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Candida auris proliferates and persists on the skin of patients, 
often leading to health care-associated infections with high 
mortality. Here, we describe 2 clinically relevant skin models 
and show that C. auris grows similarly on human and porcine 
skin. Additionally, we demonstrate that other Candida spp., 
including those with phylogenetic similarity to C. auris, do 
not display high growth in the skin microenvironment. These 
studies highlight the utility of 2 ex vivo models of C. auris colo-
nization that allow reproducible differentiation among Candida 
spp., which should be a useful tool for comparison of C. auris 
clinical isolates and genetically mutated strains.
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First isolated from the ear canal of a patient in 2009, Candida 
auris is now a major cause of nosocomial infection [1]. C. auris 
is an urgent public health threat due to the high mortality rate 
associated with invasive infection, as well as its propensity for 
rapid spread in health care settings [2, 3]. Major factors con-
tributing to hospital transmission include the ability of C. auris 
to efficiently colonize patient skin and its capacity to persist 
on medical devices and hospital surfaces [3, 4]. Interestingly, 
persistent and long-term skin colonization appears to be a trait 
relatively unique to C. auris, as many other disease-causing 
Candida species typically colonize the gastrointestinal tract 
and do not cause hospital outbreaks. C. auris skin colonization 
models are necessary for understanding this unique character-
istic and identifying mechanisms that promote colonization.

In this work, we aimed to develop a model of C. auris coloni-
zation of human skin ex vivo. We based the model on recent de-
scription of a porcine skin model of C. auris colonization [5, 6]. 
Porcine skin is frequently utilized as a model for human skin, 
as human and porcine skin exhibit many similarities, including 
the presence of skin layers of comparable thickness and a de-
veloped superficial vascular system [7, 8]. In addition, human 
and porcine skin have similar cell types and repair mechan-
isms [7]. Miniature swine more closely model human skin than 
conventional swine, which are larger with higher muscle mass. 
Despite these many similarities between the skins of humans 
and pigs, some key differences exist. For example, porcine skin 
is marked by the absence of eccrine sweat glands, smaller seba-
ceous glands, fewer pigment cells, and fewer elastic fibers when 
compared to human skin [7]. Therefore, here we aimed to de-
velop a human skin colonization model and assess if the human 
and porcine models could distinguish the high capacity of C. 
auris for skin colonization from other species exhibiting poor 
skin colonization.

METHODS

Organisms and Inoculum

Strains (Supplementary Table 1) were maintained on yeast 
extract-peptone-dextrose (YPD) agar plates, grown overnight 
in YPD broth on an orbital shaker at 30°C, counted by hemocy-
tometer, and adjusted to 106 or 107 cells/mL in synthetic sweat 
medium without fatty acids [5, 9].

Human Skin Model

Human skin samples were collected from patients who under-
went reconstructive surgeries through an institutional review 
board-exempt protocol. Full-thickness punch biopsies were 
harvested from excised skin and placed in 12-well plates con-
taining 3  mL of Dulbecco’s Modified Eagle Medium (DMEM; 
Lonza), supplemented with 10% fetal bovine serum (FBS; 
Atlanta Biologicals), penicillin (1000 U/mL), and streptomycin  
(1 mg/mL) [5]. After 6 hours, samples were washed with Dulbecco's 
phosphate buffered saline (DPBS) and moved to 12-well plates 
containing semisolid media (6:4 ratio of 1% agarose [BIO-RAD] 
in DPBS and DMEM with 10% FBS). Paraffin wax was applied as 
a barrier between the epidermal surface and the semisolid media. 
Candida spp. (10 µL at 107 cells/mL) were applied to the skin sur-
face. Skin samples were incubated at 37°C for 24 hours and pro-
cessed for viable burden determination or microscopy.

Porcine Skin Model

Porcine skin was obtained following protocols approved by 
the University of Wisconsin-Madison Institutional Animal 
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Care and Use Committee, under published guidelines from the 
National Institutes of Health and United States Department of 
Agriculture. Animals were euthanized and full-thickness punch 
biopsies were harvested from the excised skin. Samples were 
processed following the protocols listed in human skin studies 
[5, 6].

Scanning Electron Microscopy

Skin samples were fixed overnight (4% formaldehyde, 1% 
glutaraldehyde, in sodium phosphate buffer), washed with 
sodium phosphate buffer, and dehydrated through a series of 
ethanol rinses [5]. After critical point drying, samples were 
mounted on aluminum stubs and silver paint was applied 
around the edge of the samples. Samples were then platinum 
sputter coated and imaged by scanning electron microscopy 
(Zeiss Gemini 450, 3 kV).

In Vitro Biofilm Burden

Organisms were suspended in synthetic sweat medium at 
106 cells/mL and 200 µL was added to flat-bottom 96-well 
microtiter plates. Following a 24-hour incubation at 37°C, wells 
were rinsed with DPBS. Then, 200 µL of DBPS was added to 
each well, and biofilm burdens were estimated by microplate 
reader (Synergy H1, Bio-Tek Instruments, 600  nm) as previ-
ously described [5].

RESULTS

Establishment of an Ex Vivo Human Skin Model of C. auris Colonization

For ex vivo human skin studies, we utilized skin obtained 
from patients following elective reconstructive operations. We 
obtained full-thickness samples by punch biopsy and placed 
samples in semisolid media with a paraffin layer to separate the 
media from the epidermal surface, a design similar to an ex vivo 
porcine skin model [5]. We then applied C. auris suspended in 
synthetic sweat media to the epidermal surface, incubated the 
samples for 24 hours, and utilized scanning electron micros-
copy to visualize C. auris skin colonization. We observed diffuse 
growth across the entire skin surface with more abundant colo-
nization within the skin crevices. On comparison with porcine 
skin, human skin contained more skin folds and irregularities 
across the epidermal surface (Figure 1A). Despite this differ-
ence, growth patterns for C. auris on human and porcine skin 
were similar, with widespread colonization and dense multi-
layer biofilms in the crevices. Although C. auris was adherent 
to the epidermal surface, the skin appeared intact, suggesting 
that C. auris did not invade skin tissue, consistent with previous 
reports [5]. Congruent with imaging, C. auris grew to nearly 
equivalent viable burdens in the ex vivo models (Figure 1B).

Isolates cluster into distinct geographic clades, with greater 
levels of genetic diversity between clades than within indi-
vidual clades [1, 10, 11]. C. auris isolates often display signifi-
cant phenotypic diversity, including differences in virulence in 

animal models, capacities for biofilm formation, and patterns 
of drug resistance [10, 11]. While most isolates grow as indi-
vidual yeast cells, some isolates clump together, propagating 
as large aggregates, a phenotype that has been shown to corre-
late with decreased virulence [11]. In light of the diversity of C. 
auris isolates, we considered if additional C. auris isolates would 
similarly colonize skin. We utilized a strain collection from the 
Centers for Disease Control that contains at least 1 isolate from 
each of 4 clades, as well as both aggregating and nonaggregating 
strains (Supplementary Figure 1). We examined the growth of 
these isolates on skin, comparing them to B11203, a clinical iso-
late of the South Asian clade used in Figure 1A and 1B studies 
and prior work [5, 6]. We found the isolates to propagate to 
similar viable burdens on porcine skin with no statistical dif-
ferences compared to B11203 (Figure 1C). We further assessed 
C. auris skin colonization by histopathology, examining 1 rep-
resentative isolate from each clade, and observed robust coloni-
zation of skin (Supplementary Figure 2).

Human and Porcine Skin Models Discriminate High-Burden C. auris 
Colonization From Poor Skin Colonization

C. auris exhibits a unique capacity for growth in skin niche con-
ditions, which promotes patient-to-patient spread in health care 
settings [3]. To assess if this trait could be replicated, we utilized 
in vitro and ex vivo skin models. We first examined clinically 
relevant Candida spp., including genetically similar species of 
the Candida haemulonii complex, C. haemulonii and Candida 
duobushaemulonii, in vitro using synthetic sweat media [12] 
(Supplementary Table 1). Strikingly, none of the Candida species 
were able to form biofilms close to the same burden as C. auris 
(Figure 2A). This is consistent with prior work showing Candida 
albicans to lack the ability to form biofilms in skin niche condi-
tions [5]. We found variability in the biofilm-forming capacity 
among the strains, with non-auris Candida spp. forming biofilms 
with burdens approximately 10% to 50% of C. auris biofilm bur-
dens (Figure 2A). The closely related C. haemulonii grew to the 
lowest burden of all the species, nearly 10-fold lower than C. auris. 
We considered the possibility that C. auris may have an overall 
higher replication rate. However, while C. auris propagated well 
in synthetic media, it was relatively slow growing in rich medium 
(YPD), indicating that the enhanced growth of C. auris is specific 
to the skin microenvironment (Supplementary Figure 3).

We next assessed the ability of the porcine and human skin 
models to distinguish the high capacity of C. auris to colonize 
skin from other Candida spp. that do not typically propagate to 
high levels on skin or spread rapidly in nosocomial settings. We 
selected C. haemulonii and C. duobushaemulonii for analysis. 
After 24 hours of growth on pig skin, we found that viable bur-
dens for these 2 species were approximately 5 to 10-fold lower 
than C. auris (Figure 2B). For C. haemulonii, we examined 
skin colonization by scanning electron microscopy. We found 
sparse skin colonization with fungal growth limited to only a 
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few areas of skin folds (Figure 2C). These areas of colonization 
by C. haemulonii appeared less dense than the multilayer bio-
films observed for C. auris on porcine skin (Figure 1A). For C. 
haemulonii, we also examined the capacity for human skin colo-
nization. Similar to pig skin colonization studies, C. haemulonii 
grew to a significantly lower burden, with viable burdens on 
the human skin mirroring the results of pig skin (Figure 2D). 
We also considered genetic variability among isolates and 
tested 1 additional C. haemulonii isolate (CAU-15) and 2 ad-
ditional C. duobushaemulonii isolates (CAU-12 and CAU-14) 
(Supplementary Table 1). We observed similar growth patterns 
for these isolates (Supplementary Figure 4).

DISCUSSION

It is critical to understand the propensity of C. auris for skin col-
onization to eradicate colonization, prevent hospital spread, and 

reduce invasive infections. Colonization studies require models 
that recapitulate high burden C. auris growth on the skin of pa-
tients. Here, we describe 2 ex vivo models of skin colonization. 
On comparison of porcine and human skin, we found that, de-
spite some differences between these skin types, C. auris colon-
izes both similarly, including isolates from 4 clades. This finding 
supports porcine skin and/or human skin as relevant models 
for study of C. auris skin colonization of patients. On both skin 
types, we observed C. auris broadly colonizing the entire skin 
surface, with higher-burden areas in the skin folds. Both models 
effectively modeled the high-burden colonization of C. auris, 
differentiating it from the closely related C. haemulonii, which 
does not colonize skin as effectively as C. auris.

It is ideal to have multiple options for skin colonization 
models, as each have advantages and limitations. One advan-
tage of porcine skin is that pigs can be genetically manipulated 
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Figure 1. Candida auris similarly colonizes pig and human skin. A, C. auris (B11203) was grown for 24 hours on porcine or human skin and imaged with scanning electron 
microscopy. Bars represent 100 µm and 5 µm for 100 ×, and 2000 × magnifications, respectively. B, C. auris was grown on porcine or human skin for 24 hours and colonization 
was assessed by viable burden via CFU counts. Data were analyzed by Student t test; mean with SEM are shown. C, C. auris isolates from 4 geographic clades were grown 
on porcine skin for 24 hours and colonization was assessed by viable burden via CFU counts. Data were analyzed via 1-way ANOVA with Holm-Sidak multiple comparisons, 
comparing all isolates to B11203; mean with are SEM shown. Abbreviations: CFU, colony-forming unit; ns, not significant; SEM, standard error of the mean.
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and bred for particular traits. Additionally, skin can be obtained 
from selected areas of the pig, allowing for studies examining 
specific colonization sites. This is a limitation of human skin 
models, as the source is typically restricted to skin obtained 
during elective procedures that involve excision of abdominal 
adipose tissue. Adipose tissue has been shown to impact the 
skin microbiome and is linked to inflammatory skin disease, 
such as psoriasis [13, 14]. Therefore, skin from these sites may 
not fully represent the skin of patients. Despite this limitation, 

human skin does not have the anatomical differences of pig 
skin. However, as both of these ex vivo models are similar for 
Candida colonization, tissue availability may guide model se-
lection. While the current studies utilize ex vivo models of skin 
colonization, pigs could also be used for in vivo analysis of 
skin colonization, including studies examining the influence of 
microbiome, immunity, pharmacologic modulation, and a va-
riety of other factors. Murine models may also be selected for 
in vivo studies to assess colonization burden considering their 
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Figure 2. Skin models distinguish Candida auris from poor fungal colonizers. A, Candida species were grown in synthetic sweat medium for 24 hours and biofilm burden 
was estimated by absorbance at 600 nm. Data were analyzed by 1-way ANOVA with Holm-Sidak multiple comparisons to C. auris, Mean with SEM are shown, n = 3. B, C. 
auris, C. haemulonii, and C. duobushaemulonii were grown on porcine skin for 24 hours and viable burden was determined via CFU counts. Data were analyzed by Student t 
test. C, C. haemulonii was grown on porcine skin for 24 hours and imaged with scanning electron microscopy. Bars represent 100 µm for 100 × and 20 µm for 500 × magnifi-
cations. D, C. auris and C. haemulonii were grown on human skin for 24 hours and viable burden was determined via CFU counts. Data were analyzed by Student t test; mean 
with SEM are shown, n = 3. C. auris B11203, C. haemulonii CAU-13, and C. duobushaemulonii CAU-11 were used (Supplementary Table 1). **** P < .0001. Abbreviations: 
CFU, colony-forming unit; OD, optical density; SEM, standard error of the mean.
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smaller size and available genetic tools [15]. However, the skin 
of rodents differs considerably from human skin with regard to 
skin thickness, skin layers, cell types, and repair mechanisms 
[7, 8]. Therefore, the porcine skin may serve as closer model of 
human tissue with human skin providing an optimal patient-
level validation.

Overall, these studies effectively model clinical observations 
of an enhanced capacity for C. auris to grow on skin beyond 
that observed for other Candida species. The multiple skin 
models represent important tools for uncovering the mech-
anisms by which C. auris flourishes in skin niche conditions. 
Additional understanding of C. auris colonization is needed to 
identify strategies to limit, reduce, or eradicate C. auris on skin 
of patients.
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