoxal recapitulate 

progression of type 2 diabetes. Cell Metab 27:926-934 e8. 

40. Irshad Z, Xue M, Ashour A, Larkin JR, Thornalley PJ, Rabbani N. 2019. Activation 

of the unfolded protein response in high glucose treated endothelial cells is 

mediated by methylglyoxal. Sci Rep 9:7889. 

41. Nokin MJ, Bellier J, Durieux F, Peulen O, Rademaker G, Gabriel M, Monseur C, 

Charloteaux B, Verbeke L, van Laere S, Roncarati P, Herfs M, Lambert C, Scheijen 

J, Schalkwijk C, Colige A, Caers J, Delvenne P, Turtoi A, Castronovo V, 

Bellahcene A. 2019. Methylglyoxal, a glycolysis metabolite, triggers metastasis 



 220 

through MEK/ERK/SMAD1 pathway activation in breast cancer. Breast Cancer 

Res 21:11. 

42. Antognelli C, Moretti S, Frosini R, Puxeddu E, Sidoni A, Talesa VN. 2019. 

Methylglyoxal Acts as a Tumor-Promoting Factor in Anaplastic Thyroid Cancer. 

Cells 8. 

43. Penninckx MJ, Jaspers CJ, Legrain MJ. 1983. The glutathione-dependent 

glyoxalase pathway in the yeast Saccharomyces cerevisiae. J Biol Chem 258:6030-

6. 

44. Inoue Y, Kimura A. 1996. Identification of the structural gene for glyoxalase I from 

Saccharomyces cerevisiae. J Biol Chem 271:25958-65. 

45. Thornalley PJ. 1996. Pharmacology of methylglyoxal: formation, modification of 

proteins and nucleic acids, and enzymatic detoxification--a role in pathogenesis and 

antiproliferative chemotherapy. Gen Pharmacol 27:565-73. 

46. Beisswenger PJ, Howell SK, Touchette AD, Lal S, Szwergold BS. 1999. 

Metformin reduces systemic methylglyoxal levels in type 2 diabetes. Diabetes 

48:198-202. 

47. Ogasawara Y, Tanaka R, Koike S, Horiuchi Y, Miyashita M, Arai M. 2016. 

Determination of methylglyoxal in human blood plasma using fluorescence high 

performance liquid chromatography after derivatization with 1,2-diamino-4,5-

methylenedioxybenzene. J Chromatogr B Analyt Technol Biomed Life Sci 1029-

1030:102-105. 

48. Allaman I, Belanger M, Magistretti PJ. 2015. Methylglyoxal, the dark side of 

glycolysis. Front Neurosci 9:23. 



 221 

49. Rosenbach A, Dignard D, Pierce JV, Whiteway M, Kumamoto CA. 2010. 

Adaptations of Candida albicans for growth in the mammalian intestinal tract. 

Eukaryot Cell 9:1075-86. 

50. Liu J, Wang R, Desai K, Wu L. 2011. Upregulation of aldolase B and 

overproduction of methylglyoxal in vascular tissues from rats with metabolic 

syndrome. Cardiovasc Res 92:494-503. 

51. Masterjohn C, Park Y, Lee J, Noh SK, Koo SI, Bruno RS. 2013. Dietary fructose 

feeding increases adipose methylglyoxal accumulation in rats in association with 

low expression and activity of glyoxalase-2. Nutrients 5:3311-28. 

52. Ferguson GP, Totemeyer S, MacLean MJ, Booth IR. 1998. Methylglyoxal 

production in bacteria: suicide or survival? Arch Microbiol 170:209-18. 

53. Calabrese D, Bille J, Sanglard D. 2000. A novel multidrug efflux transporter gene 

of the major facilitator superfamily from Candida albicans (FLU1) conferring 

resistance to fluconazole. Microbiology 146 ( Pt 11):2743-2754. 

54. Li R, Kumar R, Tati S, Puri S, Edgerton M. 2013. Candida albicans Flu1-mediated 

efflux of salivary histatin 5 reduces its cytosolic concentration and fungicidal 

activity. Antimicrob Agents Chemother 57:1832-9. 

55. Harry JB, Oliver BG, Song JL, Silver PM, Little JT, Choiniere J, White TC. 2005. 

Drug-induced regulation of the MDR1 promoter in Candida albicans. Antimicrob 

Agents Chemother 49:2785-92. 

56. Znaidi S, Weber S, Al-Abdin OZ, Bomme P, Saidane S, Drouin S, Lemieux S, De 

Deken X, Robert F, Raymond M. 2008. Genomewide location analysis of Candida 



 222 

albicans Upc2p, a regulator of sterol metabolism and azole drug resistance. 

Eukaryot Cell 7:836-47. 

57. Rodrigues CF, Rodrigues ME, Henriques M. 2019. Candida sp. infections in 

patients with diabetes mellitus. J Clin Med 8. 

58. Pyrgos V, Ratanavanich K, Donegan N, Veis J, Walsh TJ, Shoham S. 2009. 

Candida bloodstream infections in hemodialysis recipients. Med Mycol 47:463-7. 

59. Jawale C, Ramani K, Biswas PS. 2018. Defect in neutrophil function accounts for 

impaired anti-fungal immunity in kidney dysfunction. Journal of Immunology 200. 

60. Kettle AJ, Turner R, Gangell CL, Harwood DT, Khalilova IS, Chapman AL, 

Winterbourn CC, Sly PD, Arest CF. 2014. Oxidation contributes to low glutathione 

in the airways of children with cystic fibrosis. Eur Respir J 44:122-9. 

61. Dickerhof N, Pearson JF, Hoskin TS, Berry LJ, Turner R, Sly PD, Kettle AJ, Arest 

CF. 2017. Oxidative stress in early cystic fibrosis lung disease is exacerbated by 

airway glutathione deficiency. Free Radic Biol Med 113:236-243. 

62. Yamauchi S, Kiyosawa N, Ando Y, Watanabe K, Niino N, Ito K, Yamoto T, 

Manabe S, Sanbuissho A. 2011. Hepatic transcriptome and proteome responses 

against diethyl maleate-induced glutathione depletion in the rat. Arch Toxicol 

85:1045-56. 

63. Urban N, Tsitsipatis D, Hausig F, Kreuzer K, Erler K, Stein V, Ristow M, 

Steinbrenner H, Klotz LO. 2017. Non-linear impact of glutathione depletion on C. 

elegans life span and stress resistance. Redox Biol 11:502-515. 

64. Enkvetchakul B, Bottje WG. 1995. Influence of diethyl maleate and cysteine on 

tissue glutathione and growth in broiler chickens. Poult Sci 74:864-73. 



 223 

65. Mitchell JB, Russo A, Biaglow JE, Mcpherson SJ. 1983. Cellular glutathione 

depletion by diethyl maleate or buthionine sulfoximine and its effects on the oxygen 

enhancement ratio. Radiation Research 94:612-612. 

66. Zheng J, Hu CL, Shanley KL, Bizzozero OA. 2018. Mechanism of protein 

carbonylation in glutathione-depleted rat brain slices. Neurochem Res 43:609-618. 

67. Juarez P, Jeannot K, Plesiat P, Llanes C. 2017. Toxic Electrophiles Induce 

Expression of the Multidrug Efflux Pump MexEF-OprN in Pseudomonas 

aeruginosa through a Novel Transcriptional Regulator, CmrA. Antimicrob Agents 

Chemother 61. 

68. Lee C, Shin J, Park C. 2013. Novel regulatory system nemRA-gloA for electrophile 

reduction in Escherichia coli K-12. Mol Microbiol 88:395-412. 

69. Hipkiss AR, Chana H. 1998. Carnosine protects proteins against methylglyoxal-

mediated modifications. Biochem Biophys Res Commun 248:28-32. 

70. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam 

H, Remmert M, Soding J, Thompson JD, Higgins DG. 2011. Fast, scalable 

generation of high-quality protein multiple sequence alignments using Clustal 

Omega. Mol Syst Biol 7:539. 

71. Letunic I, Bork P. 2007. Interactive Tree Of Life (iTOL): an online tool for 

phylogenetic tree display and annotation. Bioinformatics 23:127-8. 

72. Basso LR, Jr., Bartiss A, Mao Y, Gast CE, Coelho PS, Snyder M, Wong B. 2010. 

Transformation of Candida albicans with a synthetic hygromycin B resistance 

gene. Yeast 27:1039-48. 



 224 

73. Shanks RM, Caiazza NC, Hinsa SM, Toutain CM, O'Toole GA. 2006. 

Saccharomyces cerevisiae-based molecular tool kit for manipulation of genes from 

gram-negative bacteria. Appl Environ Microbiol 72:5027-36. 

74. Grahl N, Demers EG, Crocker AW, Hogan DA. 2017. Use of RNA-protein 

complexes for genome editing in non-albicans Candida species. mSphere 2. 

75. Al Abdallah Q, Ge W, Fortwendel JR. 2017. A Simple and Universal System for 

Gene Manipulation in Aspergillus fumigatus: In Vitro-Assembled Cas9-Guide 

RNA Ribonucleoproteins Coupled with Microhomology Repair Templates. 

mSphere 2. 

76. Gillum AM, Tsay EYH, Kirsch DR. 1984. Isolation of the Candida-Albicans gene 

for orotidine-5’-phosphate decarboxylase by complementation of S. Cerevisiae 

Ura3 and Escherichia Coli Pyrf mutations. Molecular & General Genetics 198:179-

182. 

77. Franz R, Kelly SL, Lamb DC, Kelly DE, Ruhnke M, Morschhauser J. 1998. 

Multiple molecular mechanisms contribute to a stepwise development of 

fluconazole resistance in clinical Candida albicans strains. Antimicrob Agents 

Chemother 42:3065-72. 

78. Morschhauser J, Ruhnke M, Michel S, Hacker J. 1999. Identification of CARE-2-

negative Candida albicans isolates as Candida dubliniensis. Mycoses 42:29-32. 

79. Moran GP, Sullivan DJ, Henman MC, McCreary CE, Harrington BJ, Shanley DB, 

Coleman DC. 1997. Antifungal drug susceptibilities of oral Candida dubliniensis 

isolates from human immunodeficiency virus (HIV)-infected and non-HIV-



 225 

infected subjects and generation of stable fluconazole-resistant derivatives in vitro. 

Antimicrob Agents Chemother 41:617-23. 

80. Alex D, Gay-Andrieu F, May J, Thampi L, Dou DF, Mooney A, Groutas W, 

Calderone R. 2012. Amino acid-derived 1,2-benzisothiazolinone derivatives as 

novel small-molecule antifungal inhibitors: identification of potential genetic 

targets. Antimicrobial Agents and Chemotherapy 56:4630-4639. 

81. Branco J, Silva AP, Silva RM, Silva-Dias A, Pina-Vaz C, Butler G, Rodrigues AG, 

Miranda IM. 2015. Fluconazole and voriconazole resistance in Candida 

parapsilosis is conferred by gain-of-function mutations in MRR1 transcription 

factor gene. Antimicrob Agents Chemother 59:6629-33. 

82. Gregori C, Schueller C, Roetzer A, Schwarzmuller T, Ammerer G, Kuchler K. 

2007. The high-osmolarity glycerol response pathway in the human fungal 

pathogen Candida glabrata strain ATCC 2001 lacks a signaling branch that 

operates in baker's yeast. Eukaryotic Cell 6:1635-1645. 

83. Pathirana RU, Friedman J, Norris HL, Salvatori O, McCall AD, Kay J, Edgerton 

M. 2018. Fluconazole-resistant Candida auris Is susceptible to salivary histatin 5 

killing and to intrinsic host defenses. Antimicrobial Agents and Chemotherapy 62. 

84. Rex JH, Cooper CR, Jr., Merz WG, Galgiani JN, Anaissie EJ. 1995. Detection of 

amphotericin B-resistant Candida isolates in a broth-based system. Antimicrob 

Agents Chemother 39:906-9. 

85. Min K, Ichikawa Y, Woolford CA, Mitchell AP. 2016. Candida albicans Gene 

Deletion with a Transient CRISPR-Cas9 System. mSphere 1. 



 226 

86. Wilson RB, Davis D, Mitchell AP. 1999. Rapid hypothesis testing with Candida 

albicans through gene disruption with short homology regions. Journal of 

Bacteriology 181:1868-1874. 

87. Asner SA, Giulieri S, Diezi M, Marchetti O, Sanglard D. 2015. Acquired Multidrug 

Antifungal Resistance in Candida lusitaniae during Therapy. Antimicrob Agents 

Chemother 59:7715-22. 

 



 227 

Chapter 3 

Transcriptional response of Candida auris to the Mrr1 inducers methylglyoxal and 

benomyl 

Amy R. Biermann, Deborah A. Hogan 

Published in mSphere, 2022 Apr 27:e0012422. doi: 10.1128/msphere.00124-22. 

 

3.1 Abstract 

Candida auris is an urgent threat to human health due to its rapid spread in 

healthcare settings and its repeated development of multidrug resistance. Diseases that 

increase risk for C. auris infection, such as diabetes, kidney failure, or 

immunocompromising conditions, are associated with elevated levels of methylglyoxal 

(MG), a reactive dicarbonyl compound derived from several metabolic processes. In other 

Candida species, expression of MG reductase enzymes that catabolize and detoxify MG 

are controlled by Mrr1, a multidrug resistance-associated transcription factor, and MG 

induces Mrr1 activity. Here, we used transcriptomics and genetic assays to determine that 

C. auris MRR1a contributes to MG resistance, and that the main Mrr1a targets are an MG 

reductase and MDR1, which encodes a drug efflux protein. The C. auris Mrr1a regulon is 

smaller than Mrr1 regulons described in other species. In addition to MG, benomyl (BEN), 

a known Mrr1 stimulus, induces C. auris Mrr1 activity, and characterization of the MRR1a-

dependent and independent transcriptional responses revealed substantial overlap in genes 

that were differentially expressed in response to each compound. Additionally, we found 

that an MRR1 allele specific to one C. auris phylogenetic clade, clade III, encodes a 

hyperactive Mrr1 variant, and this activity correlated with higher MG resistance. C. auris 
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MRR1a alleles were functional in Candida lusitaniae and were inducible by BEN, but not 

by MG, suggesting that the two Mrr1 inducers act via different mechanisms. Together, the 

data presented in this work contribute to the understanding Mrr1 activity and MG resistance 

in C. auris. 

 

3.2 Introduction 

Although Candida albicans has historically been the most prominent Candida 

species associated with both superficial and invasive fungal infections, worldwide 

incidence of non-albicans Candida (NAC) species is increasing (1-10). Of particular 

concern is Candida auris, which the CDC classifies as an urgent threat due to its relatively 

high frequency of resistance to multiple different classes of drugs including amphotericin 

B, echinocandins and azoles (reviewed in (11)). Since its recognition as a novel Candida 

species in 2009, C. auris, has been reported in at least 40 countries (12-14). Whole-genome 

sequencing (WGS) analyses of C. auris isolates collected from across the globe indicate 

the concurrent emergence of four genetically distinct clades (15) with a potential fifth clade 

defined more recently (16). C. auris is thought to primarily colonize the skin (17-19) in 

addition to a diverse array of body sites, and most clinical isolates to date have been isolated 

from blood (20). Once C. auris has disseminated to the bloodstream, it can cause 

potentially fatal candidemia which has an estimated global mortality rate ranging from 

about 30 – 60% (15, 21, 22). 

The resistance to azoles in C. auris is multifactorial; it has been shown that certain 

mutations in ERG11 (15, 23-31) and overproduction of Cdr1 (32-36) contribute to 

resistance to fluconazole (FLZ). In multiple Candida species, the transcriptional regulator 



 229 

Mrr1 also plays a role in FLZ resistance (37-45), and Mayr and colleagues (46) found three 

C. auris homologs of the transcriptional regulator Mrr1, and showed that one of them, 

MRR1a, modestly affected fluconazole resistance. Previously, we demonstrated that in 

Candida (Clavispora) lusitaniae, which is more closely related to C. auris relative to other 

well-studied Candida species (12, 47), Mrr1 regulates the expression of MDR1, and 

overexpression of MDR1 confers resistance to FLZ (40, 48-55), the host antimicrobial 

peptide histatin-5 (40, 56), bacterially produced phenazines (40), and other toxic 

compounds (57) in multiple Candida species. C. lusitaniae Mrr1 also regulates dozens of 

other genes with two of the most strongly regulated genes encoding methylglyoxal (MG) 

reductase enzymes, MGD1 and MGD2 (37, 40, 58). Mrr1 contributes to C. lusitaniae 

resistance to MG (58), which is a spontaneously formed dicarbonyl electrophile generated 

as a byproduct of several metabolic processes by all living cells (reviewed in (59)). Via its 

carbonyl groups, MG reacts non-enzymatically with biomolecules, which can lead to 

cellular stress and toxicity (reviewed in (59)). Some of the risk factors (60-69) for 

candidiasis caused by C. auris or other Candida spp., such as diabetes (70-72), kidney 

disease (73-76), or septic shock (77), are associated with elevated MG in human serum. 

MG resistance across clinical isolates of the same Candida species, including C. auris, can 

vary (58). 

Through specific regulators, MG and other reactive electrophiles induce stress 

responses in bacteria (78-80), plants (reviewed in (81)), mammals (reviewed in (82)), and 

the yeasts Saccharomyces cerevisiae (83-87) and Schizosaccharomyces pombe (88, 89) at 

subinhibitory concentrations. We found in C. lusitaniae, MG induces expression of MGD1 

and MGD2 as well as MDR1, through a mechanism that involved Mrr1 (58), and that MG 
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increased fluconazole (FLZ) resistance. C. auris displays nosocomial transmission (61-63, 

65-69), in part due to its resistance to high temperatures (90) and common surface 

antiseptics (91), and persistence on abiotic surfaces including latex and nitrile gloves (92), 

plastics (90), and axillary temperature probes (93). The factors that control C. auris stress 

resistance are not yet known.  

 In the present study, we show that C. auris MRR1a regulates resistance to MG and 

that MG is an inducer of Mrr1-regulated gene expression. Mrr1a regulates the gene 

orthologous to the methylglyoxal reductase genes C. lusitaniae MGD1 in addition to 

MDR1, which regulates FLZ efflux, but the Mrr1a regulon is smaller than that described 

for other species. Furthermore, we characterize Mrr1a in both Clade I and Clade III isolates 

and show that the Mrr1 variant in Clade III is constitutively active. Transcriptomics 

analysis shows that MG elicits a large transcriptional response that is similar in both Clade 

I and Clade III, and that there are commonalities in the responses elicited by MG and the 

Mrr1 inducer benomyl. These data support the model that Mrr1 is a regulator of MG 

resistance in coordination with efflux proteins such as Mdr1 and provides the basis for 

future studies on the roles of Mrr1 and MG in survival of C. auris in hospital settings. 

 

3.3 Results 

Mrr1a regulates expression of orthologs to MDR1 and MGD1 in C. auris strain 

B11221 and is involved in MG resistance. 

To determine whether the C. auris MRR1 orthologs MRR1a, MRR1b, and MRR1c 

contributed to resistance to MG, we performed growth kinetic assays in YPD +/- 5 mM, 

10 mM, or 15 mM MG. At MG concentrations of 10 mM (Fig. 3.1A) and 15 mM (Fig. 
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S3.1), the mrr1a∆ mutant displayed a substantial growth defect relative to WT, while the 

mrr1b∆ and mrr1c∆ mutants exhibited growth comparable to WT. None of the mutants 

(mrr1a∆, mrr1b∆, and mrr1c∆) differed from the parental isolate B11221 (WT) in YPD 

alone or in the presence of 5 mM MG (Fig. S3.1). Like C. lusitaniae, the C. auris genome 

encodes multiple putative MG reductases; the closest orthologs to MGD1 and MGD2 were 

CJI97_000658 and CJI97_004624, respectively, in the B11221 genome assembly (58) and 

we will henceforth refer to these genes as MGD1 and MGD2. For reference, MGD1 and 

MGD2 correspond to B9J08_000656 and B9J08_004828 respectively in the genome 

assembly of the C. auris reference strain B8441. By quantitative real-time PCR (qRT-

PCR), basal expression of MGD1 was significantly decreased 24-fold in the mrr1a∆ mutant 

relative to B11221 WT (Fig. 3.1B), and expression of MGD2 trended lower in the mrr1a∆ 

mutant (~1.2-fold) but this difference did not reach statistical significance (Fig. 3.1C). 

MGD1 was also more highly expressed than MGD2 in the WT B11221 as in C. lusitaniae 

(58). Consistent with the transcriptional patterns, C. auris Mgd1 shares slightly more 

identity with C. lusitaniae Mgd1 than does C. auris Mgd2 (63% identity versus 61% 

identity). 

In the C. auris B11221 background, expression of MDR1, another target of Mrr1 

in other species including C. lusitaniae, also depended on Mrr1a, as the mrr1a∆ mutant 

exhibited a significant 21-fold decrease in MDR1 expression compared to the WT parent 

(Fig. 3.1D). These results indicate that in C. auris MDR1 and MGD1 are co-regulated, as 

has been reported in C. albicans (44, 45, 94-96), C. parapsilosis (97), and C. lusitaniae 

(37, 39, 40, 58, 98) and that higher expression of MGD1 and/or MDR1 contributes to 

growth in high concentrations of MG (Fig. 3.1A). 
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 In C. lusitaniae and other Candida species, Mrr1 regulates dozens of genes in 

addition to MDR1 and MGD1 (37, 40). To further elucidate the Mrr1a regulon in C. auris 

isolate B11221, we performed an RNA-seq analysis of in B11221 WT and its mrr1a∆ 

derivative in cells from exponential phase cultures grown at 37˚C in YPD. In the control 

condition (YPD + dH2O), only four genes, including MDR1 and MGD1, were differentially 

expressed between the two strains with the cutoff of a log2 fold change (log2FC) ≥ 1.00 or 

≤ -1.00 and a p-value less than 0.05 (Fig 3.1E). MGD1 and MDR1 showed a 22- and 24-

fold decrease, respectively, in mrr1a∆ compared to WT, consistent with our qRT-PCR 

data. CJI97_005632, which was 2.25-fold lower in mrr1a∆, is orthologous to the C. 

albicans genes RIM11 and C2_04280W_A, both of which are predicted to encode proteins 

with serine/threonine kinase activity, though it is worth noting that levels of the transcript 

were much lower than levels of MDR1 and MGD1. CJI97_000852, which was 2.77-fold 

higher in mrr1a∆ than in WT, has 16 orthologs of diverse predicted or known functions in 

C. albicans, including USO5, USO6, and RBF1 (Fig. 3.1E). Notably, MGD2 was not 

differentially expressed between B11221 WT and the mrr1a∆ mutant in our RNA-seq data, 

consistent with our qRT-PCR results described above. 

 

Mrr1a regulates only MDR1 and MGD1 in response to MG and benomyl  

We have previously shown in C. lusitaniae that MG induces expression of the 

Mrr1-regulated genes MGD1 and MGD2 in an Mrr1-dependent manner, and MDR1 in a 

partially Mrr1-dependent manner (58). To determine if MG would induce expression of 

MGD1, MGD2, and/or MDR1 in C. auris, we purified RNA for qRT-PCR from 

exponential-phase cultures of B11221 WT and mrr1a∆ treated with 5 mM MG or an equal 
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volume of dH2O for 15 minutes. We found that MG treatment significantly enhanced 

expression of MGD1 in WT by 2.4-fold but not in mrr1a∆ (Fig. 3.2A). MGD1 was also 

induced by a 30-min treatment with 25 µg/mL benomyl (BEN), a known inducer of Mrr1-

regulated genes in other Candida species (37, 41, 43, 95, 99-104), by 7.5-fold in the WT 

(Fig. 3.2A). The different treatment times for MG and BEN were used to be consistent 

with previous studies using either compound in the related species C. lusitaniae (37, 58). 

Expression of MDR1 was also more highly induced by treatment with either MG or BEN 

in WT compared to the mrr1a∆ mutant by 6- and 14.5- fold respectively (Fig. 3.2B). 

Although MDR1 expression was significantly induced by MG and BEN in the mrr1a∆, 

transcript levels of MDR1 were approximately 20-fold higher in the WT than in the mrr1a∆ 

under these conditions (Fig. 3.2B), suggesting that Mrr1a is required for maximum 

expression of MDR1 in response to stimuli. 

To describe the complete Mrr1-dependent MG- and BEN- response regulon under 

our test conditions in C. auris, we also performed RNA-seq on exponential-phase cultures 

of B11221 WT and mrr1a∆ treated with MG or BEN as described above. In B11221 WT, 

MG led to the upregulation of 319 genes and downregulation of 133 genes compared to 

the control condition (Fig. 3.2C). In the mrr1a∆ mutant, MG led to the upregulation of 349 

genes and downregulation of 143 genes compared to the control condition (Fig. S3.2A). 

Consistent with our qRT-PCR data in Fig. 3.2A, MG induced expression of MGD1 in the 

WT but not in the mrr1a∆ mutant (Table S3.1). Although expression of MDR1 was 

significantly induced by MG in both the WT and the mrr1a∆ mutant (Table S3.1), levels 

of MDR1 were substantially lower in the mrr1a∆ mutant even in the presence of MG (Fig. 
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3.2D), also in agreement with our qRT-PCR data. MGD1 and MDR1 strongly stood out as 

the only two genes in the MG response that were strongly dependent on Mrr1a (Fig. 3.2D).  

Treatment with BEN led to upregulation of 160 genes and downregulation of 163 

genes in the WT (Fig. 3.2E). In the mrr1a∆ mutant, 181 genes were upregulated, and 229 

genes were downregulated in response to BEN (Fig. S3.2B). Like MG, induction of MGD1 

by BEN was completely dependent on Mrr1a (Table S3.1) and MGD2 expression was not 

induced by BEN. Expression of MDR1 was also induced by BEN in both the WT and the 

mrr1a∆ mutant, but as with MG, MDR1 levels in the mrr1a∆ mutant did not reach that of 

the WT even with BEN treatment (Fig. 3.2F). Again, MGD1 and MDR1 appear to be the 

only genes in C. auris whose induction of expression by either MG or BEN is dependent 

on Mrr1a. The Mrr1a-independent responses to MG and BEN are discussed further below. 

 

B11221 has higher basal expression of MDR1 and of putative MG reductase genes 

compared to the Clade I isolate AR0390. 

 Many Clade III isolates, including B11221, contain an N647T single nucleotide 

polymorphism (SNP) in MRR1a (25, 105). In (105), this SNP was proposed to be a gain-

of-function mutation due to the resistance of Clade III isolates against azoffluxin, a novel 

antifungal compound that inhibits expression and activity of C. auris efflux pumps. As a 

first step to determine if there were activity differences between the Mrr1a variant that was 

found Clade III strains was different from that encoded by the alleles found in Clade I, II, 

and IV strains, we compared MG sensitivity of B11221 to that of Clade I isolate AR0390. 

Interestingly, AR0390 grew substantially better than B11221 in the YPD control but 

showed a greater reduction in growth in YPD with 5 mM MG than did B11221 (Fig. S3.3). 
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At concentrations of 10 mM (Fig. 3.3A) and 15 mM MG (Fig. S3.3), AR0390 exhibited a 

profound growth defect compared to B11221. To determine if differences in MG sensitivity 

were due to differences in MGD1 expression, we measured basal expression of MGD1 and 

its co-regulated gene MDR1 in B11221 and AR0390 using qRT-PCR. Both genes were 

significantly more highly expressed in B11221 by 42- and 4.2-fold, respectively (Fig. 

3.3B-C).  

To gain a deeper understanding of the broader transcriptional differences between 

B11221 and AR0390, we compared the basal global gene expression in YPD of the two 

strains using RNA-seq. First, we matched the 5227 syntenic orthologs between the 

genomes of B11221 and the Clade I reference strain B8441 to compare expression of each 

gene under the control condition. Of these, 755 genes were differentially expressed 

between B11221 and AR0390 in the control condition (|log2FC| ≥ 1.00, FDR-corrected p 

< 0.05) (Fig. 3.3D).  The top twenty differentially expressed genes whose orthologs have 

known or predicted functions in C. albicans are reported in Table S3.2. Strikingly, the two 

genes which exhibited the largest difference in expression between B11221 and AR0390 

were MGD2 (log2FC = 11.29) and MGD1 (log2FC = 8.53) (Fig. 3.3D and Table S3.2). A 

third gene with homology to MG reductases, CJI97_001800/B9J08_002257, was also 

more highly expressed in B11221, although the log2FC in expression of this gene in 

B11221 vs AR0390 was only 1.41. Low expression of MGD1, MGD2, and/or 

B9J08_002257 may contribute to the severe growth defect of AR0390 in the presence of 

MG. Consistent with our qRT-PCR data, MDR1 was also significantly more highly 

expressed in B11221 relative to AR0390 (log2FC = 4.42) (Fig. 3.3D and Table S3.2). 

Although MGD2 and B9J08_002257 do not appear to be regulated by Mrr1a in our studies, 
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it is nonetheless interesting to note the elevated expression of three putative MG reductases 

in the MDR1-overexpressing C. auris isolate B11221, as the co-expression of MDR1 with 

at least one MG reductase has been reported in numerous studies in other Candida species 

(37, 40, 44, 45, 58, 94-97). 

 

Clade III Mrr1aN647T exhibits a gain-of-function phenotype compared to Clade I 

Mrr1a when expressed in C. lusitaniae. 

 To compare the activities of the proteins encoded by the MRR1a alleles of B11221 

and AR0390 more directly, we heterologously expressed each allele, henceforth referred 

to as CauMRR1aN647T and CauMRR1a respectively, independently in a C. lusitaniae mrr1∆ 

mutant previously generated and characterized by our lab (37, 40, 58). All three C. 

lusitaniae clones expressing CauMRR1aN647T which we tested exhibited a four-fold 

increase in fluconazole (FLZ) MIC relative to the U04 mrr1∆ parent (16 µg/mL versus 4 

µg/mL), confirming that C. auris Clade III MRR1a can complement MRR1-dependent FLZ 

resistance in C. lusitaniae and adding support to the hypothesis that the N647T substitution 

in Clade III MRR1a confers increased activity. However, the FLZ MIC of the three tested 

C. lusitaniae clones expressing CauMRR1a did not differ from that of U04 mrr1∆ (4 

µg/mL), so FLZ MIC alone could not indicate whether this allele is functional in C. 

lusitaniae. One clone expressing each C. auris MRR1a allele was chosen at random for the 

remaining experiments described in this paper: clone #1 for CauMRR1aN647T and clone #5 

for CauMRR1a. Using qRT-PCR, we then examined basal expression levels of C. 

lusitaniae MGD1 (CLUG_01281) and MDR1 (CLUG_01938/CLUG_01939) in the 

heterologous complements and the U04 mrr1∆ parent. Complementation with 
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CauMRR1aN647T conferred a significant increase in basal expression of both MGD1 (Fig. 

3.3E) and MDR1 (Fig. 3.3F) compared to the mrr1∆ parent, while complementation with 

CauMRR1a led to a small, but significant, decrease in expression of both genes relative to 

mrr1∆ (Fig. 3.3E-F). These results are consistent with our previous observations that C. 

lusitaniae strains expressing certain Mrr1 variants with low basal activity demonstrate 

lower expression of some Mrr1-regulated genes, including MDR1 and MGD1, compared 

to an isogenic mrr1∆ strain suggesting that Mrr1 has both repressing and activating roles 

(37, 58). Finally, we assessed the relative MG resistance of the isogenic C. lusitaniae 

strains expressing CauMRR1aN647T or CauMRR1a and the U04 mrr1∆ parent. The 

CauMRR1aN647T complement grew markedly better in 15 mM MG compared to U04 mrr1∆ 

whereas the CauMRR1a complement grew substantially worse than U04 mrr1∆ (Fig. 

3.3G), consistent with the pattern of MGD1 expression we observed in these strains via 

qRT-PCR. None of the C. lusitaniae strains demonstrated growth differences in the YPD 

control, or in the presence of MG at concentrations of 5 mM or 10 mM (Fig. S3.4). 

 

MG induces expression of MGD1 and MDR1 in C. auris B11221 and AR0390, 

but not in C. lusitaniae strains expressing C. auris MRR1a alleles. 

Next, we compared induction of MGD1 and MDR1 by MG in the C. auris strains 

B11221 and AR0390 via qRT-PCR. MG significantly induced expression of MGD1 by 

2.4-fold in C. auris strain B11221 and by 4.0-fold in C. auris strain AR0390 (Fig. 3.4A) 

and expression of MDR1 by 6.0-fold in B11221 and 9.3-fold in AR0390 (Fig. 3.4B). 

AR0390 displayed lower expression of both genes in MG, but a higher fold change 
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compared to B11221, further supporting the hypothesis that the N647T allele is gain-of 

function. 

 Finally, we compared induction of MGD1 and MDR1 by MG in the isogenic C. 

lusitaniae strains expressing either CauMRR1aN647T or CauMRR1a and the mrr1∆ parent. 

Additionally, we tested induction by BEN in these strains as a control. While the mrr1∆ 

parent exhibited a significant 1.8- fold induction of MDR1, neither C. lusitaniae strain 

expressing a C. auris Mrr1a allele demonstrated a significant change in MGD1 or MDR1 

expression in response to MG (Fig. 3.4C-D), indicating that C. auris Mrr1a may repress 

MRR1-independent MG induction of MDR1 in C. lusitaniae and that induction of MGD1 

by MG in C. lusitaniae requires a functional MRR1 allele from its own species. Treatment 

with BEN led to significant increase in expression of MGD1 (Fig. 3.4E) and MDR1 (Fig. 

3.4F) in all three C. lusitaniae strains. In response to BEN, MGD1 was induced by 1.9-fold 

in mrr1∆, 2.9-fold in the CauMRR1aN647T complement, and 6.1-fold in the CauMRR1a 

complement (Fig. 3.4E). Likewise, expression of MDR1 was induced by 2.3-fold in mrr1∆, 

3.5-fold in the CauMRR1aN647T complement, and 5.0-fold in the CauMRR1a complement 

in response to BEN (Fig. 3.4F). The striking difference in the ability of the C. lusitaniae 

strains expressing C. auris MRR1a alleles to respond to BEN versus MG suggests that there 

are differences in the mechanisms by which BEN and MG induce Mrr1-dependent 

transcriptional activation and that MG induction of C. auris Mrr1a is not supported by C. 

lusitaniae factors. These potential differences are a topic of future study and may shed light 

on mechanisms of Mrr1 activation in Candida species. 
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MG and BEN induced Mrr1a-independent transcriptional responses in C. auris 

We have previously observed heterogeneity in MG resistance as well as MG-

induced FLZ resistance among several C. auris isolates from different clades (58), and thus 

we were interested in whether the overall transcriptional response to MG was more similar 

or different in B11221 and AR0390. AR0390 had greater number of genes differentially 

expressed by MG compared to B11221; 438 genes were significantly upregulated, and 242 

genes were significantly downregulated by MG (see Fig. S3.5 for the volcano plot of all 

genes). More genes had a larger fold change in response to MG in AR0390 compared to 

B11221, including MGD1 and MDR1 (Fig. 3.5A), consistent with the qRT-PCR results in 

Fig. 3.4A-B. However, there was a large overlap of 254 genes which were induced by MG 

in both strains (Fig. 3.5B), suggesting a common response across these two genetically 

distinct clades. These commonly induced genes include many with putative roles in amino 

acid biosynthesis; transmembrane transport; or acquisition and usage of sulfur (Fig. 3.5C 

and Table S3.3). 

Only 68 genes with syntenic orthologs across both strains were commonly 

repressed by MG (Fig 3.5B). These genes include some with putative roles in metal 

transport or carbohydrate uptake and metabolism (Fig. 3.5C and Table S3.3). We did not 

observe obvious patterns in genes that were only induced or repressed in one strain, and 

some genes that are listed as only induced or repressed in one strain were close to the cutoff 

in the other strain. 

The groups of genes that were differentially expressed in response to MG in both 

B11221 and AR0390 were also evident in the response of B11221 to BEN as well as the 

response of the mrr1a∆ mutant in response to MG and BEN. In B11221, a total of 46 genes 
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exhibited significant induction by both MG and BEN, including MGD1 and MDR1.  Many 

of the 44 other genes have predicted roles in assimilation and biosynthesis of sulfur-

containing compounds or xenobiotic transport (Fig. 3.5C and Table S3.1). MG also 

induced expression of many genes with predicted roles in the biosynthesis of amino acids. 

The two genes most highly upregulated upon MG treatment, in terms of fold change, in 

this strain were orthologous to the arginine biosynthesis genes ARG3 (log2FC = 4.77) and 

ARG1 (log2FC = 4.72) (Fig. 3.2C and Table S3.1). Conversely, BEN had a limited effect 

on expression of amino acid biosynthesis genes (Table S3.1). There were also common 

themes among the genes that were significantly repressed by both MG and BEN in B11221. 

Genes that were repressed by both MG and BEN included four orthologs of the HGT 

glucose transporter family, five genes with a predicted role in uptake of iron and/or copper, 

and ERG6, which encodes an enzyme in the ergosterol biosynthesis pathway (Fig. 3.5C 

and Table S3.1). The genes that were repressed by only one stimulus, MG or BEN, also 

included those involved in ergosterol biosynthesis and the uptake of iron, copper, or 

glucose (Fig. 3.5C, Table S3.1). In general, the transcriptional response of the mrr1a∆ 

mutant to MG and BEN was similar to that of B11221 WT (Fig. S3.2 and Table S3.1). 

 

3.4 Discussion 

 In this work, we have demonstrated that in C. auris, the zinc-cluster transcription 

factor Mrr1a, which is orthologous to Mrr1 in other Candida species, strongly regulates 

expression of a putative MG reductase MGD1 in addition to MDR1, and that Mrr1a plays 

a role in MG resistance, highlighting a function of Mrr1 that is distinct from antifungal 

resistance. We also compared basal global gene expression in B11221 and AR0390 and 
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found that MDR1, MGD1, and MGD2 were among the genes significantly more highly 

expressed in B11221, consistent with the higher MG resistance of this isolate relative to 

AR0390. These differences were explained by our finding that MRR1a from B11221 

encoded a higher activity variant than that from AR0390 as evidenced by a higher FLZ 

MIC, higher expression of MDR1 and MGD1, and higher MG resistance in the strain 

expressing CauMRR1aN647T compared to the isogenic strain expressing CauMRR1a. The 

allele from B11221, which contains an N647T amino acid substitution (25, 105) which is 

in the central region of the regulator where other gain of function substitutions have been 

found.  Both alleles result in induction of MDR1 and MGD1 in response to BEN but not to 

MG in C. lusitaniae, suggesting that these two compounds activate Mrr1-dependent 

transcription through different mechanisms. 

Under the conditions tested, Mrr1a regulation in the C. auris B11221 background 

was mainly of MGD1 and MDR1.  Homologs of MDR1 and at least one gene encoding a 

known or predicted MG reductase are co-regulated by Mrr1 in C. albicans (44, 45, 94-96), 

C. parapsilosis (97), and C. lusitaniae (37, 40, 58), suggesting that the co-regulation of 

these two genes has been conserved throughout multiple Candida species. Gaining a deeper 

understanding of the evolutionary and biochemical relationship between methylglyoxal 

reductases and efflux pumps, particularly Mdr1, may shed light on how Candida species 

sense and respond to environmental or physiological stresses, evade host defense 

mechanisms, and develop antifungal resistance. In all other Candida species with published 

Mrr1 regulons, however, Mrr1 appears to regulate expression of many more genes than the 

four we have described here in the C. auris strain B11221 (37, 40, 44, 45, 97). The 

surprisingly small number of C. auris genes whose expression was significantly altered by 
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genetic deletion of MRR1a may be due to possible redundancy between MRR1a and the 

other two MRR1 orthologs in C. auris, MRR1b and MRR1c, although further studies would 

be necessary to test this hypothesis. It is striking, however, that MRR1a alone seems to be 

necessary for expression and induction of MGD1, which is further supported by our 

observation that only the mrr1a∆ mutant had a growth defect in MG compared to parental 

B11221 (Fig. 3.1A). 

Our demonstration of increased basal activity of the CauMRR1aN647T allele 

compared to the allele from AR0390 supports the hypothesis put forth by Iyer et al. (105) 

that the N647T substitution found in many Clade III isolates is a gain-of-function mutation. 

Furthermore, this may explain why deletion of MRR1a leads to a mild decrease in azole 

resistance in B11221, but not in the Clade IV isolate B11243 (46). In C. albicans, knocking 

out gain-of-function MRR1 causes a significant decrease in FLZ resistance, but knocking 

out MRR1 with wild-type transcriptional activity does not alter FLZ resistance (41, 44, 45, 

106). Similarly, knocking out gain-of-function MRR1 in C. lusitaniae also decreases FLZ 

resistance, although knocking out MRR1 alleles that do not encode a constitutively active 

protein generally leads to increased FLZ resistance (37). 

Although Mrr1a does not appear to play a major role in C. auris azole resistance 

(46), our findings suggest that it contributes to resistance against MG, which may be 

encountered in the host environment. We have previously shown that Mrr1 also contributes 

to MG resistance in C. lusitaniae in a manner that is partially dependent on MGD1 and 

MGD2 (58). Indeed, gain-of-function mutations in MRR1 may arise in various Candida 

species due to selective pressures other than azoles. In C. lusitaniae, we have reported the 

emergence of gain-of-function mutations in MRR1 among isolates from a patient with no 
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prior history of clinical antifungal use (40). In C. auris, most sequenced clade III isolates 

exhibit both the MRR1aN647T allele and the ERG11F126L allele (25), the latter of which has 

been shown to be a major contributor to azole resistance (31). Although it is not known 

whether the MRR1a or ERG11 mutation occurred first in the clade III lineage, it seems 

plausible that if the ERG11 mutation did occur first, evolution of the MRR1aN647T allele in 

C. auris is likely to be the result of selection for MGD1 expression and/or an unknown role 

for Mdr1 that is unrelated to azole resistance. Therefore, we hypothesize that Mrr1 may 

act, either directly or indirectly, as a response regulator for carbonyl stress in Candida 

species, and future studies will investigate a possible role for Mrr1 in resistance against 

other physiologically relevant reactive carbonyl compounds. 

Curiously, although both variants of C. auris Mrr1a were inducible by BEN when 

expressed in C. lusitaniae, they were not inducible by MG under the conditions tested (Fig. 

3.4E-F). One possible hypothesis for this observation is that Mrr1 must interact with at 

least one particular binding partner to induce transcription in response to MG, and that C. 

auris Mrr1a does not bind efficiently to this C. lusitaniae Mrr1-binding protein or complex. 

Differential requirements for Mrr1-dependent transcriptional activation by chemical 

stressors have reported in C. albicans. For example, the transcription factor Mcm1 is 

required for Mrr1-dependent induction of MDR1 in response to BEN but not to H2O2 (101), 

and the redox-sensing transcription factor Cap1 is required for MDR1 induction by H2O2 

and may play a role in MDR1 induction by BEN (44). Furthermore, gain-of-function Mrr1 

in C. albicans requires the Swi/Snf chromatin remodeling complex to maintain promoter 

occupancy, and the kinase Ssn3, which is a subunit of the Mediator complex, may act in 

opposition to Mrr1 or its coactivators (38). Thus, although C. auris Mrr1a can complement 
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Mrr1-dependent basal and BEN-induced expression of MDR1 and MGD1 in C. lusitaniae, 

it may be incompatible with certain elements of the C. lusitaniae MG-responsive 

transcriptional machinery. Further studies on the differences between C. lusitaniae and C. 

auris Mrr1, particularly in the presence of MG, may elucidate more detailed mechanisms 

of Mrr1 activation. 

In general, we observed substantial upregulation of genes with predicted roles in 

transmembrane transport, sulfur metabolism, and amino acid biosynthesis in response to 

MG in all three strains tested. Many genes downregulated in response to MG in all three 

strains have predicted roles in metal acquisition, particularly iron, and carbohydrate 

metabolism. In both B11221 WT and mrr1a∆, BEN treatment led to differential expression 

of similar groups of genes as MG in addition to induction of genes with predicted roles in 

oxidative stress response. Our studies of the transcriptional response of C. auris to MG and 

BEN contribute to the understanding of how Candida species may adapt to oxidative and/or 

carbonyl stress, two types of stress that a pathogen is likely to encounter in the host 

environment. In humans, elevated serum MG has been reported in diabetes as well as in 

renal failure, which are both risk factors for Candida infection (107, 108). There is also 

evidence that neutrophils (109) and macrophages (110, 111) generate MG during the 

inflammatory response, consistent with elevated levels of MG in sepsis patients (77). In 

our transcriptomics analysis of three C. auris strains exposed to 5 mM MG for 15 min, 

upregulation of numerous genes involved in amino acid uptake, metabolism, and 

biosynthesis was one of the most striking responses to MG (Table S3.1 for comparison of 

MG and BEN in B11221 WT and mrr1a∆ and Table S3.2 for the comparison of genes 

induced by MG in B11221 and/or AR0390). In particular, induction of ARG genes is 
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interesting considering the report that C. albicans upregulates expression of arginine 

biosynthesis genes when phagocytosed by macrophages or in response to sublethal 

concentrations of hydrogen peroxide, tert-butyl hydroperoxide, or menadione in vitro 

(112). This induction of ARG genes in C. albicans by macrophages is dependent on the 

gp91phox subunit of the macrophage oxidase, and thus is likely a direct response to oxidative 

stress rather than arginine depletion (112). In our dataset, ARG3 and ARG1 exhibited the 

highest log2FC in response to MG in the B11221 background, independently of MRR1a 

(Table S3.1). We also observed, in all three C. auris strains, induction of several MET 

genes, which are involved in methionine synthesis and are an important branch of sulfur 

assimilation in yeast. Other genes involved in sulfur acquisition and assimilation that were 

induced by MG include the sulfate importer SUL2, a gene orthologous to both CYS3 and 

STR3 of S. cerevisiae, and numerous genes associated with iron-sulfur cluster formation 

(Table S3.1). A gene orthologous to MUP1 of S. cerevisiae and C. albicans was induced 

by MG in B11221 WT and AR0390 but fell short of the log2FC ≥ 1.00 cutoff in mrr1a∆ 

(Table S3.1). Induction of genes involved in sulfur metabolism, including the MET 

pathway, SUL2, CYS3, STR3, and MUP1, has previously been observed in Saccharomyces 

cerevisiae exposed to 1g/L acetaldehyde (113), another reactive aldehyde metabolite that 

is structurally similar to MG. Thus, sulfur acquisition and metabolism may be an important 

part of the carbonyl stress response in yeast. 

In the B11221 background, we observed modest overlap in the genes and groups of 

genes that were up- or down- regulated in response to either MG or BEN. MDR1 and 

MGD1 were among the genes induced by both compounds, and induction of MGD1 by 

either MG or BEN was completely dependent on MRR1a. Although BEN, which originated 
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as an agricultural fungicide, is widely recognized as an inducer of expression of Mrr1-

regulated genes in Candida species (37, 41, 43, 95, 99-104), the mechanism by which this 

induction occurs is not yet known. BEN is thought to cause oxidative stress in yeast (114, 

115), which is consistent with our observation of an upregulation of genes with a predicted 

role in oxidative stress response in BEN-treated C. auris cultures (Table S3.1). 

Additionally, in mammalian cells, BEN exposure has been shown to inhibit aldehyde 

dehydrogenase enzymes (116-119), which may lead to an accumulation of reactive 

aldehydes, although this possible mechanism has not yet been investigated in fungi. 

We also note similarities between the results of our study of MG- and BEN- treated 

C. auris and the recently published transcriptional analysis of the Clade I C. auris strain 

NCPF 8973 exposed to 75 µM farnesol (120). In response to farnesol, the authors reported 

upregulation of many genes with predicted roles in transmembrane transport, such as 

MDR1 and CDR1, and downregulation of numerous genes predicted to be involved in 

metal acquisition and homeostasis, including multiple ferric reductases and iron permeases 

(120). As farnesol may cause oxidative stress in Candida species (120-123) and in S. 

cerevisiae (124, 125), the overlap in transcriptional changes in response to MG, BEN, and 

farnesol likely provides valuable insight into how C. auris and other Candida species sense 

and adapt to physiologically relevant stressors. In fact, MG itself may serve as a stress 

signal in various organisms. In plants, for example, intracellular MG increases in response 

to drought (126, 127), salinity (126, 128-131), cold stress (126), heavy metals (128), or 

phosphorous deficiency (131), and overexpression of certain genes involved in MG 

detoxification has been shown to enhance salt tolerance in tobacco (126) and in Brassica 

juncea (132). Investigating whether MG detoxification is linked to abiotic stressors such 
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as salt, temperature, or desiccation in Candida species would be an interesting avenue of 

future research, particularly in C. auris due to its persistence on hospital surfaces and high 

salt tolerance. 

 

3.5 Methods 

Strains, media, and growth conditions 

 The sources of all strains used in this study are listed in Table S3.4. All strains were 

stored long term in a final concentration of 25% glycerol at -80°C and freshly streaked onto 

yeast extract peptone dextrose (YPD) agar (10 g/L yeast extract, 20 g/L peptone, 2% 

glucose, 1.5% agar) once every seven days and maintained at room temperature. Unless 

otherwise noted, all overnight cultures were grown in 5 mL YPD liquid medium (10 g/L 

yeast extract, 20 g/L peptone, 2% glucose) on a rotary wheel at 30°C. Media was 

supplemented with 25 µg/mL BEN (stock 10 mg/ml in DMSO) or 5 mM, 10 mM, or 15 

mM MG (Sigma-Aldrich, 5.55 M) as noted.  E. coli strains were grown in LB with 15 

µg/mL gentamycin (gent). 

 

Plasmids for complementation of C. auris MRR1a 

Plasmids for complementing C. auris MRR1a into C. lusitaniae were created as 

follows: the open reading frame of MRR1a was amplified from the genomic DNA of C. 

auris isolates B11221 (for CauMRR1aN647T) and AR0390 (for CauMRR1a) using a forward 

primer with homology to the 5’ flank of C. lusitaniae MRR1 and a reverse primer with 

homology to the 3’ flank of C. lusitaniae MRR1 for recombination into the C. lusitaniae 

MRR1 complementation plasmid pMQ30MRR1-L1191H+Q1197* (58). Plasmid pMQ30MRR1-
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L1191H+Q1197* was digested with AscI (New England BioLabs) and AgeI-HF (New England 

BioLabs). The PCR products and digested plasmid were cleaned using the Zymo DNA 

Clean & Concentrator kit (Zymo Research) and assembled using the S. cerevisiae 

recombination technique described in (133). Recombined plasmids were isolated from S. 

cerevisiae using a yeast plasmid miniprep kit (Zymo Research) before transformation into 

NEB®5-alpha competent E. coli (New England BioLabs). E. coli containing pMQ30-

derived plasmids were selected for on LB containing 15 µg/mL gentamycin. Plasmids from 

E. coli were isolated using a Zyppy Plasmid Miniprep kit (Zymo Research) and 

subsequently verified by Sanger sequencing with the Dartmouth College Genomics and 

Molecular Biology Shared Resources Core. MRR1a complementation plasmids containing 

the correct sequences were linearized with Not1-HF (New England BioLabs), cleaned up 

with the Zymo DNA Clean & Concentrator kit (Zymo Research) and eluted in molecular 

biology grade water (Corning) before transformation of 1.5 µg into C. lusitaniae strain U04 

mrr1Δ as described below. All plasmids and primers used and created in this study are 

listed in Table S3.4. 

 

Transformation of C. lusitaniae with C. auris MRR1a complementation constructs 

 Mutants in C. lusitaniae were generated using an expression-free CRISPR-Cas9 

method as previously described (37, 58, 134). In brief, cells suspended in 1M sorbitol were 

electroporated immediately following the addition of 1.5 µg of C. auris MRR1a 

complementation plasmid that had been previously linearized with NotI-HF (New England 

BioLabs) and Cas9 ribonucleoprotein containing crRNA targeting the NAT1 gene. 

Transformants were selected on YPD agar containing 600 µg/ml hygromycin B (HygB). 
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Successful transformants were identified via PCR of the C. lusitaniae MRR1 locus as 

previously described (37, 58). CRISPR RNAs (crRNAs; IDT) and primers used to validate 

transformants are listed in Table S3.4. 

 

Minimum Inhibitory Concentration (MIC) Assay 

 MIC assays for FLZ were performed in RPMI-1640 medium (Sigma, containing L-

glutamine, 165 mM MOPS, 2% glucose at pH 7) as described in (40) and (58) using the 

broth microdilution method. The final concentration of FLZ in each well ranged from 64 

µg/mL to 0.125 µg/mL. Plates were incubated at 35°C and scored for growth at 24 and 48 

hours; the results are reported in Table S3.4. The MIC was defined as the drug 

concentration that abolished visible growth compared to a drug-free control. 

 

Growth Kinetics 

 Growth kinetic assays were performed as previously described in (58). In brief, 

exponential-phase cultures of C. auris or C. lusitaniae were washed and diluted in dH2O 

to an OD600 of 1; 60 µL of each diluted cell suspension was added to 5 mL fresh YPD. To 

each well of a clear 96-well flat-bottom plate (Falcon) was added 100 µL of YPD or YPD 

with MG at twice the desired final concentration and 100 µL of cell inoculum in YPD. 

Plates were arranged in technical triplicate for each strain and condition and incubated in 

a Synergy Neo2 Microplate Reader (BioTek, USA) according to the following protocol: 

heat to 37°C, start kinetic, read OD600 every 60 minutes for 36 hours, end kinetic. Results 

were calculated in Microsoft Excel and plotted in GraphPad Prism 9.0.0 (GraphPad 

Software). 
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Quantitative Real-Time PCR 

 Overnight cultures of C. auris or C. lusitaniae were diluted 1:50 into 5 mL fresh 

YPD, and grown to for four hours at 37°C. To each culture was added MG to a final 

concentration of 5 mM (4.5 µL stock), BEN to a final concentration of 25 µg/mL (12.5 µL 

stock), or 4.5 µL molecular biology grade dH2O. Cultures were returned to the roller drum 

at 37˚C for 15 min (MG or dH2O) or 30 min (BEN), then centrifuged at 5000 rpm for 5 

min. The differences in time of exposure in the experimental scheme was used to maintain 

consistency with published experiments in other species, and not because of known 

differences in kinetics of activity for the two inducers. RNA isolation, gDNA removal, 

cDNA synthesis, and quantitative real-time PCR were performed as previously described 

(40). Transcripts were normalized to C. auris or C. lusitaniae ACT1 expression as 

appropriate. Results were calculated in Microsoft Excel and plotted in GraphPad Prism 

9.0.0 (GraphPad Software). Primers are listed in Table S3.4. 

 

RNA sequencing 

 Overnight cultures of C. auris were diluted to an OD600 of 0.1 in 5 mL fresh, pre-

warmed YPD, and incubated on a roller drum at 37˚C for 5-6 doublings (approx. 6 hours). 

Cultures were diluted once more to an OD600 of 1 in 5 mL fresh, pre-warmed YPD and 

returned to the roller drum at 37˚C for another 5-6 doublings. To each culture was added 

MG to a final concentration of 5 mM (4.5 µL), BEN to a final concentration of 25 µg/mL 

(12.5 µL), or 4.5 µL molecular biology grade dH2O. Cultures were returned to the roller 

drum at 37˚C for 15 min (MG or dH2O) or 30 min (BEN), then centrifuged at 5000 rpm 

for 5 min. Supernatants were discarded and RNA isolation was performed on cell pellets 
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as described above for qRT-PCR. gDNA was removed from RNA samples as described 

above. DNA-free RNA samples were sent to the Microbial Genome Sequencing Center 

(https://www.migscenter.com/) for RNA sequencing. 

 

Analysis of RNAseq 

 RNAseq data were analyzed by the Microbial Genome Sequencing Center 

(https://www.migscenter.com/) as follows: Quality control and adapter trimming was 

performed with bcl2fastq 

(https://support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-

software.html). Read mapping was performed with HISAT2 (135). Read quantification 

was performed using Subread’s featureCounts (136) functionality. Read counts were 

loaded into R (https://www.R-project.org/) and normalized using edgeR’s (137) Trimmed 

Mean of M values (TMM) algorithm. Subsequent values were then converted to counts per 

million (cpm). Differential expression analysis was performed using edgeR’s Quasi Linear 

F-Test. In the supplementary file, the sheet named “All Quantified Genes” contain the 

results of the exact test for all genes in addition to the normalized counts per million for all 

samples. Differentially expressed genes were determined using the cutoff of |log2FC| > 1 

and p < .05. 

 

Identification of orthologs 

Orthologs of C. auris genes in C. albicans, C. lusitaniae, and S. cerevisiae, as well 

as orthologs between B11221 and the Clade I reference strain B8441, were identified using 

FungiDB (https://fungidb.org) (138, 139). 
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Generation of Venn diagrams 

Venn diagrams of differentially expressed genes across different strains and 

conditions were computed using the Venn diagram tool from UGent Bioinformatics & 

Evolutionary Genomics, which is accessible at 

https://bioinformatics.psb.ugent.be/webtools/Venn/. 

 

Statistical analysis and figure preparation 

 All graphs were prepared with GraphPad Prism 9.0.0 (GraphPad Software). Ratio 

paired t-tests and one-way ANOVA tests were performed in Prism; details on each test are 

described in the corresponding figure legends. All p-values were two-tailed and p < 0.05 

were considered significant for all analyses performed and are indicated with asterisks in 

the text: * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. 

 

Data availability 

The data supporting the findings in this study are available within the paper and its 

supplemental material and are also available from the corresponding author upon request. 

The raw sequence reads from the RNA-Seq analysis have been deposited into NCBI 

sequence read archive under BioProject PRJNA801628 

(https://www.ncbi.nlm.nih.gov/sra/PRJNA801628). 
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Table S3.1. Select genes differentially expressed in response to MG and/or BEN in the 

C. auris B11221 background. Differentially expressed genes were determined using a 

cutoff of |log2FC| ≥ 1.00 and p-value < 0.05. 

Sulfur compound assimilation and biosynthesis 

Locus Tag Gene 
Name Predicted function WT MG 

Log2FC 

WT 
BEN 

Log2FC 

mrr1a∆ 
MG 

Log2FC 

mrr1a∆ 
BEN 

Log2FC 
CJI97_001242 AGP3 Serine transporter 1.06 0.80 1.36 0.42 

CJI97_002494 DUG1 Glutathione 
hydrolase 1.42 -0.02 1.38 -0.46 

CJI97_001665 CYS3 
Peroxisomal 

cystathionine beta-
lyase 

1.37 0.42 1.39 0.30 

CJI97_001939 CFD1 Role in Fe-S cluster 
assembly -0.02 1.17 0.26 1.31 

CJI97_001514 CIA1 
Role in protein 

maturation by Fe-S 
cluster transfer 

0.40 1.12 0.34 1.20 

CJI97_004156 DRE2 
Cytosolic Fe-S 

protein assembly 
protein 

1.09 1.08 1.15 0.98 

CJI97_001503 ECM4 
Cytoplasmic 

glutathione S-
transferase 

0.48 1.55 0.33 1.73 

CJI97_001382 ECM1
7 

Sulfite reductase beta 
subunit 1.14 0.76 1.45 0.33 

CJI97_001705 GCS1 
Gamma-

glutamylcysteine 
synthetase 

0.78 2.00 1.06 1.75 

CJI97_003892 GLR1 Glutathione reductase -0.04 1.17 0.06 1.11 
CJI97_005081 GSH2 Glutathione synthase 1.07 1.41 0.98 1.13 

CJI97_003274 GTO1 
Cytoplasmic 

glutathione S-
transferase 

1.39 3.93 1.93 4.27 

CJI97_001739 JLP1 Sulfonate 
dioxygenase 0.38 1.44 0.42 1.32 

CJI97_002076 MET1 Uroporphyrin-3 C-
methyltransferase 1.18 1.55 1.99 1.33 

CJI97_002761 MET2 Homoserine 
acetyltransferase 2.20 0.49 2.31 0.30 

CJI97_004689 MET8 Dehydrogenase, 
ferrochelatase 1.83 0.30 1.65 0.65 

CJI97_003625 MET1
0 Sulfite reductase 1.01 0.94 1.31 0.86 

CJI97_003066 MET1
4 

Adenylylsulfate 
kinase 1.08 0.27 1.50 0.61 

CJI97_005391 MET1
6 

3'-
phosphoadenylsulfate 

reductase 
1.63 1.44 1.95 1.29 

CJI97_003613 MUP1 High affinity 
methionine permease 1.05 0.36 0.94 -0.06 
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CJI97_004493 MUP3 
L-methionine 

transmembrane 
transporter 

0.31 1.65 0.20 1.59 

CJI97_004842 N/A Role in Fe-S cluster 
assembly -0.08 1.00 0.08 0.60 

CJI97_005600 N/A Cystathionine 
gamma-synthase 1.56 0.34 1.45 0.52 

CJI97_001635 N/A Glutathione S-
conjugate transporter 0.05 1.10 0.12 0.90 

CJI97_000433 SPE2 
S-

adenosylmethionine 
decarboxylase 

1.11 0.19 1.14 0.05 

CJI97_000171 SRX1 Sulfiredoxin 2.21 3.07 2.03 3.47 

CJI97_003300 STR2 Cystathionine 
gamma-synthase 1.15 0.21 1.11 0.15 

CJI97_001014 SUL2 Sulfate transporter 1.98 1.42 3.01 1.17 

CJI97_003257 TES1 Acyl-CoA 
thioesterase 1.27 0.59 1.06 0.38 

CJI97_001516 TRR1 Thioredoxin 
reductase 0.40 1.60 0.48 1.82 

CJI97_000545 TRX1 Thioredoxin -0.33 1.20 -0.82 2.05 
 
Xenobiotic/Drug Transport 

Locus Tag Gene 
Name Predicted function WT MG 

Log2FC 

WT 
BEN 

Log2FC 

mrr1a∆ 
MG 

Log2FC 

mrr1a∆ 
BEN 

Log2FC 

CJI97_002597 AMF1 MFS family 
transporter 0.35 1.28 0.71 1.29 

CJI97_000167 CDR1 ABC family 
multidrug transporter 0.30 1.88 0.40 1.76 

CJI97_000479 CDR4 ABC family 
multidrug transporter 1.34 1.13 1.27 1.14 

CJI97_004181 ERC1 
Xenobiotic 

transmembrane 
transporter 

1.47 1.46 1.96 1.44 

CJI97_004982 ESBP6 MFS membrane 
transporter 3.97 0.66 3.90 0.20 

CJI97_002850 FLU1 
Multidrug efflux 

pump of the plasma 
membrane 

0.18 1.25 0.35 1.17 

CJI97_002639 MCH2 MFS membrane 
transporter 1.36 0.04 1.24 -0.01 

CJI97_000609 MCH4 MFS membrane 
transporter 2.13 0.47 2.14 0.33 

CJI97_004042 MDR1 
Plasma membrane 

MDR/MFS multidrug 
efflux protein 

3.83 5.60 3.65 6.65 

CJI97_000797 N/A MFS membrane 
transporter 3.29 1.68 3.17 0.98 

CJI97_005702 N/A ABC family 
multidrug transporter 1.22 1.94 1.10 2.42 

CJI97_005706 N/A ABC family 
multidrug transporter 0.86 1.93 0.78 1.99 

CJI97_005256 QDR3 MFS membrane 
transporter 2.83 -1.94 2.63 -2.88 
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CJI97_005513 ROA1 PDR-subfamily ABC 
transporter 2.86 0.05 3.58 0.01 

CJI97_001481 SNQ2 ABC family 
multidrug transporter 1.50 2.56 1.34 2.19 

CJI97_001817 VBA1 MFS transporter 0.68 1.18 0.64 0.95 
 

Amino acid biosynthesis, excluding sulfur-containing amino acids 

Locus Tag Gene 
Name Predicted function WT MG 

Log2FC 

WT 
BEN 

Log2FC 

mrr1a∆ 
MG 

Log2FC 

mrr1a∆ 
BEN 

Log2FC 

CJI97_000687 ARG1 Argininosuccinate 
synthase 4.72 0.81 4.63 0.55 

CJI97_004654 ARG3 Ornithine 
carbamoyltransferase 4.77 1.52 4.74 0.91 

CJI97_002308 ARG4 Argininosuccinate 
lyase 1.75 0.39 1.67 0.21 

CJI97_001846 ARG5,
6 

Arginine biosynthetic 
enzyme 1.50 0.60 1.46 0.19 

CJI97_005293 ARG8 Acetylornithine 
aminotransferase 1.58 0.23 1.67 0.17 

CJI97_002234 ARO1 Pentafunctional arom 
enzyme 1.49 -0.06 1.32 -0.20 

CJI97_000465 ARO2 Chorismate synthase 2.40 0.53 2.37 0.12 

CJI97_001597 ARO3 

3-deoxy-D-
arabinoheptulosonate

-7-phosphate 
synthase 

1.74 -0.12 1.64 -0.02 

CJI97_003954 ARO4 

3-deoxy-D-
arabinoheptulosonate

-7-phosphate 
synthase 

2.50 0.36 2.38 0.18 

CJI97_003913 ARO7 Chorismate mutase 1.51 0.08 1.30 0.37 

CJI97_001973 ASN1 Asparagine 
synthetase 2.32 -0.20 2.06 -0.39 

CJI97_001997 BAT21 
Branched chain 

amino acid 
aminotransferase 

2.51 0.24 2.61 0.10 

CJI97_002013 CPA2 
Carbamoyl-

phosphate synthase 
subunit 

1.78 0.15 1.83 -0.37 

CJI97_005329 HIS1 ATP phosphoribosyl 
transferase 3.40 0.97 3.27 0.57 

CJI97_003017 HIS3 
Imidazoleglycerol-

phosphate 
dehydratase 

3.20 1.31 2.97 1.46 

CJI97_003537 HIS4 

Phosphoribosyl-AMP 
cyclohydrolase, 

phosphoribosyl-ATP 
diphosphatase, and 

histidinol 
dehydrogenase 

2.86 0.94 2.73 0.33 

CJI97_003604 HIS5 Histidinol-phosphate 
aminotransferase 2.72 0.73 2.60 0.49 

CJI97_003946 HIS7 Imidazole glycerol 
phosphate synthase 2.39 0.63 2.34 0.55 
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CJI97_003721 HOM2 
Aspartate-

semialdehyde 
dehydrogenase 

1.52 0.23 1.40 0.20 

CJI97_003292 HOM3 L-aspartate 4-P-
transferase 3.04 0.61 3.08 0.35 

CJI97_003178 ILV1 Threonine 
dehydratase 2.06 0.53 1.93 0.28 

CJI97_002682 ILV2 Acetolactate synthase 2.59 0.23 2.40 -0.17 

CJI97_000020 ILV3 Dihydroxyacid 
dehydratase 2.77 0.75 2.60 0.37 

CJI97_003514 ILV5 Ketol-acid 
reductoisomerase 1.99 -0.29 2.04 -0.50 

CJI97_004523 ILV6 
Regulatory subunit of 

acetolacetate 
synthase 

1.50 0.30 1.25 0.31 

CJI97_004671 LEU1 3-isopropylmalate 
dehydratase 1.45 -0.06 1.30 -0.31 

CJI97_001329 LEU4 2-isopropylmalate 
synthase 4.41 0.44 4.13 -0.12 

CJI97_003280 LYS1 Saccharopine 
dehydrogenase 2.89 0.33 2.81 0.11 

CJI97_003346 LYS2 
Alpha-aminoadipate 

reductase, large 
subunit 

2.47 0.38 2.24 -0.31 

CJI97_002417 LYS4 Homoaconitase 3.08 1.06 2.92 0.50 

CJI97_002151 LYS5 Phosphopantetheinyl 
transferase 2.70 0.24 2.55 0.29 

CJI97_001920 LYS9 Saccharopine 
dehydrogenase 1.13 0.07 0.96 -0.06 

CJI97_003796 LYS22 Homocitrate synthase 2.91 0.07 2.82 -0.33 

CJI97_003176 SER1 3-phosphoserine 
aminotransferase 2.11 0.16 2.05 0.15 

CJI97_003156 SER2 Phosphoserine 
phosphatase 1.29 0.14 1.34 0.34 

CJI97_000320 SER33 Enzyme of amino 
acid biosynthesis 1.05 -0.29 1.03 -0.51 

CJI97_003863 SHM1 
Mitochondrial serine 
hydroxymethyltransf

erase 
1.30 -0.11 1.22 -0.01 

CJI97_001157 THR1 Homoserine kinase 1.82 0.41 1.75 0.25 
CJI97_000379 TRP2 Anthranilate synthase 1.05 0.42 0.91 0.08 

CJI97_003979 TRP3 
Indole-3-glycerol-

phosphate synthase, 
anthranilate synthase 

1.33 -0.02 1.27 0.12 

CJI97_003855 TRP4 Enzyme of amino 
acid biosynthesis 1.25 0.06 1.17 -0.05 

CJI97_003424 TRP5 Tryptophan synthase 2.45 0.28 2.25 0.17 
 

Redox homeostasis and stress response 

Locus Tag Gene 
Name Predicted function WT MG 

Log2FC 

WT 
BEN 

Log2FC 

mrr1a∆ 
MG 

Log2FC 

mrr1a∆ 
BEN 

Log2FC 
CJI97_001841 CAT1 Catalase 0.54 2.49 0.67 2.38 
CJI97_003095 CIP1 Oxidoreductase 0.51 8.04 1.33 8.70 
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CJI97_002824 FDH3 
Oxidoreductase and 

zinc ion binding 
activity 

-0.61 1.14 1.22 1.22 

CJI97_000658 MGD1 
NAD(H)-linked 
methylglyoxal 
oxidoreductase 

1.35 2.46 -0.46 0.66 

CJI97_002022 N/A Quinone 
oxidoreductase 0.36 1.98 0.53 2.18 

CJI97_002187 N/A Oxidoreductase -0.04 1.07 -0.07 0.97 
CJI97_004869 N/A Oxidoreductase 0.33 1.58 0.16 1.57 

CJI97_004704 POS5 Mitochondrial 
NADH kinase 1.41 -0.46 1.54 -0.59 

CJI97_004613 PST3 Flavodoxin-like 
protein 0.41 6.37 0.38 6.71 

CJI97_000530 SOD2 Mitochondrial 
superoxide dismutase -0.26 1.02 -0.39 1.41 

CJI97_001282 YAH1 Oxidoreductase 1.01 0.99 0.87 1.07 

CJI97_002560 YCF1 Glutathione S-
conjugate transporter 4.58 0.85 0.12 0.90 

CJI97_004612 YCP4 Flavodoxin-like 
protein 0.63 5.35 0.60 5.61 

 
Ergosterol biosynthesis 

Locus Tag Gene 
Name Predicted function WT MG 

Log2FC 

WT 
BEN 

Log2FC 

mrr1a∆ 
MG 

Log2FC 

mrr1a∆ 
BEN 

Log2FC 
CJI97_000262 ERG1 Squalene epoxidase -0.85 -1.43 -0.68 -1.38 
CJI97_003811 ERG3 C-5 sterol desaturase -0.96 -1.11 -0.70 -0.73 

CJI97_005423 ERG6 Delta(24)-sterol C-
methyltransferase -1.01 -1.53 -0.78 -1.09 

CJI97_005634 ERG10 Acetyl-CoA 
acetyltransferase -0.93 -1.04 -1.07 -0.77 

CJI97_005638 ERG10 Acetyl-CoA 
acetyltransferase -1.48 -0.63 -0.71 -1.63 

CJI97_001156 ERG11 Lanosterol 14-alpha-
demethylase -0.24 -1.40 -0.13 -1.09 

 
Metal acquisition, including regulation 

Locus Tag Gene 
Name Predicted function WT MG 

Log2FC 

WT 
BEN 

Log2FC 

mrr1a∆ 
MG 

Log2FC 

mrr1a∆ 
BEN 

Log2FC 
CJI97_002517 CTR1 Copper transporter -1.13 -0.26 -1.24 0.01 
CJI97_000015 FRE7 Ferric reductase -1.23 -0.11 -1.43 -0.40 
CJI97_003972 FRE8 Iron/copper reductase -1.03 -1.18 -0.90 -1.30 
CJI97_004532 FRP1 Ferric reductase -1.41 -1.39 -0.85 -1.66 

CJI97_001154 N/A Ferric or cupric 
reductase -0.57 -1.79 -0.97 -2.16 

CJI97_004566 N/A Ferric or cupric 
reductase -1.43 -1.46 -1.51 -1.81 

CJI97_005148 N/A Ferric or cupric 
reductase -1.56 -0.18 -1.81 -0.50 

CJI97_002299 N/A 

High affinity iron 
transporter for 

intravacuolar stores 
of iron 

-0.19 -1.79 -0.16 -1.54 
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CJI97_001085 N/A 
Transporter of 
ferrochrome 
siderophores 

-0.06 -1.10 -0.57 -1.83 

CJI97_001117 N/A 
Transporter of 
ferrochrome 
siderophores 

-1.90 -2.52 -1.67 -2.30 

CJI97_001762 N/A 
Transporter of 
ferrochrome 
siderophores 

-1.94 -2.41 -1.87 -2.31 

CJI97_004100 N/A 
Transporter of 
ferrochrome 
siderophores 

-0.26 -1.47 -0.21 -1.70 

CJI97_004165 N/A 
Transporter of 
ferrochrome 
siderophores 

0.58 -1.14 0.83 -0.62 

CJI97_001499 SEF1 
Zn2-Cys6 

transcription factor, 
regulates iron uptake 

-1.13 0.31 -1.10 0.02 

CJI97_000010 ZRT2 Zinc transporter -0.38 -2.50 -0.80 -2.32 
 
Carbohydrate metabolism and biosynthesis 

Locus Tag Gene 
Name Predicted function WT MG 

Log2FC 

WT 
BEN 

Log2FC 

mrr1a∆ 
MG 

Log2FC 

mrr1a∆ 
BEN 

Log2FC 

CJI97_003911 DAC1 

N-
acetylglucosamine-6-

phosphate 
deacetylase 

-0.35 -2.02 0.20 -2.05 

CJI97_005247 FBP1 Fructose-1,6-
bisphosphatase -1.33 -1.11 -1.06 -0.96 

CJI97_003057 GLC3 1,4-glucan branching 
enzyme -1.05 -1.86 -0.95 -1.62 

CJI97_001045 GSY1 Glycogen synthase -1.17 -1.40 -1.10 -1.25 

CJI97_003909 HXK1 N-acetylglucosamine 
kinase -0.53 -1.15 -0.36 -1.37 

CJI97_005579 MAE1 Mitochondrial malic 
enzyme -1.44 -1.41 -1.36 -1.49 

CJI97_000695 MDH1 Mitochondrial malate 
dehydrogenase -1.23 -0.73 -1.09 -0.51 

CJI97_003910 NAG1 Glucosamine-6-
phosphate deaminase -0.28 -1.76 0.03 -1.42 

CJI97_001805 N/A Role in beta-1,6 
glucan biosynthesis -1.16 -0.30 -0.95 -0.84 

CJI97_000696 NTH1 Neutral trehalase -1.07 -1.46 -1.20 -1.43 

CJI97_002722 PCK1 Phosphoenolpyruvate 
carboxykinase -2.03 -1.92 -1.68 -1.77 

CJI97_002654 PMM1 Phosphomannomutas
e -1.05 -1.33 -1.12 -0.73 

 
Glucose transport, including regulation 
Locus 
Tag Gene Name Predicted function WT MG 

Log2FC 

WT 
BEN 

Log2FC 

mrr1a∆ 
MG 

Log2FC 

mrr1a∆ 
BEN 

Log2FC 
CJI97_
000584 HGT16 MFS glucose 

transporter 1.38 -1.96 1.28 -2.14 
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CJI97_
002713 HGT17 MFS glucose 

transporter 0.76 -3.05 -0.60 -2.46 

CJI97_
005108/
CJI97_
005109 

HGT19 MFS glucose/myo-
inositol transporter -1.71 -2.78 -1.95 -2.14 

CJI97_
001793 N/A MFS glucose 

transporter -2.00 -6.23 -2.27 -4.76 

CJI97_
001794 N/A MFS glucose 

transporter 0.85 -2.17 -0.21 -1.41 

CJI97_
002023 N/A MFS glucose 

transporter -1.57 -5.00 -1.58 -5.13 

CJI97_
002024 N/A MFS glucose 

transporter -2.02 -2.80 -1.69 -2.70 

CJI97_
002448 RGT1 

Transcriptional 
repressor of glucose 

transport 
-1.26 -1.50 -1.29 -1.56 

CJI97_
005617 SHA3 

Ser/thr kinase 
involved in glucose 

transport 
-1.14 -0.65 -0.87 -1.09 
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Table S3.2. Top 20 genes with predicted functions differentially expressed between C. 

auris isolates B11221 and AR0390 in the control condition. Differentially expressed 

genes were determined using a cutoff of |log2FC| ≥ 1.00 and p-value < 0.05. 

Genes more highly expressed in B11221 

B11221 Locus 
Tag 

AR0390 
Locus Tag 

Gene 
Name Predicted Function 

Log2FC 
(B11221 

vs 
AR0390) 

B11221 
average 
(CPM) 

AR0390 
average 
(CPM) 

CJI97_004624 B9J08_004828 MGD2 
NAD(H)-linked 
methylglyoxal 
oxidoreductase 

11.29 1657 0.66 

CJI97_000658 B9J08_000656 MGD1 
NAD(H)-linked 
methylglyoxal 
oxidoreductase 

8.53 4335 11.7 

CJI97_004768 B9J08_004684 N/A Role in histone 
deacetylation 7.87 51.9 0.22 

CJI97_000946 B9J08_000928 AQY1 
Aquaporin water 
channel, osmotic 
shock resistance 

7.33 581 3.60 

CJI97_004767 B9J08_004685 N/A Curved DNA-
binding protein 5.36 279 6.78 

CJI97_003833 B9J08_003761 N/A DNA topoisomerase 5.31 96.8 2.43 

CJI97_002880 B9J08_002824 N/A 

DNA replication 
licensing factor 
required for pre-

replication complex 
assembly 

4.49 316 14.1 

CJI97_004042 B9J08_003981 MDR1 

Plasma membrane 
MDR/MFS 

multidrug efflux 
pump 

4.42 190 8.88 

CJI97_002740 B9J08_002688 FDH1 Formate 
dehydrogenase 4.33 131 6.50 

CJI97_004770 B9J08_004682 ECM42 Ornithine 
acetyltransferase 4.24 99.9 5.28 

 
Genes more highly expressed in AR0390 

B11221 Locus 
Tag 

AR0390 
Locus Tag 

Gene 
Name Predicted Function 

Log2FC 
(B11221 

vs 
AR0390) 

B11221 
average 
(CPM) 

AR0390 
average 
(CPM) 

CJI97_001302 B9J08_001303 BDF1 
Essential chromatin-

binding 
bromodomain protein 

-10.21 0.48 563 

CJI97_004515 B9J08_004451 N/A ALS family protein -9.61 1.98 1546 
CJI97_004556 B9J08_005565 PRD1 Proteinase -7.29 0.14 22.6 
CJI97_001865 B9J08_002322 BMH1 Role in morphology -7.01 12.7 1639 

CJI97_002974 B9J08_002900 RMD9 

Mitochondrial 
protein with a 

predicted role in 
respiratory growth 

-6.86 6.41 745 
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CJI97_003073 B9J08_003002 N/A Iron permease -6.51 36.8 3350 

CJI97_002817 B9J08_002762 INO1 Inositol-1-phosphate 
synthase -5.48 28.7 1281 

CJI97_004514 B9J08_004450 THI13 Thiamin pyrimidine 
synthase -4.95 2.34 72.4 

CJI97_004654 B9J08_004798 ARG3 Ornithine 
carbamoyltransferase -4.95 0.70 21.5 

CJI97_000838 B9J08_000820 SAM4 

S-
adenosylmethionine-

homocysteine 
methyltransferase 

-4.43 1.93 41.5 
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Table S3.3. Comparison of select genes differentially expressed in response to MG in C. 

auris isolates B11221 and/or AR0390. Differentially expressed genes were determined 

using a cutoff of |Log2FC| ≥ 1.00 and p-value < 0.05. 

B11221 Locus 
Tag 

AR0390 Locus 
Tag 

Gene 
Name Predicted Function B11221 

Log2FC 
AR0390 
Log2FC 

CJI97_005163 B9J08_005078 AAH1 Adenine deaminase, purine salvage 
and nitrogen catabolism 0.29 1.10 

CJI97_002719 B9J08_002666 AGP2 Amino acid permease 0.45 1.16 

CJI97_001242 B9J08_001362 AGP3 Serine transporter; sulfur 
assimilation 1.06 0.00 

CJI97_004654 B9J08_004798 ARG3 Ornithine carbamoyltransferase 4.77 3.02 

CJI97_003828 B9J08_003754 ARG11 Ornithine transporter of the 
mitochondrial inner membrane 0.94 1.70 

CJI97_003954 B9J08_003882 ARO4 
3-deoxy-D-arabinoheptulosonate-7-
phosphate synthase; aromatic amino 

acid biosynthesis 
2.50 2.22 

CJI97_001997 B9J08_002453 BAT21 Branched chain amino acid 
aminotransferase 2.51 2.56 

CJI97_005185 B9J08_005101 BNA1 3-hydroxyanthranilic acid 
dioxygenase; NAD biosynthesis 1.54 -0.33 

CJI97_000479 B9J08_000479 CDR4 ABC transporter superfamily 1.34 1.01 
CJI97_003095 B9J08_003024 CIP1 Oxidoreductase 0.51 1.30 

CJI97_004156 B9J08_004088 DRE2 Cytosolic Fe-S protein assembly 
protein 1.09 2.52 

CJI97_004181 B9J08_004118 ERC1 Xenobiotic transmembrane 
transporter 1.47 0.00 

CJI97_002824 B9J08_002769 FDH3 Oxidoreductase and zinc ion 
binding activity 1.25 0.90 

CJI97_005329 B9J08_005247 HIS1 ATP phosphoribosyl transferase; 
histidine biosynthesis 3.40 2.90 

CJI97_001933 B9J08_002388 HST6 ABC transporter related to 
mammalian P-glycoproteins 0.66 1.18 

CJI97_003449 B9J08_003374 ICL1 Isocitrate lyase; glyoxylate cycle 
enzyme 0.79 1.33 

CJI97_000020 B9J08_000013 ILV3 Dihydroxyacid dehydratase 2.77 2.73 
CJI97_004268 B9J08_004204 JEN1 Lactate transporter 1.84 -0.24 
CJI97_001329 B9J08_001277 LEU4 2-isopropylmalate synthase 4.41 4.31 

CJI97_001920 B9J08_002375 LYS9 Saccharopine dehydrogenase; 
lysine biosynthesis 1.13 0.52 

CJI97_004689 B9J08_004763 MET8 
Bifunctional dehydrogenase and 

ferrochelatase; siroheme 
biosynthesis 

1.83 0.94 

CJI97_003625 B9J08_003552 MET10 Sulfite reductase; sulfur amino acid 
metabolism 1.01 0.90 

CJI97_000409 B9J08_000409 MET13 Methionine biosynthesis protein 0.04 1.65 

CJI97_003066 B9J08_002995 MET14 Adenylylsulfate kinase; sulfur 
metabolism 1.08 0.93 

CJI97_005391 B9J08_005307 MET16 3'-phosphoadenylsulfate reductase; 
sulfur amino acid metabolism 1.63 1.75 

CJI97_004042 B9J08_003981 MDR1 Plasma membrane MDR/MFS 
multidrug efflux protein 3.83 5.27 
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CJI97_000658 B9J08_000656 MGD1 NAD(H)-linked methylglyoxal 
oxidoreductase 1.35 2.04 

CJI97_004624 B9J08_004828 MGD2 NAD(H)-linked methylglyoxal 
oxidoreductase -0.06 1.60 

CJI97_002730 B9J08_002677 MIS12 Mitochondrial C1-tetrahydrofolate 
synthase precursor 1.05 0.87 

CJI97_004904 B9J08_004548 NAR1 Cytosolic iron-sulfur protein 
assembly machinery protein 0.84 2.13 

CJI97_003488 B9J08_003413 OPT7 
Oligopeptide transporter, may 

transport GSH or related 
compounds 

1.09 0.90 

CJI97_001481 B9J08_001125 SNQ2 Putative ABC transporter 
superfamily 1.50 2.25 

CJI97_003300 B9J08_003225 STR2 Cystathionine gamma-synthase; 
sulfur compound metabolism 1.15 1.32 

CJI97_001014 B9J08_000995 SUL2 Sulfate transporter 1.98 2.03 

CJI97_004677 B9J08_004775 TPO3 Polyamine transporter, MFS-MDR 
family 0.91 1.24 

CJI97_002495 B9J08_001834 TPO4 Spermidine transporter 0.48 1.49 
CJI97_003424 B9J08_003349 TRP5 Tryptophan synthase 2.45 2.52 
CJI97_002560 B9J08_001899 YCF1 Glutathione S-conjugate transporter 4.58 4.57 
CJI97_005451 B9J08_005368 YDJ1 Type I HSP40 co-chaperone 0.25 1.20 
CJI97_001435 B9J08_001171 ADH5 Alcohol dehydrogenase -1.54 -1.34 

CJI97_002591 B9J08_001930 AOX1 Alternative oxidase, cyanide-
resistant respiration -1.31 -0.01 

CJI97_004799 B9J08_004653 ARP2 Component of the Arp2/3 complex -0.79 -1.11 

CJI97_001469 B9J08_001137 ARP3 
Protein with Myo5p-dependent 

localization to cortical actin patches 
at hyphal tip 

-0.55 -1.05 

CJI97_000089 B9J08_000084 ATP14 Mitochondrial F1F0 ATP synthase 
subunit -0.45 -1.02 

CJI97_002664 B9J08_002610 ATP17 Mitochondrial ATPase complex 
subunit -0.33 -1.25 

CJI97_003777 B9J08_003702 CDG1 Cysteine dioxygenases, role in 
conversion of cysteine to sulfite -2.12 -2.65 

CJI97_004336 B9J08_004273 COX6 Cytochrome c oxidase -0.64 -1.03 

CJI97_002184 B9J08_001993 COX11 Cytochrome oxidase assembly 
protein -0.43 -1.43 

CJI97_004817 B9J08_004635 COX19 Cytochrome c oxidase assembly 
protein -0.39 -1.16 

CJI97_002517 B9J08_001856 CTR1 Copper transporter -1.13 -2.07 

CJI97_005423 B9J08_005340 ERG6 

Delta(24)-sterol C-
methyltransferase, converts 

zymosterol to fecosterol, ergosterol 
biosynthesis 

-1.01 -0.46 

CJI97_005321 B9J08_005239 FBA1 Fructose-bisphosphate aldolase -0.72 -1.13 

CJI97_005247 B9J08_005163 FBP1 Fructose-1,6-bisphosphatase, key 
gluconeogenesis enzyme -1.33 -1.48 

CJI97_000015 B9J08_000008 FRE7 Ferric reductase -1.23 -0.86 
CJI97_003972 B9J08_004052 FRE8 Iron/copper reductase -1.03 -0.23 
CJI97_004532 B9J08_004468 FRP1 Ferric reductase -1.41 -0.53 
CJI97_002942 B9J08_002886 GIT3 Glycerophosphocholine permease -1.18 -0.13 
CJI97_003057 B9J08_002986 GLC3 1,4-glucan branching enzyme -1.05 -0.93 
CJI97_004438 B9J08_004375 GPM1 Phosphoglycerate mutase -0.53 -1.40 
CJI97_001045 B9J08_001025 GSY1 Glycogen synthase -1.17 -1.36 
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CJI97_005108/ 
CJI97_005109 B9J08_005025 HGT19 MFS glucose/myo-inositol 

transporter -1.71 -0.98 

CJI97_002699 B9J08_002646 HXT5 Sugar transporter 0.13 -1.13 
CJI97_002817 B9J08_002762 INO1 Inositol-1-phosphate synthase -0.36 -1.41 
CJI97_001658 B9J08_001652 JAC1 ATPase activator activity -0.25 -1.04 
CJI97_005579 B9J08_005497 MAE1 Mitochondrial malic enzyme -1.44 -1.10 

CJI97_000695 B9J08_000694 MDH1 Mitochondrial malate 
dehydrogenase -1.23 -1.26 

CJI97_002683 B9J08_002630 MEP1 Ammonium permease -1.81 -1.38 

CJI97_003663 B9J08_003590 MIG2 Transcription factor involved in 
glucose repression -1.17 -1.44 

CJI97_002101 B9J08_002556 MIX14 
Role in aerobic respiration and 

mitochondrial intermembrane space 
localization 

-0.20 -1.38 

CJI97_002993 B9J08_002919 MLS1 Malate synthase, glyoxylate cycle 
enzyme -0.84 -1.11 

CJI97_001141 B9J08_001463 MYO1 Component of actomyosin ring at 
neck of newly emerged bud -0.98 -1.22 

CJI97_001117 B9J08_001487 N/A Transporter of ferrochrome 
siderophores -1.90 -1.06 

CJI97_001762 B9J08_001547 N/A Transporter of ferrochrome 
siderophores -1.94 -1.07 

CJI97_000596 B9J08_000675 N/A Adhesin-like protein -1.12 0.15 
CJI97_002126 B9J08_002582 N/A Adhesin-like protein -1.48 1.00 
CJI97_003987 B9J08_004037 N/A Adhesin-like protein -1.19 -0.35 
CJI97_004240 B9J08_004176 N/A Secreted lipase -1.69 -0.78 
CJI97_001776 B9J08_001533 N/A NAD-aldehyde dehydrogenase -1.57 -1.55 
CJI97_003161 B9J08_003088 N/A NAD-aldehyde dehydrogenase -1.76 -1.89 
CJI97_001793 B9J08_002250 N/A MFS glucose transporter -2.00 -1.41 
CJI97_002024 B9J08_002481 N/A MFS glucose transporter -2.02 -1.52 

CJI97_004566 B9J08_004886 N/A Protein similar to ferric reductases 
and cupric reductases -1.43 -1.43 

CJI97_005148 B9J08_005064 N/A Protein similar to ferric reductases 
and cupric reductases -1.56 -1.84 

CJI97_000696 B9J08_000695 NTH1 Neutral trehalase -1.07 -0.98 

CJI97_002722 B9J08_002669 PCK1 Phosphoenolpyruvate 
carboxykinase -2.03 -2.01 

CJI97_002521 B9J08_001860 PGK1 Phosphoglycerate kinase -0.77 -1.19 
CJI97_001140 B9J08_001464 PHO84 High-affinity phosphate transporter -2.74 -2.72 
CJI97_001580 B9J08_002202 PHO89 Phosphate permease -1.48 -0.73 
CJI97_001697 B9J08_001613 PHO100 Putative inducible acid phosphatase -1.38 -1.60 

CJI97_004666 B9J08_004786 PIR1 1,3-beta-glucan-linked cell wall 
protein -0.44 -1.12 

CJI97_002654 B9J08_002600 PMM1 Phosphomannomutase, enzyme of 
O- and N-linked mannosylation -1.05 -0.94 

CJI97_002321 B9J08_002130 PUT1 Putative proline oxidase -2.49 -1.79 

CJI97_004379 B9J08_004317 PUT2 Putative delta-1-pyrroline-5-
carboxylate dehydrogenase -1.01 -1.45 

CJI97_002448 B9J08_001787 RGT1 
Transcriptional repressor involved 

in the regulation of glucose 
transporter genes 

-1.26 -1.62 

CJI97_002974 B9J08_002900 RMD9 Mitochondrial protein with a 
predicted role in respiratory growth -0.25 -1.09 

CJI97_004415 B9J08_004352 SAH1 S-adenosyl-L-homocysteine 
hydrolase -1.46 -1.22 

CJI97_004940 B9J08_004512 SCO1 Copper transporter -0.79 -1.06 
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CJI97_001499 B9J08_001107 SEF1 Zn2-Cys6 transcription factor, 
regulates iron uptake -1.13 -0.81 

CJI97_005617 B9J08_005567 SHA3 Ser/thr kinase involved in glucose 
transport -1.14 0.10 

CJI97_002536 B9J08_001875 TPI1 Triose-phosphate isomerase -0.36 -1.42 
CJI97_003198 B9J08_003126 QCR8 Ubiquinol cytochrome c reductase -0.22 -1.12 
CJI97_002481 B9J08_001820 QCR10 Ubiquinol-cytochrome-c reductase -0.31 -1.01 

CJI97_003997 B9J08_004027 WOR1 
Transcription factor of white-

opaque phenotypic switching in C. 
albicans 

-1.22 -0.33 
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Table S3.4. Strains and oligonucleotides used in this study. 

Fungal Strains 

Strain Lab # Species Parent Relevant Characteristics 
(FLZ MIC) Source 

AR0390 DH2777 C. auris  Clinical isolate, clade I (140) 
B11221 DH3880 C. auris  Clinical isolate, clade III (46) 
mrr1a∆ DH3881 C. auris B11221 mrr1a∆::caSAT1 (46) 
mrr1b∆ DH3882 C. auris B11221 mrr1b∆::caSAT1 (46) 
mrr1c∆ DH3883 C. auris B11221 mrr1c∆::caSAT1 (46) 

U04 mrr1∆ DH3306 C. 
lusitaniae U04 mrr1D::NAT1 

(4 µg/mL) (40) 

U04 mrr1∆ 
+ 

CauMRR1aN
647T clone #1 

DH3914 C. 
lusitaniae 

U04 
mrr1∆ 

CauMRR1aN647T-HygB 
(16 µg/mL) This study 

U04 mrr1∆ 
+ 

CauMRR1aN
647T clone #2 

DH3915 C. 
lusitaniae 

U04 
mrr1∆ 

CauMRR1aN647T-HygB 
(16 µg/mL) This study 

U04 mrr1∆ 
+ 

CauMRR1aN
647T clone #8 

DH3916 C. 
lusitaniae 

U04 
mrr1∆ 

CauMRR1aN647T-HygB 
(16 µg/mL) This study 

U04 mrr1∆ 
+ 

CauMRR1a 
clone #4 

DH3917 C. 
lusitaniae 

U04 
mrr1∆ 

CauMRR1a-HygB 
(4 µg/mL) This study 

U04 mrr1∆ 
+ 

CauMRR1a 
clone #5 

DH3918 C. 
lusitaniae 

U04 
mrr1∆ 

CauMRR1a-HygB 
(4 µg/mL) This study 

U04 mrr1∆ 
+ 

CauMRR1a 
clone #7 

DH3919 C. 
lusitaniae 

U04 
mrr1∆ 

CauMRR1a-HygB 
(4 µg/mL) This study 

 
Plasmids in E. coli (DH5⍺) 

Strain Lab # Species Description Source 
pMQ30MRR1-
L1191H+Q1197* DH3829 E. coli MRR1L1191H+Q1197*-HygB complementation, 

GentR (58) 

pMQ30CauMR
R1aN647T DH3912 E. coli CauMRR1aN647T-HygB complementation, GentR This study 

pMQ30CauMR
R1a DH3913 E. coli CauMRR1a-HygB complementation, GentR This study 

 
Primers 

Name Description Sequence Source 
ED222 C. auris ACT1 qRT 

Fwd 
5’ – GAA GGA GAT CAC TGC TTT AGC C 

– 3’ 
 

This study 

ED223 C. auris ACT1 qRT 
Rev 5’ – GAG CCA CCA ATC CAC ACA G – 3’ This study 

ED224 C. auris MDR1 qRT 
Fwd 5’ – GAA GTA TGA TGG CGG GTG – 3’ This study 
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ED225 C. auris MDR1 qRT 
Rev 5’ – CCC AAG AGA GAC GAG CCC – 3’ This study 

AB126 C. auris MGD1 qRT 
Fwd 5’ – TTC CCC TGA AAT GGA TTT GA – 3’ This study 

AB127 C. auris MGD1 qRT 
Rev 5’ – GTC TTG GAG CCA TAG TAA CC – 3’ This study 

AB130 

Amplify C. auris 
MRR1a for 

heterologous 
complementation, Fwd 

5’ – CTT CAA CTC CGC AAC ACC TGG 
AAA CTT CAT TAC TAA AGA TGA TGG 

TAT CTT CGA AAG ATC – 3’ 
This study 

AB131 

Amplify C. auris 
MRR1a for 

heterologous 
complementation, Rev 

5’ – CTT TAC CAG TAA AGT ATC CTT 
GCC AAA TTT CGT TCC ATA ATT ACA 

CAT CAA GCA TCT CTT C – 3’ 
This study 

ED125 
Forward upstream of 

C. lusitaniae MRR1 to 
validate complements 

5’ – GAA AAA GAA GCC AGC AGA CC – 3’ (58) 

ED126 
Reverse upstream of 

C. lusitaniae MRR1 to 
validate complements 

5’ – GGG TAA AGC CAT TGC AGA C – 3’ (58) 

ACT1-F C. lusitaniae ACT1 
qRT Fwd 5’ – GTA TCG CTG AGC GTA TGC AA – 3’ (141) 

ACT1-R C. lusitaniae ACT1 
qRT Rev 5’ – GAT GGA TGG TCC AGA CTC GT – 3’ (141) 

ED058 C. lusitaniae MDR1 
qRT Fwd 

5’ – TCC ATC CAT GGG TCC ATT ATT C – 
3’ (40) 

ED059 C. lusitaniae MDR1 
qRT Rev 

5’ – CTC AAC ACA AGG AAA GCA CAT C – 
3’ (40) 

AB039 C. lusitaniae MGD1 
qRT Fwd 

5' – CGC AGA AAT CCC TAA AGT AAA T – 
3' (58) 

AB040 C. lusitaniae MGD1 
qRT Rev 5' – TAC CCT TTG CTT CGT TCT T – 3' (58) 

 
Other Oligonucleotides 

Name Description Sequence Source 

NAT1 
crRNA 

crRNA targeting 
NAT1; used to 

complement C. auris 
MRR1a alleles into C. 

lusitaniae 
mrr1∆::NAT1 mutant 

5’ – GGG AAA ACC TTA GTC AAT GG – 3’ (58) 
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Figure 3.1. Mrr1a regulates expression of MGD1 and MDR1 in C. auris isolate 

B11221. (A) Growth curves of B11221 WT (blue) and its mrr1a∆ (red), mrr1b∆ (green), 

and mrr1c∆ (purple) derivatives in YPD + 10 mM MG. Data shown represent the mean ± 

SD for three independent experiments. (B-C) qRT-PCR assessment of MGD1 (B) and 

MDR1 (C) expression in B11221 WT (blue) and mrr1a∆ (red) cultures grown to 

exponential phase in YPD at 37˚C. Data shown represent the mean ± SD for three 

independent experiments. Ratio paired t-test was used for statistical evaluation; * p < 0.05. 

(D) Volcano plot of all quantified genes in B11221 WT vs mrr1a∆ in the control condition. 
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Each point represents a single gene; blue points indicate genes significantly more highly 

expressed in WT; red points indicate genes significantly more highly expressed in mrr1a∆. 

Numbers adjacent to each colored point indicate the log2FC in mrr1a∆ versus WT. 
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Figure 3.2. MG and BEN both lead to a vast transcriptional response in C. auris 

B11221, which includes upregulation of MDR1 and MGD1. A-B) qRT-PCR analysis for 

expression of MGD1 (A) and MDR1 (B) in exponential-phase cultures of B11221 WT 

(blue) or mrr1a∆ (red) treated with MG or BEN as indicated. Data shown represent the 

mean ± SD for three independent experiments. Ratio paired t-test was used for statistical 

evaluation; ns p > 0.05, * p < 0.05, ** p < 0.01. (C-D) Volcano plots of all quantified genes 

in B11221 WT treated with either MG (C) or BEN (D). Each point represents a single 

gene; magenta points indicate genes that were significantly upregulated compared to the 

control condition, teal points indicate genes that were significantly downregulated 

compared to the control condition. MDR1 and MGD1 are shown along with the two most 

up- and down- regulated genes in each condition. (E-F) Scatter plots of the average CPMs 

of all quantified genes in mrr1a∆ vs. B11221 WT treated with MG (E) or BEN (F). Each 
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point represents a single gene. Points below the dotted line indicate genes that were more 

highly expressed in the WT, and points above the dotted line indicated genes that were 

more highly expressed in the mrr1a∆ mutant. MDR1 and MGD1 are shown with red dots 

for reference. 
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Figure 3.3. MDR1 and MGD1 are among the genes significantly more highly 

expressed in isolate B11221 compared to isolate AR0390. (A) Growth curves of B11221 

(blue) and AR#0390 (orange) in YPD + 10 mM MG. Data shown represent the mean ± SD 

for three independent experiments. (B-C) qRT-PCR assessment of MGD1 (B) and MDR1 

(C) expression in B11221 (blue) and AR0390 (orange) grown to exponential phase in YPD 

at 37˚C. Data shown represent the mean ± SD for three independent experiments. Ratio 

paired t-test was used for statistical evaluation; * p < 0.05, **** p < 0.0001. (D) Volcano 

plot of all quantified genes, matched by syntenic ortholog, in B11221 and AR0390 in the 

control condition (YPD). Each point represents a single gene; blue points indicate genes 

significantly more highly expressed in B11221; orange points indicate genes significantly 

more highly expressed in AR0390. (E-F) qRT-PCR expression analysis for MGD1 (E) and 
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MDR1 (F) in C. lusitaniae U04 mrr1∆ (grey) and its derivatives expressing 

CauMRR1aN647T (dark blue) or CauMRR1a (brown). Data shown represent the mean ± SD 

for three independent experiments. One-way ANOVA was used for statistical evaluation; 

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (G) Growth curves of C. lusitaniae 

U04 mrr1∆ (grey) and its derivatives expressing CauMRR1aN647T (dark blue) or 

CauMRR1a (brown) in YPD + 15 mM MG. One representative experiment of three 

independent experiments is shown; error bars represent the standard deviation of technical 

replicates within the experiment. 
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Figure 3.4. MG induces expression of MGD1 and MDR1 in C. auris isolates B11221 

and AR0390, but C. auris MRR1a is not inducible by MG when heterologously 

expressed in C. lusitaniae. (A-B) qRT-PCR analysis for expression of MGD1 (A) and 

MDR1 (B) in exponential-phase cultures of B11221 (blue) or AR0390 (orange) treated with 

MG as indicated. Data shown represent the mean ± SD for three independent experiments. 

Ratio paired t-test was used for statistical evaluation; ns p > 0.05, * p < 0.05, ** p < 0.01. 

(C-F) qRT-PCR analysis for expression of MGD1 (C, E) and MDR1 (D, F) in exponential-

phase cultures of C. lusitaniae U04 mrr1∆ (grey) and its derivatives expressing 

CauMRR1aN647T (dark blue) or CauMRR1a (brown) treated with 5 mM MG for 15 min (C, 

D) or 25 µg/mL BEN for 30 min (E, F). Data shown represent the mean ± SD for three 
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independent experiments. Ratio paired t-test was used for statistical evaluation; ns p > 0.05, 

* p < 0.05, ** p < 0.01. 
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Figure 3.5. MG induces and represses common pathways across B11221 and AR0390. 

(A) Venn diagram of genes with syntenic orthologs between B11221 and AR0390 that 

were significantly induced (indicated by “up” arrows) or repressed (indicated by “down” 

arrows) by MG in either or both strains. (B) Scatter plot of the log2FC of genes significantly 

induced by MG in AR0390 vs the log2FC of genes induced by MG in B11221. Only genes 

with syntenic orthologs between the two strains are shown. Each point represents a single 

gene; points above the dotted line indicate genes which exhibited a greater Log2FC in 
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AR0390, and points below the dotted line indicate genes which exhibited a greater log2FC 

in B11221. MGD1 and MDR1 are indicated with red dots for reference. (C) Graphic 

summary of major groups of genes that were significantly up- or down-regulated in 

response to MG in both B11221 and AR0390. Genes in bold text were also up- or down-

regulated in response to BEN in B11221. 
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Figure S3.1. The mrr1a∆ mutant has a growth defect in high concentrations of MG, 

but not at 5 mM MG or in the YPD control. Growth curves of B11221 WT (blue) and 

its mrr1a∆ (red), mrr1b∆ (green), and mrr1c∆ (purple) derivatives in YPD (left), or YPD 

supplemented with 5 mM (middle), or 15 mM (right) MG. Data shown represent the mean 

± SD for three independent experiments. 
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Figure S3.2. The transcriptional response of mrr1a∆ to either MG or BEN is overall 

similar to that of the B11221 WT parent strain. Volcano plots of all quantified genes in 

the mrr1a∆ mutant treated with either MG (A) or BEN (B). Each point represents a single 

gene; magenta points indicate genes that were significantly upregulated compared to the 

control condition, teal points indicate genes that were significantly downregulated 

compared to the control condition. MDR1 is shown along with the two most up- and down- 

regulated genes in each condition. 
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Figure S3.3. C. auris strain AR0390 has a growth advantage over B11221 in YPD but 

loses that advantage in the presence of increasing concentrations of MG. Growth 

curves of B11221 (blue) and AR0390 (orange) in YPD (left), or YPD supplemented with 

5 mM (middle), or 15 mM (right) MG. Data shown represent the mean ± SD for three 

independent experiments. 
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Figure S3.4. C. lusitaniae strains complemented with CauMRR1aN647T or 

CauMRR1a do not differ in growth from the mrr1∆ parent at MG concentrations 

below 15 mM. Growth curves of C. lusitaniae U04 mrr1∆ (grey) and its derivatives 

expressing CauMRR1aN647T (dark blue) or CauMRR1a (brown) in YPD (left) or YPD 

supplemented with 5 mM (middle), or 10 mM (right) MG. Data shown represent the mean 

± SD for three independent experiments. 
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Figure S3.5. Treatment with 5 mM MG leads to the differential expression of more 

genes in AR0390 than in B11221. Volcano plot of all quantified genes in AR0390 treated 

with MG. Each point represents a single gene; magenta points indicate genes that were 

significantly upregulated compared to the control condition, teal points indicate genes that 

were significantly downregulated compared to the control condition. MDR1 and MGD1 

are shown for reference. 
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Chapter 4. Discussion, Future Directions, and Conclusion 

4.1 Possible mechanisms for MG induction of Mrr1-regulated genes 

The most straightforward hypothesis as to how MG activates transcription of Mrr1-

regulated genes is that MG directly modifies one or more amino acids of the Mrr1 protein. 

As discussed in Chapter 1, MG preferentially reacts with arginine, lysine, and cysteine 

residues, and the reactivity of any residue is dependent upon its local environment (1-6). 

ClMrr1 contains 28 cysteine (2.2% of the protein), 62 arginine (4.9%), and 69 lysine (5.5%) 

residues. Of the cysteine residues, 6 are located within the conserved N-terminal Cys6Zn2 

motif, but any of the remaining 22 cysteine residues could act as an MG-sensing switch. If 

MG does directly modify Mrr1, we favor cysteine as the target residue over arginine or 

lysine, because the gradual drop in MDR1 expression after peaking at 15 - 30 min of MG 

exposure (Appendix Fig. II.2) implies a return to basal Mrr1 activity and thus, a reversible 

modification. Because we do not observe a change in the SDS-PAGE gel migration of HF-

tagged Mrr1 from MG-treated cultures (data not shown), it is likely that only one to a few 

specific residues of Mrr1 would be modified by MG at the concentration used (5 mM). We 

could run a gel for a longer period of time to magnify and small size differences that may 

be present. Of course, the best way to definitively determine whether Mrr1 is directly 

modified by MG is to overexpress full-length, HF-tagged Mrr1 in C. lusitaniae, and either 

treat cultures with MG and then purify the tagged protein or purify HF-Mrr1 first and then 

treat it with MG in vitro. Samples could then be analyzed via mass spectrometry to 

determine which, if any, residues are MG-modified. 

As glycation often leads to conformational changes of proteins, we can reasonably 

assume that glycated Mrr1 would be conformationally different from unmodified Mrr1, 
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and we can test this via Native PAGE against MG-treated or untreated strains expressing 

HF-tagged Mrr1. A conformational change could lead to increased Mrr1 activity in a few 

ways. One, glycated Mrr1 may have a stronger interaction with one or more of its binding 

partners, resulting in increased expression of shared target genes. This could be tested 

directly by performing a co-immunoprecipitation against full-length HF-tagged Mrr1 in 

cultures treated or not treated with MG. Due to the low intracellular quantities often 

observed for transcription factors, it may behoove us to create strain that overexpresses 

HF-tagged Mrr1 – conversely, overexpression of Mrr1 may result in increased interaction 

with binding partners and expression of target genes even in the absence of an inducer, 

which could make results difficult to interpret. Nonetheless, it would be interesting to 

investigate whether MG changes the propensity of Mrr1 to interact with any of its binding 

partners. This technique can also be employed to gain a better understanding of why C. 

auris Mrr1a can be induced by benomyl but not by MG when expressed in C. lusitaniae 

(Fig. 3.4C-F). That is, perhaps C. auris Mrr1a cannot bind as efficiently to some other 

factor in C. lusitaniae that is necessary for activation by MG but not by benomyl. If that is 

the case, it would also suggest that different factors are required for induction by benomyl 

versus MG, at least in C. lusitaniae. 

Another possible way in which a conformational change in Mrr1 could increase 

transcriptional activation is by shielding specific serine, threonine, or tyrosine residues 

from phosphorylation by Ssn3. As Liu and Myers (7) have demonstrated, Ssn3 

phosphorylates Mrr1 in C. albicans to negatively regulate its activity. Thus, if Ssn3 and 

Mrr1 have the same relationship in C. lusitaniae, MG might modify the structure of Mrr1 

in such a way that Ssn3-phosphorylated residues become inaccessible. One way to test this 
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is to monitor the phosphorylation state of Mrr1 following treatment with MG in a strain 

expressing the full-length MRR1ancestral allele (which is highly responsive to MG) and an 

isogenic strain from which SSN3 (CLUG_05119) has been deleted. Additionally, it would 

be interesting to investigate whether Mrr1ancestral becomes constitutively active in the 

absence of SSN3 and, if so, whether MG is incapable of inducing a further increase of Mrr1 

activity in this strain. Conversely, it is also possible that MG reacts with Ssn3 to cause a 

decrease in its kinase activity, thus relieving phosphorylation-dependent repression of 

Mrr1. 

If MG does not directly modify Mrr1, an obvious candidate would be Cap1. It has 

already been demonstrated that Yap1, the S. cerevisiae homolog of Cap1, is reversibly 

modified by MG at any of its three C-terminal cysteine residues, resulting in its activation 

(8). Pap1 in S. pombe is similarly activated by MG (9). In addition to MG, other 

electrophilic compounds, such as N-ethylmaleimide (NEM) (10), acrolein (10), 

malondialdehyde (MDA) (11), 4-hydroxynonenal (12), and iodoacetamide (12), have also 

been shown to activate Yap1 via modification of its C-terminal cysteine residues. Yap1 

displays at least two distinct mechanisms of activation by either reactive oxygen species or 

reactive electrophiles: hydrogen peroxide (H2O2) leads to intramolecular disulfide bond 

formation in Yap1 via the glutathione peroxidase Gpx3, and the N-terminal Cys residues 

303 and 310 in addition to the C-terminal Cys residues 598 and 620 are required for stable 

activation by H2O2 (13, 14); whereas electrophilic activation of Yap1 occurs independently 

of Gpx3 or the N-terminal Cys residues (10, 12, 15). Notably, H2O2 and reactive 

electrophiles cause the Yap1-dependent differential expression of unique sets of genes 

(10). Likewise, H2O2 and reactive electrophiles do not confer cross-resistance to one 
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another, while electrophiles do confer Yap1-dependent cross-resistance to other 

electrophiles (10). Thus, Yap1 can be considered an independent sensor of both ROS and 

electrophilic stress. 

Our work presented in Chapter 2 paint an unclear picture of the possible role for 

Cap1 in the Mrr1-dependent response to MG. Deletion of either MRR1 or CAP1 in isolate 

S18 completely abolishes induction of MGD1 and MGD2 by MG, but not of MDR1 (Fig. 

2.4D-F). In fact, MG-induced MDR1 expression in a cap1∆ single mutant does not differ 

significantly from that observed in the parental isolate S18, nor does the mrr1∆/cap1∆ 

double mutant differ significantly in this regard from the mrr1∆ single mutant (Fig. 2.4F). 

Similarly, the cap1∆ single mutant does not exhibit a significant decrease in stimulation of 

growth in fluconazole by MG relative to the parental (Fig. 2.5B), nor is the mrr1∆/cap1∆ 

double mutant significantly different from the mrr1∆ single mutant in this assay (Fig. 

2.5B). Therefore, it appears that in C. lusitaniae, both Mrr1 and Cap1 are required for 

induction of MGD1 and MGD2 in response to MG, but there is not convincing evidence 

that Cap1 participates in MG-mediated MDR1 induction, at least in this strain. In 

accordance with these observations, the cap1∆ mutant displays a substantial growth defect 

in MG (Fig. S2.3B) but its fluconazole MIC does not differ from the parental isolate S18 

(Table 2.1). However, even if Cap1 is not required for induction of MDR1 expression and 

stimulation of growth in fluconazole by MG, we cannot rule out the possibility that Cap1 

can be activated by MG in a manner comparable to S. cerevisiae Yap1, particularly because 

induction of MGD1 and MGD2 does appear to be Cap1-dependent and expression of 

MGD1 is regulated by Cap1 in C. albicans (16). To investigate whether MG activates Cap1 

in Candida species, we can employ methodology similar to that of Maeta et al. (8). That 
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is, we can express a GFP-tagged ClCap1 in both glo1∆ and GLO1-intact C. lusitaniae 

strains and use fluorescence microscopy to examine whether exogenous and/or endogenous 

MG cause ClCap1-GFP to localize to the nucleus. The plasmid to express ClCAP1-GFP 

has already been created by Patricia Occipinti, a former member of the lab. Additionally, 

due to the genetic heterogeneity among our clinical isolates and the report of circuit 

diversification in C. albicans by Huang et al. (17), it is possible that Cap1 may participate 

in MG-induced MDR1 expression in some strains or isolates but not others. Therefore, we 

could knock out CAP1 from different isolates, including other clinical and environment 

isolates that are more distantly related to the isolates that have been the focus of this work, 

and examine their transcriptional and phenotypic response to exogenous MG. 

Another transcription factor that may be involved in the Mrr1-dependent 

transcriptional response to MG is Mcm1, a binding partner of C. albicans Mrr1 that was 

described in Chapter 1. In S. cerevisiae, Mcm1 is a downstream, HOG pathway-

independent target of the response regulator Sln1 (18, 19). This is noteworthy because 

activation of the HOG pathway by MG occurs through the Sln1 branch in S. cerevisiae (20, 

21). Additionally, deletion of ScFPS1, which encodes a glycerol export protein, leads to 

elevated intracellular glycerol and phosphorylation of Sln1, resulting in increased Mcm1 

activity (22). Because MG exposure also causes glycerol accumulation in S. cerevisiae 

(23), and the activity of Mcm1 and the HOG pathway are reciprocally regulated by Sln1 

(18, 19, 22), we propose the following model: a) MG causes dephosphorylation of Sln1 by 

some unknown mechanism, resulting in activation of the HOG pathway; b) the activated 

HOG pathway upregulates expression of GPD1, leading to increased glycerol production; 

c) glycerol accumulation leads to phosphorylation of Sln1, thereby shutting off the HOG 
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pathway and activating Mcm1; and d) activated Mcm1 cooperates with Mrr1 to regulate 

expression of shared target genes including MDR1 and MGD1. A visual representation of 

this model is depicted in Fig. 4.1. Of course, this model is contingent upon the observations 

reported in S. cerevisiae also holding true for Candida species. Several preliminary 

experiments we could perform to test our model are 1) generate repressible MCM1 strains 

in C. lusitaniae to assess whether depletion of Mcm1 protein abolishes MDR1 and MGD1 

induction by MG; 2) measure intracellular glycerol in C. lusitaniae cultures exposed to 

MG at different time points; and 3) use RT-qPCR to assess whether growth in glycerol 

induces expression of Mrr1-regulated genes. 

 Finally, it is possible that MG modulates the ability of Mrr1 to interact with its 

DNA targets, through modulation of SWI/SNF activity and/or direct glycation of histones. 

In C. albicans, Mrr1 and the SWI/SNF complex are mutually dependent on one another for 

binding to their shared target promoters, and thus the SWI/SNF complex is required for 

high MDR1 expression by gain-of-function Mrr1 as well as induction of MDR1 in response 

to benomyl (7). The simplest preliminary experiment to investigate possible involvement 

of the SWI/SNF complex in the MG response is to assess whether genetic deletion of SNF2 

abolishes induction of MDR1 and MGD1 by MG. While we would not be able to conclude 

that the SWI/SNF complex itself is activated by MG based on this experiment alone, 

negative results (i.e., no difference in induction between SNF2WT strains and snf2∆ 

mutants) would likely rule out the SWI/SNF complex in the Mrr1-dependent MG response. 

Alternatively (or concurrently), it is possible that MG directly glycates basic residues on 

histones, decreasing nucleosome density and rendering the chromatin more accessible to 

transcriptional machinery. To investigate this hypothesis, we can evaluate the relative 
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nucleosome density around the promoters of MDR1 and MGD1 in MG-treated cultures via 

chromatin immunoprecipitation against histone H3 (7). If we find that MG treatment does 

lead to decreased histone binding at these promoters but that SNF2 is not required for this 

process, histone glycation by MG would seem plausible. MG-mediated glycation of histone 

proteins has been observed in vitro (24-26) and in vivo (25, 27), and upregulation of salt 

stress responsive genes in Arabidopsis thaliana following salt exposure is associated with 

histone glycation by MG (27). 

 

4.2 Investigating the functions of Mrr1b and Mrr1c in C. auris 

As shown in Fig. 3.1, MDR1 and MGD1 appear to be the only genes whose 

expression is strongly regulated by Mrr1a in the C. auris isolate B11221. Because MRR1a 

contains a gain-of-function mutation in B11221, like other clade III isolates (28, 29), this 

isolate seemed like the ideal genetic background to assess the effects of MRR1a deletion. 

However, essentially nothing is yet known about the functions of Mrr1b and Mrr1c, other 

than that neither contributes to azole resistance C. auris (30). We hypothesize that the 

unexpectedly small number of genes (four in total) that are significantly differentially 

expressed between B11221 mrr1a∆ and its parent could be the result of compensation by 

Mrr1b and/or Mrr1c. We are currently in the process of generating plasmids to complement 

MRR1b and MRR1c into C. lusitaniae as we did with MRR1a to investigate whether 

expression of either gene can complement an mrr1∆ mutant. However, most zinc-cluster 

transcription factors are not active in the absence of either gain-of-function mutations or 

inducing signals (see reference (31) for review); there are currently no known gain-of-

function mutations in C. auris MRR1b or MRR1c, and likewise it is not known what might 
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induce their activity. As a result, studying the functions of the genes may be difficult if 

they do not respond to any of the known activators of Mrr1. Regardless, we believe it Is 

worth the effort to investigate the roles of Mrr1b and Mrr1c and whether and how they 

contribute to C. auris pathogenesis or persistence. 

 

4.3 Discussion on the possible clinical relevance of this work 

It is noteworthy that many of the human diseases in which elevated levels of MG 

and AGEs have been observed are also associated with an increased risk of candidiasis and 

candidemia. We propose that the MG-detoxification capacity of yeast, which likely arose 

from a long evolutionary history of growth in high-sugar environments, contributes to the 

persistence of Candida in these patients, and that MG and other reactive aldehydes could 

reach significant signaling concentrations in the context of infection. 

 

Methylglyoxal, glyoxalase I deficiency, and infection 

 The most likely sources of exogenous MG that a microbial pathogen would 

encounter in a mammalian host are production from immune cells and, in some cases, host-

endogenous MG due to hyperglycemia, systemic GSH deficiency, and/or defects in 

glyoxalase expression or activity. As described in Chapter 1, phagocytes generate MG 

and other reactive aldehydes in response to stimulation by microbial antigens (32-38), 

suggesting that resistance against these compounds in vitro could also indicate resistance 

against phagocytic killing in the context of infection. In recent years, a few MG-specific 

fluorescent probes have been developed for use in living tissues. Dang et al. (39) have 

published on a near-infrared (NIR) fluorescent MG probe called DBTPP, which uses a 
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thiadiazole-fused o-phenylenediamine moiety to detect MG. DBTPP can noninvasively 

monitor MG levels in cell culture and in live mice (39). Gao et al. (40) have developed a 

two-photon fluorescent MG probe named NP, which relies on naphthalimide dye and o-

phenylenediamine and has successfully been used in cells, tissues, and in live zebrafish. 

Another MG probe that may be useful for our purposes is NAP-DCP-4, which is cell-

impermeable and designed for the purpose of monitoring MG in the supernatant of 

activated macrophages (41). We could utilize these probes to explore MG production in 

the context of microbial infection. Specifically, we would like to use the NIR probe DBTPP 

to visualize MG production in mice infected with different pathogens, such as C. albicans 

or P. aeruginosa. Because NIR fluorescent imaging is noninvasive, we would easily be 

able to monitor how the MG level changes during infection without having to sacrifice 

mice at each time point. We also think the NP probe would be interesting for use in a 

zebrafish model of infection to track MG production in relation to fluorescently tagged 

pathogens and immune cells. Finally, the cell-impermeable probe, NAP-DCP-4, would be 

useful for examining extracellular MG produced by macrophages or neutrophils in vitro 

following stimulation with microbial antigens. 

Levels of MG are commonly elevated in many conditions associated with chronic 

inflammation, including Type 1 and Type 2 diabetes (Chapter 1 and the references 

therein), psoriasis, multiple sclerosis, and cirrhosis. Chronic inflammation also contributes 

to the pathology of cystic fibrosis (CF) (see reference (42) for review), the disease afflicting 

the three patients in whom we have identified C. lusitaniae in the lungs. Although MG has 

not yet been directly measured in the context of cystic fibrosis (CF), levels of MDA are 

significantly elevated in the breath, plasma, and sputum of CF patients compared to healthy 
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controls (43), and MDA is correlated with a more severe decline in lung function among 

CF patients (43, 44). Carbonylated proteins are also significantly elevated in the plasma 

CF patients (45, 46). Additionally, Pariano et al. (47) have recently reported defective 

GLO1 expression and Glo1 activity in Cftr−/− mice and in bronchial cells from human CF 

patients. Furthermore, higher expression of the receptor for advanced glycation 

endproducts (RAGE) is associated with more severe lung disease and inflammation in CF 

(48), and inhibition of RAGE signaling leads to significantly lower inflammation and 

fungal burdens in the lungs of Cftr−/− mice infected with Aspergillus fumigatus (49). 

Patients with CF also exhibit systemic deficiency in reduced glutathione (GSH) (50), which 

contributes to oxidative stress in the airways (51) and could plausibly exacerbate 

electrophilic stress, though the latter possibility has not yet been investigated. 

 

Virulence 

 There is growing evidence that metabolism of MG and other reactive aldehydes 

plays a crucial role in the virulence of microbial pathogens. In the bacterium Listeria 

monocytogenes, mutants lacking the glyoxalase I gene gloA exhibit attenuated virulence in 

mice due to GSH depletion and inability to activate the master virulence regulator PrfA 

(52). Glyoxalase I is also critical for virulence in Group A Streptococcus; null mutants are 

hypersensitive to MPO-dependent neutrophil killing and display a dissemination defect in 

vivo (36). In E. coli, the MG reductase gene ydjG is one of nine genes upregulated upon 

colonization of the murine cecum, and deletion of ydjG leads to decreased cecal 

colonization (53). The genome of the murine malarial parasite Plasmodium berghei 

encodes two functional glyoxalase II genes; one is targeted to the cytosol and the other to 
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the apicoplast (54). Disruption of both genes in P. berghei inhibits liver-stage proliferation 

in mice by 90% (54). As for yeast, large-scale transcriptomics analyses have shown that 

expression of MG reductase genes is upregulated in C. albicans and S. cerevisiae during 

growth in physiologically relevant conditions. Specifically, CaMGD1 (referred to as GRP2 

in the corresponding reference) is highly expressed during C. albicans colonization of the 

murine cecum (55), and ScGRE2 is among the numerous stress-responsive genes induced 

after incubation in human blood in vitro for one hour (56). These examples illustrate the 

importance for MG detoxification for the capacity of microbes to colonize and persist in a 

mammalian host, due at least in part to MG production by host immune cells and possible 

endogenous MG generation under environmental stresses (see below). We are very 

interested in testing our C. lusitaniae mrr1∆, mgd1∆, mgd2∆, and glo1∆ mutants in animal 

models of infection to investigate whether any of these mutants exhibit a defect in 

colonization and/or virulence. 

 

Abiotic stress response 

 In addition to competition with other microbes, exposure to antimicrobial drugs, 

and onslaught by the immune system, microbial pathogens must cope with abiotic stresses 

such as osmotic stress, high temperatures, nutrient limitation, and a potentially wide range 

of pH. Due to its ability to activate stress-response pathways, as discussed in Chapter 1, 

MG is an intriguing potential stress signal. In fact, the involvement of MG metabolism in 

tolerance to a variety of abiotic stresses has been studied extensively in plants. In multiple 

plant species, intracellular MG increases significantly in response to drought (57, 58), 

salinity (57, 59-63), cold stress (57), heavy metals (59), or phosphorous deficiency (62). 



 317 

Additionally, expression of genes involved in MG detoxification is upregulated in plants 

treated with NaCl (64-66), mannitol (64, 66), abscisic acid (64, 66), and heavy metals (65). 

Furthermore, overexpression of MG detoxification genes leads to increased tolerance to 

salinity (57, 63, 65, 67, 68), drought (68), heat (66, 68), and oxidative stress (66) in plants. 

Similar findings have been reported in microbes. For example, intracellular MG increases 

in S. cerevisiae exposed to H2O2 or a high concentration of NaCl (69). In the bacterium 

Burkholderia pseudomallei, expression of a particular NADPH-dependent dicarbonyl 

reductase is upregulated in response to salt stress, and overexpression protects B. 

pseudomallei from diacetyl, MG, and high salinity (70). To investigate the potential 

involvement of MG metabolism in stress tolerance of Candida, we would first assess our 

MG-sensitive mutants for defects in growth in high salinity, non-salt osmotic stress (i.e., 

sorbitol), heat, cold, and heavy metal stress. We are particularly interested in studying the 

potential for Mrr1-dependent (via MGD1) stress tolerance in C. auris, due to the 

organism’s striking ability to persist on abiotic surfaces for comparatively long periods of 

time. 

 

4.4 Speculation on a potential role for aldehyde metabolism in yeast quorum sensing 

 We note many similarities between the transcriptional response of C. lusitaniae 

(Chapter 2) and C. auris (Chapter 3) to MG and that of some Candida species to farnesol 

or tyrosol (71-74). In particular, farnesol induces expression of MDR1 in C. albicans (73), 

MGD1 (GRP2) in C. parapsilosis (74), and both in C. auris (72), while and tyrosol induces 

expression of both genes in C. parapsilosis (71). Farnesol and tyrosol, along with several 

other alcohols, are known as quorum sensing molecules in Candida species (see reference 
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(75) for review), but the mechanisms by which these alcohols modulate yeast transcription 

and physiology are unclear. Certain alcohol compounds can also act as signaling molecules 

in S. cerevisiae; for example, isoamyl alcohol is considered an inducer of filamentation in 

budding yeast (76). However, Hauser et al. (77) postulate that isovaleraldehyde, the 

cognate aldehyde of isoamyl alcohol, is the direct signal that promotes filamentation in S. 

cerevisiae, because Gre2 exhibits isovaleraldehyde reductase activity and gre2∆ mutants 

are hyperfilamentous. To clarify, the hypothesis is that isoamyl alcohol is converted via 

alcohol dehydrogenases to isovaleraldehyde, but Gre2 catabolizes isovaleraldehyde which 

dampens the signal. These factors led us to hypothesize that quorum-sensing alcohols such 

as farnesol are not the direct signals which modulate yeast behavior, but rather these 

alcohols are oxidized intracellularly by alcohol dehydrogenase enzymes to the 

corresponding aldehydes, which are the direct signals. Consequently, genes involved in 

aldehyde metabolism, such as Gre2 or Mgd1, would also play a pivotal role in this mode 

of quorum-sensing. Although alcohols like ethanol, isoamyl alcohol, and farnesol have 

been shown to promote filamentation in S. cerevisiae and inhibit it in C. albicans (see 

reference (75) for review), studies on the direct effects of aldehyde compounds on yeast 

morphology are lacking. To date, the only aldehydes with published morphological effects 

on yeast are acetaldehyde (78) and cinnamaldehyde (79), both of which inhibit the yeast-

to-hyphae transition in C. albicans. There is also indirect evidence that MG inhibits 

filamentation in C. albicans, as a glx3∆ (glyoxalase III) mutant deficient in MG 

detoxification exhibits a filamentation defect (80). 

There are several experiments we could perform to investigate our “aldehyde 

quorum sensing” hypothesis. First, we could directly test the morphological effects of 
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farnesal, tyrosal, isovaleraldehyde, and MG on C. albicans and S. cerevisiae. We would 

expect these aldehydes to have the same effects as their corresponding alcohols on each 

species – on that note, acetol, the cognate alcohol of MG, has not been assessed for 

morphological effects in yeast, so we would also test this compound. Likewise, we would 

test whether acetaldehyde promotes filamentation in S. cerevisiae since it represses 

filamentation in C. albicans. More interesting, however, would be to test whether loss of 

ADH activity results in these yeasts becoming “blind” to the alcohol signals. Due to the 

vast number of genes encoding ADH activity in the genomes of either organism, however, 

a genetic study might prove challenging. A more straightforward strategy would be to test 

whether pyrazole, a competitive inhibitor of ADH enzymes, renders yeast unable to 

respond to the alcohol signals in the ways they should (i.e., no change or diminished change 

in morphogenesis). Pyrazole has been utilized to examine toxicity of allyl alcohol and 

acrolein in S. cerevisiae (81). Specifically, it has been shown that inhibition of ADH 

activity by pyrazole alleviates the toxicity of allyl alcohol but not of acrolein (81), 

indicating allyl alcohol itself it not toxic, but that S. cerevisiae rapidly metabolizes it to the 

highly toxic acrolein via ADHs. Thus, it seems reasonable that a similar method would be 

useful in testing our signaling hypothesis. 

 

4.5 Speculation on the importance of the co-regulation of MDR1 and aldehyde-

detoxification genes 

 It is noteworthy that in every Candida species with a published Mrr1 regulon, 

expression of MDR1 is strongly co-regulated with expression of at least one gene encoding 

a protein with known or predicted MG reductase activity (82-87). Our finding that MDR1 
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and MGD1 are not only the top two differentially expressed genes but are also among only 

a total of four genes differentially expressed between a wild-type C. auris clade III isolate 

(B11221) and its mrr1a∆ derivative (Fig. 3.1C) is particularly striking. What’s more, in C. 

albicans (82, 83), C. lusitaniae (85, 86), and C. parapsilosis (84), Mrr1 appears to regulate 

expression of multiple known or predicted aldo-keto reductase and alcohol dehydrogenase 

genes. This trend continues even in the distantly related S. cerevisiae, in which the 

multidrug export gene FLR1 is often co-expressed with GRE2 (88-93), which encodes an 

aldehyde reductase that has demonstrated capability to detoxify and catabolize MG (94), 

isovaleraldehyde (77), and other reactive aldehyde compounds (95, 96).  

 Perhaps the simplest hypotheses to explain the conserved co-regulation of MFS 

efflux proteins with aldehyde reductase enzymes in yeast is that Mdr1 in Candida and Flr1 

in Saccharomyces also participate in detoxification of reactive aldehydes, either by directly 

exporting aldehyde-derived adducts or indirectly by exporting some other substrate and/or 

importing protons. Direct export of AGEs by Mdr1 seems logical if one compares the 

structures of known Mdr1 substrates (Fig. 1.2A) with the structures of common MG-

derived AGEs (Fig. 1.4); notably, many compounds in both categories contain an 

imidazole or pyrimidine group. If any of these efflux proteins do indeed confer protection 

against reactive aldehydes like MG or AA, we would reasonably expect increased 

susceptibility to these compounds in mutants lacking these efflux genes. However, as 

shown in Appendix Fig. II-5, mdr1∆ mutants are not significantly more sensitive to MG 

compared to their MDR1-intact parental strains, with the exception of the mrr1∆/mdr1∆ 

double mutant. 
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 Another hypothesis is that MFS efflux proteins like Mdr1 promote the production 

and/or accumulation of reactive aldehydes, and that co-expression of MDR1 with MGD1 

and FLR1 with GRE2 evolved as a compensatory mechanism. If this were the case, we 

would expect deletion of MDR1 to confer increased resistance to MG or other reactive 

aldehydes. However, it would then seem counterintuitive that MG induces expression of 

MDR1 in Candida species (Chapters 2 – 3) and that AA induces expression of FLR1 in S. 

cerevisiae (97). 

The observation that expression of constitutively active Mrr1 renders C. lusitaniae 

more susceptible to H2O2 and that this sensitivity can be partially rescued by deletion of 

MDR1 (86) supports a model in which Mdr1 alters the cellular redox balance. One 

mechanism that is theoretically possible is that Mdr1 activity promotes the depletion and/or 

oxidation of GSH. Although this function has not previously been reported for Mdr1 in any 

Candida species, other MFS transporters in yeast have demonstrated glutathione-proton 

antiporter activity, such as Gex1 and Gex2 in S. cerevisiae (98). Indeed, we have found 

that C. lusitaniae strains expressing MRR1 with gain-of-function mutations are more 

susceptible to the glutathione-depleting agent diethyl maleate (DEM), and that this 

increased sensitivity is completely rescued upon deletion of MDR1 (Appendix Fig. II.6), 

which adds support to the hypothesis that overexpression of MDR1 negatively affects 

glutathione levels. However, if MDR1 overexpression leads to GSH depletion via export 

in C. lusitaniae, we would expect to see lower levels of intracellular GSH in strains that 

overexpress MDR1, and this is not the case. Compared to two more isogenic strains 

complemented with low-activity MRR1 alleles (MRR1ancestral and MRR1L1191H+Q1197*), a C. 

lusitaniae strain complemented with the constitutively active Y813C allele exhibits higher 
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intracellular levels of both GSH and GSSG as measured by LC-MS (Demers et al., 

manuscript in preparation). That said, it is not out of the realm of possibility that other 

Mrr1-regulated genes highly expressed in this strain could compensate for Mdr1-mediated 

glutathione loss in the absence of oxidative stress or glutathione depletion. Thus, the only 

way to definitively rule out the glutathione hypothesis is to measure GSH and GSSG levels 

in strains with high Mrr1 activity and their isogenic mdr1∆ derivatives. If mdr1∆ mutants 

do exhibit higher levels of intracellular GSH and/or GSSG, extracellular glutathione should 

also be measured to determine whether differences between strains are the result of changes 

in efflux or biosynthesis. 

 If Mdr1 does export a molecule that would otherwise confer protection against ROS 

and/or reactive aldehydes, three more candidates are the polyamines putrescine, 

spermidine, and spermine. Putrescine has been implicated as an MG scavenger in the 

amoeba Dictyostelium discoideum (99, 100). In the mung bean plant, supplementation with 

exogenous spermine enhances tolerance to drought (101), heat stress (101), and cadmium 

(102) by increasing the activities of superoxide dismutase, catalase, glutathione peroxidase, 

glutathione reductase, and the glyoxalase system and decreasing accumulation and 

production of H2O2 and superoxide. Spermidine, the precursor of spermine, also protects 

against oxidative stress, lipid peroxidation, and MG in chickpea (103), rice (104), and 

lettuce (105). Therefore, it is conceivable that these polyamines have similar effects on 

antioxidant capacity and aldehyde defense in yeast, and that uncontrolled export of these 

compounds could render cells more susceptible to ROS and reactive aldehydes. The 

MRR1Y813C complement exhibits significantly lower intracellular levels of putrescine, 

spermidine, and spermine compared to the MRR1ancestral and MRR1L1191H+Q1197* 
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complements (Demers et al., manuscript in preparation). This may contribute to the 

susceptibility of Candida strains with constitutively active Mrr1 to H2O2 and could explain 

the evolutionary pressure to co-express aldehyde detoxification genes like MGD1 with the 

efflux gene MDR1. Of course, to support this hypothesis, we would need to first show that 

deletion of MDR1 from the MRR1Y813C complement restores polyamine levels to those of 

the complements expressing low-activity Mrr1 variants, and that putrescine, spermidine, 

and/or spermine can act as substrates of Mdr1. 

 Finally, because Mdr1 is a transmembrane protein, it is also possible that 

overexpression of MDR1 causes alterations in plasma membrane characteristics such as 

fluidity, lipid or protein content, microdomain organization, or topography. Specifically, 

one hypothesis is that high levels of Mdr1 in the plasma membrane can cause changes that 

promote lipid peroxidation, a process which generates reactive carbonyls like acrolein or 

MDA as described in Chapter 1. A role for MGD1 or other Mrr1-regulated genes in 

resistance against lipid peroxidation products has not yet been investigated in any Candida 

species, but MDA and acrolein have both been shown to induce Yap1 activity in S. 

cerevisiae (10, 11). It is also worth noting that in S. cerevisiae, a GRE2-null mutant exhibits 

increased sensitivity to chemicals which induce cell membrane stress (106). To address 

this hypothesis, we could analyze the plasma membrane composition in strains expressing 

gain-of-function MRR1 alleles and their mdr1∆ derivatives. Polyunsaturated fatty acids are 

particularly susceptible to peroxidation (see reference (107) for review), so decreased 

levels of polyunsaturated fatty acids in the plasma membranes of mdr1∆ mutants compared 

to their parental strains would support the hypothesis that overexpression of MDR1 leads 

to increased lipid peroxidation. We could also quantify acrolein and MDA in these strains. 
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Finally, it would also be interesting to assess the sensitivity of mgd1∆, mgd2∆, or mdr1∆ 

mutants in isogenic strains with different MRR1 alleles to various membrane stressing 

agents. 

 

4.6 Concluding Remarks 

 This work contributes to the knowledge regarding the function and activation of 

Mrr1, a central regulator of azole resistance in Candida species. Multidrug-resistant fungal 

infections remain a significant clinical problem with high healthcare costs and high rates 

of mortality, particularly for individuals with underlying medical conditions. Here, we have 

demonstrated that Mrr1 also contributes substantially to MG resistance in multiple 

Candida species, which may improve the ability of these organisms to persist and 

proliferate in the presence of MG derived from phagocytic attack or from dysregulated 

metabolism in the host due to underlying disease. A probable secondary effect of this 

phenomenon is that elevated physiological concentrations of MG or other reactive 

aldehydes systemically or at the site of infection may select for gain-of-function mutations 

in Mrr1, thus indirectly selecting for increased azole resistance. Furthermore, we have also 

shown that MG at subinhibitory concentrations induces expression of several Mrr1-

regulated genes, including MDR1, and enhances growth in fluconazole in C. lusitaniae. 

This raises the possibility that MG or other reactive aldehydes encountered in the context 

of infection could induce expression of MDR1 and other stress response genes, contributing 

to the failure of azole therapy. Unveiling the mechanism by which MG exerts its effects on 

azole resistance may open the door to the development of novel inhibitors of Mrr1 

activation in addition to deepening our understanding of the undeniable relationship 
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between microbial stress response and drug resistance. Finally, if the observations reported 

here hold true in vivo, it is conceivable that minimizing local or even systemic MG levels, 

perhaps through proven MG scavengers or novel drugs based upon them, could reduce the 

incidence of antifungal failure, especially in patients predisposed to high levels of MG. 
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Figure 4.1. Proposed model for the mechanism of Mrr1-dependent transcriptional 

activation by MG through Sln1 and Mcm1 in Candida species. 1) MG triggers the 

dephosphorylation of Sln1, thereby activating the HOG pathway. 2) Upregulation of GPD1 

expression a result of HOG pathway activation leads to increased glycerol biosynthesis in 
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the cytosol. 3) Glycerol accumulation leads to dephosphorylation of Sln1, shutting off the 

HOG pathway and activating Mcm1. 4) Activated Mcm1 cooperates with Mrr1 to 

upregulate expression of shared target genes, such as MDR1.  
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Appendix I. 

Acetaldehyde increased fluconazole tolerance in Candida lusitaniae in a partially 

Mrr1- and Mdr1- dependent manner 

Results 

Acetaldehyde induces MDR1 expression in an Mrr1-dependent manner and 

stimulates FLZ resistance and in a partially Mrr1-dependent manner 

 We have previously demonstrated that the metabolically generated reactive 

carbonyl species (RCS) methylglyoxal (MG) induces MDR1 expression in C. lusitaniae 

(1) and C. auris (2) and that MG stimulates fluconazole (FLZ) resistance in C. lusitaniae 

(1). Thus, we became interested in investigating whether other biologically relevant RCS 

would have similar effects on Candida species. Acetaldehyde (ACA), another small RCS, 

is an abundant component of air pollution (2-7) and cigarette smoke (8) and can be 

produced by Candida species and other commensal microbes in physiologically significant 

concentrations (9-18), so it is likely that Candida and other microbes would be exposed to 

this compound in vivo. 

 First, we tested whether ACA could induce expression of MDR1 in C. lusitaniae, 

and if so, whether induction is dependent on Mrr1. For this purpose, we treated 

exponential-phase cultures of the strains U04 mrr1∆ and two of its derivatives 

complemented with either MRR1ancestral, which encodes an Mrr1 variant with low basal 

activity and high inducibility by stimuli (19), or MRR1Y813C, which encodes an Mrr1 variant 

with high basal activity and low inducibility (19), with 5 mM MG, 10 mM ACA, or dH2O 

as a control for 15 minutes and measured MDR1 expression via qRT-PCR. As expected, 

treatment with 5 mM MG led to a significant 12.5- and 1.5-fold change (relative to dH2O 
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treatment) in MDR1 expression in the MRR1ancestral and MRR1Y813C complements, 

respectively, while the 1.3-fold change in U04 mrr1∆ was not significant (Fig. I.1). On the 

other hand, treatment with 10 mM ACA resulted in a significant 19.3-fold change in MDR1 

expression in MRR1ancestral, but MDR1 expression was not significantly altered by ACA in 

either U04 mrr1∆ or the MRR1Y813C complements (Fig. I.1). These data suggest that ACA 

induces MRR1-dependent induction of MDR1 expression, but that ACA cannot increase 

the transcriptional activity of constitutively active Mrr1. 

 Consequently, we hypothesized that ACA could stimulate growth in FLZ and that 

this stimulation would be dependent on MRR1. To test this, we set up growth assays in 96-

well plates with either YPD alone or YPD supplemented with 10 mM ACA and/or an 

inhibitory concentration of FLZ; 5 mM MG +/- FLZ was used as a control for growth 

stimulation. Because ACA is volatile, the ACA and FLZ + ACA conditions were set up in 

separate plates from the other conditions. Plates were incubated at 37˚C for 18 hours before 

we measured the OD600. Neither 5 mM MG nor 10 mM ACA alone caused a significant 

change in growth relative to YPD alone for any of the strains tested (data not shown). In 

the presence of FLZ, MG caused a 1.6-, 10.4-, and 5.6-fold increase in OD600 for U04 

mrr1∆, the MRR1ancestral complement, and the MRR1Y813C complement, respectively (Fig. 

I.2). Meanwhile, ACA led to a 2.7-, 13.8-, and 3.0- fold increase in growth in FLZ for the 

three strains, respectively (Fig. I.2). The increased growth observed in the MRR1ancestral 

complement for either MG or ACA was significantly higher than that observed in the other 

two strains, in concordance with the Mrr1 variant encoded by this allele being highly 

inducible. In contrast, the difference between U04 mrr1∆ and the MRR1Y813C complement 
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were not statistically significant for either MG or ACA, which indicates that the induction 

of FLZ resistance in both strains is likely MRR1-independent. 

  To gain a more complete understanding of the involvement of MRR1 and MDR1 in 

the stimulation of FLZ resistance by ACA, we performed FLZ E-tests on solid YPD 

medium +/- 10 mM ACA for U04 mrr1∆, the MRR1ancestral complement, the MRR1Y813C 

complement, and the mdr1∆ derivative of each strain. As shown in Fig. I.3, we observed a 

drastic decrease zone of inhibition for U04 mrr1∆, the MRR1ancestral complement, and the 

MRR1Y813C complement; in fact, the MRR1Y813C complement, which was already FLZ-

resistant, was able to grow robustly even at the maximum FLZ concentration of 256 µg/mL. 

The difference in induction of FLZ resistance, particularly for U04 mrr1∆ and the 

MRR1Y813C complement, between Fig. I.3 and Fig. I.2, may be attributable to the use of 

solid versus liquid medium and/or the fact that we use a higher starting inoculum for E-

tests than for liquid growth assays. Nonetheless, ACA can induce FLZ resistance in C. 

lusitaniae regardless of MDR1 induction, as both U04 mrr1∆ and the MRR1Y813C 

complement exhibit increased FLZ resistance in the presence of ACA (Fig. I.2 and Fig. 

I.3) despite neither strain displaying a change in MDR1 expression upon ACA treatment 

(Fig. I.1). Likewise, ACA increased FLZ resistance in the three mdr1∆ mutants to varying 

degrees, although trailing growth in these strains make the results more difficult to 

interpret. The mrr1∆/mdr1∆ double mutant and the MRR1ancestral mdr1∆ strain both exhibit 

a small change in FLZ MIC in the presence of ACA, increasing from about 0.5 to 1.0 

µg/mL and from about 0.75 to 3.0 µg/mL respectively. However, ACA also appears to 

increase the rate of FLZ tolerance in these two strains, as evidenced by the increased 

number of small colonies growing within the zone of inhibition in the presence of ACA 
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(Fig. I.3). Meanwhile, the MIC of the MRR1Y813C mdr1∆ strain increases from around 3.0 

to 24 µg/mL in the presence of ACA (Fig. I.3). FLZ tolerance is less clear in this strain 

compared to the others, as although it demonstrates a substantial subpopulation of FLZ-

tolerant colonies even in the absence of ACA, but its growth is noticeably more robust at 

high concentrations of FLZ in the presence of ACA (Fig. I.3). Together, the data shown in 

Fig. I.1 through Fig. I.3 suggest that ACA can increase FLZ resistance in C. lusitaniae via 

induction of MDR1 expression in an MRR1-dependent manner, but it also induces other 

cellular changes that can enhance growth in FLZ independently of MRR1 and/or MRR1. 

 

ACA exhibits a dose-dependent effect on growth in FLZ 

 We wanted to investigate the effect of a range of ACA concentrations on FLZ 

resistance to determine the minimum concentration of ACA that can enhance growth in 

FLZ. Starting from 10 mM ACA in YPD with or without an inhibitory concentration of 

FLZ, we performed 2-fold serial dilutions of ACA down to 0.156 mM (156 µM) in culture 

tubes and inoculated each tube with an equal amount of either U04 mrr1∆ or the 

MRR1ancestral complement. After 18 hours of growth on a rotary wheel at 37˚C, we 

measured the OD600 of each culture. Fig I.4 shows the resulting plot of OD600 versus ACA 

concentration in the presence and absence of FLZ for both strains. In the absence of FLZ, 

ACA does not substantially affect growth at concentrations up to 5 mM and has a strong 

inhibitory effect at 10 mM (Fig. I.4). The severe inhibition of both strains by 10 mM ACA 

in this assay was surprising to us, as this concentration was not inhibitory in our 96-well 

plate growth assays. Therefore, ACA sensitivity could be affected by factors such as the 

volume, relative cell density, or surface area-to-volume ratio of the culture, or by 
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oxygenation; we do not have enough data to speculate in more detail at this time. In the 

presence of FLZ, the lowest concentration of ACA that led to a substantial increase in 

growth was 0.313 mM (313 µM) for the MRR1ancestral complement, an increase of about 

7.0-fold from an OD600 of around 0.4 to 2.5 (Fig. I.4). For U04 mrr1∆, this concentration 

of ACA caused an approximate 2.9-fold increase in OD600, from an OD600 of about 0.17 

to 0.49 (Fig. I.4). For both strains, the effect of ACA on growth in FLZ was dose-

dependent, i.e., the endpoint OD600 in FLZ increased progressively with ACA 

concentration until 5 mM, at which point the inhibitory effects of ACA became apparent 

(Fig. I.4). Notably, the OD600 in FLZ was higher for the MRR1ancestral complement 

compared to U04 mrr1∆ at each concentration of ACA (Fig. I.4). This suggests that 

although ACA can induce FLZ resistance without MRR1, as shown in Fig. I.2 and Fig. I.3, 

expression of functional Mrr1 protein results in a greater benefit from ACA, particularly at 

lower concentrations (Fig. I.4). 

 

The volatility of ACA allows for induction of FLZ resistance from adjacent wells 

 Finally, we investigated whether ACA could induce FLZ resistance in C. lusitaniae 

without being directly added to the growth medium and whether this effect would diminish 

with distance. To this end, we arranged clear 96-well plates with either dH2O or 20 mM 

ACA in the four center wells, with the top half of each plate containing YPD medium as a 

control and the bottom half containing YPD + an inhibitory concentration of FLZ (Fig. 

I.5A), which varies by strain. We then added the same strain – either U04 mrr1∆ or the 

MRR1ancestral complement – to the entire plate excluding the four wells in the center. After 

18 hours of incubation at 37˚C, we measured the OD600 of each plate to compare growth in 
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the presence or absence of ACA. Relative to the plate which contained only dH2O in the 

four center wells, the MRR1ancestral complement exhibited a striking increase of growth in 

FLZ in the wells closest to those containing ACA, which tapered off with distance (Fig. 

I.5B). There was essentially no change in growth in the YPD control wells between the 

dH2O plate and the ACA plate (Fig. I.5B), indicating that the increased growth in FLZ by 

ACA was due specifically to increased resistance rather than a general stimulation of 

growth in response to ACA. U04 mrr1∆ also displayed increased FLZ resistance in the 

wells closest to ACA, but the effect was much weaker than that observed for the 

MRR1ancestral complement, with a maximum increase in OD600 of about 6-fold compared to 

the average 22-fold increase observed in the ACA-adjacent wells for the MRR1ancestral 

complement (Fig. I.5BC). These results suggest that although MRR1 is not an absolute 

requirement for stimulation of FLZ resistance by ACA, functional Mrr1 confers a stronger 

response to vaporized ACA. 

 

Discussion and Next Steps: 

 The preliminary data presented in this Appendix build upon our previous work by 

showing that another RCS aside from MG can stimulate MDR1 expression and FLZ 

resistance in C. lusitaniae in a manner that is at least partially dependent on MRR1. These 

data support our hypothesis that Mrr1 functions in an RCS- or reactive electrophilic species 

(RES)- sensing network which includes upregulation of MDR1, among other genes, in 

response to these toxic molecules. The importance of this work is that several RCS/RES 

are significantly elevated in individuals with a myriad of chronic diseases (see references 

(20-22) for review), and many patients with candidiasis or candidemia are afflicted by 
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underlying medical conditions. Additionally, it is also possible that pathogenic microbes 

would encounter RCS/RES produced during the innate cellular immune response (23-29). 

Our overarching hypothesis is that RCS/RES-mediated induction of azole resistance can 

occur in vivo and is one factor that contributes to failure of antifungal therapy. 

 The most obvious next step for the specific work presented here, in terms of 

publication, is to finish obtaining biological replicates for each experiment. Nonetheless, 

we feel that the data are robust enough to present them in this format at this time. 

Additionally, we want to investigate the volatile induction of FLZ resistance on the 

MRR1Y813C complement for the sake of completion, and for the mdr1∆ derivatives of U04 

mrr1∆, the MRR1ancestral complement, and the MRR1Y813C complement. Although we do 

show in Fig. I.3 that ACA can induce FLZ resistance to varying degrees in the mdr1∆ 

mutants, ACA is directly in the growth medium in this experiment. Because there is a clear 

difference in volatile stimulation between the MRR1ancestral complement and U04 mrr1∆ 

(Fig. I.5), we think it is worthwhile to determine whether MDR1 is required for volatile 

stimulation. Furthermore, we want to determine whether MRR1 contributes to ACA 

resistance, as well as the Mrr1-regulated aldehyde reductase genes MGD1 and MGD2, and 

the glyoxalase gene GLO1. Finally, we plan to investigate whether ACA has similar effects 

in other Candida species as in C. lusitaniae. 

 

Materials and Methods 

Strains, media, and growth conditions 

 The sources of all strains used in this study are listed in Table I-S1. All strains were 

stored long term in a final concentration of 25% glycerol at -80°C and freshly streaked onto 
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yeast extract peptone dextrose (YPD) agar (10 g/L yeast extract, 20 g/L peptone, 2% 

glucose, 1.5% agar) once every seven days and maintained at room temperature. All 

overnight cultures were grown in 5 mL YPD liquid medium (10 g/L yeast extract, 20 g/L 

peptone, 2% glucose) on a rotary wheel at 30°C. For experiments, medium was 

supplemented with FLZ (Sigma-Aldrich, stock 4 mg mL-1 in DMSO), 5 mM MG (Sigma-

Aldrich, 5.55 M), or ACA at concentrations indicated in the text. 

 

Quantitative Real-Time PCR 

 To exponential-phase cultures of C. lusitaniae (YPD, 37˚C) was added MG to a 

final concentration of 5 mM or ACA to a final concentration of 10 mM. Cultures were 

returned to the roller drum at 37˚C for 15 min, then centrifuged at 5000 rpm for 5 min. 

RNA isolation, gDNA removal, cDNA synthesis, and quantitative real-time PCR were 

performed as previously described (1). Transcripts were normalized to C. lusitaniae ACT1 

expression. Results were calculated in Microsoft Excel and plotted in GraphPad Prism 

9.0.0 (GraphPad Software). 

 

Induction of FLZ resistance by MG and ACA directly added to the medium 

Exponential-phase cultures of C. lusitaniae were washed and diluted in dH2O to an 

OD600 of 1; 60 µL of each diluted cell suspension was added to 5 mL fresh YPD. To each 

well of a clear 96-well flat-bottom plate (Falcon) was added 100 µL of YPD or YPD 

supplemented with FLZ, MG, FLZ and MG, ACA, or FLZ and ACA at twice the desired 

final concentration, and 100 µL of cell inoculum in YPD. The ACA and FLZ + ACA 

conditions were set up in plates separate from the other four conditions to prevent possible 
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interference due to the volatility of ACA. Plates were arranged in technical triplicate for 

each strain and condition and incubated at 37˚C for 18 hours before measuring OD600. 

Results were calculated in Microsoft Excel and plotted in GraphPad Prism 9.0.0 (GraphPad 

Software). 

 

E-tests 

C. lusitaniae cultures were washed twice in dH2O and resuspended in an OD600 of 

10 in 1 mL. Washed, resuspended cells were swabbed across solid YPD or YPD 

supplemented with ACA at a final concentration of 10 mM using sterile cotton swabs. 

Flame-sterilized forceps were used to place a single FLZ E-test strip (Biomérieux) at the 

center of each plate. Plates were incubated at 37˚C for two days and then photographed. 

 

Volatile induction of FLZ resistance by ACA 

 Each clear, flat-bottom 96-well plate (Falcon) was prepared as follows: 100 µL 

YPD were added to the top half of the plate, excluding wells D5 and D6; 100 µL 

supplemented with FLZ at twice the desired final concentration were added to the bottom 

half of the plate excluding wells E5 and E6; 200 µL of dH2O or ACA diluted in dH2O to a 

final concentration of 20 mM were added to wells D5, D6, E5, and E6. Exponential-phase 

cultures of C. lusitaniae were washed and diluted in dH2O to an OD600 of 1; 60 µL of each 

diluted cell suspension was added to 5 mL fresh YPD. 100 µL of cell inoculum in YPD 

were added to each well of the plate excluding D5, D6, E5, and E6; only one strain was 

loaded per plate. Plates were incubated at 37˚C for 18 hours and OD600 across each plate 

was measured in a plate reader. Results were calculated in Microsoft Excel as follows: 
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subtract YPD blanks from each well; divide the OD600 in each well of the ACA plate by 

the OD600 in the corresponding well of the dH2O plate. Results are reported as the fold 

change in OD600 in the ACA plate relative to the dH2O plate. 

 

Statistical Analysis and Figure Preparation 

 All graphs were prepared with GraphPad Prism 9.0.0 (GraphPad Software). One- 

and two-way ANOVA tests were performed in Prism; details on each test are described in 

the corresponding figure legends. All p-values were two-tailed and p < 0.05 were 

considered significant for all analyses performed and are indicated with asterisks or letters 

in the text: * p <0.05; ** p <0.01, *** p < 0.001, **** p < 0.0001, ns not significant. 

 

Data availability 

The data that support the findings of this study are available from the corresponding author 

upon request. 
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Figure I.1. Acetaldehyde induces MDR1 expression in an Mrr1-dependent manner. C. 

lusitaniae strains U04 mrr1∆ (“mrr1∆”, black bars) U04 mrr1∆ + MRR1ancestral 

(“ancestral”, magenta bars), and U04 mrr1∆ + MRR1Y813C (“Y813C”, teal bars) were grown 

to exponential phase at 37°C and treated with 5 mM MG or 10 mM ACA for 15 min prior 

to analysis of MDR1 transcript levels by qRT-PCR. Transcript levels are normalized to 

levels of ACT1. Data shown represent the mean ± SD from a single experiment performed 

in technical duplicate. Ordinary two-way ANOVA with Dunnett’s multiple comparison test 

was used for statistical evaluation; **** p < 0.0001, ns not significant. 
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Figure I.2. Acetaldehyde stimulates growth in FLZ in an Mrr1-dependent manner. 

C. lusitaniae strains U04 mrr1∆ (“mrr1∆”, black bars) U04 mrr1∆ + MRR1ancestral 

(“ancestral”, magenta bars), and U04 mrr1∆ + MRR1Y813C (“Y813C”, teal bars) were grown 

at 37°C in YPD supplemented with FLZ alone, FLZ + 5 mM MG, or FLZ + 10 mM ACA. 

Data are expressed as the fold change in OD600 for each strain in either FLZ + MG or FLZ 

+ ACA relative to FLZ alone. The dotted line indicates a fold change of 1 (no change). Data 

shown represent the mean ± SD from two independent experiments. Ordinary two-way 

ANOVA with Tukey’s multiple comparison test was used for statistical evaluation; * p < 

0.05, ** p < 0.01, ns not significant. 
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Figure I.3. Acetaldehyde can stimulate FLZ resistance and tolerance independently 

of MRR1 or MDR1. C. lusitaniae strains U04 mrr1∆, U04 mrr1∆/mdr1∆, U04 mrr1∆ + 

MRR1ancestral, U04 mrr1∆ + MRR1ancestral mdr1∆, U04 mrr1∆ + MRR1Y813C, and U04 mrr1∆ 

+ MRR1Y813C mdr1∆ were swabbed onto YPD agar with or without ACA at a final 

concentration of 10 mM and incubated with a FLZ E-test strip at 37˚C for two days. One 

representative experiment out of three independent experiments is shown. 
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Figure I.4. The effect of acetaldehyde on FLZ resistance is dose dependent. C. 

lusitaniae strains U04 mrr1∆ (“mrr1∆”, black) and U04 mrr1∆ + MRR1ancestral 

(“MRR1ancestral”, magenta) were grown for 18 hours at 37°C in serially diluted 

concentrations of ACA in YPD (open circles) or YPD + an inhibitory concentration of FLZ 

(closed circles). Data shown represent the mean ± SD from two independent experiments. 
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Figure I.5. Acetaldehyde induces FLZ resistance from proximal wells. C. lusitaniae 

strains were grown for 18 hours at 37˚C in YPD +/- FLZ in plates containing either dH2O 

or 20 mM ACA in the four center wells. (A) Experimental setup. (B-C) Fold change in 

OD600 in each well of the ACA-containing plate compared to the dH2O-containing plate 

for the MRR1ancestral complement (B) and U04 mrr1∆ (C). One representative experiment 

out of two independent experiments is shown.  
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Appendix II. Miscellaneous unpublished data pertaining to Mrr1 in Candida species 

 

Results 

Complementation with different MRR1 alleles results in differential stimulation of 

growth in fluconazole (FLZ) by methylglyoxal (MG) 

 Given our previously published data showing that an mrr1∆ mutant exhibits 

significantly less stimulation of FLZ resistance by MG compared to its MRR1-intact 

parental isolate (1), we became interested in whether different MRR1 alleles would confer 

varying degrees of FLZ resistance in response to MG. To explore this question, we assessed 

the growth of an mrr1∆ mutant in the U04 background and four isogenic complements 

each expressing a different MRR1 allele in inhibitory concentrations of FLZ with or without 

5 mM MG. The relative basal and benomyl-inducible activities of each Mrr1 variant have 

previously been characterized (2): Mrr1ancestral, which expresses the MRR1 allele that was 

predicted to have been encoded by the “founding strain” (or ancestral strain) of this clinical 

population, has low basal activity and is highly inducible by benomyl; Mrr1L1191H + Q1197* 

was present in several isolates at the time of initial identification, has low basal activity, 

and is also highly inducible by benomyl; Mrr1Y813C was also present in the initial 

identification, and has high basal activity and is weakly inducible by benomyl; and 

Mrr1L1191H, an artificially generated variant to delineate the effects of the L1191H and 

Q1197* amino acid exchanges, also has high basal activity and is weakly inducible by 

benomyl. 

 In agreement with our published results in a different isolate background, growth 

of the U04 mrr1∆ in FLZ was not enhanced by 5 mM MG (Fig. II.1A), and the average 
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fold change in OD600 after 18 hours of growth in FLZ + MG compared to FLZ alone was 

only 1.5 (Fig. II.1F). Importantly, 5 mM MG was not inhibitory to any of the strains tested, 

confirming that the lack of an increase in FLZ resistance is not due to MG toxicity (Fig. 

II.1A-E). In contrast to U04 mrr1∆, the MRR1ancestral complement displayed a striking 

stimulation of growth in FLZ in response to MG (Fig. II.1B), averaging an 8.7-fold 

increase in OD600 at 18 h (Fig. II.1F). The growth kinetics of the MRR1L1191H + Q1197* 

complement were comparable to those of U04 mrr1∆ (Fig. II.1C), and indeed the average 

1.7-fold change in OD600 at 18 h observed for this strain was not significantly different 

from U04 mrr1∆ (Fig. II.1F). The MRR1Y813C complement displayed intermediate 

stimulation of growth in FLZ by MG (Fig. II.1D), with an average 4.9-fold change in 

OD600 at 18 h (Fig. II.1F). Like U04 mrr1∆ and the MRR1L1191H + Q1197* complement, the 

MRR1L1191H complement gained no significant growth benefit from 5 mM MG (Fig. II.1E), 

with an average fold change in endpoint OD600 of 2.3 (Fig. II.1F). Therefore, we can 

conclude that i) of the Mrr1 variants tested, Mrr1ancestral confers the most robust response 

to MG; ii) although the L1191H + Q1197* variant is inducible by benomyl (2), it is not 

inducible by MG under our conditions, and thus, it is likely that MG and benomyl activate 

Mrr1 through different mechanisms; and iii) constitutively active Mrr1 is overall less 

responsive to MG than Mrr1ancestral, but some constitutively active variants are more 

inducible by MG than others. 
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Isogenic C. lusitaniae strains expressing different MRR1 alleles display differences in 

the kinetics of MDR1 induction by 5 mM MG  

 In prior work, we have shown that MG induces expression of several Mrr1-

regulated genes in a time-dependent manner, i.e., expression of MDR1 peaks at 15 minutes 

of exposure to 15 mM MG and begins to return to basal levels after 30 min in a clinical C. 

lusitaniae isolate with constitutively active Mrr1 (3). Due to the MRR1-dependent 

differences we observed in the stimulation of FLZ resistance by MG (Fig. II.1), we were 

interested in whether the kinetics of MDR1 induction by MG would differ by MRR1 allele. 

Therefore, we exposed exponential-phase cultures of three of the MRR1 complement 

strains described above – expressing either MRR1ancestral, MRR1Y813C, or MRR1L1191H – to 5 

mM MG for 15, 30, 60, or 120 minutes before harvesting cells for RNA isolation and 

quantitative real-time PCR. In accordance with the robust induction of growth in FLZ by 

MG that we observed for the MRR1ancestral complement (Fig. II.1B), this strain also 

displayed a significant, 7.5-fold increase in MDR1 expression following 15 and 30 min of 

MG exposure (Fig. II.2). Similar to our previous observations, MG-induced MDR1 

expression in this strain began declining by 60 min of exposure, at which point it was 4.4-

fold higher than the control (Fig. II.2). By 120 min, MDR1 expression had fallen to a level 

2.9-fold higher than the control, a difference which was not statistically significant (Fig. 

II.2). In the MRR1Y813C complement, MDR1 expression increased 3.5-fold relative to the 

control at 15 min of MG exposure, but did not wane as in the MRR1ancestral complement, 

remaining at 3.3-, 3.1-, and 3.0-fold higher than the control at 30, 60, and 120 min 

respectively, although expression at 120 min was not significantly different from the 

control (Fig. II.2). Finally, MDR1 expression was only induced by a maximum of 1.9-fold 
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in the MRR1L1191H complement at 15 min of MG exposure, where it essentially remained 

for the duration of the experiment, with increases relative to the control averaging 1.8-, 

1.7-, and 1.7-fold at 30, 60, and 120 min respectively (Fig. II.2). For this strain, the 60- 

and 120-min time points did not differ significantly from the control. The implications of 

these data are that activity of Mrr1ancestral is strongly and rapidly responsive to MG but 

returns to basal levels once the cells have either acclimated to the MG or detoxified it; 

activity of Mrr1Y813C is moderately inducible by MG but remains elevated even after 

prolonged exposure; and that activity of Mrr1L1191H is only minimally inducible by MG. 

 

Gain-of-function mutations in MRR1 contribute to MG resistance in other, unrelated 

C. lusitaniae isolates 

 Since we have previously shown intraspecies heterogeneity in MG resistance across 

numerous isolates and strains of different Candida species, we wanted to determine 

whether MRR1 contributes to MG resistance in C. lusitaniae isolates that are not closely 

related to those which we have already published. The P1 and P3 isolates and their mrr1∆ 

derivatives, isolated and generated respectively by Asner et al. (4) and Kannan et al. (5), 

were an ideal comparison, because the MRR1 alleles of these isolates have already been 

characterized (4, 5). In brief, isolate P1 is FLZ-sensitive and is the earliest isolate of a 

temporal series from a single patient, while isolate P3 is FLZ-resistant with a gain-of-

function MRR1V668G allele and was isolated from the same patient as P1 at a later time point 

(4, 5). All four strains displayed comparable growth in YPD, indicating that none of them 

have inherent growth defects (Fig. II.3A). Interestingly, P3 grew markedly better in 15 

mM MG compared to P1, and both mrr1∆ mutants were strikingly more sensitive to MG 
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than their MRR1-intact parental isolates (Fig. II.3B). These data support the hypothesis 

that the involvement of Mrr1 in MG resistance is broadly conserved, at least across isolates 

of C. lusitaniae. 

 

Gain-of-function mutations in MRR1 contribute to MG resistance in C. albicans 

 Because Mrr1 regulates several stress-responsive genes in C. albicans (6, 7), we 

hypothesized that hyperactive Mrr1 would confer increased resistance to MG in C. 

albicans. To test this, we performed growth kinetic assays on FLZ-sensitive isolates F2 

and G2, FLZ-resistant isolates F5 and G5, and four isogenic mrr1∆/∆ strains, three of 

which have been homozygously complemented with either MRR1WT, MRR1N803D, or 

MRR1Q350L. We observed negligible growth differences between the four isogenic strains 

in the YPD control (Fig. II.4A), but the complements expressing either of the gain-of-

function MRR1 alleles, N803D or Q350L, grew strikingly better in YPD + 15 mM MG 

compared to the mrr1∆/∆ mutant or the complement expressing wild-type MRR1 (Fig. 

II.4B). Curiously, the MRR1WT complement was slightly but noticeably more sensitive to 

MG than the mrr1∆/∆ mutant (Fig. II.4B). In the control condition, the FLZ-sensitive 

isolates F2 and G2 grew substantially better than the matched FLZ-resistant isolates F5 and 

G5, as evidenced by the faster growth rate of F2 compared to F5 (Fig. II.4C) and the higher 

final yield of both F2 and G2 compared to their counterparts (Fig. II.4C and E). However, 

F5 and G5 were markedly more resistant to 15 mM MG, as evidenced by their shorter lag 

period and faster growth rate (Fig. II.4D and F). Together, these data support a role for 

hyperactive Mrr1 in MG resistance in C. albicans. 
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MDR1 does not contribute to Mrr1-mediated MG resistance in C. lusitaniae 

 We have previously demonstrated that two genes, MGD1 and MGD2, contribute to 

Mrr1-mediated MG resistance in C. lusitaniae (1). However, mrr1∆ mutants are more 

sensitive to MG than isogenic mutants lacking MGD1 and/or MGD2 (1), suggesting that 

other Mrr1-regulated genes are involved in C. lusitaniae MG resistance. Thus, we 

hypothesized that the major facilitator drug-proton antiporter encoded by MDR1 could 

contribute to MG resistance by exporting MG-derived advanced glycation endproducts 

(AGEs) that may otherwise exert intracellular toxicity. We tested our hypothesis by 

evaluating growth in 15 mM MG of the Mrr1-hyperactive clinical isolate U04 (U04 WT), 

its mrr1∆, mdr1∆, and mrr1∆/mdr1∆ derivatives, as well as isogenic strains complemented 

with either the native, constitutively active allele (Y813C) or the ancestral allele which we 

have previously demonstrated to have low basal activity (2) and the mdr1∆ derivatives of 

these two complements. There were no significant growth differences between any of these 

strains in our YPD control (data not shown). As expected, U04 WT and the MRR1Y813C 

complement were more resistant to MG compared to U04 mrr1∆ and the MRR1ancestral 

complement respectively (Fig. II.5A-B). In contrast, deletion of MDR1 from U04 WT, the 

MRR1Y813C complement, or the MRR1ancestral complement did not significantly affect 

growth in 15 mM MG (Fig. II.5A-B). Notably, however, the U04 mrr1∆/mdr1∆ mutant 

grew distinctively worse in MG compared to the U04 mrr1∆ single mutant (Fig. II.5A). 

These results suggest that in the presence of functional, constitutively active (Y813C) or 

inducible (ancestral) Mrr1, Mdr1 plays a negligible role in MG detoxification compared to 

other Mrr1-regulated genes but may confer minor protection against MG when other Mrr1-

regulated genes are not meaningfully expressed. 
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MRR1-dependent overexpression of MDR1 increases susceptibility of C. lusitaniae to 

glutathione depletion 

 Since the glyoxalase system, the major mechanism of MG detoxification in most 

organisms, is dependent on a catalytic amount of reduced glutathione (GSH), and we have 

previously demonstrated that gain-of-function mutations in MRR1 confer increased MG 

resistance in C. lusitaniae, we hypothesized that constitutive Mrr1 activity would confer 

resistance to the GSH-depleting agent diethyl maleate (DEM). Therefore, we compared the 

growth in 1 mM DEM of U04 WT, U04 mrr1∆, and the MRR1Y813C and MRR1ancestral 

complements in the U04 background. Surprisingly, the mrr1∆ mutant was more resistant 

to DEM than U04 WT (Fig. II.6A), and similarly, the complement expressing MRR1ancestral 

was more resistant to DEM than the complement expressing the gain-of-function 

MRR1Y813C (Fig. II.6B). Contrary to our hypothesis, constitutive Mrr1 activity renders C. 

lusitaniae more susceptible to GSH depletion via DEM. 

 Because MDR1 is one of the genes most strongly regulated by Mrr1 in C. lusitaniae 

(2, 3), we investigated whether MDR1 overexpression was a significant cause of the 

increased DEM susceptibility observed in strains expressing constitutively active Mrr1 by 

including isogenic mdr1∆ mutants in our growth assay. Deletion of MDR1 increased the 

DEM resistance of U04 WT to that of the mrr1∆ mutant, and the mrr1∆/mdr1∆ double 

mutant did not exhibit a further increase (Fig. II.6A), indicating that MDR1 overexpression 

is likely the major cause of DEM sensitivity in U04 WT. Likewise, deletion of MDR1 from 

both the MRR1ancestral and MRR1Y813C complements improved growth in DEM (Fig. II.6B). 

The improvement in the MRR1ancestral complement may be due to the fact that activity of 
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Mrr1ancestral is highly inducible by stimuli (2) and DEM has been reported to induce Mrr1-

dependent MDR1 expression in C. albicans (8). Finally, we investigated whether MDR1 

deletion would influence the growth in DEM of the isolates L17 and U05, which contain a 

gain-of-function mutation (H467L) and a premature stop codon (L1191H + Q1197*) in 

MRR1, respectively (3). Deletion of MDR1 from either isolate did not significantly affect 

growth in the YPD control (data not shown). As expected, deletion of MDR1 from isolate 

L17 resulted in decreased lag time, increased growth rate, and higher yield in the presence 

of 1 mM DEM relative to L17 WT (Fig. II.6C). However, the U05 mdr1∆ mutant did not 

exhibit an observable difference in growth relative to U05 WT in the presence of 1 mM 

DEM (Fig. II.6C). We have previously reported that isolate U05 (3) and an mrr1∆ strain 

complemented with the MRR1 allele from U05 (L1191H + Q1197*) (2) express MDR1 at 

very low levels, and thus, our data here indicate that overexpression of MDR1 leads to 

DEM sensitivity, but low-level MDR1 expression does not. 

 

Discussion and Next Steps: 

 The data presented in this Appendix contribute to our understanding of Mrr1-

dependent induction of FLZ resistance by MG in C. lusitaniae and the importance of Mrr1 

in MG resistance in multiple Candida species. Specifically, we have demonstrated that 

different Mrr1 variants in C. lusitaniae lead to differing stimulation of FLZ resistance and 

MDR1 induction. Interestingly, full-length Mrr1 with low basal activity (Mrr1ancestral) 

confers a strong and rapid “on-off” response to MG in terms of MDR1 expression, while 

full-length, constitutively active Mrr1 (Mrr1Y813C and Mrr1L1191H) exhibit a relatively low 

response that persists over time. These two different modes of activation may be beneficial 
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under different circumstances. Furthermore, we have demonstrated a role for Mrr1 in MG 

resistance in strains of C. lusitaniae that are unrelated to those from our group’s cystic 

fibrosis (CF) study, and in C. albicans, suggesting that this phenomenon is broadly 

conserved throughout Candida species. Finally, we also shed more light on the oxidative 

stress sensitivity of C. lusitaniae strains expressing gain-of-function MRR1 by 

demonstrating that constitutively active Mrr1 sensitizes C. lusitaniae to GSH depletion via 

DEM, and that this sensitivity can be completely mitigated by deletion of MDR1. This 

finding indicates that Mdr1 exports one or more molecules with antioxidant properties, and 

as a result, overexpression of MDR1 leads to oxidative stress sensitivity. Alternatively, an 

overabundance of Mdr1 protein could be affecting the cell redox state through some other 

mechanism, perhaps by altering the plasma membrane composition in such a way that 

renders the membrane more susceptible to oxidation. Ultimately, our findings contribute 

toward a greater understanding of the evolutionary context of MRR1 and MDR1 in Candida 

species. 

 As stated in Appendix I, some of the experiments presented here are currently 

lacking a third biological replicate, and obtaining those replicates is a priority for these 

data. Otherwise, a clear next step is to continue our investigation of MG resistance across 

strains of different Candida species with known MRR1 alleles, as we postulate that MG 

may be an important selective pressure for MRR1, particularly in the context of infection. 

Additionally, we have generated isogenic C. lusitaniae strains expressing His-FLAG-

tagged versions of four of the Mrr1 variants described above (Mrr1ancestral, Mrr1L1191H + 

Q1197*, Mrr1Y813C, and Mrr1L1191H) and are in the process of performing ChIP experiments 

with these strains to determine i) whether these variants exhibit differential binding to their 
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target promoters under control conditions and ii) whether treatment with MG or benomyl 

changes the promoter occupancy of any of these Mrr1 variants. We are also interested in 

performing an RNAseq experiment with these strains +/- 5 mM MG as we did for C. auris 

(Chapter 3) to assess the Mrr1-dependent and independent MG response in C. lusitaniae. 

Finally, regarding GSH depletion and oxidative stress, we are interested in investigating 

the potential mechanisms for increased DEM sensitivity in MDR1-overexpressing strains 

of C. lusitaniae. Some hypotheses were outlined in Chapter 4, but we will reiterate here 

that our two leading hypotheses are that i) Mdr1 exports polyamines and thus, 

overexpression of MDR1 leads to polyamine deficiency, and/or that when Mdr1 is present 

in large quantities, the plasma membrane becomes more susceptible to oxidative damage. 

 

Materials and Methods 

Strains, media, and growth conditions 

 All strains were stored long term in a final concentration of 25% glycerol at -80°C 

and freshly streaked onto yeast extract peptone dextrose (YPD) agar (10 g/L yeast extract, 

20 g/L peptone, 2% glucose, 1.5% agar) once every seven days and maintained at room 

temperature. All overnight cultures were grown in 5 mL YPD liquid medium (10 g/L yeast 

extract, 20 g/L peptone, 2% glucose) on a rotary wheel at 30°C. For experiments, medium 

was supplemented with FLZ (Sigma-Aldrich, stock 4 mg mL-1 in DMSO), 5 mM or 15 

mM MG (Sigma-Aldrich, 5.55 M), or 1 mM DEM as noted. 
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Growth Kinetics 

 Growth kinetic assays were performed as previously described in reference (1). In 

brief, exponential-phase cultures of C. lusitaniae or C. albicans were washed and diluted 

in dH2O to an OD600 of 1; 60 µL of each diluted cell suspension was added to 5 mL fresh 

YPD. To each well of a clear 96-well flat-bottom plate (Falcon) was added 100 µL of YPD 

or YPD supplemented with FLZ, MG, FLZ and MG, or DEM at twice the desired final 

concentration, and 100 µL of cell inoculum in YPD. Plates were arranged in technical 

triplicate for each strain and condition and incubated in a Synergy Neo2 Microplate Reader 

(BioTek, USA) according to the following protocol: heat to 37°C, start kinetic, read OD600 

once per hour for 36 hours, end kinetic. Results were calculated in Microsoft Excel and 

plotted in GraphPad Prism 9.0.0 (GraphPad Software). 

 

Quantitative Real-Time PCR 

 To exponential-phase cultures of C. lusitaniae (YPD, 37˚C) was added MG to a 

final concentration of 5 mM. Cultures were returned to the roller drum at 37˚C for 15, 30, 

60, or 120 min as indicated in the text, then centrifuged at 5000 rpm for 5 min. RNA 

isolation, gDNA removal, cDNA synthesis, and quantitative real-time PCR were 

performed as previously described (1). Transcripts were normalized to C. lusitaniae ACT1 

expression. Results were calculated in Microsoft Excel and plotted in GraphPad Prism 

9.0.0 (GraphPad Software). 
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Statistical Analysis and Figure preparation 

 All graphs were prepared with GraphPad Prism 9.0.0 (GraphPad Software). 

Multiple t-tests and one-way ANOVA tests were performed in Prism; details on each test 

are described in the corresponding figure legends. All p-values were two-tailed and 

p < 0.05 were considered significant for all analyses performed and are indicated with 

asterisks or letters in the text: * p <0.05; ** p <0.01 and a-b, p < 0.0001; a-c, p < 0.001; b-

c, p < 0.01. 

 

Data availability 

The data that support the findings of this study are available from the corresponding author 

upon request. 
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Figure II.1. The degree of MG-stimulated FLZ resistance is dependent on the MRR1 

allele in C. lusitaniae. (A-E) C. lusitaniae strains U04 mrr1∆ (A), U04 mrr1∆ + 

MRR1ancestral (B), U04 mrr1∆ + MRR1L1191H + Q1197* (C), U04 mrr1∆ + MRR1Y813C (D), or 

U04 mrr1∆ + MRR1L1191H (E) were grown at 37°C in YPD alone (blue), or with 5 mM MG 

(red), the indicated concentration of FLZ (green), or FLZ + 5 mM MG (purple).  Data 

shown represent the mean ± SD from at least four independent experiments. (F) Fold 

change in OD600 after 18 hours of growth for each indicated strain at 37°C in FLZ versus 

FLZ + 5 mM MG. Data shown represent the mean ± SD from at least four independent 

experiments. Ordinary one-way ANOVA with Tukey’s multiple comparison test was used 

for statistical evaluation; a-b, p < 0.0001; a-c, p < 0.001; b-c, p < 0.01. 
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Figure II.2. Isogenic strains expressing different MRR1 alleles display differences in 

the kinetics of MDR1 induction by 5 mM MG. C. lusitaniae strains U04 mrr1∆ + 

MRR1ancestral (“ancestral”, black bars), U04 mrr1∆ + MRR1Y813C (“Y813C”, magenta bars), 

or U04 mrr1∆ + MRR1L1191H (“L1191H”, teal bars) were grown to exponential phase at 

37°C and treated with 5 mM MG for the time indicated prior to analysis of MDR1 transcript 

levels by qRT-PCR. Transcript levels are normalized to levels of ACT1 and presented as 

ratio at each time point relative to the control (0 min) for three independent experiments. 

Error bars represent the standard deviation across the three independent experiments. The 

dotted line represents a fold change of 1; i.e., no change in expression compared to the 

control. Multiple unpaired t-tests were used for statistical evaluation of each time point 

compared to 0 min for each strain; * p < 0.05, ** p < 0.01, ns not significant. 
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Figure II.3. Gain-of-function mutations in MRR1 contribute to MG resistance in other 

C. lusitaniae clinical isolates. Growth curves of C. lusitaniae isolates P1 (blue), P3 

(green), and their mrr1∆ (red and purple respectively) derivatives in YPD (A) or YPD 

supplemented with MG to a final concentration of 15 mM (B). One representative 

experiment out of two independent experiments is shown due to day-to-day variability; 

error bars represent the standard deviation of technical replicates within the experiment. 
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Figure II.4. Gain-of-function mutations in MRR1 contribute to MG resistance in C. 

albicans clinical isolates and in isogenic strains complemented with different MRR1 

alleles. Growth curves of C. albicans mutants mrr1∆ (teal), complements expressing 

MRR1WT (purple), MRR1N803D (dark blue) or MRR1Q350L (light blue) (A-B), and matched 

FLZ-sensitive (pink) and FLZ-resistant (orange) clinical isolates (C-F) in YPD (A, C, E) 

or YPD supplemented with MG to a final concentration of 15 mM (B, D, F). Data shown 

represent the mean ± SD from two independent experiments. 
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Figure II.5. C. lusitaniae MDR1 does not contribute significantly to MG resistance in 

the presence of functional Mrr1. Growth curves of C. lusitaniae isolate U05 (WT, black) 

and its mrr1∆ (magenta), mdr1∆ (teal), and mrr1∆/mdr1∆ (purple) derivatives (A), or 

isogenic MRR1ancestral (dark green) and MRR1Y813C (orange) complements and their mdr1∆ 

derivatives (gray and dark red, respectively) in the U04 background (B) in YPD 

supplemented with MG to a final concentration of 15 mM. Data shown represent the mean 

± SD from two independent experiments.  
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Figure II.6. MRR1-dependent MDR1 overexpression increases susceptibility to GSH 

depletion by DEM in C. lusitaniae. Growth curves of C. lusitaniae isolate U05 (WT, 

black) and its mrr1∆ (magenta), mdr1∆ (teal), and mrr1∆/mdr1∆ (purple) derivatives (A), 

isogenic MRR1ancestral (dark green) and MRR1Y813C (orange) complements and their mdr1∆ 

derivatives (gray and dark red, respectively) in the U04 background (B), or clinical isolates 

L17 and U05 (black) and their mdr1∆ derivatives (bright green) (C-D) in YPD 

supplemented with DEM to a final concentration of 1 mM. Data shown in A-B represent 
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the mean ± SD from two independent experiments. Data shown in C-D represent the mean 

+/- SD of technical triplicates from a single experiment. 
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