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The recent emergence of a multidrug-resistant yeast, Candida auris, has drawn
attention to the closely related species from the Candida haemulonii complex that
include C. haemulonii, Candida duobushaemulonii, Candida pseudohaemulonii, and the
recently identified Candida vulturna. Here, we used antifungal susceptibility testing and
whole-genome sequencing (WGS) to investigate drug resistance and genetic diversity
among isolates of C. haemulonii complex from different geographic areas in order
to assess population structure and the extent of clonality among strains. Although
most isolates of all four species were genetically distinct, we detected evidence of
the in-hospital transmission of C. haemulonii and C. duobushaemulonii in one hospital
in Panama, indicating that these species are also capable of causing outbreaks in
healthcare settings. We also detected evidence of the rising azole resistance among
isolates of C. haemulonii and C. duobushaemulonii in Colombia, Panama, and Venezuela
linked to substitutions in ERG 11 gene as well as amplification of this gene in C. haemulonii
in isolates in Colombia suggesting the presence of evolutionary pressure for developing
azole resistance in this region. Our results demonstrate that these species need to be
monitored as possible causes of outbreaks of invasive infection.
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Candida haemulonii Species Complex

INTRODUCTION
Yeasts from Candida haemulonii complex that include
C.  haemulonii, Candida  duobushaemulonii, — Candida

pseudohaemulonii, and the recently identified Candida vulturna
(Sipiczki and Tap, 2016) are often misidentified as Candida
auris, especially in laboratories that do not have access to DNA
sequencing and matrix-assisted laser desorption/ionization time
of flight mass spectroscopy (MALDI-TOF MS) (Hou et al,
2016; Aratz et al., 2018). Together with C. lusitaniae, another
infrequent cause of candidemia, these four species belong to
the Metschnikowiaceae family, which includes species that are
often resistant to antifungal drugs (Jackson et al., 2019). Recent
comparative genomic analysis identified the substantial amount
of conservation and synteny among genomes of C. auris, C.
haemulonii, C. duobushaemulonii, and C. pseudohaemulonii as
well as similar expansions of the oligopeptide transporters and
lipase gene families (Murfioz et al., 2018). These shared genomic
features suggest similarities in ecology and physiology of these
species and raise a possibility that they may also start emerging
as drug-resistant pathogens in human populations.

In contrast to C. auris, which was described in 2009 from an
external ear canal from a Japanese patient (Satoh et al., 2009;
Chowdhary et al., 2013), C. haemulonii was first isolated from a
fish off the coast of the Bahamas in 1962 and later isolated from
a dolphin and seawater off the coast of Portugal (Van Uden and
Kolipinski, 1962). The first clinical isolate was described in 1984
from blood of a patient with renal failure, and since then, isolates
of C. haemulonii have been infrequently but regularly reported in
patients causing wound and other types of infections (Gargeya
et al., 1991; Cendejas-Bueno et al., 2012; Hou et al., 2016). C.
pseudohaemulonii and C. duobushaemulonii were identified in
2006 and 2012, respectively, as the distinct lineages within C.
haemulonii species complex based on the phylogenetic analysis
of rDNA intragenic spacer region (ITS) (Cendejas-Bueno et al.,
2012). Finally, in 2016, C. vulturna was identified as a distinct
species most closely related to C. duobushaemulonii based on the
phylogenetic analysis of rDNA locus (Sipiczki and Tap, 2016).
The first isolate of this species was isolated from flowers in
the Philippines, and later it was isolated as a cause of human
candidemia (Sipiczki and Tap, 2016).

Subsequent studies identified phenotypical and clinical
features associated with different species. Specifically, most
strains of C. haemulonii cannot grow at 37°C, whereas most
C. duobushaemulonii and C. pseudohaemulonii grow well at
body temperature, and most strains of C. auris can grow up
to 42°C (Ben-Ami et al., 2017). Compared with C. auris and
C. albicans, C. haemulonii is less virulent in a murine model
of infection (Ben-Ami et al,, 2017). In humans, yeasts from
C. haemulonii complex are primarily known to cause wound
infections or colonization although a few cases of invasive
blood infections have also been described (Ramos et al., 2015;
Hou et al, 2016; Ben-Ami et al., 2017). Conversely, C. auris
frequently causes invasive infections although the first isolates
of C. auris were isolated from ear infections, and the East
Asian clade of C. auris (Clade II) are commonly isolated from
the external ear canal (Jackson et al., 2019). C. auris and the

four species from the C. haemulonii complex are known for
their resistance to antifungal drugs, especially to amphotericin
B and azoles; however, resistance to echinocandins is rare
(Ramos et al., 2015; Hou et al., 2016).

Unlike C. auris, which is known to colonize human skin
and cause rampant healthcare-associated outbreaks in numerous
countries, other species from C. haemulonii species complex
have been associated with relatively few suspected outbreaks
and clusters. In 2007, an outbreak of fungemia caused by
C. haemulonii resistant to amphotericin B, fluconazole, and
itraconazole was described among four patients in a neonatal unit
in Kuwait (Khan et al., 2007). Although this outbreak occurred
before C. auris and C. duobushaemulonii species were described,
ITS sequences from the isolates deposited into NCBI identify
the isolates from this outbreak as C. haemulonii sensu stricto
(Isla et al., 2017). In 2016, a cluster of three C. haemulonii
wound infections was identified in an Israeli hospital overlapping
in time with a C. auris outbreak (Ben-Ami et al., 2017). In
2017, an unusual number of C. duobushaemulonii and C. auris
infections were identified in Panama City, Panama, and a
subsequent epidemiological investigation confirmed outbreaks of
both species (Arauz et al., 2018). The goal of this study was to
investigate the genetic relationships and drug-resistance profiles
among isolates of the C. haemulonii complex from different
countries and healthcare facilities to determine genetic diversities
in different populations and to examine possible evidence of
transmission if it existed.

METHODS

Isolates

Isolates were received in the Mycotic Diseases Branch Reference
Laboratory at the CDC for routine fungal identification
or as part of ongoing fungal disease surveillance. Upon
arrival, isolates were identified by sequencing of the ITS2
region of the rDNA and MALDI-TOF MS (Bruker, Bremen,
Germany) using a CDC-developed database MicrobeNet
(https://www.cdc.gov/microbenet/index.html).  Isolates were
stored in 20% glycerol at —70°C. When available, limited
metadata, such as geographic region or site of the infection,
were collected.

Whole-Genome Sequencing (WGS)

DNA was extracted using the ZR Fungal/Bacterial DNA
MiniPrep kit (Zymo Research, Irvine, CA, USA) according to the
manufacturer’s instructions. Genomic libraries were constructed
and barcoded using the NEBNext Ultra DNA Library Prep kit for
Mlumina (New England Biolabs, Ipswich, MA, USA) following
the manufacturer’s instructions. Libraries were sequenced on
either the Illumina HiSeq 2500 platform (Illumina, San Diego,
CA, USA) using the HiSeq Rapid SBS Kit v2 500 cycles or the
MiSeq platform using the MiSeq Reagent Kit v2 500 cycles or
Mumina MiSeq Reagent Kit v3 (600 cycles). HiSeq and MiSeq v2
500-cycle kits generated 251 bp paired reads, whereas MiSeq v3
600-cycle kits generated 301 bp paired reads.
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Single Nucleotide Polymorphism (SNP)

Analysis

Paired-end sequences that had at least 50X coverage were
used for downstream analyses. Read quality was assessed
using FastQC v0.11.5 (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/), and for filtering low-quality sequences,
PRINSEQ v0.20.3 (http://prinseq.sourceforge.net/manual.html)
was performed using the following command: “-trim_left
15 -trim_qual_left 20 -trim_qual_right 20 -min_len 100 -
min_qual_mean 25 -derep 14.” For identifying SNPs, paired-
end reads of each species were aligned using BWA mem v0.7.12
((Li and Durbin, 2009)) to their respective previously published
assemblies [C. haemulonii strain B11899, GenBank accession
PKFO00000000 (Chow et al., 2018a); C. duobushaemulonii
strain B09383, GenBank accession PKFP00000000 (Chow
et al., 2018b); C. pseudohaemulonii strain B12108, GenBank
accession PYFQ00000000 (Mufoz et al., 2018); and C. vulturna
strain CBS14366 BioProject PRJNA560499 (Navarro-Mufioz
et al, 2019)]. SNPs were identified and filtered using the
publicly available pipeline NASP (http://tgennorth.github.io/
NASP/) to remove positions that had <10x coverage, <90%
variant allele calls, or that were identified by Nucmer (Kurtz
et al, 2004) as being within duplicated regions in the
reference (Supplementary Table 1).

In addition, we performed variant identification to each
of the four mapped species using GATK v3.7 (https://gatk.
broadinstitute.org/hc/en-us) with the haploid mode and GATK
tools. Sites were filtered with variant filtration using “QD <
2.0 || FS > 60.0 || MQ < 40.0.” Genotypes were filtered if the
minimum genotype quality <50, percentage alternate allele
<0.8, or depth <10 (https://github.com/broadinstitute/broad-
fungalgroup/blob/master/scripts/SNPs/filterGatkGenotypes.
py). For the C. haemulonii species complex phylogeny,
SNPs from the representative isolates were identified by
aligning reads to B8441 C. auris reference genome assembly,
GenBank accession PEKT00000000.2 (Mufioz et al, 2018).
To investigate genetic relationships within each species,
phylogenetic trees were constructed by identifying SNPs by
aligning reads to the reference genome assemblies of each
corresponding species.

Phylogenetic and Population Genetic
Analyses

For phylogenetic analysis, maximum parsimony phylogenies
were constructed using the subtree-pruning-regrafting (SPR)
algorithm and bootstrapped using 500 reiterations in MEGA7.0
(Kumar et al., 2018) and visualized in Interactive Tree of
Life (iTOL) v4 (Letunic and Bork, 2019). All positions
containing gaps and missing data were eliminated. The
average genome-wide nucleotide diversity () and Tajimas D
were calculated from the GATK SNPs set using PopGenome
v2.6.1 R package (https://www.rdocumentation.org/packages/
PopGenome/versions/2.7.2) using 5 kb sliding windows. Mating
type locus (MTLa and MTLa) was determined using the
normalized average read depth at the locus from aligned BAM
files for each isolate mapped to the corresponding reference

genomes. Genomic regions that exhibit copy number variation
(CNV) were identified using normalized read depth.

Antifungal Susceptibility Testing

Antifungal susceptibility testing was performed as outlined by
Clinical and Laboratory Standards Institute (CLSI) standard M27
(CLSI, 2008). However, for several slow-growing isolates of C.
haemulonii, the plates were read at 48h as suggested in CLSI
standard M27. Etests (BioMérieux, Marcy I’Etoile, France) were
used for amphotericin B. Custom-prepared frozen panels (Trek
Diagnostics, Thermo Fisher Scientific, Oakwood Village, OH)
were used for the echinocandins (anidulafungin, caspofungin,
and micafungin) and the azoles (fluconazole, voriconazole,
itraconazole, posaconazole, and isavuconazole).

Identification of Mutations Associated With

Elevated MICs

The annotated GATK VCF files were used to determine the
genotype of known mutation sites in ERGII, FKSI, and
other genes of interest (Supplementary Table 2) (Arendrup and
Patterson, 2017; Berkow and Lockhart, 2017) using SnpEff
v4.3T (http://snpeft.sourceforge.net/).

RESULTS

Isolates Description
Between 2011 and 2018, 38 isolates of C. haemulonii from
Colombia (N = 11), Israel (N = 3), Panama (N = 4), Venezuela
(N = 7), and the United States (N = 13); 55 isolates of
C. duobushaemulonii from Colombia (N = 6), Guatemala
(N = 2), Panama (N = 14), Venezuela (N=1), and the
United States (N = 32); and six isolates of C. pseudohaemulonii
from Colombia (N = 2), Panama (N = 2), Venezuela (N = 1),
and the United States (N = 1) were received (Table1). In
addition, five isolates from Colombia (N = 2), Panama (N = 2),
and the United States (N = 1) that were identified by MALDI-
TOF as closely resembling C. duobushaemulonii, which the
subsequent analysis confirmed as C. vulturna, were also included
(Table 1). We included two historic isolates from the Mycotic
Diseases Branch culture collection: B10441 (CBS5149) strain of
C. haemulonii isolated from a fish in 1962 and B10440 strain of C.
duobushaemulonii isolated from a foot ulcer of a patient in 1990.
In the United States, 91% of C. haemulonii and 87% of
C. duobushaemulonii were isolated from wounds, bones, and
other non-invasive sites, and the remaining isolates were from
blood (Table 2). A different distribution of cases was observed
in Latin America: 77% of C. haemulonii and 67% of C.
duobushaemulonii from Latin American countries (Colombia,
Panama, and Venezuela combined) were from blood, and the
remaining isolates were from wounds and non-invasive sites. All
isolates of C. haemulonii from Israel were from wounds. All six C.
pseudohaemulonii isolates were from blood (Table 2). One isolate
of C. vulturna was from blood, and the other four were wounds
and other non-invasive sites (Table 2).
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TABLE 1 | List of isolates included in the study.

Isolate Species Origin Year collected Location Mating type
B10441 C. haemulonii Fish (CBS 5149) 1962 Florida, USA o
B11786 C. haemulonii Blood 2016 Colombia o
B11792 C. haemulonii Blood 2016 Colombia [
B11798 C. haemulonii Blood 2016 Colombia [
B11803 C. haemulonii Blood 2016 Colombia [
B11898 C. haemulonii Wound 2014 Israel [
B11899 C. haemulonii Wound 2015 Israel o
B11900 C. haemulonii Wound 2015 Israel o
B12068 C. haemulonii Bronchial Wash 2018 Alabama, USA o
B12109 C. haemulonii Blood 2011 Venezuela o
B12112 C. haemulonii Blood 2012 Venezuela o
B12126 C. haemulonii Blood 2013 Venezuela o
B12127 C. haemulonii Blood 2014 Venezuela o
B12128 C. haemulonii Blood 2014 Venezuela o
B12129 C. haemulonii Blood 2014 Venezuela o
B12185 C. haemulonii Blood 2016 Venezuela [
B12201 C. haemulonii Foot 2016 Michigan, USA o
B12343 C. haemulonii Wound 2016 Georgia, USA o
B12615 C. haemulonii Wound (big toe) 2017 Indiana, USA o
B12643 C. haemulonii Wound 2017 Washington, USA o
B12989 C. haemulonii Foot 2017 Wisconsin, USA o
B13065 C. haemulonii Vaginal secretion 2016 Panama o
B13067 C. haemulonii Toenail 2017 Panama o
B13068 C. haemulonii Blood 2017 Panama o
B13081 C. haemulonii Catheter 2017 Panama o
B13273 C. haemulonii Bone 2017 Wisconsin, USA o
B13444 C. haemulonii Wound 2017 Tennessee, USA o
B13704 C. haemulonii Bone 2017 Florida, USA o
B13909 C. haemuloni Blood 2017 Virginia, USA o
B15318 C. haemulonii Unknown 2018 Hawaii, USA o
B15393 C. haemulonii Blood 2016 Colombia o
B15394 C. haemulonii Blood 2016 Colombia o
B15400 C. haemulonii Urine 2017 Colombia [
B15401 C. haemulonii Nail 2017 Colombia o
B15406 C. haemulonii Blood 2017 Colombia o
B15408 C. haemulonii Peritoneal fluid 2017 Colombia o
B15409 C. haemulonii Blood 2018 Colombia o
B16299 C. haemulonii Foot (tissue) 2018 Florida, USA o
B09383 C. duobushaemulonii Blood 2011 Tennessee, USA o
B10440 C. duobushaemulonii Foot ulcer 1990 Alabama, USA o
B11839 C. duobushaemulonii Blood 2016 Mississippi, USA o
B12075 C. duobushaemulonii Scalp Tissue 2016 Kentucky, USA o
B12111 C. duobushaemulonii Blood 2011 Venezuela o
B12240 C. duobushaemulonii Foot 2016 Florida, USA o
B12437 C. duobushaemulonii Unknown Missing Guatemala o
B12484 C. duobushaemulonii Skin 2017 Florida, USA o
B12492 C. duobushaemulonii Ear fluid 2017 Florida, USA o
B12539 C. duobushaemulonii Skin 2017 Florida, USA o
B12593 C. duobushaemulonii Wound (foot) 2017 Florida, USA o
B12594 C. duobushaemulonii Wound (toe) 2017 Mississippi, USA o
B12613 C. duobushaemulonii Wound (toe) 2017 Florida, USA o
(Continued)
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TABLE 1 | Continued

Isolate Species Origin Year collected Location Mating type
B12614 C. duobushaemulonii Wound (big toe) 2017 Indiana, USA o
B12709 C. duobushaemulonii Blood 2017 Alabama, USA o
B12845 C. duobushaemulonii Wound (leg) 2017 Washington, USA o
B12848 C. duobushaemulonii Wound (toe) 2017 Washington, USA o
B12972 C. duobushaemulonii Wound (foot) 2017 Florida, USA o
B12985 C. duobushaemulonii Wound (leg) 2017 Washington, USA o
B12987 C. duobushaemulonii Wound (toe) 2017 Nebraska, USA o
B12988 C. duobushaemulonii Nail 2017 Wisconsin, USA a
B13055 C. duobushaemulonii Blood-tip CVC 2016 Panama o
B13056 C. duobushaemulonii Blood-tip CVC 2016 Panama o
B13057 C. duobushaemulonii Blood-tip CVC 2016 Panama o
B13058 C. duobushaemulonii Toenail scraping 2016 Panama o
B13059 C. duobushaemulonii Blood 2016 Panama [
B13063 C. duobushaemulonii Blood 2016 Panama a
B13066 C. duobushaemulonii Blood 2016 Panama [
B13071 C. duobushaemulonii Urine 2017 Panama o
B13072 C. duobushaemulonii Toenail 2017 Panama o
B13073 C. duobushaemulonii Blood 2017 Panama o
B13076 C. duobushaemulonii Skin 2017 Panama [
B13088 C. duobushaemulonii Blood 2017 Panama o
B13089 C. duobushaemulonii Open fracture 2017 Panama o
B13091 C. duobushaemulonii Blood 2017 Panama o
B13267 C. duobushaemulonii Wound (toe) 2017 Oklahoma, USA o
B13331 C. duobushaemulonii Tissue (foot) 2017 Florida, USA o
B13465 C. duobushaemulonii Wound 2017 Washington, USA [
B13467 C. duobushaemulonii Unknown Missing Guatemala o
B13908 C. duobushaemulonii Wound 2017 Virginia, USA [
B14153 C. duobushaemulonii Bone 2018 Pennsylvania, USA o
B14185 C. duobushaemulonii Urine 2018 Florida, USA [
B14283 C. duobushaemulonii Tissue 2018 Virginia, USA o
B15056 C. duobushaemulonii Wound 2018 Indiana, USA o
B15179 C. duobushaemulonii Bone 2018 Ohio, USA o
B15319 C. duobushaemulonii Bone 2018 Tennessee, USA o
B15360 C. duobushaemulonii Blood 2018 Texas, USA o
B15396 C. duobushaemulonii Eye secretion 2017 Colombia o
B15397 C. duobushaemulonii Blood 2017 Colombia o
B15399 C. duobushaemulonii Blood 2017 Colombia a
B15403 C. duobushaemulonii Blood 2017 Colombia o
B15407 C. duobushaemulonii Blood 2017 Colombia a
B15410 C. duobushaemulonii Tissue 2018 Colombia o
B16327 C. duobushaemulonii Unknown 2018 New York, USA a
B16366 C. duobushaemulonii Tissue 2018 Virginia, USA o
B12108 C. pseudohaemulonii Blood 2011 Venezuela a
B12384 C. pseudohaemulonii Blood 2016 Georgia, USA a
B13062 C. pseudohaemulonii Blood 2016 Panama a
B13064 C. pseudohaemulonii Blood 2017 Panama a
B15395 C. pseudohaemulonii Blood 2017 Colombia a
B15405 C. pseudohaemulonii Blood 2017 Colombia a
B13074 C. vulturna Endothelial secretion 2017 Panama a
B13075 C. wulturna Mesh Wound 2017 Panama a
B14309 C. vulturna Wound 2018 Indiana, USA o
B15411 C. wulturna Gastric acid 2018 Colombia a
B15412 C. vulturna Blood 2018 Colombia a
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TABLE 2 | Country and specimen sources of Candida haemulonii species
complex isolates.

Organism (n) Country (n) Blood Wound and other
non-invasive sites
C. haemulonii (38")  USA (11) 1(9%) 10 (91%)
Latin America (22) 17 (77%) 5 (23%)
C. duobushaemulonii  USA (31) 4 (13%) 27 (87%)
(65%) Latin America (21) 14 (67%) 7 (33%)
C. pseudohaemulonii  USA (1) 1 (100%) 0 (0%)
6) Latin America (5) 5 (100%) 0 (0%)
C. vulturna (5) USA (1) 0 (0%) 1 (100%)
Latin America (4) 1(25%) 3 (75%)

Five C. haemulonii and 3 C. duobushaemulonii isolates were excluded, because for 4
isolates, the infection site information was unavailable, one isolate was from fish and only
3 isolates were available from Israel.

Phylogenetic Relationships Within the

Species Complex

Phylogenetic analysis using SNPs called against the C. auris
reference strain B8441 (Muiioz et al., 2018) confirmed previous
observations that C. duobushaemulonii is closely related to
C. pseudohaemulonii. This analysis also identified a subgroup
of isolates from Colombia, Panama, and the Unites States,
which was identified by MALDI-TOF as closely resembling
C. duobushaemulonii, which formed a distinct monophyletic
branch on the phylogenetic tree (Figure 1). Comparison with a
recently assembled genome identified these strains as C. vulturna
(Navarro-Muioz et al., 2019) (Figure 4B). Conversely, isolates
identified by MALDI-TOF as C. haemulonii var. vulnera, a
previously recognized variety within the C. haemulonii complex
(Cendejas-Bueno et al.,, 2012), were intermixed with other C.
haemulonii strains and did not form a phylogenetically distinct
cluster (Figures 1, 2).

Genetic Diversity Among C. haemulonii

Genetic relationships among C. haemulonii isolates are shown
in Figure2 and at https://microreact.org/project/Candida_
haemulonii. The average pairwise difference between the
isolates was 214 SNPs (range 0-399), and there was no
distinct phylogeographic population structure. Most isolates
were genetically distinct; however, three isolates, B13067, B13068,
and B13081, were different from each other by fewer than
27 SNPs and formed a small, well-supported cluster in the
phylogenetic tree based on bootstrap analysis (Figure 2). These
three isolates were recovered from different patients treated at
the same hospital in Panama City, Panama, which reported
contemporaneous outbreaks of C. duobushaemulonii and C.
auris (Araiz et al., 2018). B13067 was isolated from a toenail
of a patient in November 2016, and B13068 was from the
blood of another patient isolated in December 2016; the
two isolates were genetically identical (0 SNPs). The other
isolate from this cluster, B13081, was recovered from a central
venous catheter in March 2017. In addition, two isolates
from Venezuela, B12112 and B12127, differed by only 32
SNPs although they were isolated from patients treated in
different healthcare facilities in the city of Valencia (Figure 2).

The rest of the isolates from these and other countries were
different from each other by >69 SNPs. All isolates from the
United States were genetically distinct. Interestingly, B10441,
recovered in 1962 from a seawater fish, was only 176 SNP
different from B13909, isolated in 2017 from a patients blood.
All C. haemulonii isolates were mating type alpha. The average
genome-wide nucleotide diversity () was 2.59e-05, and the
average Tajima’s D estimate was —0.97, which is consistent with
recent population expansion.

Genetic Diversity Among

C. duobushaemulonii

The average pairwise distance between C. duobushaemulonii
isolates was 458 SNPs (range 0-1,243). The isolates can be
separated into two genetically distinct clades separated by
more than 600 SNPs. One of these clades included isolates
from Panama, Colombia, Guatemala, Venezuela, and the
United States, and the other included primarily isolates from
the United States, one isolate from Venezuela, and one from
Panama (Figure 3 and https://microreact.org/project/Candida_
duobushaemulonii).

Nine of the 14 isolates from Panama were from a previously
reported outbreak in a large hospital in Panama City (Arauz
et al, 2018); five of those were genetically distinct and
intermixed with isolates from other regions, and four others,
each isolated from a different patient, formed a tight cluster
on the phylogenetic tree (Figure 3). B13058 from a toenail
and B13059 from blood were isolated in November 2016 and
were identical (0 SNPs), and the other two, B13056 from
the catheter isolated in November 2016 and B13088 from
blood isolated in April 2017, were separated by <42 SNPs.
Clusters of C. duobushaemulonii and C. haemulonii overlapped
in time. All C. duobushaemulonii isolates were mating type
alpha. The genome-wide nucleotide diversity (w) was 4.86e-
05, which was almost twice that observed in C. haemulonii;
however, the average Tajimas D estimate was —1.17, which was
similar to that of C. haemulonii and consistent with recent
population expansion.

Genetic Relationships Among Isolates of

C. pseudohaemulonii and C. vulturna

Five of the six tested isolates of C. pseudohaemulonii clustered
together (441-845 SNPs), and the sixth isolate, B12108 from
blood of a Venezuelan patient, was >200,000 SNPs different
from the other group (Figure4A and https://microreact.org/
project/Candida_pseudohaemulonii). Similarly, four isolates of
C. vulturna from Colombia, Panama, and Venezuela were
different from each other and the type isolate, CBS14366,
isolated from a flower in the Philippines (Sipiczki and Tap,
2016) by 104-209 SNPs. However, the fifth isolate from a
U.S. patient was more than 81,000 SNPs different from the
other four, suggesting multiple clades of C. vulturna (Figure 4B
and https://microreact.org/project/Candida_vulturna) although
more isolates are needed to test this hypothesis. All C.
pseudohaemulonii isolates were mating type a. In C. vulturna,
four isolates where mating type a, and the fifth isolate from the
United States (B14309) was mating type alpha.
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FIGURE 1 | Maximum parsimony tree illustrating the phylogenetic relationships among species from C. haemulonii complex constructed using 56,023 SNPs called
against B8441 C. auris reference genome (GenBank accession PEKTO0000000.2). Numbers show bootstrap support for the branches. Scale bar shows pairwise

Antifungal Susceptibility Testing and
Mutations Linked to Resistance

We observed variable levels of susceptibility to amphotericin B
among 38 tested C. haemulonii isolates: 29 (76%) had elevated
MICs from 2 pg/mL to >32 pg/mL, and the rest had MICs below

2 pug/mL (Table 3). Seven (18%) isolates had elevated MIC of
fluconazole ranging from 32 to 256 pg/mL, and all had the Y132F
mutation in ERGII. However, one isolate, B13067, with this
mutation had MIC of fluconazole 8 pg/mL (https://microreact.
org/project/Candida_haemulonii).
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Three C. haemulonii isolates, B11786, B11792, and B11803,
had aneuploidy of chromosome 4 (scaffold 4) that harbors
ERGI1: B11786 and B11792 have complete duplication of
chromosome 4, and B11803 has a 300-kb duplication or
a region encompassing ERGII (Supplementary Figure 1). In
addition to this duplication, both B11786 and B11803 had
Y132F substitution, and their MIC of fluconazole was 64 jug/mL.
However, the MIC of fluconazole of B11792 that had wild-type
ERG11 copy was 4 pg/mL, suggesting that the duplication alone
did not increase resistance (Table 3).

Of the 55 C. duobushaemulonii isolates, 51 (93%) had highly
elevated MICs of amphotericin B ranging from 12pg/mL
to more than 32pg/mL (Table 3). Four isolates (7%), two
from Guatemala (B13467 and B12437). and two from the
United States (B12240 and B14185), had lower MICs (0.064-
0.38) of amphotericin B although all four were genetically
unrelated to each other (Figure 1). Conversely, 48 of 55 (87%) C.
duobushaemulonii had lower MICs (<16 pg/mL) of fluconazole,
and seven (13%) had elevated MIC (>64 pg/mL). Of those seven,
five with MIC of 256 wg/mL had the Y132F mutation in the
ERGII gene, and they also had elevated MIC of voriconazole
(1-2pg/mL) (Table 3). Furthermore, four of those isolates,
which formed a tight cluster associated with an outbreak
in Panama (Figure 3), also had G307A substitution, whereas
B13063 had Y132H and G443D substitutions in ERGII and had

MIC of fluconazole of 64 jLg/mL (https://microreact.org/project/
Candida_duobushaemulonii). All four of these mutations have
been linked to resistance to fluconazole in C. albicans (Berkow
and Lockhart, 2017).

Of the six tested C. pseudohaemulonii isolates, two, B12108
and B12384, had elevated MICs of amphotericin B, 12 ug/mL
and >32pg/mL, and the same two isolates had elevated MICs
of fluconazole of 128 and 32 pg/mL, respectively (Table 3). Of
those, B12108 had the Y132F substitution (Munoz et al., 2018).

All five tested C. vulturna isolates had elevated MICs of
amphotericin B with MICs ranging from 8g/mL to more
than 16 pg/mL (Table 3). All five isolates were susceptible
to fluconazole with MIC of 8 to 16 ug/mL, and no known
substitutions in the ERGII gene were detected in these isolates
(Table 3). All tested isolates of the four species had low MICs
of echinocandins.

In addition, we examined other genes that have been
implicated in azole and amphotericin B resistance in
Candida spp. (Arendrup and Patterson, 2017); the non-
synonymous substitutions identified in these genes are listed in
Supplementary Table 2. The annotated VCF files for all isolates
from this study that can be used to browse for substitutions
in other genes of interest are available as https://figshare.
com/projects/Genome_sequencing_of Candida_haemulonii_
species_complex/80150.
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FIGURE 3 | Genetic relationships among C. duobushaemuilonii isolates. The maximum parsimony tree was constructed using 6614 SNPs called against BO9383 C.
duobushaemulonii reference genome (GenBank accession PKFPO0000000). Scale bar shows pairwise SNPs.

DISCUSSION

We present results of the population genetics and phylogenetic
analyses of isolates from the Candida haemulonii complex
that are closely related to the globally emerging pathogen, C.
auris. Phylogenetic analysis based on WGS confirmed previously
described relationships among these species (Munoz et al., 2018;
Navarro-Muioz et al.,, 2019) and demonstrated that the newly
described C. vulturna forms a distinct, well-supported clade
related to C. duobushaemulonii and C. pseudohaemulonii. Here,

we describe five additional clinical isolates of this new species
and demonstrate that it can cause both invasive as well as non-
invasive infections as isolates of this species were isolated from
blood, wounds, and other body fluids. This new species was found
in Panama, Colombia, and in the United States.

Isolates of C. haemulonii and C. duobushaemulonii were
recovered from blood as well as from wounds and other non-
invasive sites. In the United States, the vast majority of C.
haemulonii and C. duobushaemulonii were from non-invasive
sites, such as lower extremities or wounds, and most isolates
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from Latin America were from blood. Many of the isolates
from the United States were described as from foot or toe
wounds, so it is possible that these species may be associated
with diabetic foot infections although more epidemiological
data is needed to show a definitive link. The reasons for this
observed difference between the clinical presentations of the
infections in the United States and Latin America are not
entirely clear. One possible explanation may be that, compared
to the United States, fewer Candida from non-invasive sites are
collected and identified in Latin America; therefore, isolates from
the non-invasive sites may be less likely to be reported. However,
it is also possible that different infection control or clinical
practices in Latin America led to more C. haemulonii and C.
duobushaemulonii invasive infections. Notably, almost all azole-
resistant isolates of C. haemulonii and C. duobushaemulonii were
found in Latin America. Regardless of their geographic origin,
all isolates of C. pseudohaemulonii were from blood. Whether
this is truly a difference in the epidemiology among the species
remains to be determined as only a few isolates of this species
were available.

Population genetic analysis demonstrated that most isolates
of C. haemulonii, C. duobushaemulonii, C. pseudohaemulonii,
and C. vulturna were genetically distinct and do not yet show
evidence of the extensive clonality that can be a sign of

global emergence. However, we identified several nearly identical
isolates of C. duobushaemulonii and C. haemulonii in different
patients in one hospital in Panama, which reported outbreaks
of C. duobushaemulonii and C. auris (Araiz et al., 2018). This
finding indicates that both species are capable of transmission
and causing outbreaks in healthcare settings. The reasons for
the simultaneous outbreaks of C. auris, C. haemulonii, and C.
duobushaemulonii in this hospital are unknown. Likely factors
include a large patient population and poor infection control
practices. It is also possible that some unique clinical practices
in this facility, such as extensive use of azoles, might have
contributed to multiple outbreaks. Notably, all C. haemulonii
and C. duobushaemulonii from the outbreaks in this hospital
were carrying ERG11 mutations, and most had elevated MICs
to fluconazole.

The overall genomic diversity (m) in the C. haemulonii
population was relatively low and comparable with that
observed in different clades of C. auris; no phylogeographic
population substructure was observed. Although isolates of
C. haemulonii var. vulnera were identified by others based
on sequencing the ITS region of rDNA (Cendejas-Bueno
et al., 2012), we were unable to confirm this observation with
genomic data. Indeed, three isolates identified by MALDI-
TOF as C. haemulonii var. vulnera were indistinguishable

Frontiers in Genetics | www.frontiersin.org

June 2020 | Volume 11 | Article 554


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Gade et al. Candida haemulonii Species Complex

TABLE 3 | Antifungal susceptibility profiles and ERG11 point mutations.

Strain or Isolate MIC (ng/mL) ERG11 point mutations
Broth microdilution E test
VOR AND CAS Fz 1z ISA Pz MF AMB

C. haemulonii

B10441 0.03 0.06 0.03 8 0.06 0.016 <0.008 0.016 1.5

B11786 0.125 0.06 0.06 64 0.5 0.125 <0.008 0.03 1 Y132F
B11792 0.03 0.06 0.06 4 0.125 0.03 <0.008 0.03 16

B11798 0.03 0.06 0.06 128 0.5 0.125 <0.008 0.06 3 Y132F
B11803 0.06 0.06 0.03 64 0.06 0.03 <0.008 0.03 0.75 Y132F
B11898 0.016 0.125 0.125 4 0.25 0.03 0.03 0.125 12

B11899 <0.008 0.25 0.125 4 0.5 0.125 0.06 0.06 1.5

B11900 0.03 0.06 0.03 8 0.06 0.016 <0.008 0.016 0.75

B12068 0.06 0.125 0.125 16 0.5 0.5 0.25 0.06 4

B12109 0.06 0.06 0.03 8 0.06 0.03 <0.008 0.03 2

B12112 <0.008 0.03 1 256 0.5 0.25 0.016 0.03 0.75 Y132F
B12126 NG 0.03 0.06 8 0.5 0.03 0.03 0.03 0.125

B12127 <0.008 0.125 16 256 2 1 0.5 0.016 24 Y132F
B12128 NG 0.125 0.06 2 0.25 0.016 0.016 0.125 6

B12129 0.03 0.03 0.06 4 0.06 0.016 <0.008 0.03 1.5

B12185 <0.008 0.125 0.06 2 0.06 0.008 0.016 0.06 2

B12201 <0.008 0.03 0.03 4 0.5 0.03 0.03 0.06 1

B12343 0.03 0.06 0.03 4 0.5 0.06 0.125 0.06 3

B12615 0.03 0.06 0.125 4 0.25 0.06 0.03 0.06 0.38

B12643 0.06 0.06 0.06 8 0.25 0.016 0.016 0.06 1.5

B12989 0.016 0.03 0.03 2 0.016 <0.04 NG 0.016 12

B13065 0.03 0.03 0.03 4 0.5 0.03 0.03 0.06 3

B13067 0.06 0.06 0.03 8 0.06 0.03 0.016 0.03 32 Y132F
B13068 0.03 0.06 0.03 32 0.03 0.016 0.016 <0.008 4 Y132F
B13081 0.03 0.03 0.03 32 0.03 0.008 <0.008 0.016 1 Y132F
B13273 <0.008 0.06 0.03 2 9.25 0.008 0.016 0.03 12

B13444 0.03 0.06 0.03 4 0.25 0.03 0.03 0.03 16

B13704 0.03 0.03 0.03 4 0.5 0.03 0.06 0.03 12

B13909 0.03 0.06 0.06 4 0.5 0.03 0.03 0.06 >32

B15318 0.03 0.125 0.06 4 0.5 0.03 0.06 0.125 >32

B15393 0.03 0.03 0.03 4 0.5 0.06 0.125 0.06

B15394 0.03 0.06 0.06 4 0.25 0.03 0.016 0.06 16

B15400 0.125 0.125 0.03 16 0.5 0.25 0.25 0.06

B15401 0.03 0.25 0.125 4 0.125 0.016 0.016 0.06

B15406 0.06 0.03 0.06 8 0.25 0.03 0.03 0.06

B15408 0.03 0.06 0.06 2 0.125 0.016 <0.008 0.03 0.75

B15409 0.03 0.125 0.06 4 0.125 0.03 <0.008 0.06

B16299 0.03 0.06 0.03 8 0.125 0.06 0.016 0.06 1.5

C. duobushaemulonii

B09383 0.06 0.016 0.016 8 0.125 0.03 0.06 0.06 >32

B10440 0.06 0.06 0.03 8 0.125 0.03 <0.008 0.06 16

B11839 0.06 0.125 0.125 8 0.25 0.06 0.016 0.06 32

B12075 0.03 0.06 0.125 8 0.25 0.016 0.03 0.06 12

B12111 0.06 0.06 0.03 8 0.06 0.03 <0.008 0.03 32

B12240 0.125 0.03 0.03 16 1 0.125 0.25 0.016 0.064

B12437 0.03 1 0.25 2 0.25 0.016 0.03 0.25 0.25

(Continued)
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TABLE 3 | Continued

Strain or Isolate MIC (ng/mL) ERG11 point mutations
Broth microdilution E test
VOR AND CAS FZ 1z ISA Pz MF AMB
B12484 0.5 0.25 0.06 16 1 0.25 0.25 0.06 >32
B12492 0.125 0.25 0.125 4 0.25 0.03 0.125 0.06 >32
B12539 0.06 0.06 0.06 4 0.03 0.03 0.125 0.125 >32
B12593 0.06 0.125 0.06 16 0.06 0.03 0.125 0.125 >32
B12594 0.06 0.06 0.03 4 0.25 0.03 0.06 0.06 32
B12613 1 0.5 0.25 16 0.5 0.5 0.5 0.125 >32
B12614 0.06 0.125 0.125 16 0.25 0.06 0.016 0.06 24
B12709 0.06 0.5 0.125 16 0.5 0.25 0.25 0.125 >32
B12845 0.125 0.25 0.06 8 0.5 0.125 0.125 0.125 32
B12848 0.06 0.125 0.06 8 0.5 0.03 0.06 0.06 >32
B12972 0.06 0.06 0.125 16 0.5 0.125 0.125 0.06 32
B12985 0.03 0.25 0.25 4 0.06 0.03 0.016 0.03 32
B12987 0.06 0.25 0.125 16 0.5 0.06 0.06 0.125 24
B12988 0.06 0.25 0.06 16 0.5 0.06 0.125 0.125 32
B13055 0.03 0.06 0.06 8 0.125 0.03 0.016 0.03 32
B13056 2 0.25 0.06 >256 0.5 0.125 0.03 0.03 24 Y132F G307A
B13057 0.03 0.125 0.03 8 0.125 0.03 <0.008 0.03 16
B13058 1 0.125 0.125 256 0.25 0.06 0.03 0.03 32 Y132F G307A
B13059 2 0.125 0.125 256 0.25 0.06 0.03 0.03 32 Y132F G307A
B13063 8 0.125 0.06 256 2 2 0.25 0.06 24 Y132H G443D
B13066 0.03 0.03 0.03 8 0.06 0.016 0.016 0.016 12
B13071 0.03 0.125 0.06 8 0.06 0.016 <0.008 0.06 >32
B13072 0.25 1 0.25 16 0.25 0.06 0.016 0.06 >32
B13073 0.06 0.25 0.125 16 0.5 0.06 0.06 0.06 32
B13076 1 0.06 0.03 256 0.25 0.06 0.016 0.03 32 Y132F
B13088 2 1 0.25 256 0.5 0.125 0.03 0.06 16 Y132F G307A
B13089 0.06 0.03 0.03 0.5 0.03 0.06 0.06 24
B13091 0.03 0.06 0.03 0.125 0.016 0.016 0.06 16
B13267 0.06 0.25 0.06 0.25 0.03 0.03 0.06 12
B13331 0.125 0.125 0.06 16 0.5 0.06 0.03 0.06 32
B13465 0.06 0.03 0.06 16 0.125 0.016 0.016 0.03 24
B13467 0.06 0.125 0.06 4 0.25 0.03 0.03 0.06 0.25
B13908 0.06 0.25 0.06 8 0.5 0.03 0.03 0.06 32
B14153 0.03 0.125 0.03 8 0.25 0.03 0.03 0.03 >32
B14185 0.03 0.06 0.03 8 0.125 0.016 0.016 0.03 0.38
B14283 0.06 0.125 0.125 16 0.125 0.03 <0.008 0.06 12
B15056 0.06 0.25 0.125 16 0.5 0.06 0.25 0.125 >32
B15179 0.125 0.06 0.06 8 0.5 0.06 0.06 0.06 32
B15319 0.03 0.125 0.125 8 0.25 0.03 0.03 0.125 >32
B15360 0.5 2 0.5 64 2 1 0.5 0.25 32
B15396 0.03 0.06 0.03 8 0.25 0.03 0.03 0.06 16
B15397 0.06 0.125 0.016 8 0.5 0.03 0.06 0.06 >32
B15399 0.06 0.5 0.125 8 0.5 0.03 0.125 0.06 >32
B15403 0.06 0.06 0.03 8 0.25 0.06 0.03 0.125 32
B15407 0.06 0.03 0.06 8 0.25 0.03 0.03 0.06 32
B15410 0.016 0.25 0.25 16 0.25 0.06 0.016 0.06 32
B16327 0.06 0.25 0.125 8 0.5 0.06 0.125 0.06 >32
B16366 0.03 0.06 0.03 8 0.25 0.03 0.016 0.03 12
(Continued)
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TABLE 3 | Continued

Strain or Isolate MIC (ng/mL) ERG11 point mutations
Broth microdilution E test
VOR AND CAS Fz 1z ISA Pz MF AMB
C. pseudohaemulonii
B12108 1 0.06 0.016 128 0.125 0.016 <0.008 0.03 12 Y132F
B12384 0.125 0.125 0.03 32 0.25 0.125 0.03 0.06 >32
B13062 0.03 0.125 0.03 2 0.016 0.008 <0.008 0.03 0.125
B13064 0.03 0.06 0.06 8 0.06 0.016 NG 0.03 0.38
B15395 0.06 0.06 0.06 8 0.06 0.06 <0.008 0.06 0.125
B15405 0.03 0.25 0.03 8 0.06 0.03 <0.008 0.06 0.125
C. vulturna
B13074 0.03 0.5 16 8 0.06 0.125 0.016 0.06 24
B13075 0.125 0.03 0.03 16 0.5 0.03 0.125 0.03 16
B14309 0.06 0.06 0.03 8 0.5 0.03 0.06 0.06 >32
B15411 0.06 0.06 0.06 16 0.5 0.5 0.125 0.03 8
B15412 0.06 0.125 0.06 8 0.25 0.125 0.03 0.03 12

MIC, minimum inhibitory concentration; VOR, Voriconazole; AND, Anidulafungin;, CAS, Caspofungin; FZ, Fluconazole; IZ, ltraconazole; ISA, Isavuconazole; PZ, Posaconazole; MF,

Micafungin; AMB, Amphotericin B; NG, No growth.

from other C. haemulonii strains, suggesting that databases
need to be updated to correctly identify all C. haemulonii.
Whereas, both mating types have been reported in different
clades of C. auris, all C. haemulonii isolates were mating type
alpha. The 58-year-old B10441 (CBS 5149) isolate recovered
from fish in 1962 was not notably different from other
contemporaneous strains, suggesting low genetic diversity in
this species.

Compared with C. haemulonii, more diversity was observed
among C. duobushaemulonii isolates: Two subclades separated by
more than 600 SNPs were observed. The genomic diversity ()
in C. duobushaemulonii was almost twice that of C. haemulonii,
which was probably reflective of the more complex population
structure. However, the genome-wide Tajimas D estimates
for both species were negative and consistent with clonally
expanding populations. Comparable estimates of Tajimas D
were obtained for three rapidly expanding clades of C. auris
(Chow et al., 2020). Furthermore, similarly to C. haemulonii,
all C. duobushaemulonii isolates in our study were also mating
type alpha.

Antifungal susceptibility testing indicated that most isolates
from C. haemulonii species complex had highly elevated MICs
of amphotericin B. Specifically, 100% of C. vulturna, 93% of
C. duobushaemulonii, 76% of C. haemulonii, and 33% of C.
pseudohaemulonii showed elevated MICs of at least 2 pg/mL.
Elevated MIC values of fluconazole were also common but
not nearly as widespread as in C. auris. Approximately 13%
of C. duobushaemulonii, 18% of C. haemulonii, and 33% of
C. pseudohaemulonii had MICs of fluconazole of 32 pg/mL
or higher, and all isolates of C. vulturna were susceptible to
fluconazole. All isolates of all four species had low MIC values
of echinocandins.

The majority of isolates with elevated MICs of fluconazole in
C. haemulonii, C. duobushaemulonii, and C. pseudohaemulonii
contained the Y132F substitution in ERGI11, which is associated
with azole resistance in C. albicans and C. auris Clades 1
and IV (Berkow and Lockhart, 2017; Mufoz et al., 2018).
Furthermore, additional substitutions linked to azole resistance
in C. albicans were identified in C. duobushaemulonii isolates
from Panama that also had Y132F/H substitutions; however,
it was unclear whether these additional substitutions further
affected MIC levels of azoles. No previously described drug-
related mutations in the ERGII gene (Berkow and Lockhart,
2017) were detected in C. vulturna isolates with elevated MICs,
suggesting a different mechanism of resistance. All C. haemulonii
and C. duobushaemulonii with elevated MICs of fluconazole
were found in Colombia, Venezuela, and Panama. Only a single
isolate of C. pseudohaemulonii with a moderately high MIC
of fluconazole of 32 pg/mL was isolated in the U.S. state of
Georgia, and no other fluconazole-resistant isolates were found
in the United States despite testing a comparable number of
isolates from the United States and Latin America. In addition,
all isolates with the corresponding ERGII mutations and
chromosomal duplications that can be linked to azole resistance
were found only in Latin America. Additional non-synonymous
substitutions were detected in other genes implicated in
antifungal resistance in Candida (Arendrup and Patterson,
2017); however, more research is needed to evaluate the role
of these substitutions in resistance to antifungal drugs. The
list of the non-synonymous substitutions and annotated VCF
files is provided in our study for other investigators who might
be interested in addressing these questions (https://figshare.
com/projects/Genome_sequencing_of Candida_haemulonii_
species_complex/80150 and Supplementary Table 2).
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Our results indicate that, although we are not yet observing
the widespread emergence of fungi for the C. haemulonii species
complex as human pathogens, at least two of these species can be
transmitted within a healthcare facility and may cause healthcare-
associated outbreaks. Outbreak isolates of both species also
had elevated MICs of azoles and had corresponding ERGI1I
mutations and chromosomal duplications linked to resistance.
The prevalence of these mutations and duplications among
C. haemulonii and C. duobushaemulonii isolates from Latin
America suggests that these species may be exposed to the
same evolutionary pressure from azole drugs that may have
contributed to the emergence of C. auris. Continued surveillance
to monitor azole resistance and epidemiology of these species
is warranted.
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