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Abstract 9 

Budding yeasts are distributed across a wide range of habitats, including as human 10 
commensals. However, under some conditions, these commensals can cause superficial, 11 
invasive, and even lethal infections. Despite their importance to human health, little is known 12 
about the ecology of these opportunistic pathogens, aside from their associations with 13 
mammals and clinical environments. During a survey of approximately 1000 non-clinical 14 
samples across the United States of America, we isolated 54 strains of budding yeast species 15 
considered opportunistic pathogens, including Candida albicans and Candida (Nakaseomyces) 16 
glabrata. We found that, as a group, pathogenic yeasts were positively associated with fruits 17 
and soil environments, while the species Pichia kudriavzevii (syn. Candida krusei syn. 18 
Issatchenkia orientalis) had a significant association with plants. These results suggest that 19 
pathogenic yeast ecology is more complex and diverse than is currently appreciated and raises 20 
the possibility that these additional environments could be a point of contact for human 21 
infections. 22 
 23 
Importance 24 

 We isolated several opportunistic pathogenic species of yeasts from the subphylum 25 
Saccharomycotina from multiple non-clinical environments across the United States of America. 26 
Among those strains isolated, over 50% represent the most common opportunistic pathogens. 27 
These species, C. albicans, Candida tropicalis, Candida parapsilosis, and C. glabrata, have been 28 
rarely isolated from non-clinical settings and have been usually interpreted as contamination. 29 
Our extensive isolations from natural settings challenge this assumption, suggesting that 30 
opportunistic pathogens can persist in alternative niches and that their ecology may be more 31 
complicated than is currently assumed. Non-clinical environments could be a short-term habitat 32 
as these yeasts are passed between their predominant hosts, endothermic animals.  33 
 34 

Observation 35 

Budding yeasts of the subphylum Saccharomycotina are distributed across a wide range 36 

of habitats (1–3), including as commensals in the human microbiota (1, 4). However, under rare 37 
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circumstances, yeasts can cause candidiasis, which is an infection caused by yeasts often 38 

assigned to the genus Candida and considered opportunistic pathogens (5). While there are 39 

rare reports of several species being the agents of candidiasis, including Saccharomyces 40 

cerevisiae (6), the species Candida albicans, Candida (Nakaseomyces) glabrata, Candida 41 

parapsilosis, and Candida tropicalis are responsible for approximately 95% of infections (5, 7, 42 

8). Other non-hybrid yeast species recognized as opportunistic pathogens include Pichia 43 

kudriazevii (syn. Candida krusei syn. Issatchenkia orientalis), Candida dublinensis, Candida 44 

orthopsilosis, Meyerozyma (Candida) guilliermondii, and Clavispora (Candida) lusitaniae (1). P. 45 

kudriavzevii is the fifth leading cause of yeast infections, is resistant to fluconazole, and has 46 

reduced susceptibility to other antifungal treatments (9).  Infections by the other species are 47 

rare, but each has caused multiple infections in humans (5, 10). 48 

While most are currently classified in the genus Candida, these pathogenic species 49 

belong to several phylogenetically distinct clades (5).  Despite this diversity, one commonality is 50 

that little is known about their ecology; it is unclear whether their primary ecological niche is 51 

endothermic animals and clinical settings, or whether they are adapted to additional 52 

environments.  While disease-causing species have been recovered from a variety of habitats, 53 

such as food and clothing, these isolates are generally interpreted as contamination, rather 54 

than being sourced from a yeast habitat (1, 11–13).  55 

Understanding the ecology of pathogenic yeasts is critical to human health for multiple 56 

reasons. First, mortality from infections by these yeasts remains high, and candidiasis is the 57 

fourth most common hospital-associated bloodstream infection (4, 14, 15). Second, Candida 58 

auris recently emerged as a multi-drug resistant opportunistic pathogen, with additional strains 59 
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exhibiting resistance to many anti-fungal drugs (14, 16). Finally, it is unclear whether there 60 

might be environmental reservoirs that could act as contact points for their primary hosts, or 61 

whether the niches of pathogenic yeasts are indeed exclusively endothermic animals and 62 

clinical environments (17).   63 

We extensively sampled non-clinical substrates across the United States of America to 64 

enrich for and isolate yeasts. In total, we collected approximately 1000 samples and have 65 

isolated about 5000 strains of yeasts. Across our sampling regime, we isolated 54 strains of 66 

species that are considered opportunistic pathogens (Figure 1, Table S1). Recently and 67 

independently, three strains of C. albicans were isolated from oak bark in New Forest in the 68 

United Kingdom (13).  Collectively, these results suggest that pathogenic yeast ecology is more 69 

complex and diverse than is currently appreciated and raises the possibility that these 70 

additional environments could be a point of contact for infections. 71 

The strains we isolated came from 40 different samples; in 14 cases, multiple strains of a 72 

single species were isolated from a single sample, often from different isolation temperatures 73 

(Table S1). Once those were collapsed, we had 40 unique strains, 55% of which were from the 74 

four species that cause 95% of candidiasis infections (Figure 2). The species isolated most was 75 

P. kudriavzevii, making up 25% (n = 10) of our isolates of opportunistic pathogenic species that 76 

were isolated from non-clinical settings several times across a wide range of environments, 77 

including fermentations, soil, and fruits (1, 18). Its prevalence in our environmental isolations is 78 

consistent with previous studies. 79 

While P. kudriazevii and M. guilliermondii have been isolated from non-80 

clinical/ectothermic environments (19, 20), the other species we isolated have only been rarely 81 
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isolated from non-clinical settings.  It is unknown whether these species are actively growing in 82 

these environments, but these non-clinical environments could potentially act as a secondary 83 

niche for these species. Furthermore, these environments could be an additional source of 84 

contact between these species and their primary hosts, potentially as the organism passes 85 

between hosts. To determine whether pathogenic yeasts were associated with particular non-86 

clinical environments, we classified our samples in two ways. We used a more general 87 

description of whether it was isolated from plants, soil, or fungi; and then, when the specific 88 

information was available, a more specific description of the substrate (e.g. fruits, leaves, sand) 89 

was given. This method was used to determine whether specific parts of a substrate were more 90 

important for pathogenic yeasts than others. 91 

Samples varied significantly in terms of the number of species isolated from an 92 

environment (Table S1). Across all species with multiple isolation events, species were not 93 

limited to a single substrate. For example, C. albicans was isolated from fruits, soil, and plant 94 

matter. P. kudriazevii was significantly associated with isolation from plants (padj = 0.0185) 95 

(Figure 2A, Table S4). We detected no other significant associations among substrates at the 96 

general descriptive level for the other species in our data.  97 

Due to the smaller sample sizes at the specific descriptive levels for our substrates, we 98 

did not test for associations between them and species.  However, at this level, our 99 

opportunistic pathogen isolates collectively exhibited significant associations with fruits (padj.  = 100 

0.021) and soil (padj.  < 0.001) (Figure 2B, Table S5). The association between fruits and our 101 

isolates was most likely driven by our P. kudriavzevii isolates, which were, in our more general 102 

analysis, positively associated with plants. This association could be the result of animals acting 103 
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as a vector to transport these opportunistic pathogenic species to fruits they regularly visit.  The 104 

association with soil was mostly driven by C. tropicalis, but other species also contributed; 39% 105 

(n = 7) of our soil isolates were C. tropicalis.  Our results, combined with the independent 106 

isolation of three strains of C. albicans from oaks in the United Kingdom (13), suggest that these 107 

alternative niches could potentially act as a secondary contact site between these pathogenic 108 

yeasts and their human hosts.  109 

 Methods of sample collection, yeast isolation, quality control, and statistical analyses: 110 

Yeasts were collected throughout the United States from multiple substrates by members of 111 

the Hittinger Lab, as well as citizen scientists (Table S1). Statistical analyses did not detect bias 112 

in pathogenic isolates coming from any individual collector (χ2 = 0.072, p-value = 1, Table S2) or 113 

among individuals isolating yeasts from samples (χ2 = 1.63, p-value = 1, Table S3).  All samples 114 

were collected using sterile bags and did not come into contact with the humans collecting 115 

them. Samples were processed by different members of the lab using published yeast 116 

enrichment and isolation protocols (21). Negative controls were included to ensure no 117 

contamination occurred. After enrichment, yeast species were identified by ITS sequencing, as 118 

previously described (21).  119 

 We removed strains from our analyses that were isolated from areas that are highly 120 

trafficked by humans, such as samples that were isolated from compost piles. We collapsed 121 

multiple strains isolated from the same sample (including when isolated at different 122 

temperatures) to one representative strain since the strains may be closely related. We 123 

determined positive associations using modified methods previously described (3). All analyses 124 
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were done in the statistical language R (v. 3.3.0). All graphs were made using the R package 125 

ggplot2 (v. 2.2.1). 126 
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Figures 141 
 142 
Figure 1: Opportunistic pathogenic species of yeasts in the subphylum Saccharomycotina are 143 
found throughout the United States of America on a variety of non-clinical substrates. A) Map 144 
displaying where opportunistic pathogens were isolated. The colors represent the species 145 
isolated, and the shapes of the points represent the substrate from which they were isolated. 146 
B) Bar graph of unique strains of each species. 147 
 148 
Figure 2: Pathogenic yeast species are associated with non-clinical/non-endothermic 149 
environments. A) P. kudriavzevii was a significantly associated with plants (padj. = 0.018). Bar 150 
graphs representing the strength (difference between observed and expected counts) of 151 
associations between pathogenic species and isolation substrates. B) Opportunistic pathogens 152 
were associated with soil (padj. < 0.001) and fruits (padj. = 0.021). Bar graph representing the 153 
strength of association between pathogenic yeasts and specific isolation environments. 154 
  155 
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Supplementary Table: 156 
 157 
Table S1: All opportunistic pathogens isolated across the United States of America, including 158 
the GPS location, substrate, isolation temperature, sample ID, and the ITS and/or D1/D2 159 
sequence used to confirm species identification. 160 
 161 
Table S2: Number of samples collected by individuals whose samples contained an 162 
opportunistic pathogenic species. The “RG2 prop” column represents the proportion of 163 
opportunistic pathogens obtained from samples collected by that individuals normalized by the 164 
total samples collected by the individual. 165 
 166 
Table S3: Number of samples isolated by individuals who isolated an opportunistic pathogenic 167 
species. The “RG2 prop” column represents the proportion of opportunistic pathogens isolated 168 
by that individuals normalized by the total number of isolates obtained by the individual. 169 
 170 
Table S4: Associations among species and general isolation substrates. The expected value is 171 
the average value from the randomized data (n = 1000). 172 
 173 
Table S5: Associations among pathogenic yeasts and specific isolation substrates. The expected 174 
value is the average value from the randomized data (n = 1000). 175 
  176 
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