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One sentence summary: Here we describe the isolation of more than 50 strains of budding yeast opportunistic pathogens from natural settings,
suggesting that they have more complex ecology than is currently appreciated.
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ABSTRACT

Budding yeasts are distributed across a wide range of habitats, including as human commensals. However, under some
conditions, these commensals can cause superficial, invasive, and even lethal infections. Despite their importance to
human health, little is known about the ecology of these opportunistic pathogens, aside from their associations with
mammals and clinical environments. During a survey of approximately 1000 non-clinical samples across the United States
of America, we isolated 54 strains of budding yeast species considered opportunistic pathogens, including Candida albicans
and Candida (Nakaseomyces) glabrata. We found that, as a group, pathogenic yeasts were positively associated with fruits and
soil environments, whereas the species Pichia kudriavzevii (syn. Candida krusei syn. Issatchenkia orientalis) had a significant
association with plants. Of the four species that cause 95% of candidiasis, we found a positive association with soil. These
results suggest that pathogenic yeast ecology is more complex and diverse than is currently appreciated and raises the
possibility that these additional environments could be a point of contact for human infections.
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INTRODUCTION and Fairhead 2018). However, under rare circumstances, these
commensal yeasts can cause candidiasis, which is an infection
caused by yeasts often assigned to the genus Candida and con-
sidered opportunistic pathogens (Gabaldén, Naranjo-Ortiz and
Marcet-Houben 2016). While there are rare reports of several
other Saccharomycotina species being the agents of candidiasis,
including Saccharomyces cerevisiae (Strope et al. 2015), the species
Candida albicans, Candida (Nakaseomyces) glabrata, Candida parap-
silosis, and Candida tropicalis are responsible for approximately

Budding yeasts of the subphylum Saccharomycotina are dis-
tributed across a wide range of habitats (Kurtzman, Fell and
Boekhout 2011; Buzzini, Lachance and Yurkov 2017; Opulente et
al. 2018). These habitats can range from wild niches, including
soil, flowers, and trees, to environments where they are consid-
ered commensals, such as in insects and animals, including the
human microbiota (Kurtzman, Fell and Boekhout 2011; Gabaldén
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95% of infections (Pfaller and Diekema 2007; Diekema et al.
2012; Gabaldén, Naranjo-Ortiz and Marcet-Houben 2016). Other
non-hybrid yeast species recognized as opportunistic pathogens
include Pichia kudriazevii (syn. Candida krusei syn. Issatchenkia
orientalis), Candida dublinensis, Candida orthopsilosis, Meyerozyma
(Candida) guilliermondii, and Clavispora (Candida) lusitaniae (Kurtz-
man, Fell and Boekhout 2011). Pichia kudriavzevii is the fifth lead-
ing cause of yeast infections, is resistant to fluconazole and has
reduced susceptibility to other antifungal treatments (Pelletier
et al. 2005). Infections by the other species considered oppor-
tunistic pathogens are rare, but each has caused multiple infec-
tions in humans (Pfaller et al. 2010; Gabaldén, Naranjo-Ortiz and
Marcet-Houben 2016). These nine species have been considered
by leading taxonomists to be the most important budding yeast
opportunistic pathogens (Kurtzman, Fell and Boekhout 2011).

While most budding yeast opportunistic pathogens are cur-
rently classified in the genus Candida, these pathogenic species
belong to several phylogenetically distinct clades and are genet-
ically diverse (Gabaldén, Naranjo-Ortiz and Marcet-Houben
2016). Despite this diversity, one commonality is that little is
known about their ecology; it is unclear whether their primary
ecological niche is endothermic animals and clinical settings,
or whether they are adapted to additional environments. While
disease-causing species have been recovered from a variety of
habitats, such as food, air, and clothing, these rare isolates
are generally interpreted as contamination, rather than being
sourced from an environmental yeast habitat, such as soil, trees,
flowers, or insects (Van Uden, Faia and Assis-Lopes 1956; Di
Menna 1958; Kurtzman, Fell and Boekhout 2011; Bensasson et al.
2019). Therefore, it is unknown whether these species are able to
survive for extended periods of time outside of clinical settings
and endothermic animals. In other words, do these species have
ecological niches beyond endothermic animals as commensals
and clinical settings as pathogens? If so, do different species or
groups have different habitats?

Understanding the ecology of pathogenic yeasts is critical to
human health for multiple reasons. First, mortality from infec-
tions by these yeasts remains high, and candidiasis is the fourth
most common hospital-associated bloodstream infection (Mor-
gan et al. 2005; Gabaldén and Fairhead 2018; Revie et al. 2018).
Second, in addition to the nine already considered important
opportunistic pathogens, Candida auris recently emerged as a
multi-drug resistant opportunistic pathogen, with additional
strains exhibiting resistance to many anti-fungal drugs (Dolande
et al. 2017; Revie et al. 2018). Finally, it is unclear whether
there might be environmental reservoirs that could act as con-
tact points for their primary hosts, or whether the niches of
pathogenic yeasts are indeed exclusively endothermic animals
and clinical settings (Daszak, Cunningham and Hyatt 2000).

Based on previous literature, we would predict opportunistic
pathogenic yeasts are not present in wild (i.e. non-endothermic,
non-clinical) habitats. Therefore, we would expect that oppor-
tunistic pathogenic yeasts would not be isolated through enrich-
ment protocols from wild habitats. In general, yeast enrich-
ment protocols are predicted to select against yeasts that are in
low abundance within an environment through repeated bot-
tleneck events and through competition with yeasts that are
in higher abundance in the environment and better adapted
to culturing outside of their hosts (Fingerman, Dombrowski
and Sniegowski 2002; Sampaio and Gongalves 2008; Sylvester et
al. 2015). Contrary to this expectation, we found opportunistic
pathogenic yeasts isolated from multiple non-clinical environ-
ments across the United States of America. We hypothesize that
these opportunistic pathogenic yeasts have niches outside of

clinical and endothermic environments and are associated with
specific environmental substrates. Furthermore, we hypothesize
that pathogenic yeasts that are more commonly found in nature
and only rarely cause candidiasis (i.e. P. kudriazevii, C. dublinen-
sis, C. orthopsilosis, M. guilliermondii, and ClI. lusitaniae) differ from
those yeasts that are known to cause 95% of candidiasis (i.e. C.
albicans, C. glabrata, C. parapsilosis, and C. tropicalis). To test these
hypotheses, we used data collected during a survey of approxi-
mately 1000 non-clinical, natural substrates, from which we iso-
lated over 50 yeast strains from species considered to be oppor-
tunistic pathogens.

METHODS
Sample collection, yeast isolation and quality control

Yeasts were collected throughout the United States from mul-
tiple substrates by members of the Hittinger Lab, as well as
citizen scientists (Table S1, Supporting Information). Statistical
analyses did not detect bias in pathogenic isolates coming from
any individual collector (x? = 0.072, P-value = 1, Table S2, Sup-
porting Information) or among individuals isolating yeasts from
samples (x? = 1.63, P-value = 1, Table S3, Supporting Informa-
tion). All samples were collected using sterile bags and did not
come into contact with the humans collecting them. Samples
were processed by different members of the lab using published
yeast enrichment and isolation protocols (Sylvester et al. 2015).
Negative controls were included to ensure no contamination
had occurred. After enrichment, yeast species were identified
by internal transcribed spacer (ITS) sequencing, as previously
described (Sylvester et al. 2015). Table S1 (Supporting Informa-
tion) contains GenBank accessions for ITS sequences.

Statistical analyses

We removed strains from our analyses that were isolated from
areas that are highly trafficked by humans, such as samples that
were isolated from compost piles. In some cases, we isolated
the same opportunistic pathogen out of a single sample; we col-
lapsed multiple strains isolated from the same sample (includ-
ing when isolated at different temperatures) to one represen-
tative strain since the strains may be closely related. In other
words, for all analyses, a species was only counted once per sam-
ple, even if it was isolated multiple times from a sample. For
analyses where we tested for associations between species and
substrates, we removed any species that was isolated fewer than
three times since there would be a lack of power to detect asso-
ciations. In other words, any species that we isolated only once
or twice was dropped from analyses that tested for associations
between species and substrates.

In order to determine whether there were associations
between substrates and species, we permuted species and sub-
strate presence/absence matrices (n = 1000 permutations) using
a swap algorithm. Permutations were performed using the R
package vegan (v. 1.6-2). To determine whether there was a posi-
tive association between species and substrates, we counted the
number of times a given species was isolated from a given sub-
strate. For example, C. tropicalis was isolated seven times from
soil. These values were also calculated for the permuted data,
and the mean of the permuted counts was used to determine
the expected isolation count. The strength of each association
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Figure 1. Opportunistic pathogenic species of yeasts in the subphylum Saccharomycotina are found throughout the United States of America on a variety of non-
clinical substrates. (A) Map displaying where opportunistic pathogens were isolated. The colors represent the species isolated, and the shapes of the points represent
the substrate from which they were isolated. (B) Bar graph of unique strains of each species.

was calculated by subtracting the observed values from the aver-
age expected values (from the permuted data). A positive asso-
ciation between a substrate and a species would have a posi-
tive value for the strength of association; the larger the value,
the stronger the association with the substrate. We calculated
the binomial confidence intervals to determine significant pos-
itive associations using the R package Hmisc (v. 4.1-1) and cor-
rected for multiple tests across associations with Benjamini-
Hochberg corrections. We also calculated whether, in general,
pathogenic yeasts were isolated from specific substrates more
often using the same method described above. In this analysis,
we included all species, regardless of whether they were only

isolated once or twice. Finally, to detect whether there were dif-
ferences between pathogens that cause 95% of candidiasis infec-
tions and all other opportunistic yeast pathogens, we catego-
rized them into two groups: Group 1 consisted of the yeasts that
cause 95% of infections (i.e. C. albicans, C. glabrata, C. parapsilo-
sis, and C. tropicalis), whereas the other opportunistic pathogenic
yeasts (i.e. P. kudriazevii, C. dublinensis, C. orthopsilosis, M. guillier-
mondii, and CL. lusitaniae) were classified into Group 2. After this
classification, we tested for associations between these groups
and substrates using the methods described above. Additionally,
we tested for differences in isolation numbers on both plants
and soil using pairwise x? analyses and corrected for multiple
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Figure 2. Pathogenic yeast species are associated with non-clinical/non-endothermic environments. (A) Pichia kudriavzevii was significantly associated with plants
(Pagj. = 0.018). Bar graphs representing the strength (difference between observed and expected counts) of associations between pathogenic species and isolation
substrates. Positive values indicate cases where the observed number of isolations were greater than random expectations without associations (the average of the

permuted data). The strength indicates how strong of an association there was between species and substrates. (B) As a group (i.e. using all species we isolated, but
only a single isolate per environmental sample), opportunistic pathogens were associated with soil (Pagj. < 0.001) and fruits (P,g;. = 0.021). Bar graph representing the
strength of association between pathogenic yeasts as a group and specific isolation environments.

tests with Benjamini-Hochberg corrections. We did not include
the fungi substrate since there were not many isolates to com-
pare between the two groups. All analyses were done in the sta-
tistical language R (v. 3.3.0). All graphs were made using the R
package ggplot2 (v. 2.2.1).

RESULTS/DISCUSSION

Multiple non-clinical isolations of known pathogenic
yeasts

We extensively sampled non-clinical substrates across the
United States of America to enrich for and isolate yeasts. In
total, we collected approximately 1000 samples and have iso-
lated about 5000 strains of yeasts. Across our sampling regime,
we isolated 54 strains of species that are considered opportunis-
tic pathogens (Fig. 1, Table S1, Supporting Information). Recently
and independently, three strains of C. albicans were isolated from
oak bark in New Forest in the United Kingdom (Bensasson et al.
2019). Collectively, these results suggest that pathogenic yeast

ecology is more complex and diverse than is currently appre-
ciated and raises the possibility that these additional environ-
ments could be a point of contact for infections.

The strains we isolated came from 40 different samples; in 14
cases, multiple strains of a single species were isolated from a
single sample, often from differentisolation temperatures (Table
S1, Supporting Information). Once those were collapsed into a
single representative species for each sample, we had 40 unique
strains, 55% of which were from the four species that cause 95%
of candidiasis infections (Fig. 2). The species isolated most was
P. kudriavzevii, making up 25% (n = 10) of our isolates of oppor-
tunistic pathogenic species. P. kudriavzevii has been previously
isolated from non-clinical settings several times across a wide
range of environments, including fermentations, soil, and fruits
(Kurtzman, Fell and Boekhout 2011; Douglass et al. 2018), and its
prevalence in our environmental isolations is consistent with
previous studies.

Associations between pathogenic yeasts and
non-clinical environments

While P. kudriazevii and M. guilliermondii have been often iso-
lated from non-clinical/ectothermic environments (Brandao et
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Figure 3. Pathogenic yeasts that cause 95% of candidiasis (Group 1) differed with
other pathogenic yeasts (Group 2). Group 1 yeasts were positively associated with
soil environments (P,g; = 0.024, n = 14), and Group 1 yeasts were isolated more
often from soil than Group 2 yeasts (P = 0.036, x = 5.56). Bar graphs representing
the counts of Group 1 and Group 2 species isolated from different natural sub-
strates. Group 1 included C. albicans, C. tropicalis, C. glabrata, and C. parapsilosis.
Group 2 included P. kudriavzevii, M. guilliermondii, Cl. Lusitaniae, and C. orthopsilosis.
Both groups contained a single representative isolate per environmental sample.

al. 2017; Moubasher, Abdel-Sater and Zeinab 2018), the other
species we isolated have only been rarely isolated from non-
clinical settings. It is unknown whether these species are
actively growing in these environments, but these non-clinical
environments could potentially act as a secondary niche for
these species. Furthermore, these environments could be an
additional source of contact between these species and their pri-
mary hosts, potentially as the organism passes between hosts.
To determine whether pathogenic yeasts were associated with
particular non-clinical environments, we classified our samples
in two ways. We used a more general description of whether
each strain was isolated from plants, soil, or fungi; and then,
when the specific information was available, a more specific
description of the substrate (e.g. fruits, leaves, sand) was given.
This method was used to determine whether specific parts of a
substrate were more important for pathogenic yeasts than oth-
ers.

Samples varied significantly in terms of the number of
species isolated from an environment (Table S1, Supporting
Information). Across all species with multiple isolation events,
species were not limited to a single substrate. For example,
C. albicans was isolated from fruits, soil, and plant matter.
Pichia kudriazevii was significantly associated with isolation from
plants (P,g; = 0.0185) (Fig. 2A, Table S4, Supporting Information).
We detected no other significant associations among substrates
at the general descriptive level for the other species in our data.

Due to the smaller sample sizes at the specific descrip-
tive levels for our substrates, we did not test for associations
between them and species. However, at this level, our oppor-
tunistic pathogen isolates collectively exhibited significant asso-
ciations with fruits (P,g; = 0.021) and soil (P,4;. < 0.001) (Fig. 2B,
Table S5, Supporting Information). The association between
fruits and our isolates was most likely driven by our P. kudri-
avzevii isolates, which were, in our more general analysis, posi-
tively associated with plants. This association could be the result
of animals acting as a vector to transport these opportunistic
pathogenic species to fruits they regularly visit. The association
with soil was mostly driven by C. tropicalis, but other species

Opulenteetal. | 5

also contributed; 39% (n = 7) of our soil isolates were C. tropi-
calis. Our results, combined with the independent isolation of
three strains of C. albicans from oaks in the United Kingdom
(Bensasson et al. 2019), suggest that these alternative niches
could potentially act as a secondary contact site between these
pathogenic yeasts and their human hosts.

The most prevalent candidiasis agents are associated
with soil

The ecological complexity of these opportunistic pathogens may
go beyond species level differences, so we assessed whether
yeasts might vary by pathogenicity as well. One notable ecolog-
ical difference between prevalent causes of candidiasis (Group
1) and the important minor contributors (Group 2) is that some
of the yeasts in Group 2 are frequently found in non-clinical
settings (e.g. P. kudriavzevii and M. guillermondii). Therefore, we
hypothesized that there would be differences in ecological asso-
ciations between these two groups, so we tested for associations
between each group and our isolation environments. We found
that Group 1 was associated with soil environments (P,q4; = 0.024,
Fig. 3, Table S6, Supporting Information). However, we did not
detect associations between Group 2 and any specific substrate.
We also quantified whether there were significant differences
in isolation numbers for each substrate between Group 1 and
Group 2. We found a significant difference in isolation numbers
on soil (Pagj, = 0.036, x = 5.56, Fig. 3, Table S7, Supporting Infor-
mation). Collectively, these results suggest that there are eco-
logical differences between these groups. These results further
suggest that those pathogenic yeasts more commonly found in
the environment are found across many different niches.

CONCLUSIONS

We isolated several opportunistic pathogenic species of yeasts
from the subphylum Saccharomycotina from multiple non-
clinical, non-endothermic environments across the United
States of America. Among those strains isolated, over 50% rep-
resent the opportunistic pathogens that cause 95% of candidi-
asis. These species, C. albicans, C. tropicalis, C. parapsilosis, and
C. glabrata, have been rarely isolated from non-clinical settings,
and when they have been isolated from the environment, they
have usually been interpreted as contaminants. Our extensive
isolations from natural settings challenge this assumption, sug-
gesting that opportunistic pathogens can persist in alternative
niches and that their ecologies may be more complicated than is
currently assumed. Non-clinical environments could be a short-
term habitat as these yeasts are passed between their predomi-
nant hosts, endothermic animals.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.
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