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Abstract

In recent years, opportunistic and nosocomial fungal pathogens have been dominated 
by yeasts of the genus Candida. Most of the research has focused on Candida albicans 
since it is the most prominent etiological agent. There are numerous publications that 
describe the biology, virulence factors, morphology, immunity, genomics, diseases, 
and laboratory aspects of Candida albicans. In this chapter we offer a historic perspec-
tive of C. albicans and focus on other non-albicans candida (NAC) that cause serious 
disease. We review the current knowledge of emerging NAC pathogens with useful 
graphics and current references. This chapter is laid out as an overview and is geared 
for students seeking basic information and may be superficial for an infectious diseases 
clinician.

Keywords: C. albicans, C. tropicalis, C. glabrata, C. parapsilosis, C. guilliermondii, C. auris 
and C. krusei, non-albicans candida (NAC), fungal pathogen

1. Introduction

By the end of the twentieth century, hospital-acquired fungal infections were on the rise. 
Infections by yeasts of the genus Candida have become one of the most common causes of 
bloodstream infections [1]. The increase in fungal infections is typically attributed to the 
longer survival of immuno-compromised individuals as well as the increase in the number 
of people in long term health care facilities undergoing, immunosuppressive therapy, long-
term catheterization, broad-spectrum antibiotic use among others. This alarming increase 
in nosocomial fungal infections has alerted clinicians and scientist that yeasts, previously 
thought innocuous and relegated to plant pathology or industrial use were capable of caus-
ing serious illness.
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While infections caused by Candida species are typically superficial and restricted to the uro-
genital or mucosal oral cavities, they are also capable of entering the bloodstream leading to 
deep-tissue infections [2].

The predominant yeasts in bloodstream infection remain restricted to the genus Candida [3] 
most of which, belong to the CTG clade, where the CTG codon is translated as Serine rather 
than Leucine [4]. Although the recent rise in the number of these infections [5] is mainly 
associated to C. albicans, non-albicans candida (or NAC) related diseases are also increasingly 
reported in different parts of the world [6]. The relative rates of infection among all Candida 
infections are shown in Figure 1. There are at least a dozen Candida species that can be patho-
genic for humans, but more than 90% of reported invasive infections are associated with C. 
albicans, C. glabrata, C. parapsilosis, C. krusei, and C. tropicalis [7] .

The definition of a new or “emerging” pathogen is subjective at best. For example, how many 
independent isolations are required before an emerging pathogen is established as an infec-
tious agent? Indications of emerging infections typically consist of case reports. The incidence 
of yeast infections is likely under-reported because it is dependent on clinical diagnosis and 
their desire to investigate, then confirm the novelty of the etiological agent, write a compelling 
report, and to withstand the critique and rigor of publishing the report. A close partnership 
between a research scientist and a clinical physician is critical for the most rigorous reports.

Furthermore, a single report describing several cases of infection by a novel microbe does 
not necessarily indicate that a new infection has emerged. Since these temporally separated 
clinical samples must be confirmed as being independent and not affected by laboratory 
practices, personnel and/or environmental factors [8]. For example, recent retrospective stud-
ies of blood stream infection caused by the genus Candida, reported C. albicans, C. tropicalis, 
C. glabrata, C. parapsilosis, C. guilliermondii, and C. krusei. This list closely resembles the list of 
known pathogenic Candida species in 1963 [3] suggesting that the emergence of other yeasts 

Figure 1. Relative rates of infection with Candida species.
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as potential bloodstream isolates is a reflection of the changes in medical and laboratory prac-
tices since the early 1960s. Another important variable is that the advances in genomic tools 
coupled with the ability of contemporary blood culture systems and procedures to support 
the growth of the unusual yeast isolates have greatly accelerated the frequency of isolation 
and identification of novel (non-C. albicans) isolates as important pathogen.

For the purposes of this chapter we limit the definition of emerging pathogens to those that 
have recently appeared within a population or those whose incidence or geographic range is 
rapidly increasing or threatens to increase in the near future or those caused by previously 
undetected or unknown infectious agents.

2. Established pathogens of the Candida species

2.1. Candida albicans

The first description of a yeast infection was of thrush, by Hippocrates in the fifth century 
B.C. [9]. Since its first microscopic detection in thrush swabs by Langenbeck, subsequently 
Berg and Gruby [9] in 1839, Candida albicans has been confirmed to be the primary etiologic 
agent of thrush and cause of many other forms of mucosal disease. In fact, C. albicans is most 
frequently isolated species from human yeast infections [3]. Here we touch upon some of 
key features that make C. albicans a successful pathogen. The various morphological forms 
of C. albicans (Figure 2) have been associated with the shift from commensal or pathogenic 
states. The change from yeast to hyphae is thought to help cell adhesion and facilitate tissue 
infection, macrophage evasion and biofilm development [10].

C. albicans is a diploid polymorphic yeast (Figure 2) of human mucosal surfaces, a fungus that 
commonly found in the gastrointestinal (GI), respiratory, and urogenital tracts. It is gener-
ally commensal but able to turn into an opportunistic pathogen in immunocompromised or 
immuno-deficient individuals. It is the major species causing invasive candidiasis (46.3%), fol-
lowed by C. glabrata (24.4%) and C. parapsilosis (8.1%) [11]. Systemic infections of C. albicans often 
cause death with a mortality rate of ∼40% [12]. One reason leading to over growth of C. albicans 
is its ability to respond to a myriad of environmental imbalances such as changes in nutrition, 
temperature and pH [13]. Other important factors that increase the risk of C. albicans infection 
are prolonged treatment with broad spectrum antibiotics, surgical procedures, various diseases 
such as diabetes, trauma, and other genetic disease or congenital malformation. [2].

Candida albicans belongs to the CTG clade of fungal species and translates canonical leucine 
codons, CTG, to serine [14]. It prefers to use glucose as the carbon and has multiple approaches 
to transport and metabolize glucose. Nutritional changes alter virulence of C. albicans both 
during systemic infection as well as mucosal vaginitis, suggesting that alternative carbon 
sources within host environments are important during C. albicans infections [15].

Post-transcriptional mechanisms underlying this transition include mRNA stability, alterna-
tive transcript localization, and translation and influence C. albicans virulence processes. Below 
we highlight some key pathways but for details refer to book Candida and Candidiasis [16].
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At the transcriptional level, C. albicans fibrin Sac6 modulates morphogenesis and oxidative 
stress responses [17]. As mentioned above, metabolic adaptation a key virulence determinant 
is involved in the susceptibility of C. albicans to antifungal drugs as well as stress resistance 
and innate immune responses [18]. C. albicans typically infects epithelial cells through two 
specific mechanisms, active penetration and endocytosis. Before the infection, C. albicans 
transfer between commensal and invasive states through distinct genetic pathways to regu-
late the expression of hypha-specific and/or phase-specific genes. And these genes express 
proteins to regulate directly or indirectly to the pathogenesis and virulence of C. albicans [19]. 
The gastro-intestinally induced transition (GUT) highlights how these pathways are used 
[20]. Superficial candida infections require the interaction between fungal cell surface proteins 
or pathogen associated molecular patters (or PAMPs) with host innate immune cells system 
or pathogen recognition receptors (or PRRs) (Figure 3). For example, cell-wall β-glucans can 
stimulate monocyte reprogramming as one of the main immunological responses in hosts [2].

When interacting with macrophages, the SPS system is stimulated in the nutrient poor host 
environment and is critical for resistance of C. albicans to macrophages. It consists of three 
components; an amino acid transporter, SSY1, a membrane associated protein PTR3 and a 
chymotrypsin-like serine endoprotease, SSY5. Under conditions of carbon deprivation, sig-
naling through the Stp2 transcription factor triggers the use of amino acids as carbon source 
which helps neutralize the acidic environment of the phagosomes [21]. C. albicans employs 
several mechanisms to evade immune detection (Figure 3, [22, 23]).

C. albicans has significant phenotypic and genetic diversity. It contains a diploid genome of 14.4 
megabases arranged within eight chromosomes [24]. The heterozygosity and heterozygous 

Figure 2. Candida albicans polymorphology.
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of genome is thought to be related with C. albicans virulence and the genomic instability is 
crucial in its pathogenesis [2]. Differences specific to strains may contribute on the interaction 
of C. albicans and host [24].

Detection and identification of various yeasts has been a challenge. These yeasts can be dis-
tinguished morphologically on CHROMagar or spider media (Figure 4). However, genome 
sequencing is the most reliable method for species identification. In addition, detection of 
microsatellites also represents a reliable method for molecular typing and genetic analysis 
of Candida. A recent Candida distribution study conducted in a hospital, reported a clonal 
population including 62 identified genotypes among the tested isolates [25]. Beyond that, 
multilocus sequence typing (MLST) is another valuable method to understand the epide-
miology of systemic Candida infections [2]. Here the DNA of seven housekeeping genes is 
sequenced. The results showed that MLST of C. albicans isolates are highly reproducible 
and sensitive. Comparative studies using MLST database of C. albicans are available online 
(http://calbicans.mlst.net/). These studies allowed further stratify the geographic isolation 
of C. albicans. For example, the most common MLST cluster within the C. albicans species is 
defined as clade 1. While, clade 2 is mainly located in the United Kingdom, clade 4 includes 
isolates from the Middle East and Africa, clade 11 includes isolates from continental Europe, 
and clades 14 and 17, where various gene clusters are regrouped include isolates from the 
Pacific region [26].

Figure 3. Host-Pathogen interactions. 1. Immune cells chemotax towards the pathogen, 2. 
fungal cell wall components pathogen associated molecular patterns (PAMPs) interact with 
macrophage via Pathogen Recognition Receptors(PRRs) such as Dectin-1 and Mannose 
Receptor that recognize β-(1,3)-glucan and mannan respectively, 3. Phagocytosis, 4. Host 
avoidance, 5. Pathogen lysis. 6. Pathogen escape, 7. Phagosomal extrusion where pathogen is 
expelled without lysis and 8. Pyroptosis.
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Pathogen profile: Diploid, belongs to the CTG clade, genome sequence available, antifungal 
resistance is moderate, molecular laboratory tools available.

2.2. Candida glabrata

Candida glabrata is often the second most common cause of candida infections after C. albi-
cans. Historically, it has been considered nonpathogenic within the normal flora of healthy 
individuals without causing serious infection in humans. During the late 1990s, C. glabrata 
genetics was the most advanced among the non-albicans Candida (NAC) species due to its 
haploid status, its classical codon usage which allows direct usage of S. cerevisiae tools), and its 
high frequency of isolation in hospitals [27]. C. glabrata infections can be mucosal or systemic 
and often occur in immunocompromised persons or people with diabetes [28].

In contrast to most Candida species, C. glabrata is not dimorphic and exists as small blasto-
conidia under all environmental conditions both as commensal and pathogenic. In animal 
models C. glabrata is relatively nonpathogenic suggesting that it has few virulence attributes 
[28]. However, within the host environment, C. glabrata spreads rapidly, and is difficult to 
treat because it is resistant to many azole antifungal agents. Therefore, C. glabrata infections 
have a high mortality rate in compromised hospitalized patients [28].

C. glabrata has haploid genome, in contrast to the diploid genome of C. albicans and some 
NAC species [29]. It is distinguishable from C. albicans by its small-subunit rRNA [28]. 
C. glabrata only use glucose and trehalose. Such unique sugar utilization among Candida 
species can be applied to identify yeast to the level of genus and species. Now commercial 
kits (API 20C, Uni-Yeast-Tek, and YeastIdent) are available to identify C. glabrata in mixed 
cultures [28].

Both C. glabrata and C. albicans are commensal suggesting that similar host mechanisms such 
as suppressing expression of pathogenic determinants may be at play to effectively prevent 

Figure 4. Colony morphology of Candida krusei, Candida auris, Candida albicans vs. Saccharomyces cerevisiae.
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infection of both microorganisms. However, the relatively low virulence of C. glabrata in ani-
mal models compared to C. albicans suggests genes controlling the virulence of C. glabrata may 
be different from those in C. albicans [28].

C. glabrata isolates are often associated with high resistance to the azole class of antifungal 
agents and less susceptibility to most other antifungal agents including amphotericin B [30]. 
Several mechanisms of azole resistance of C. glabrata have been identified, such as increased 
P-450-dependent ergosterol synthesis, an energy-dependent efflux pump of fluconazole and 
possibly via a multidrug resistance-type transporter [28].

Pathogen profile: Haploid, does not belong to the CTG clade, genome sequence available, anti-
fungal resistance is high, several molecular laboratory tools available.

3. Emerging pathogens of the Candida species

3.1. Candida auris

Fluconazole-resistant Candida has been identified as a serious public health threat (www.cdc.
gov). Among these, Candida auris has simultaneously and independently emerged on three 
continents in several countries as a multi drug resistant fungal pathogen with high mortality 
[31]. Phylogenetic analysis and polymorphism typing indicate that C. auris strains are clonal 
suggesting likely transmission from an environmental source.

Candida auris, as the name suggests, was first isolated from the drainage of the external ear 
a Japanese patient [31] and 15 Korean patients in 2009 [32]. Identification of it is challeng-
ing with standard microbiologic techniques. It frequently exhibits multidrug-resistance. Ever 
since these initial cases, C. auris has become an emerging global health threat causing massive 
invasive infections and outbreaks in healthcare facilities. Cases have already been identified 
in India, South Africa, Kuwait, the United Kingdom, Venezuela, Brazil, the United States, 
Colombia, Pakistan, Spain, Germany, Israel, Norway, and Oman [33].

Phylogenetically, C. auris is closer related to Candida haemulonii and Candida ruelliae [31] while 
distantly related to other more common pathogens C. albicans and C. glabrata [34]. Four distinct 
clades have been identified from geographic separate origins, suggesting almost simultane-
ous emergence of populations [35]. Susceptibility to antifungal reagents and survival from 
phagocytosis is largely different among four clades (CDC report).

Risk factors for C. auris infection appear to be similar to infections from Candida in general. C. 
auris is reported to grow at temperatures ranging from 35 to 42°C. It forms pink colonies on 
chromogenic media. C. auris does not form pseudohyphae (Figure 4) but capable of forming 
biofilms [36] and adhering to catheter material, although to a lesser degree as compared to 
Candida albicans [37]. Some C. auris strains produce phospholipase and proteinase, which may 
account for the variability in pathogenicity in a murine model [37].

The genomes of several isolates have been sequenced and they appear to parse into four distinct 
clades by geographic region [35]. Clades were separated by thousands of single-nucleotide 
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polymorphisms, but within each clade isolates were typically clonal. Various mutations in 
ERG11, the gene encoding for lanosterol 14-alpha-demethylase and induced upon prolonged 
growth with antifungal drugs were shown to be associated with azole resistance in each geo-
graphic clade.

Again, while whole genome sequencing is the most reliable method for species identification, 
PCR and real-time PCR assays have shown excellent accuracy and have been effective for 
diagnosis, to rapidly identify C. auris [38]. The development of new antifungal medications 
with activity against C. auris will be vital to controlling C. auris as therapeutic options are 
already limited. Also aggressive infection control measures are critical to reducing the spread 
of C. auris [33].

Pathogen profile: Haploid, belongs to the CTG clade, Genome sequence available, antifungal 
resistance is high, several minimal molecular laboratory tools available.

3.2. Candida krusei

Candida krusei was first discovered in 1839 by Langenbeck from a patient with typhus, 75 years 
later Castellani proposed the suggestion that C. krusei may cause disease in humans [39]. Since 
then, it has been generally considered as a commensal in warm-blooded animals with low 
pathogenicity and virulence. In humans, C. krusei is generally considered to be a transient 
commensal and is infrequently isolated from mucosal surfaces. However, since 1960s there 
has been an increase in the number of reports of C. krusei as a human pathogen.

In contrast to most other ovoid shaped Candida spp., C. krusei cells are generally elongated 
in a feature similar to C. kefyr (formerly known as C. pseudotropicalis) among clinically impor-
tant Candida spp. C. krusei has various colony morphologies. It has a multilayered cell wall 
consisting of an outer irregular coat of flocculent material, an electron-dense zone, a granular 
layer, a less granular layer, a thin layer of dense granules and another sparsely granular layer 
outside the cell membrane. The mannan component of the C. krusei cell wall has been shown 
to be different from other Candida spp. in containing (1–2) and (1–6) side chains in the ratio 
of 3:1 as being lightly branched [40]. Such differences may account for the variable behavior 
of C. krusei in biological fluids such as saliva and bronchial lavage fluid comparing with other 
Candida spp.

C. krusei has two basic morphological forms, yeast and pseudohyphae and both are often 
present simultaneously in growing cultures and not easily separated. C. krusei grows at a 
37°C but can withstand temperature up to 45°C. C. krusei can grow in vitamin-free media even 
though most common Candida spp. require biotin or additional vitamin for growth. C. krusei 
ferments and assimilates glucose only as carbohydrate [39].

Like C. auris, C. krusei can adhere to abiotic surfaces but not to the same extent as C. albicans. 
Although adhesion to host surfaces is essential for colonization and invasion, C. krusei is able 
to colonize readily to inert surfaces such as implants and catheters by virtue of its cell surface 
hydrophobicity. Less pathogenic species—C. parapsilosis, C. pseudotropicalis (now C. kefyr) and 
C. glabrata—usually produce significantly less biofilm than the more pathogenic C. albicans, 
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but C. krusei produced the most extensive biofilm on the surfaces of polyvinyl chloride cath-
eter disks regardless of the growth medium. This could demonstrate the very high cell surface 
hydrophobicity, and adherence of C. krusei to inert plastic surfaces, which may then have 
other species, facilitated biofilm development [39]. C. krusei does not adhere to buccal epithe-
lial cells whereas C. tropicalis, C. parapsilosis, C. guilliermondii, and C. kefyr do.

The susceptibility to lysozyme, an antimicrobial enzyme produced in phagosomes has been 
used as a method to assess the microbial virulence. Such tests indicate that the susceptibil-
ity to lysozyme of C. krusei > C. parapsilosis > C. tropicalis > C. guilliermondii > C. albicans > C. 
glabrata, the latter being the most resistant to lysozyme [41]. Interesting when pre-incubated 
in sucrose-supplemented media, C. krusei becomes highly sensitive to lysozyme as compared 
to C. albicans.

Pathogen profile: Diploid, does not belong to CTG clade, genome sequence available, antifun-
gal resistance is high, minimal molecular laboratory tools available.

3.3. Candida kefyr

C. kefyr was first found in dairy products such as fermented milk, cheese, and yoghurt [42]. It 
was first isolated from a C. kefyr sample in 1909, named Saccharomyces fragilis at first, then C. 
pseudotropicalis and was reclassified as Kluyveromyces marxianus [43].

C. kefyr is rarely associated with disease [44] representing ~1% isolates of Candida spp. from 
clinical specimens [7, 45] (Figure 1). The first case of invasive C. kefyr (C. pseudotropicalis) was 
identified in a 58-year-old female with metastatic adenocarcinoma of the breast [46]. It has 
been reported to colonize oral cavities, gastrointestinal tract, and urinary tract. All infected 
patients were immunocompromised and had several potential risk factors [43] . There are 
only a few published cases of invasive C. kefyr infections.

These emerging pathogens of the Candida species themselves are typically not more virulent 
than C. albicans. It is generally thought that their conversion from commensalism to parasit-
ism is largely determined by the host immune status [39]. In some cases these pathogens are 
resistant to multiple antifungal agents. For example, >90% of the recently emergent C. auris 
isolates are resistant to fluconazole, >30% are resistant to amphotericin B, and >5% to echino-
candins, and >40% are resistant to classes of antifungal agents, while 4% are resistant to all 
three classes of antifungals available [35].

Pathogen profile: Ploidy is not determined, does not belong to CTG clade, Genome sequence 
available, antifungal resistance is moderate, few molecular laboratory tools available.

4. Other Candida species

Candida lusitaniae was firstly isolated from warm-blooded animals and was shown to cause 
opportunistic infections in humans in 1979 [47]. It is distinguished from other Candida 
species by its resistance to Amphotericin B however resistance profile in vivo is similar to 
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other Candida species. Like most pathogens of the Candida species, C. lusitaniae has similar 
ability to colonize individuals but can opportunistically infected in immune-compromised 
patients [48].

Pathogen profile: Haloid, belongs to CTG clade, genome sequence available, antifungal resis-
tance is moderate—high, few molecular laboratory tools available.

Candida tropicalis is another prevalent NAC pathogen in Candida species. In immunocompro-
mised mice and human patients, C. tropicalis isolates appeared to have increased virulence. 
Secreted aspartyl proteinase 5 and 9 (Sap5 and Sap9) antigens are expressed by C. tropicalis. 
Invasive C. tropicalis infections were found more frequently in acute leukemia or bone marrow 
transplants patients may indicate that polymorphonuclear leukocytes are the first defense 
line against of C. tropicalis [49]. Overexpression of ERG11 gene mutations in C. tropicalis likely 
causes resistance to azoles.

Pathogen profile: Diploid, belongs to CTG clade, genome sequence available, antifungal resis-
tance is moderate, several molecular laboratory tools available.

Candida dubliniensis is a species of chlamydospore- and germ tube-positive yeast, primarily 
recovered from HIV-infected individuals and AIDS patients. It has been shown to grow well 
at temperatures ranging between 30 and 37°C but not 42°C. C. dubliniensis is unable to express 
beta-glucosidase activity [50].

Pathogen profile: Diploid, belongs to CTG clade, genome sequence available, antifungal resis-
tance is moderate, several molecular laboratory tools available.

Candida parapsilosis has increased in significance and prevalence over the past 2 decades. 
The infections are mainly associated with prosthetic devices and catheters, especially in the 
nosocomial spread. Risk factors of C. parapsilosis infections include the hydrolytic enzymes 
secretion, prosthetics adhesion, and biofilm formation [51].

Pathogen profile: Diploid, belongs to CTG clade, genome sequence available, antifungal resis-
tance is moderate-high, several molecular laboratory tools available.

Candida guilliermondii is the sixth frequently isolated Candida species, an emerging patho-
gen in Latin America that rarely causes invasive candida infections. However, it has been 
reported to exhibits reduced susceptibility to fluconazole [52] thus further study of the anti-
drug mechanism is required.

Pathogen profile: Haploid, belongs to CTG clade, genome sequence available, antifungal resis-
tance is high, several molecular laboratory tools available.

Candida lypolytica (also known as Yarrowia Lipolytica) isolates formed narrow, multi-branched, 
true hyphae on cornmeal-Tween 80 agar [53]. C. lipolytica is a weakly virulent pathogen that 
is most clearly vascular catheter-related. It is sensitive to Amphotericin B and Ketoconazole 
in vitro.

Pathogen profile: Haploid, does not belongs to CTG clade [54], genome sequence partially 
available, antifungal resistance is moderate [55], few molecular laboratory tools available.
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Candida rugosa rarely causes invasive infections; however, recently, isolates have been shown 
to be an increasing cause of fungal infections especially in Latin America. Besides, C. rugosa 
appears decreased susceptibility to fluconazole with various patterns following geographic 
regions [56].

Pathogen profile: Haploid, belongs to CTG clade, genome sequence is not available, antifungal 
resistance is high, few molecular laboratory tools available.

Acknowledgements

This work was supported by Worcester Polytechnic Institute.

Conflict of interest

There is no conflict of interest concerning this chapter.

Author details

Bo Yang and Reeta Rao*

*Address all correspondence to: rpr@wpi.edu

Worcester Polytechnic Institute, Worcester, MA, USA

References

[1] Banerjee SN, Emori TG, Culver DH, Gaynes RP, Jarvis WR, Horan T, Edwards JR, 
Tolson J, Henderson T, Martone WJ. Secular trends in nosocomial primary bloodstream 
infections in the United States, 1980-1989. National Nosocomial Infections Surveillance 
System. The American Journal of Medicine. 1991;91(3B):86S-89S

[2] Dadar M, Tiwari R, Karthik K, Chakraborty S, Shahali Y, Dhama K. Candida albicans—
Biology, molecular characterization, pathogenicity, and advances in diagnosis and 
control—An update. Microbial Pathogenesis. 2018;117:128-138. DOI: 10.1016/j.micpath. 
2018.02.028

[3] Hazen KC. New and emerging yeast pathogens. Clinical Microbiology Reviews. 1995; 
8(4):462-478

[4] Mühlhausen S, Kollmar M. Predicting the fungal CUG codon translation with Bagheera. 
BMC Genomics. 2014;15(1):411. DOI: 10.1186/1471-2164-15-411

Emerging Pathogens of the Candida Species 11



[5] Sobel JD, Vazquez J, Lynch M, Meriwether C, Zervos MJ. Vaginitis due to Saccharomyces 
cerevisiae—Epidemiology, clinical aspects, and therapy. Clinical Infectious Diseases. 1993; 
16(1):93-99. DOI: 10.1093/clinids/16.1.93

[6] Oriol A, Ribera JM, Arnal J, Milla F, Batlle M, Feliu E. Saccharomyces cerevisiae septi-
cemia in a patient with myelodysplastic syndrome. American Journal of Hematology. 
1993;43(4):325-326

[7] Pfaller MA, Diekema DJ, Gibbs DL, Newell VA, Ellis D, Tullio V, Rodloff A, Fu W, 
Ling TA. Group global antifungal surveillance, results from the ARTEMIS DISK global 
antifungal surveillance study, 1997 to 2007: A 10.5-year analysis of susceptibilities of 
Candida species to fluconazole and voriconazole as determined by CLSI standardized 
disk diffusion. Journal of Clinical Microbiology. 2010;48(4):1366-1377. DOI: 10.1128/
JCM.02117-09

[8] Wickes BL, Hicks JB, Merz WG, Kwonchung KJ. The molecular analysis of synonymy 
among medically important yeasts within the genus Candida. Journal of General 
Microbiology. 1992;138:901-907. DOI: 10.1099/00221287-138-5-901

[9] Ainsworth GC. Introduction to the History of Medical and Veterinary Mycology. 
Cambridge, New York: Cambridge University Press; 1986

[10] Jiyoti V-G, Ana T. Post-transcriptional gene regulation in the biology and virulence of 
Candida albicans. Cellular Microbiology. 2016;18(6):800-806. DOI: 10.1111/cmi.12593

[11] Andes David R, Nasia S, Baddley John W, Barbara A, Lisa B, Allison F, Susan H, Loreen 
H, Carol K, Marshall LG, Vicki M, Thomas P, Trish P, Randall W, Tim H, Tom C, Pappas 
Peter G. The epidemiology and outcomes of invasive Candida infections among organ 
transplant recipients in the United States: Results of the Transplant-Associated Infection 
Surveillance Network (TRANSNET). Transplant Infectious Disease. 2016;18(6):921-931. 
DOI: 10.1111/tid.12613

[12] Kearney T, Gunsalus W, Tornberg-Belanger SN, Matthan NR, Lichtenstein AH, 
Kumamoto CA. Manipulation of host diet to reduce gastrointestinal colonization by 
the opportunistic pathogen Candida albicans. mSphere. 2016;1(1). DOI: 10.1128/mSphere. 
00020-15

[13] Pfaller MA, Diekema DJ. Epidemiology of invasive candidiasis: A persistent public 
health problem. Virulence. 2007;2:119-128

[14] Santos MA, Tuite MF. The CUG codon is decoded in vivo as serine and not leucine in 
Candida albicans. Nucleic Acids Research. 1995;23(9):1481-1486

[15] Ene Iuliana V, Adya Ashok K, Silvia W, Brand Alexandra C, MacCallum Donna M, Gow 
Neil AR, Brown Alistair JP. Host carbon sources modulate cell wall architecture, drug 
resistance and virulence in a fungal pathogen. Cellular Microbiology. 2012;14(9):1319-
1335. DOI: 10.1111/j.1462-5822.2012.01813.x

[16] Calderone RA, Clancy CJ. Candida and Candidiasis. Washington, DC: ASM Press; 2012

Candida albicans12



[17] Zhang B, Yu Q, Wang Y, Xiao C, Li J, Huo D, Zhang D, Jia C, Li M. The Candida albi-
cans fimbrin Sac6 regulates oxidative stress response (OSR) and morphogenesis at the 
transcriptional level. Biochimica et Biophysica Acta (BBA)—Molecular Cell Research. 
2016;1863(9):2255-2266. DOI: 10.1016/j.bbamcr.2016.06.002

[18] Alistair J, Brown P, Brown GD, Netea MG, Gow NAR. Metabolism impacts upon 
Candida immunogenicity and pathogenicity at multiple levels. Trends in Microbiology. 
2014;22(11):614-622. DOI: 10.1016/j.tim.2014.07.001

[19] Liu H. Co-regulation of pathogenesis with dimorphism and phenotypic switching in 
Candida albicans, a commensal and a pathogen. International Journal of Medical Micro-
biology. 2002;292(5):299-311. DOI: 10.1078/1438-4221-00215

[20] Anne Neville B, d'Enfert C, Bougnoux M-E. Candida albicans commensalism in the gas-
trointestinal tract. FEMS Yeast Research. 2015;15(7):6-9. DOI: 10.1093/femsyr/fov081

[21] Pedro M, Lorenz Michael C. The SPS amino acid sensor mediates nutrient acquisition 
and immune evasion in Candida albicans. Cellular Microbiology. 2016;18(11):1611-1624. 
DOI: 10.1111/cmi.12600

[22] Erwig LP, Gow NAR. Interactions of fungal pathogens with phagocytes. Nature Reviews 
Microbiology. 2016;14:163. DOI: 10.1038/nrmicro.2015.21

[23] da Silva Dantas A, Lee KK, Raziunaite I, Schaefer K, Wagener J, Yadav B, Gow NA. Cell 
biology of Candida albicans-host interactions. Current Opinion in Microbiology. 2016; 
34:111-118. DOI: 10.1016/j.mib.2016.08.006

[24] Braunsdorf C, LeibundGut-Landmann S. Modulation of the fungal-host interaction by 
the intra-species diversity of C. albicans. Pathogens. 2018;7(1):11

[25] Guerrero HT, Espinosa IM, Ibarra MG, García MA. Distribution of Candida species 
and molecular typing of C. albicans isolates in a Mexico City tertiary care hospital from 
2011 to 2013. Open Journal of Medical Microbiology. 2016;06(02):14. DOI: 10.4236/ojmm. 
2016.62010

[26] Odds FC, Bougnoux M-E, Shaw DJ, Bain JM, Davidson AD, Diogo D, Jacobsen MD, 
Lecomte M, Li S-Y, Tavanti A, Maiden MCJ, Gow NAR, d'Enfert C. Molecular phyloge-
netics of Candida albicans. Eukaryotic Cell. 2007;6(6):1041-1052. DOI: 10.1128/ec.00041-07

[27] Bendel CM, Hostetter MK. Correlation of adhesion and pathogenic potential in yeast. 
Pediatric Research. 1991;29(4):A167-A167

[28] Fidel, Jr PL, Vazquez JA, Sobel JD. Candida glabrata: Review of epidemiology, pathogen-
esis, and clinical disease with comparison to C. albicans. Clinical Microbiology Reviews. 
1999;12(1):80-96

[29] Whelan WL, Simon S, Beneke ES, Rogers AL. Auxotrophic variants of Torulopsis-
Glabrata. FEMS Microbiology Letters. 1984;24(1):1-4

Emerging Pathogens of the Candida Species 13



[30] Vazquez JA, Dembry LM, Sanchez V, Vazquez MA, Sobel JD, Dmuchowski C, Zervos 
MJ. Nosocomial Candida glabrata colonization: An epidemiologic study. Journal of 
Clinical Microbiology. 1998;36(2):421-426

[31] Kazuo S, Koichi M, Yayoi H, Yayoi N, Katsuhisa U, Hideyo Y. Candida auris sp. nov., 
a novel ascomycetous yeast isolated from the external ear canal of an inpatient in a 
Japanese hospital. Microbiology and Immunology. 2009;53(1):41-44. DOI: 10.1111/j. 
1348-0421.2008.00083.x

[32] Kim M-N, Shin JH, Sung H, Lee K, Kim E-C, Ryoo N, Lee J-S, Jung S-I, Park KH, Kee SJ, 
Kim SH, Shin MG, Suh SP, Ryang DW. Candida haemulonii and closely related species at 
5 University Hospitals in Korea. Identification, Antifungal Susceptibility, and Clinical 
Features, Clinical Infectious Diseases. 2009;48(6):e57-e61. DOI: 10.1086/597108

[33] Sears D, Schwartz BS. Candida auris: An emerging multidrug-resistant pathogen. 
International Journal of Infectious Diseases. 2017;63:95-98. DOI: 10.1016/j.ijid.2017.08.017

[34] Munoz JF, Gade L, Chow NA, Loparev VN, Juieng P, Farrer RA, Litvintseva AP, Cuomo 
CA. Genomic basis of multidrug-resistance, mating, and virulence in Candida auris and 
related emerging species. bioRxiv. 2018. DOI: 10.1101/299917

[35] Lockhart SR, Etienne KA, Vallabhaneni S, Farooqi J, Chowdhary A, Govender NP, 
Colombo AL, Calvo B, Cuomo CA, Desjardins CA, Berkow EL, Castanheira M, Magobo 
RE, Jabeen K, Asghar RJ, Meis JF, Jackson B, Chiller T, Litvintseva AP. Simultaneous 
emergence of multidrug-resistant Candida auris on 3 continents confirmed by whole-
genome sequencing and epidemiological analyses. Clinical Infectious Diseases. 
2017;64(2):134-140. DOI: 10.1093/cid/ciw691

[36] Oh BJ, Shin JH, Kim M-N, Sung H, Lee K, Joo MY, Shin MG, Suh SP, Ryang DW. Biofilm for-
mation and genotyping of Candida haemulonii, Candida pseudohaemulonii, and a proposed 
new species (Candida auris) isolates from Korea. Medical Mycology. 2011;49(1):98-102.  
DOI: 10.3109/13693786.2010.493563

[37] Larkin E, Hager C, Chandra J, Mukherjee PK, Retuerto M, Salem I, Long L, Isham N, 
Kovanda L, Borroto-Esoda K, Wring S, Angulo D, Ghannoum M. The emerging patho-
gen Candida auris: Growth phenotype, virulence factors, activity of antifungals, and 
effect of SCY-078, a novel Glucan synthesis inhibitor, on growth morphology and bio-
film formation. Antimicrobial Agents and Chemotherapy. 2017;61(5):4-8. DOI: 10.1128/
AAC.02396-16

[38] Kordalewska M, Zhao Y, Lockhart SR, Chowdhary A, Berrio I, Perlin DS. Rapid and 
accurate molecular identification of the emerging multidrug-resistant pathogen Candida 
auris. Journal of Clinical Microbiology. 2017;55(8):2445-2452. DOI: 10.1128/JCM.00630-17

[39] Samaranayake YH, Samaranayake LP. Candida krusei: Biology, epidemiology, patho-
genicity and clinical manifestations of an emerging pathogen. Journal of Medical 
Microbiology. 1994;41(5):295-310. DOI: 10.1099/00222615-41-5-295

Candida albicans14



[40] Kogan G, Pavliak V, Sandula J, Masler L. Novel structure of the cellular mannan of the 
pathogenic yeast Candida krusei. Carbohydrate Research. 1988;184:171-182

[41] Tobgi RS, Samaranayake LP, MacFarlane TW. In vitro susceptibility of Candida species 
to lysozyme. Oral Microbiology and Immunology. 1988;3(1):35-39

[42] Andrighetto C, Psomas E, Tzanetakis N, Suzzi G, Lombardi A. Randomly amplified poly-
morphic DNA (RAPD) PCR for the identification of yeasts isolated from dairy products. 
Letters in Applied Microbiology. 2000;30(1):5-9. DOI: 10.1046/j.1472-765x.2000.00589.x

[43] Khan Z, Ahmad S, Al-Obaid K, Joseph L, Chandy R. Candida kefyr as a cause of blood-
stream infection and adjunctive role of biomarkers in its diagnosis. Journal de Mycologie 
Médicale. 2015;25(1):71-75. DOI: 10.1016/j.mycmed.2014.04.002

[44] Yavuz S, Kocabay S, Cetinkaya S, Akkaya B, Akkaya R, Yenidunya AF, Bakici MZ.  
Production, purification, and characterization of metalloprotease from Candida kefyr 41 
PSB. International Journal of Biological Macromolecules. 2017;94(Pt A):106-113. DOI: 
10.1016/j.ijbiomac.2016.10.006

[45] Pfaller MA, Diekema DJ. Epidemiology of invasive candidiasis: A persistent public 
health problem. Clinical Microbiology Reviews. 2007;20(1):133-163. DOI: 10.1128/CMR. 
00029-06

[46] Morgan MA, Wilkowske CJ, Roberts GD. Candida pseudotropicalis fungemia and inva-
sive disease in an immunocompromised patient. Journal of Clinical Microbiology. 1984; 
20(5):1006-1007

[47] Pappagianis D, Collins MS, Hector R, Remington J. Development of resistance to ampho-
tericin B in Candida lusitaniae infecting a human. Antimicrobial Agents and Chemo-
therapy. 1979;16(2):123-126

[48] Merz WG. Candida lusitaniae: Frequency of recovery, colonization, infection, and ampho-
tericin B resistance. Journal of Clinical Microbiology. 1984;20(6):1194-1195

[49] Kothavade RJ, Kura MM, Valand AG, Panthaki MH. Candida tropicalis: Its prevalence, 
pathogenicity and increasing resistance to fluconazole. Journal of Medical Microbiology. 
2010;59(Pt 8):873-880. DOI: 10.1099/jmm.0.013227-0

[50] Sullivan D, Coleman D. Candida dubliniensis: Characteristics and identification. Journal 
of Clinical Microbiology. 1998;36(2):329-334

[51] Trofa D, Gacser A, Nosanchuk JD. Candida parapsilosis, an emerging fungal pathogen. 
Clinical Microbiology Reviews. 2008;21(4):606-625. DOI: 10.1128/CMR.00013-08

[52] Pfaller MA, Diekema DJ, Mendez M, Kibbler C, Erzsebet P, Chang SC, Gibbs DL, Newell 
VA. Candida guilliermondii, an opportunistic fungal pathogen with decreased susceptibil-
ity to fluconazole: Geographic and temporal trends from the ARTEMIS DISK antifungal 
surveillance program. Journal of Clinical Microbiology. 2006;44(10):3551-3556. DOI: 
10.1128/JCM.00865-06

Emerging Pathogens of the Candida Species 15



[53] Walsh TJ, Salkin IF, Dixon DM, Hurd NJ. Clinical, microbiological, and experimental 
animal studies of Candida lipolytica. Journal of Clinical Microbiology. 1989;27(5):927-931

[54] Muhlhausen S, Kollmar M. Molecular phylogeny of sequenced saccharomycetes 
reveals polyphyly of the alternative yeast codon usage. Genome Biology and Evolution. 
2014;6(5):3226. DOI: 10.1093/gbe/evu093

[55] Zhao Y, Chan JF-W, Tsang C-C, Wang H, Guo D, Pan Y, Xiao Y, Yue N, Chen JH-K, Lau 
SK-P, Xu Y, Woo PC-Y. Clinical characteristics, laboratory identification, and in vitro 
antifungal susceptibility of Yarrowia (Candida) lipolytica isolates causing Fungemia: 
A multicenter, prospective surveillance study. Journal of Clinical Microbiology. 2015; 
53(11):3639-3645. DOI: 10.1128/JCM.01985-15

[56] Pfaller MA, Diekema DJ, Colombo AL, Kibbler C, Ng KP, Gibbs DL, Newell VA. Candida 
rugosa, an emerging fungal pathogen with resistance to azoles: Geographic and tempo-
ral trends from the ARTEMIS DISK antifungal surveillance program. Journal of Clinical 
Microbiology. 2006;44(10):3578-3582. DOI: 10.1128/JCM.00863-06

Candida albicans16


