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Abstract

Infectious complications are a common cause of morbidity and mortality in cancer patients

undergoing chemotherapy due to increased risk of oral and gastrointestinal candidiasis,

candidemia and septicemia. Interactions between C. albicans and endogenous mucosal

bacteria are important in understanding the mechanisms of invasive infection. We published

a mouse intravenous chemotherapy model that recapitulates oral and intestinal mucositis,

and myelosuppression in patients receiving 5-fluorouracil. We used this model to study the

influence of C. albicans on the mucosal bacterial microbiome and compared global commu-

nity changes in the oral and intestinal mucosa of the same mice. We validated 16S rRNA

gene sequencing data by qPCR, in situ hybridization and culture approaches. Mice receiv-

ing both 5Fu and C. albicans had an endogenous bacterial overgrowth on the oral but not

the small intestinal mucosa. C. albicans infection was associated with loss of mucosal bac-

terial diversity in both sites with indigenous Stenotrophomonas, Alphaproteobacteria and

Enterococcus species dominating the small intestinal, and Enterococcus species dominat-

ing the oral mucosa. Both immunosuppression andCandida infection contributed to

changes in the oral microbiota. Enterococci isolated frommice with oropharyngeal candidia-

sis were implicated in degrading the epithelial junction protein E-cadherin and increasing the

permeability of the oral epithelial barrier in vitro. Importantly, depletion of these organisms

with antibiotics in vivo attenuated oral mucosal E-cadherin degradation andC. albicans inva-

sion without affecting fungal burdens, indicating that bacterial community changes represent

overt dysbiosis. Our studies demonstrate a complex interaction between C. albicans, the

resident mucosal bacterial microbiota and the host environment in pathogenesis. We shed

significant new light on the role of C. albicans in shaping resident bacterial communities and

driving mucosal dysbiosis.

Author summary

In cancer patients receiving high dose chemotherapy mucosal candidiasis is common and

can lead to invasive, systemic fungal infection with mortality ranging 25–30%. We showed
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that in chemotherapy-immunosuppressed mice C. albicans induces a dysbiotic switch that

favors growth of enterococci on mucosal surfaces, particularly on the oral mucosa. Over-

growth of these organisms led to enhanced oral mucosal barrier breach by C. albicans.

Like C. albicans, Enterococcus species are a major concern in critical care patients due to

their involvement in sepsis and resistance to multiple antibiotics. There is mounting evi-

dence that C. albicans and Enterococci co-exist in human disease samples. Our discoveries

provide the first experimental evidence of pathogenic synergy between these microorgan-

isms in the context of dysbiosis.

Introduction

Oropharyngeal (OPC) and gastrointestinal candidiasis are common infections in patients

on high dose cancer chemotherapy, mostly attributed to Candida albicans. In these popula-

tions prevalence rates of OPC range between 25–40% [1]. Cytotoxic chemotherapy also

causes an inflammatory form of oral and gastrointestinal injury known as mucositis [2].

Mucosal injury combined with the myelosuppressive effects of chemotherapy, promote

bacterial and fungal translocation through mucosal barriers leading to bloodstream infec-

tions, a major cause of morbidity and mortality in this patient population [3,4]. There is

some evidence that the oral and intestinal bacterial microbiota in humans may be altered

by cytotoxic chemotherapy, although the effects on the fungal microbiota are less clear

[5,6].

In a healthy host, unperturbed resident commensal bacterial communities play an

important role in limiting C. albicans colonization in mucosal sites [7]. However, when the

microbial equilibrium is changed by immunosuppression certain bacterial species may

overgrow and form mutualistic relationships with C. albicans. This in turn may lead to a

well-coordinated dysbiosis which amplifies mucosal damage. We recently revealed mutual-

istic relationships between C. albicans and commensal oral streptococci in a mouse model

of OPC [8,9,10,11]. However, these studies were performed with bacteria that are not part

of the indigenous mouse microbiota. A role for indigenous bacterial community-mediated

dysbiosis in fungal pathogenesis has never been examined. Furthermore, the effects of C.

albicans in modulating commensal bacterial community composition have only been stud-

ied in the mouse gastric and intestinal mucosa. In these studies C. albicans was shown to

favor growth of endogenous enterococci post-antibiotics treatment [12,13,14]. Studies

focusing on the interplay between C. albicans and resident oral mucosa bacteria in health

and disease are nonexistent.

Chemotherapy-associated mucosal candidiasis studies use high doses of chemotherapeutic

agents and focus exclusively on the development of gastrointestinal or disseminated candidia-

sis. The vast majority of these studies also used antibiotics aimed at increasing gastrointestinal

fungal burdens [15,16,17,18]. We recently developed a mouse model of low dose intravenous

5Fu administration that recapitulates the histopathologic changes associated with cancer che-

motherapy-induced mucositis [19]. Using this model we tested the hypothesis that mucosal

injury combined with peripheral neutropenia induced by 5Fu, are sufficient for the develop-

ment of oropharyngeal and intestinal candidiasis in mice with unperturbed resident bacterial

microbiota. For the first time we also examined the influence of 5Fu and candidiasis on the

mucosal bacterial microbiome and the reciprocal effect of the resident microbiota on C. albi-

cans virulence.
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Results

5Fu predisposed mice to oropharyngeal and intestinal candidiasis,
increased oral bacterial burdens and disseminated infection

In the first series of experiments we tested whether intravenous, low dose 5Fu administration

increases the susceptibility of mice to oral and intestinal candidiasis. Fig 1A shows that mice

receiving four doses of 5Fu (50 mg/kg every other day) developed tongue papillary atrophy, epi-

thelial desquamation and erosion, consistent with early stages of mucositis [19,20]. While this

treatment caused gradual depletion of mature neutrophils in the bone marrow and blood, a

steady infiltrate of CD11b+/LyG+ cells was found in the tongue mucosa reflecting local inflam-

mation secondary to mucosal injury (S1A, S1B and S1C Fig). Mice receiving 5Fu+C. albicans

developed thick white biofilms covering the posterior tongue surface, associated with epithelial

ulcerations (Fig 1A). In these mice C. albicans fungal burdens increased significantly over time

in all mucosal surfaces (Fig 1B). This group also lost significantly more weight than mice treated

with 5Fu alone (Fig 1C). We also noted almost complete absence of neutrophils in the tongues

of this group (S1A, S1B and S1C Fig). This was not due to absence of neutrophil activating cyto-

kines since KC and IL-6 were significantly increased in infected tissues (S1D Fig).

In mice treated with 5Fu and infected with C. albicans, tongue biofilms were composed by

C. albicans and indigenous bacteria (Fig 1A, lower panel). The PBS control group receiving C.

albicans showed complete absence of biofilms and pathology and an early increase in tongue

neutrophils consistent with other reports (Figs 1A and S1B) [21]. No bacterial biofilms were

seen on the surface of 5Fu-only or C. albicans-only treated mice using a pan-eubacterial FISH

probe (Fig 1A, lower panel).

The presence of endogenous bacteria in biofilms with C. albicans prompted a closer exami-

nation of the resident bacterial microbiota. We first compared viable (CFU) and total (qPCR)

bacterial biomass across all experimental groups at the end of the infection period. As seen in

Fig 1D there was a significant increase in the viable and total bacterial biomass in mice treated

with 5Fu and infected with C. albicans, compared to all other groups. We also noted a signifi-

cant increase in endogenous bacteria with 5Fu treatment alone, compared to untreated control

and C. albicans alone groups. However, since the increase in bacterial biomass with 5Fu did

not lead to the development of biofilms (Fig 1A), this suggested that in the absence of C. albi-

cans bacteria could not organize in biofilm community structures on the tongue surface.

A positive correlation was found in fungal and bacterial loads on the same tongues at the

end of the experimental period (S2A Fig), suggesting that fungal burdens increased in concert

with endogenous bacterial burdens. To confirm this we examined time-dependent changes in

the viable and total bacterial biomass on the tongue mucosa of mice in this group. S2B Fig

shows a gradual increase in bacterial biomass over time, confirming that endogenous bacteria

increased as C. albicans burdens rose (Fig 1B). Collectively these data show that C. albicans

infection in 5Fu-treated mice promotes bacterial overgrowth on the oral mucosa and that 5Fu

treatment contributes to this effect.

In contrast, mucosa-associated bacterial loads did not change significantly after 8 days of

infection in the jejunum of mice with candidiasis (S2C Fig), suggesting that the effects of C.

albicans infection on commensal bacteria are mucosal site-specific. Strain SC5314 colonized

the jejunum of PBS control mice in low numbers (not shown) and this was associated with a

significant reduction in resident bacterial CFUs (S2D Fig). A smaller decrease in the viable

bacterial biomass was also noted in mice receiving both 5Fu and C. albicans. These results sug-

gested that growth of C. albicans in this mucosal site displaces endogenous bacterial

communities.
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Fig 1. Effect of 5Fu administration on Candida albicans and endogenous bacterial burdens. A: Mucosal biofilm forming on tongues excised 8 days post-treatment. The
group receiving 5Fu (50mg/kg, IV, every 48 hours) + C. albicans SC5314 (5Fu+Ca) had a thick mucosal biofilm covering the posterior tongue surface. Middle panel
includes H&E-stains showing reduced epithelial thickness, papillary atrophy, desquamation and erosion in the 5Fu group and deep epithelial ulcerations in the 5Fu+Ca
group. Lower panel shows immunofluorescence combined with fluorescence in situ hybridization (immuno-FISH) to simultaneously visualize C. albicans and bacterial
commensals in tongue biofilms. C. albicans stained with a polyclonal anti-Candida antibody (green), commensal bacteria stained with EUB338-Alexa 546 probe (red) and
cell nuclei counterstained with Hoechst 33258 (blue). B: Recovery of C. albicans from tongues, esophagus and small intestines in control untreated mice, and in mice
receiving 5Fu every 48h with C. albicans SC5314 added daily in the drinking water. Shown are colony-forming unit (CFU) counts from organs harvested at baseline
(uninfected), then 2, 6 and 8 days after the first 5Fu injection. Tissues were weighed, homogenized, serially diluted and plated for counts on Sabouraud Dextrose Agar
containing chloramphenicol. Similar counts of C. albicans were obtained in CHROMagar Candida media with no other species identified (not shown). CFU assays
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Cytotoxic chemotherapy elevates the risk for bloodstream infections [22], we thus asked

whether C. albicans disseminated in distant organs. We found a time-dependent increase in

fungal burdens in kidneys and livers, accompanied by increased bacterial burdens in the same

organs (Fig 1E). Collectively these data suggest that 5Fu creates favorable conditions for C.

albicans and endogenous bacterial growth in the upper and lower alimentary tract mucosae

and systemic dissemination of bacteria and fungi. Importantly, mice receiving both 5Fu and C.

albicans had an endogenous bacterial overgrowth in the oral mucosa that exceeded 5Fu treat-

ment alone.

In 5Fu-treated mice OPC was associated with loss of bacterial diversity and
indigenous enterococcal bloom

The increase in oral bacterial burdens observed in mice with OPC raised the possibility of

global mucosa-associated bacterial microbiota changes. We thus performed high throughput

sequencing of the V4 hypervariable region of the 16S rRNA gene in DNA extracted from ton-

gues. We also analyzed the bacterial microbiome of the jejunum in the same mice, for compar-

ison. To explore differences in bacterial community composition within each treatment and

control groups we first analyzed alpha diversity as reflected by Shannon index (Fig 2A) and

richness estimates (S3A Fig). Compared to the untreated group the 5Fu group was not signifi-

cantly different in community diversity when either the tongue or jejunum were examined.

However, inoculation with C. albicans alone induced a decrease in bacterial diversity in the

oral mucosa, whereas diversity in the jejunum increased (Fig 2A), consistent with other reports

[23]. This illustrates that daily inoculation with this strain had an impact on oral biodiversity

even though colonization was below the sensitivity limit of the CFU assay. A dramatic drop in

bacterial diversity was noted in the tongues of mice receiving C. albicans and 5Fu (Fig 2A),

consistent with the reduction in the number of species (OTUs) observed (S3A Fig). A signifi-

cant reduction in the average number of species was also observed in the jejunum of the same

mice (S3A Fig). To further explore the impact of C. albicans on oral bacterial diversity we per-

formed regression analysis of the Shannon index in relation to C. albicans CFUs in the same

tongues. This analysis showed a negative correlation between oral fungal burdens and bacterial

diversity (Fig 2B). In summary, these data show that in a disease-permissive host environment

C. albicans reduces the bacterial diversity both in the upper and lower GI tract mucosa.

To better understand the effect of C. albicans in chemotherapy-treated mice we performed

beta diversity analyses comparing the 5Fu and 5Fu+C. albicans groups. Non-metric multidi-

mensional scaling (NMS) analysis of Bray-Curtis dissimilarities between the two treatments

showed that the bacterial microbiome composition was distinct in mice receiving 5Fu com-

pared to mice receiving 5Fu+C. albicans in both sites (Fig 2C). Community structure from

showed that fungal burdens increased significantly over time in all tissues. Log CFU counts/gm of tissue are shown from 2 independent mouse experiments, with 5–15
mice per group; bars represent means ± SEM. �p<0.05, ��p<0.0001. C: Body weight loss during the eight-day experimental period, expressed as percentage of initial
weight (day 0) in 5–10 animals per group from 1–2 independent experiments. Error bars represent SEM. Mice receiving 5Fu every 48h lost weight slowly over time, while
mice receiving 5Fu every 48 hours with C. albicans SC5314 added daily in the drinking water reached 20% body of total weight loss by day 8 (p<0.05 for a comparison
with the 5Fu group for d8). D: Tongue bacterial loads compared among untreated mice, mice inoculated with C. albicans SC5314 (Ca), mice receiving 5Fu alone, and mice
receiving both 5Fu and C. albicans SC5314 (5Fu+Ca) daily in the drinking water. Mice were sacrificed 8 days later. Tongues were weighed, homogenized, serially diluted
and plated and results expressed as CFU counts/gm of tissue (left Y-axis, red dots). The total bacterial biomass (log 16S rRNA gene copy numbers/gm of tissue) was also
quantified by real-time qPCR (right Y-axis, blue squares). Both assays showed a significant increase in endogenous tongue bacteria in 5Fu treated mice when compared to
untreated and a further increase in the 5Fu + C. albicans group, which was significantly higher than the 5Fu group (p = 0.008). Data shown are from 1–2 independent
mouse experiments, with 4–10 mice per group; bars represent means ± SEM. �p<0.01, p��<0.005, ���p<0.0005. E: Recovery of C. albicans and endogenous bacteria from
kidneys and livers in mice receiving 5Fu and C. albicans SC5314 daily in the drinking water. Mice were sacrificed on days indicated. Kidneys and livers were weighed,
homogenized, serially diluted and plated for CFU counts. Results show a time-dependent increase in fungal and bacterial dissemination to both organs. Log CFU counts/
gm of tissue are shown from 2 independent mouse experiments, with 5–10 mice per group; bars represent means ± SEM. �p<0.0001, ��p<0.0005.

https://doi.org/10.1371/journal.ppat.1007717.g001

Candida albicans induces mucosal bacterial dysbiosis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007717 April 22, 2019 5 / 30

https://doi.org/10.1371/journal.ppat.1007717.g001
https://doi.org/10.1371/journal.ppat.1007717


Fig 2. Mucosa-associated bacterial microbiota profiling. A: Microbial DNA was extracted from tongues (T) and small intestines (SI) of the same mice on day 8. The V4
hypervariable region of the 16S rDNA gene was amplified and sequenced. Box plot showing Shannon Diversity Index in untreated mice, mice receiving C. albicans SC5314
daily in the drinking water (Ca), mice receiving 5Fu alone and a combination of the two (5Fu+Ca). Mean diversity index values are shown from 5 mice in each group. In
mice inoculated with C. albicans alone (Ca) bacterial diversity decreased in the tongue but increased in the small intestine mucosa (�p<0.05 for a comparison to untreated
groups). For mice receiving 5Fu and C. albicans (5Fu+Ca) there was a significant further reduction in bacterial diversity in tongue but not small intestinal tissues
(��p<0.001). B: Linear regression analysis of C. albicans CFUs plotted against the Shannon Diversity Index of the bacterial communities in the same tongues. Data include
all mice receiving C. albicans SC5314 with or without chemotherapy, at all time points (5 mice/group, t = 2, 6 or 8 days, n = 30). This analysis showed higher C. albicans
burdens correlating with lower bacterial diversity (R2 = 0.17, p<0.05). C: Beta diversity assessed by nonmetric multidimensional scaling (NMS) based on Bray-Curtis
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most tongues of the group receiving C. albicans alone, clustered closer to the two uninfected

control groups, suggesting that C. albicans alone does not alter the composition of the oral

microbiome significantly. As expected, microbial communities also clustered by site indicating

that they harbor microbiota with distinct global community structures and composition.

Time-dependent analysis of beta diversity changes in the microbiomes of the two treatment

groups further showed that C. albicans caused a profound disruption of the tongue and small

intestinal community structure after 6 days of chemotherapy (S3B Fig).

Analysis of the top 10% prevalent bacterial OTUs on the tongue mucosa revealed distinct

genus level differences among the four experimental groups (Fig 2D). Specifically, an increase

in the relative abundance of the genus Enterococcus was noted on the oral mucosa in both

groups receiving C. albicans, with the most dramatic increase in mice also receiving 5Fu (rep-

resenting ~99% of all OTUs), explaining the almost complete loss of diversity in this group

(Fig 2A). A smaller increase in the enterococcal OTUs was also noted with 5Fu treatment

alone (Fig 2D). The increase in enterococcal biomass in all groups over untreated control, with

the 5Fu+C. albicans group being the highest, was validated by a genus-specific qPCR assay (Fig

2E). Importantly, endogenous enterococci were identified in mixed tongue biofilms with C.

albicans using genus and species (E. faecalis)-specific FISH probes. In these biofilms C. albi-

cans was noted invading into the submucosal tongue compartment (Fig 2F, demarcated area).

Furthermore, 98% of the OTUs in bacterial cultures from these tongues were identified as

enterococci by 16S rRNA gene sequencing (Fig 2G) and all isolates PCR-amplified with E. fae-

calis-specific primers (not shown).

A similar analysis of the most abundant OTUs in the jejunum mucosa of the same mice

showed the most dominant taxa to be Stenotrophomonas, Alphaproteobacteria and to a lesser

extent Enterococcus (S3C Fig). A reduction in the relative abundance of Lactobacillus species

was observed in both the tongue and intestinal mucosa of infected mice (Figs 2D and S3C).

This further shows that despite the distinct mucosal microbiota shifts in the two sites C. albi-

cans infection led to Enterococcus growth and Lactobacillus reduction in both sites.

Both C. albicans and 5Fu contributed to changes in oral mucosal bacterial
burdens and biodiversity

C. albicans SC5314 does not stably colonize the oral mucosa of healthy mice when inoculated

via the drinking water and viable counts are below the sensitivity of the CFU assay (Fig 3A). In

dissimilarities among four treatment groups. Shown are community structures in the untreated control, C. albicans alone, and the two chemotherapy groups (Untreated:
grey, Ca: yellow 5Fu: red, 5Fu+Ca: blue; n = 5 mice/group) in tongues (triangles) and small intestines (squares) of the same mice. Results represent community structure
differences at the end of the experimental period (day 8). Microbial communities clustered by type of treatment, indicating a significant effect of C. albicans in 5Fu treated
mice. Samples in this group also clustered by site, indicating that the two sites harbor microbiomes with distinct global community structures and composition by day 8.
The type of treatment explained 16% of the variability (p<0.01), whereas the site explained 8.5% of the variability (p<0.01) among samples. D: Mean relative abundance of
OTU sequences assigned to one of the top 10% prominent taxa identified on mouse tongues, in each of the four treatment groups, at the end of the experimental period
(day 8, n = 5 mice/group). Enterococcus was the most abundant taxon in both C. albicans-inoculated groups. However, relative abundance of this genus was more
extensive in mice that also received chemotherapy, in which they represented ~98% of the total bacterial community. E: Validation of the bacterial microbiome sequencing
data by qPCR. Genus level quantification was performed for Enterococcus on tongue tissues by qPCR. Data represent change in percentage of Enterococcus load in 5Fu, Ca
(C. albicans SC5314) and 5Fu + Ca (SC5314) groups compared to untreated control mice. Mice receiving both 5Fu and C. albicans had significantly higher Enterococcus
increase when compared to all other groups. Results are shown from 5 mice per group; bars represent means ± SEM. �p<0.001. F: Tongue tissue section frommice
receiving 5Fu and C. albicans SC5314 for 8 days. Tissue sections were stained by immuno-FISH to simultaneously visualize C. albicans and endogenous bacteria. Left
panel shows staining with the Enterococcus/Lactobacillus specific probe LAB158 (red), anti-Candida-FITC polyclonal antibody (green) and cell nuclei counterstained with
Hoechst 33258 (blue). Note Candida invasion in the submucosal compartment (bellow the white dotted line). On the right panel immuno-FISH staining of a serial section
from the same tissue is shown representing the biofilm area in yellow. Section was triple-stained with the all bacteria probe EUB338 (red), the Enterococcus faecalis specific
probe ENFL84 (blue), and anti-Candida antibody (green). Note the almost complete overlap of the blue and red signals resulting in blue-purple staining bacteria
representing E. faecalis. G: Identification of bacteria isolated from the tongues of mice after 8 days of receiving 5Fu and C. albicans SC5314. The V4 variable region of the
16S rDNA gene was amplified and sequenced by Illumina. 98% of the OTU sequences from five isolates aligned with the genus Enterococcus. All isolates were identified as
E. faecalis with species-specific primers and PCR.

https://doi.org/10.1371/journal.ppat.1007717.g002
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Fig 3. Effects of different C. albicans strains and 5Fu on oral bacteria.A: Recovery of C. albicans (green) and total cultivable bacteria (red) from tongues of untreated
mice, mice receiving 5Fu, mice receiving C. albicans (Ca) and a combination (5Fu+Ca). C. albicans strains SC5314, 529L or the tup1Δ/Δ deletion mutant were used in
these experiments. Tongues were weighed, homogenized, serially diluted and plated for CFU counts. Strains 529L and tup1Δ/Δ were able to stably colonize the tongue
mucosa in the absence of 5Fu, however, this was not associated with increased oral bacterial loads. On the other hand the combination of 5Fu with both strains led to
increased bacterial loads. Log CFU counts/gm of tissue are shown from 2 independent mouse experiments, with 4–8 mice per group; bars represent means ± SEM.
�p<0.01, ��p<0.0001. B: Tongue-associated Enterococcus biomass as assessed by genus-level qPCR. Data represent percentage change of Enterococcus genome copy
numbers relative to untreated mice. Groups included untreated mice, mice receiving 5Fu, strain 529L alone, strain 529L + 5Fu, the tup1Δ/Δ deletion mutant alone and the
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order to further explore the relative contributions of 5Fu treatment and C. albicans in oral bac-

terial changes we asked whether strains that stably colonize the oral mucosa of healthy mice

could induce similar bacterial changes. We thus tested a clinical strain (529L), isolated from a

patient with oral candidiasis [24], which has been previously reported to colonize the oral cav-

ity of healthy mice for over 5 weeks [25]. As seen in Fig 3A strain 529L colonized the tongues

of immunocompetent mice at levels similar to strain SC5314 in mice receiving chemotherapy.

In healthy mice this strain was found mainly in the superficial epithelial layers (Fig 3C, upper

panel) and did not form a visible white biofilm (not shown). We also noticed that this strain

formed mostly pseudohyphae under hyphal-inducing conditions in vitro (i.e. RPMI, 10%FBS).

Despite colonizing the mucosa of healthy mice, this strain was not associated with an increase

in viable bacterial counts (Fig 3A) and caused a lower increase in the enterococcal biomass

above the untreated control, compared to other experimental groups (Fig 3B). When com-

bined with 5Fu, strain 529L was more invasive (Fig 3C, lower panel) and was associated with a

significantly higher increase in enterococcal biomass compared to 529L alone, or 5Fu alone

groups (Fig 3B). Enterococci were also detected in sites of tissue invasion with this organism

(Fig 3C, lower panel). Although invasive infection was detected histologically, the majority of

these mice did not form a visible biofilm lesion (Fig 3C and 3D). These observations indicated

that the increased virulence of this strain under conditions of 5Fu-induced immunosuppres-

sion and mucosal injury is associated with enterococcal changes.

To confirm these findings we next tested the tup1Δ/Δ mutant which forms pseudohyphae

and is avirulent in intestinal candidiasis models [17]. Importantly, this mutant acquires viru-

lence in the GI tract with increased dissemination and mortality in a mouse model of immu-

nosuppression combined with intestinal damage [17]. Similar to strain 529L, this strain

colonized the tongues of healthy mice (Figs 3A and 1C, upper right panel), and did not cause

an increase in the viable bacterial biomass, but was associated with an enterococcal increase

similar to 5Fu treatment alone (Fig 3A). Consistent with the GI tract phenotype this strain

formed tissue-invasive biofilms in 5Fu-treated mice [17]. Similar to other strains, this mutant

co-localized with endogenous enterococci on tongue biofilms (Fig 3C, lower right panel),

which were visible as white plaques in some, but not all, mice (Fig 3D). Consistent with the

ability to cause invasive biofilms in 5Fu-treated mice, this strain was able to induce an increase

in viable bacterial counts (Fig 3A) and a further enterococcal biomass increase, comparable to

strain SC5314 under the same conditions (Figs 2E and 3B). In summary these results show

that C. albicans virulence in a host permissive environment is associated with further entero-

coccal increases in the oral mucosa.

Since the 5Fu-induced host permissive environment for C. albicans entails both mucosal

injury and neutropenia we next examined their relative contributions. We first asked whether

mucosal injury alone promotes bacterial, fungal or mixed biofilm growth and invasion, using

our published organotypic model of 5Fu-induced mucosal toxicity [26]. In this model, oral

mucosal constructs were infected with the tup1Δ/Δ mutant and an E. faecalis isolate from mice

with 5Fu-associated OPC. As seen in Fig 4, pre-treatment with 5Fu did not significantly affect

enterococcal or fungal biofilm growth on the mucosal surface, arguing against a direct role of

tup1Δ/Δ deletion mutant + 5Fu. All treatments led to an increase in the enterococcal biomass, however mice receiving both 5Fu and C. albicans had the highest increase.
Results shown are from 5–8 mice per group in two experiments; bars represent means ± SEM. �p<0.05, ��p<0.005, ���p<0.002. C: Tongue tissue sections frommice
receiving C. albicans 529L or tup1Δ/Δ deletion mutant in the absence (left panel) or presence (right panel) of concomitant 5Fu chemotherapy for 8 days. Tissue sections
were triple-stained with the all bacteria probe EUB338 (red), the E. faecalis specific probe ENFL84 (blue), and anti-Candida antibody (green). Enterococcal signal shown as
purple-blue is clearly visible in mice receiving 5Fu with both strains. In these mice there was fungal invasion into the oral submucosa (bellow the white dotted line), which
was more pronounced with the tup1Δ/Δ mutant. D: Representative tongues excised frommice receiving 5Fu with strain 529L (top) or the tup1Δ/Δ deletion mutant
(bottom), 8 days after infection. Note the white biofilm area in the posterior surface with the tup1Δ/Δ deletion mutant.

https://doi.org/10.1371/journal.ppat.1007717.g003

Candida albicans induces mucosal bacterial dysbiosis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007717 April 22, 2019 9 / 30

https://doi.org/10.1371/journal.ppat.1007717.g003
https://doi.org/10.1371/journal.ppat.1007717


Fig 4. Role of mucosal injury in biofilm growth and invasion using an organotypic model. An E. faecalis isolate was
inoculated alone or in combination with C. albicans strain tup1Δ/Δ. Biofilms are shown growing on mucosal constructs that
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mucosal injury in promoting biofilms, similar to observations with other bacterial species in

this model [26]. However, 5Fu pre-treatment increased invasion of the tup1Δ/Δ mutant (Fig 4,

right panel). Growth of this strain with E. faecalis in biofilms promoted invasion into the sub-

mucosal compartment of untreated and 5Fu-treated tissues.

Finally we asked whether immunosuppression alone, in the absence of mucosal injury, was

sufficient to induce bacterial biomass and enterococcal changes on the oral mucosa. For this

we used the cortisone model, which is not associated with mucosal injury [27,9]. Cortisone

treatment alone caused a small but statistically significant increase in the total bacterial bio-

mass on mouse tongues (Fig 5A). Although the total bacterial biomass increased, the entero-

coccal biomass decreased up to 40% compared to untreated control mice, suggesting that the

total biomass increase was due to overgrowth of other bacterial species (Fig 5A and 5B).

Importantly, infection with C. albicans under this type of immunosuppression caused a further

increase in total bacterial burdens, while enterococci rebounded at or slightly above untreated

levels (Fig 5A and 5B). Taken together these data show that while both types of immunosup-

pression increase oral bacterial burdens, they influence bacterial biodiversity in different ways.

We also conclude that C. albicans infection favors the growth of enterococci under different

immunosuppressive states, regardless of pre-existing mucosal injury.

Enterococcus depletion by antibiotic treatment significantly reduced C.
albicans oral mucosal invasion, without affecting fungal burdens

Since enterococci comprised the vast majority of the bacteria in the tongue mucosa of mice

with candidiasis, co-localized with C. albicans in tissue invasive biofilms, and promoted inva-

sion of the tup1Δ/Δ strain in the organotypic mucosa, we asked whether these bacteria are

involved in augmenting fungal virulence. We thus hypothesized that an antibiotics regimen

which depletes enterococci from the oral mucosa would attenuate fungal virulence. This regi-

men drastically reduced bacterial CFUs in all groups (S4A Fig). No bacterial DNA amplicons

were obtained from tongues in any antibiotics group and few isolates from the group with OPC

receiving antibiotics were not enterococci, as determined by 16S sequencing (S4A and S4B Fig).

Treatment of immunocompetent mice with antibiotics increased C. albicans burdens on

the tongue, as previously observed by others [reviewed in 28], but did not lead to development

of white mucosal biofilms or weight loss (Fig 6A, 6B and 6C). In contrast, in 5Fu-treated mice

inoculated with C. albicans antibiotics did not cause changes in fungal loads, or in the biofilm

surface area, compared to mice not receiving antibiotics. Even though the biofilm surface area

and fungal loads were similar in the two chemotherapy groups tissue invasion of C. albicans in

mice receiving antibiotics was significantly attenuated (Fig 7A and 7B). However, both chemo-

therapy groups had diarrhea and lost a significant amount of weight, consistent with an

absence of a protective effect of antibiotics on the intestinal mucosa [17] (Fig 6C).

Our earlier work demonstrated that oral mucosal invasion of C. albicans is associated with

E-cadherin degradation from epithelial adherens junctions [29] and that one way whereby

had been pretreated with 10 μM 5Fu for 16 h (right panel) or on untreated controls (left panel). Tissues were split in half with
one half processed for CFU counts and one half for histologic processing and staining. For CFU counts superficially growing
biofilms were rinsed off and tissues were weighed, homogenized, and plated. Log10 CFU counts corresponding to each tissue
and each organism are shown on the lower right. Unwashed tissues were stained with immuno-FISH to simultaneously
visualize C. albicans and Enterococcus. C. albicans was stained with a polyclonal anti-Candida antibody (green), and E. faecalis
was stained with EUB338-Alexa 546 probe (red), and areas of co-localization show in yellow. Fungal invasion was more
pronounced in 5Fu-treated tissues infected with both organisms and corresponded to bright yellow areas of bacterial and
fungal co-localization right above the mucosal breach point. Dotted lines demarcate the start of the submucosal compartment.
One of three representative tissues is shown/condition.

https://doi.org/10.1371/journal.ppat.1007717.g004
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Fig 5. Effect of cortisone immunosuppression and C. albicans infection on oral bacteria.Mice were immunosuppressed by subcutaneous injection with
cortisone acetate and inoculated with C. albicans SC5314 as described in methods. A: Tongue mucosa-associated bacterial loads in untreated, cortisone-treated, and
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cortisone-treated C. albicans-infected mice. Tongues were weighed, homogenized, serially diluted and plated for Candida and bacterial burdens. Fungal burdens in
infected mice are expressed as log CFU/gm of tissue (green squares, left Y axis). Results for bacteria are expressed as CFU/gm of tissue (left Y-axis, red dots) and log
16S rRNA gene copy numbers/gm of tissue (right Y-axis, blue squares). Bacterial biomass increased with cortisone treatment, but a further significant increase was
noted in the cortisone treated + C. albicans group. Data shown are from 2 independent mouse experiments, with 5–10 mice per group; bars represent
means ± SEM. �p<0.05, ��p<0.005, ���p<0.002. B: Genus level quantification of Enterococcus on tongue tissues by qPCR. Data represent change in percentage of
Enterococcus load in all groups over untreated control mice. Mice receiving cortisone had a reduction in Enterococcus burdens while C. albicans in cortisone-
treated mice raised the burdens close to untreated controls. Results are shown from 5–13 mice per group; bars represent means ± SEM. �p<0.001.

https://doi.org/10.1371/journal.ppat.1007717.g005

Fig 6. Effect of antibiotic treatment on oral fungal burdens and biofilm surface area in 5Fu-treated mice. Antibiotics were started three days prior to 5Fu-treatment
and continued for 8 days. A: Excised tongues after 8 days of C. albicans SC5314 inoculation. Groups receiving 5Fu with C. albicans SC5314 (5Fu+Ca) had thick mucosal
biofilms covering the posterior tongue surface regardless of antibiotics (Ant) treatment. No biofilms formed in C. albicans-inoculated healthy mice with (Ca+Ant) or
without (Ca) antibiotic treatment. B: Relationship between C. albicans burdens and biofilm surface area. Figure depicts log fungal CFUs/gm of tissue (dot plot, left Y axis)
and corresponding biofilm lesion area (box and whiskers plot, right Y axis) in tongues of four groups of mice (day 8). Mice received C. albicans SC5314 in the drinking
water alone (Ca), 5Fu with C. albicans (5Fu+Ca), C. albicans with antibiotics (Ca+Ant) or combination of the three (5Fu+Ca+Ant). Tissues were homogenized, serially
diluted and plated for CFU counts. Biofilms were digitally photographed, images were analyzed by Image J and results were expressed as the percentage of dorsal tongue
area covered by visible biofilm (white area). In groups treated with 5Fu there were no differences in fungal burdens (p = 0.53) or biofilm area (p = 0.25) between mice
receiving antibiotics or not. In mice not receiving 5Fu, antibiotic treatment led to increased C. albicans burdens (p<0.005) but there was no biofilm lesion on the tongue
surface indicating that in healthy mice increased fungal burdens are not sufficient for virulence. Data are from 2 independent mouse experiments, with 5–8 mice per
group; bars represent means ± SEM. C: Body weight loss in each group during the eight-day infection period, expressed as percentage of initial weight (day 0) in 5–10
animals per group from 2 independent experiments. Error bars represent SEM. Candida-Infected mice receiving 5Fu with or without antibiotics lost 20% of total body
weight by day 8.

https://doi.org/10.1371/journal.ppat.1007717.g006
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commensal streptococci can augment tissue invasion is by synergistically activating host enzy-

matic pathways to degrade this protein [8]. Since antibiotics attenuated the invasive phenotype

of C. albicans on the tongues we reasoned that they would attenuate E-cadherin degradation.

As we showed previously in this model [19], 5Fu treatment alone induced a significant loss of

the E-cadherin signal in the oral mucosa (Fig 7C and 7D). Invasive infection in 5Fu-treated

mice was associated with almost complete E-cadherin dissolution, whereas protein integrity in

adherens junctions was partially preserved with antibiotics treatment (Fig 7C and 7D). In sum-

mary, these results suggest that the dysbiotic bacterial microbiota present in the oral mucosa of

mice with OPC may contribute to the E-cadherin degradation and increased C. albicans inva-

sion in the 5Fu model.

Enterococcus isolates from dysbiotic mucosal biofilms degrade E-cadherin
and facilitate C. albicans transepithelial invasion

One of E. faecalis virulence attributes which contributes to loss of intestinal barrier function, is

secretion of the metalloproteinase GelE, involved in extracellular domain E-cadherin degrada-

tion [30]. Intestinal epithelial cell permeability by this enzyme was shown to be mediated by

via protease activated receptor 2 (PAR2) [31]. Although most E. faecalis strains have a copy of

this gelatinase gene, expression varies significantly from strain to strain [32]. Thus we tested

two E. faecalis isolates (isolates #13 and #14) from chemotherapy-treated mice with OPC for

gelE expression under standard growth conditions and asked whether conditioned media

from these isolates could degrade recombinant E-cadherin. GelE was assessed at the transcript

level and compared to strain OG1RF which expresses very high levels of this enzyme [31,30].

Both oral isolates expressed this gelatinase, albeit at much lower levels than strain OG1RF, con-

sistent with other reports on other E. faecalis isolates (Fig 8A) [30,32]. In accordance with

GelE expression levels, recombinant E-cadherin was degraded by conditioned media from E.

faecalis isolates in variable degrees, whereas strain OG1RF completely degraded this protein.

Treatment of recombinant E-cadherin with conditioned media from E. faecalis isolates and C.

albicans together, further degraded this protein (Fig 8B). In the next series of experiments we

asked whether conditioned media of the two organisms alone or in combination could

increase the permeability of oral epithelial cells in a transwell monolayer assay. Following pre-

treatment of the cells with E. faecalis conditioned media we first measured the flux of FITC-

labeled dextran, added on the upper chamber, across the monolayer. E. faecalis conditioned

media promoted the permeability of the epithelial monolayer. Importantly, a PAR2 antagonist

partially but significantly inhibited the permeability induced by E. faecalis, suggesting a role

for gelatinase E in this process (S5 Fig). Finally, we found that C. albicans translocation across

the epithelial layer was greater in cells pre-treated with E. faecalis conditioned media and that

this was attenuated by the PAR2 antagonist (Fig 8C). Taken together these results support the

hypothesis that E. faecalis at least partially contributes to mucosal barrier breach.

Discussion

In this study we investigated the influence of C. albicans infection on the composition of the

oral and intestinal mucosa-associated bacteria in the context of cytotoxic chemotherapy. We

demonstrated that C. albicans infection led to a profound taxonomic imbalance on the oral

mucosa that contributed to pathology. We also discovered that antibiotics that clear the domi-

nant Enterococcus taxon during infection ameliorate invasive candidiasis, further demonstrat-

ing that bacterial community changes in OPC represent a dysbiotic shift promoting C.

albicans virulence. Importantly, although antibiotics alone significantly increased oral fungal

burdens, virulence required a chemotherapy-modulated host environment. Mucosal injury
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Fig 7. Enterococcus depletion by antibiotic treatment significantly reduced oral mucosal C. albicans invasion and E-cadherin degradation from epithelial adherens
junctions.A: Full tongue sagittal section scans frommice receiving 5Fu with C. albicans SC5314 (5Fu+Ca) or mice additionally receiving antibiotics (5Fu+Ca+Ant) 8 days
after initiation of 5Fu and fungal inoculation. Tongues were stained by immunofluorescence with an anti-Candida-FITC polyclonal antibody (green), and counterstained
with Hoechst 33258 (blue) to visualize cell nuclei. Note the reduction in C. albicans invasion into the submucosal tissues with antibiotic treatment. B: Tongues stained as
above were analyzed by Image J and the percentage of area invaded by fungi (green over blue signal) was calculated. Data is from 2 independent mouse experiments, with
3–5 mice per group; bars represent means ± SD. �p<0.001. C: Tongue tissue sections from untreated mice, mice receiving 5Fu alone, mice inoculated with C. albicans
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and immunosuppression caused by 5Fu played a major role in increased invasive infection in

this model, with dysbiotic communities playing an accessory role. Thus our studies support a

novel pathogenesis framework in the oral mucosa which includes the fungus, the resident bac-

terial microbiota and a host-permissive environment (Fig 9).

One of the limitations of the 5Fu model is that bone marrow and mucosal toxicity are

simultaneously occurring in the same host such that it is extremely difficult to dissect their

independent contributions in dysbiosis. A comparison of the 5Fu and cortisone models

showed that both types of immunosuppression allow overgrowth of endogenous bacterial

organisms on the oral mucosa. However the two treatments had different effects on entero-

cocci, with 5Fu promoting and cortisone curtailing their growth, supporting qualitatively dif-

ferent effects on biodiversity. This is not surprising since mice given cortisone have an

increased number of functionally competent infiltrating neutrophils, whereas mice given cyto-

toxic chemotherapy are severely neutropenic [19, 9, 33, 34]. Given the central role of neutro-

phils in the control of endogenous enterococcal overgrowth in mice [35], the finding that a

neutropenic state induced by 5Fu led to overgrowth of these organisms was anticipated. Alter-

natively, mucosal injury could be involved in the differences observed between the two types

of immunosuppression. Although studies in the organotypic model did not support this alter-

native, the model lacks vascular and immune components and cannot fully recapitulate in vivo

conditions. On the other hand, C. albicans infection increased growth of enterococci in both

immunosuppressive states, suggesting a mutualistic relationship of the two organisms, inde-

pendent of immunosuppression. This was further supported by the fact that healthy mice inoc-

ulated with C. albicans daily via the drinking water had an increase in the endogenous

enterococcal biomass on the oral mucosa. We conclude that both immunosuppression and

Candida play a direct role in bacterial changes but increased fungal burdens due to 5Fu treat-

ment further amplify bacterial biomass changes.

This is one of the few studies that compared the effects of C. albicans inoculation on oral

and intestinal sites of the same mice, and the only study to perform comparative global micro-

biome analyses in health and immunosuppression. We found that in healthy mice inoculated

with C. albicans bacterial community diversity decreased in the oral and increased in the small

intestinal mucosa. This may reflect differences in the resident bacterial composition prior to

inoculation, or differences in the interaction of C. albicans with distinct innate mucosal host

environments. In contrast, in a disease-permissive host environment the most important

driver of community changes was C. albicans since infection led to reduction in bacterial

diversity and enterococcal expansion both in the oral and intestinal mucosa.

A previous study of changes in the intestinal microbiota in response to 5Fu in mice used a

single high dose intraperitoneal injection and analyzed stool and not intestinal mucosa-associ-

ated bacteria [36], thus our analyses are not directly comparable. In our model emphasis was

placed on mucosa-associated bacteria with the potential to form mucosal biofilms with C. albi-

cans. Our focus on jejunum instead of other parts of the intestinal mucosa was due to the rele-

vance of this site to mouse intestinal mucositis models [37]. Our taxonomic profiles showed a

dominance of Enterococcus on the oral mucosa, with all of our isolates being E. faecalis. Like C.

albicans, Enterococcus species are a major concern in critical care areas due to resistance to

multiple antibiotics [38,39,40]. In the human oral cavity enterococci are generally considered

SC5314 alone (Ca), mice receiving 5Fu and C. albicans (5Fu+Ca) or mice additionally receiving antibiotics (5Fu+Ca+Ant) sacrificed 8 days after initiation of 5Fu and
fungal inoculation. Tongues were stained by immuno-fluorescence for E-cadherin (green) and counterstained with nucleic acid stain Hoechst 33258 (blue). E-cadherin
signal was intact in untreated mice and healthy mice inoculated with C. albicans, indicating integrity of adherens junctions. Signal was reduced in all other groups, with the
greatest reduction in mice receiving 5Fu and C. albicans. D: E-cadherin staining was analyzed by ImageJ and mean intensity of the green signal per mm2 was calculated in
tissue sections from 6 mice/group. Bars represent means ± SD. �p<0.05, ��p<0.005.

https://doi.org/10.1371/journal.ppat.1007717.g007
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Fig 8. Enterococcus isolates from oral dysbiotic communities are able to degrade E-cadherin and promote epithelial permeability. A: Analysis of E. faecalis gelE gene
expression by quantitative RT-PCR. Comparison of gene expression levels in stationary phase overnight cultures of isolates #13 and #14, with strain OG1RF used as a
positive control. Relative RNA levels were calculated using the DDCtmethod and recA gene expression was used as an internal control to normalize RNA concentration.
Data were expressed as mean threshold cycle (Ct) ± SD of duplicate samples in at least three independent cultures. B: E-cadherin degradation assay. Concentrated
conditioned media from stationary phase cultures of E. faecalis isolates #13 and #14 were incubated with 3 μg of recombinant E-cadherin for 1 hour, with or without
conditioned media from C. albicans SC5314. E. faecalis strain OG1RF was used as a positive control. Western blot shows reduction of E-cadherin signal with both isolated
strains and complete degradation of the protein with strain OG1RF. Numbers under each lane represent relative image density as measured with the Image J software. One
representative of three experiments is shown. C: Migration of C. albicans (SC5314) across confluent SCC15 cell monolayers in a transwell assay. Fungi translocating to the
lower chamber after 4 hours incubation were quantified by plating the media for CFUs. C. albicansmigration was significantly greater when monolayers were apically
pretreated with E. faecalis Concentrated Cell Conditioned Media (CCM) compared to untreated or CCM+PAR2 inhibitor pretreated controls. Results are from 2
independent experiments with 3 technical replicates in each. Data are expressed as mean values and SEM. �p<0.05, ��p<0.0001.

https://doi.org/10.1371/journal.ppat.1007717.g008
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transient commensals and carriage rates in healthy adults are below 10%. However, the oral

carriage rate of Enterococcus species (predominantly E. faecalis) in patients with underlying

systemic disease such as diabetes or cancer rises up to 60% [41,42,43,44,45]. These are also

some of the most high-risk populations for OPC [reviewed in 46]. In fact, there is mounting

evidence that C. albicans and Enterococci co-exist in human disease samples [reviewed in 47].

A large-scale retrospective analysis showed that E. faecalis was twice as likely to be isolated in

Candida-positive sputum and even more likely in sepsis [48]. Other studies have shown E. fae-

calis and C. albicans co-isolated in>10% of root canal infections [49] and in>40% of human

tongue mucosal lesions [50]. Whether, in addition to pathogenic synergy, this co-isolation

reflects similar host adaptation strategies remains unclear.

The only published model of cytotoxic chemotherapy that assessed oral and gastrointestinal

candidiasis in the same mice included wide spectrum antibiotics, which precluded assessment

of the role of candidiasis on bacterial communities or the role of bacteria in disease progression

[51]. One of the known consequences of mucosal injury and neutropenia in chemotherapy

models is systemic dissemination of C. albicans to distant organs through the gastrointestinal

mucosa [17,18]. However, studies that examined this effect of chemotherapeutic agents also

used antibiotics which by themselves reduce gastrointestinal mucosal barrier function [52,53].

Our model thus offered the opportunity to examine the effects of chemotherapy on Candida

dissemination in mice with unperturbed commensal microbiota.

As one regulator of mucosal barrier function E-cadherin is targeted by both mammalian

and microbial metalloproteases [54]. In proof of principle experiments we tested the proteo-

lytic activity of our isolates and showed their ability to partially degrade E-cadherin in vitro.

Compromised epithelial junction integrity mediated by GelE activity is a key step in E. faecalis

intestinal pathogenesis [30,55,56]. Despite the epithelial junction integrity consequences, these

studies observed no substantial penetration of E. faecalis in the inner mucus layer of the intesti-

nal mucosa, consistent the lack of oral mucosal invasion by enterococci in our model. Oral iso-

lates from mice with OPC showed low levels of gelE expression, suggesting this enzyme does

not play a major role in breaching the oral mucosal barrier. Activation of host metalloprotei-

nases by dysbiotic bacteria may represent an alternative mechanism of synergistic mucosal

Fig 9. Model of oral mucosal candidiasis in chemotherapy. Cytotoxic chemotherapy promotes a dysbiotic state characterized by overgrowth of C. albicans and certain
resident bacterial species. Bacterial proteolytic activity promotes mucosal barrier breach by C. albicans.

https://doi.org/10.1371/journal.ppat.1007717.g009
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barrier destruction [57]. In addition, high amounts of reactive oxygen metabolites produced

by enterococci can amplify epithelial damage [58]. In intestinal pathogenesis models E. faecalis

has also been shown to have proinflammatory consequences by signaling through TLR2 to

induce IL-6 [59,60,61] or by increasing expression of TLR4, which in theory would increase

proinflammatory signals by Gram (-) bacteria [62] These proinflammatory attributes of E. fae-

calismay contribute to the increased proinflammatory cytokine production in the tongues of

mice with OPC.

In conclusion we identified distinct bacterial microbiota profiles associated with C. albicans

infection in the context of cytotoxic chemotherapy. We also discovered that changes in the res-

ident bacterial microbiota contribute to OPC pathogenesis, thus representing a dysbiotic state.

This is the only study to experimentally and systematically dissect the role of C. albicans in

shaping resident bacterial communities in an immunosuppressed host and the reciprocal role

of mucosal bacteria in fungal pathogenesis.

Materials andmethods

Ethics statement

All animal studies were performed in compliance with the federal regulations as described in

the Animal Welfare Act (AWA), the recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health, and the guidelines of University of

Connecticut Institutional Animal Use and Care Committee (IACUC). All protocols used in

this study were approved by the IACUC committee of UCONNHealth, IACUC protocol

#101640–0720.

Microorganisms and microbiological media

C. albicans SC5314 (kindly provided by Dr. Aaron Mitchell), is a laboratory strain originally

isolated from a patient with bloodstream infection [63]. C. albicans strain 529L, is a strain orig-

inally isolated from a patient with oral candidiasis (kindly provided by Dr. Marc Swidergall,

UCLA). C. albicans tup1Δ/Δ homozygous deletion mutant is from the SC5314 parental back-

ground (kindly provided by Dr. Alexander Johnson, UCSF). Candida strains were routinely

maintained in yeast extract-peptone-dextrose (YPD, BD Difco) agar and overnight stationary

phase cultures were prepared in YPD broth prior to each experiment [64]. E. faecalisOG1RF

(kindly provided by Dr. Margaret Vickerman, SUNY Buffalo), and mouse bacterial isolates

were cultivated to early log phase in brain heart infusion medium (BHI, BD Difco) at 37˚C

under aerobic conditions, prior to each experiment.

Mouse model

We used an intravenous chemotherapy mouse model that recapitulates mucosal and bone

marrow changes in cancer patients receiving 5-fluorouracil [19]. In this model, we tested the

ability of C. albicans supplied in the drinking water to cause oral, gastrointestinal and dissemi-

nated candidiasis (animal protocol 101640–0720). Six to nine-week-old female C57BL/6 mice

(Jackson Labs) were used (animal protocol 101640–0720). Mice received 50 mg/kg 5Fu

(Sigma), intravenously (IV, via lateral tail vein) every 48 hours, for 8 days. This mode of

administration was previously optimized to induce oral and small intestinal mucositis recapit-

ulating cancer chemotherapy-associated mucositis in humans [19, 65]. Control groups

received PBS IV. Mice were inoculated with an overnight C. albicans suspension culture added

daily in the drinking water (6 × 106 yeast/ml of water). Chemotherapy-naive mice were inocu-

lated with C. albicans strain 529L according to a sublingual protocol that allows stable

Candida albicans induces mucosal bacterial dysbiosis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007717 April 22, 2019 19 / 30

https://doi.org/10.1371/journal.ppat.1007717


colonization in a commensal state [25] and a suspension culture was also added daily in the

drinking water. In some experiments 5Fu-treated mice received a combination of three antibi-

otics (Penicillin 1.5 mg/mL, Streptomycin 2 mg/mL and Gentamicin 0.1 mg/ml) in their

drinking water, starting three days prior to fungal inoculation and continuing throughout the

experimental period.

For cortisone immunosuppression mice received two subcutaneous injections with corti-

sone acetate (225 mg kg−1) on the first and third day of the experiment. On the second day

mice were anaesthetized by an intramuscular injection of ketamine: xylazine (90–100 and 10

mg kg−1 of body weight, respectively) and a small cotton pad soaked with 100 μl of a C. albi-

cans SC5314 cell suspension (6 × 108 yeast ml−1) was placed under the tongue for 2 hours. Dur-

ing the following 5 days animals were also given drinking water containing a daily-fresh

suspension of C. albicans as above. Organs were retrieved after sacrifice at each time point.

Experiments were repeated at least twice with a minimum of 4 mice per group.

Quantification of mucosa-associated C. albicans and bacteria

Cultivable microbial quantification. Tongues, esophagi and jejunum were rinsed twice

with sterile PBS, to discard loosely adherent microorganisms. For fungal CFU quantification

homogenized tissue aliquots were plated on Sabouraud Dextrose Agar (SDA) containing

chloramphenicol (10 μg/mL, Sigma). In some experiments homogenates were also plated on

CHROMagar medium (DRG International) to rule out overgrowth of endogenous non-albi-

cans Candida species. Cultivable bacterial counts were performed using aliquots of the same

samples on BHI Agar supplemented with Nystatin (250 U/mL, BHYN) [66]. Bacterial cultures

were incubated anaerobically for 5 days [67].

Bacterial qPCR. Bacterial genomic DNA frommouse tissues was prepared by using an

overnight lysis protocol optimized for oral mucosal microbiome characterization in murine

models [68]. Tissues were further processed using the Qiagen DNA Blood and Tissue mini kit.

DNA quantity and quality were evaluated using a NanoDrop. Total bacterial biomass (16S

rRNA gene copy numbers) was quantified by qPCR with primers, TaqMan probe sequence

and thermal cycling procedures as previously published [69]. For enterococcal biomass quanti-

fication we performed qPCR using the genus-specific primers ECST748F AGAAATTCCAA

ACGAACTTG and ENC854R CAGTGCTCTACCTCCATCATT and probe GPL813TQ

6FAM-TGGTTCTCTCCGAAATAGCTTTAGGGCTA-TAMRA as previously described [70].

All reactions were performed in duplicate and standards were prepared using serially diluted

genomic DNA from E. faecalis strain OG1RF.

Bacterial microbiome evaluation

DNA extracted from tissues was quantified using the Quant-iT PicoGreen kit (Invitrogen).

16S rRNA genes were amplified in triplicate using 30ng of extracted DNA as template. The V4

region was amplified using 515F and 806R primers with Illumina adapters and bar codes on

the 3’ end [71]. PCR products were pooled for quantification and visualization using the QIAx-

cel DNA Fast Analysis kit (Qiagen). Pooled PCR products were processed using the Mag-Bind

RxnPure Plus kit (Omega Bio-tek) according to the manufacturer’s protocol, to include only

sequences between 250–400 bp. The cleaned pool was sequenced on the MiSeq using v2 2x250

base pair kit (Illumina).

Sequence analysis

Sequences were processed following a standard pipeline [72] and classified using Mothur’s ver-

sion of the Ribosomal Database Project classifier (Mothur 1.39.5) [73]. For operational
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taxonomic unit (OTU) analyses, sequences were clustered using a 97% similarity cutoff and

classified up to genus level based on the consensus taxonomy. Alpha and beta diversity statis-

tics were calculated by subsampling 1000 reads per sample. Alpha-diversity was measured via

Shannon diversity index, and community richness as average OTUs (species). The relative

abundance of OTUs of main genera was determined to assess the effect of treatments. NMS

was used to observe community clusters associated with Bray-Curtis dissimilarity calculations

in different tissues of the same mice undergoing different treatments. Association between

Shannon diversity index and bacterial CFUs was tested using linear regression. NMS plots

were used to survey bacterial OTU heterogeneity relative to each treatment at each time point

and permutational ANOVA (PERMANOVA) comparisons of the Bray Curtis dissimilarity

distances were performed. Community structures across groups were visualized in standard

graphing packages within R, version 3.2 (http://www.r-project.org).

Isolation and Identification of cultivable bacteria

Isolates were selected on the basis of colony and cell morphology after Gram staining, and

stored in 20% glycerol at -80˚C. Isolates were identified at the genus level by sequencing, as

described above. Species level identification was performed for Enterococcus isolates by PCR

using species-specific primers as described elsewhere [74].

Histological staining

Organisms were visualized by immunofluorescence staining combined with FISH, as we

describe in detail elsewhere [75]. Briefly, tissues were stained with a FITC-labeled anti-Can-

dida polyclonal antibody (Meridian Life Science), the oligonucleotide probe EUB338 labeled

with Alexa 546, targeting all bacteria [76], the Enterococcus/Lactobacillus probe LAB158

labeled with Alexa 546, and the E. faecalis probe ENFL84 labeled with Alexa 405 [77]. To evalu-

ate the integrity of the mucosal barrier, E-cadherin was assessed by immunofluorescence stain-

ing using a polyclonal antibody (BD Biosciences) followed by a fluorescein isothiocyanate-

conjugated secondary antibody (DyLight 488; Vector Laboratories, Burlingame, CA) as

described previously [19]. Neutrophils were visualized in fresh frozen sections with a monoclo-

nal antibody (NIMP-R14, Hycult), followed by a secondary antibody conjugated with Alexa

555 (A-21434, Invitrogen). Tissues were counter-stained with the nucleic acid stain Hoechst

33258 (Invitrogen). Images were obtained using a Zeiss Axio Imager M1 microscope and an

EC-Plan-Neofluar 920-NA 0.5 air-objective. ImageJ software was used to quantify signal inten-

sity in a minimum of 5 sections/condition.

Organotypic mucosa infection model

Oral mucosal organotypic constructs that mimic non-keratinized stratified human oral

mucosa have been described elsewhere [78]. Briefly, the constructs consist of SCC15 oral kera-

tinocytes (American Tissue Culture Collection, ATCC) seeded on collagen type I–embedded

fibroblasts (3T3, ATCC). Tissues are airlifted for 2–3 weeks prior to infection. Tissues were

inoculated with 106 cells of C. albicans SC5314, 107 cells of bacteria, or a combination, and

incubated for 20h. Pre-treatment of some tissues with 10 μM 5Fu overnight was performed

prior to microbial inoculation as detailed elsewhere [26]. Prior to inoculation 5Fu was

removed by washing tissues three times in PBS. For CFU determinations of invading organ-

isms, superficially growing biofilms were removed by gentle washing with sterile PBS prior to

tissue weighing, followed by homogenizing and plating.
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E-cadherin degradation assay

E. faecalis isolates from 5Fu-treated mice with candidiasis (#13, and #14) and E. faecalis strain

OG1RF (positive control) [30] were grown overnight to stationary phase in BHI broth. Con-

centrated culture-conditioned media (CCM) were concentrated 25 times and 50μl of each

were incubated with purified recombinant human E-cadherin (3μg) (Sigma) at 37˚C for 1h. As

control, E-cadherin protein was incubated with BHI broth (50μl). Protein degradation was

detected byWestern blot using E-cadherin intercellular junction marker antibody (ab40772,

Abcam) and goat anti-rabbit IgG-HRP (ab6721, Abcam).

gelE RT-qPCR

E. faecalis cultures were grown overnight in BHI broth to OD = 1. Bacterial pellets were har-

vested by centrifugation and washed with sterile PBS. RNA was isolated with the RNeasy mini

kit (Qiagen) followed by DNAse digestion using the Turbo DNA free kit (Invitrogen). Equal

amounts of RNA were converted to cDNA using Superscript III first strand synthesis kit (Invi-

trogen). Q-PCR was performed using CFX96- Real time system (Biorad) and data were nor-

malized using recA as internal control. The primers used were as follows: recA: FP- GCAAC

GAAATGGTGGAACAG, RP- AAGGCATCGGCAATCTCTAAG [79], gelE: FP- CGGAAC

ATACTGCCGGTTTAGA, RP- TGGATTAGATGCACCCGAAAT [80].

Epithelial permeability assay

SCC15 cell monolayers were seeded at 5 x104 cells/well in 0.2 ml of KSFMmedia on the upper

chamber of the transwell (Millicell 0.45 μm pore size, Millipore), and 0.5 ml of media were

added in the bottom of the well. Epithelial cells were allowed to adhere and form a monolayer

at 37˚C in 5% CO2. Next day, cells were exposed to PAR2 antagonist (FSLLRY-NH2; Tocris,

Bristol, United Kingdom) for 24 hours, at a final concentration of 20 μM [31]. Concentrated

conditioned media from E. faecalis isolates were prepared as described elsewhere [31] and

added apically for 16 hours. Permeability was measured by fluorescein isothiocyanate (FITC)-

labeled dextran (78 × 103 ng/ml) added to the upper chamber, and monolayers were incubated

for 4 hours. Fluorescence was measured in the lower chambers of the transwell plates using a

fluorometer (Synergy 2, by BioTek with Gen5 Software) at an excitation wavelength of 485 nm

and an emission wavelength of 530 nm to determine the flux of FITC-dextran across the

monolayer, based on a previously prepared standard curve.

Candida albicans transmigration assay through the monolayer was performed under the

same conditions, with a 5.0 μm pore size transwell insert (Costar, Corning 3421). Following

treatments with PAR2 inhibitor and conditioned media from E. faecalis as above, transwells

received 104 cells/well of C. albicans which were allowed to translocate to the lower chamber

for 4 hours. C. albicansmigration through the SCC15 monolayer was quantified by CFU

counts from the lower chamber of the transwells.

Statistical analyses

Statistical significance was determined by two-tailed t-test, assuming equal variances, or the

MannWhitney test when data were not normally distributed.

Supplemental figure methods

Flow cytometry. For flow cytometry staining blood was collected by retro-orbital bleed-

ing. Tongue and bone marrow cells were obtained after sacrifice at the indicated time points.

Bone marrow was flushed with PBS and tongue tissues were disrupted using a tissue
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homogenizer in PBS. Red blood cells were lysed by adding lysis buffer (8.26 g NH4Cl, 1.19g

NaHCO3 in 100 mL of water for a 10x solution) for 10 min. Supernatant was discarded and

pellet was washed in FACS buffer composed of phosphate-buffered saline (PBS) (Gibco), 5%

FBS, and 0.5% sodium azide, for 20 min at 4˚C. Fc Receptors were blocked before staining

with the anti CD16/32 (Clone 2.4G2) antibody in FACS buffer. Pellets were resuspended in

FACS buffer with a combination of the following antibodies: CD45 -PerCPCy5.5, Ly-6G-

FITC, CD11b-APC (all from Biolegend). Finally, Live/dead cells were stained with Zombie

violet for 20 min at 4˚C, samples were fixed for 5 min at 4˚C with 2% PFA in PBS and kept in

4˚C until sorting. Data were analyzed by FlowJo software.

Multiplex cytokine ELISA. Tissues were homogenized in Mammalian Protein Extraction

Reagent (Thermo Fisher Scientific) and a protease inhibitor cocktail (cOmplete tablets, Sigma-

Aldrich), with a POLYTRON homogenizer, followed by 10 minutes disruption in a bead

beater and sonication for 1 min. Samples were centrifuged at 13000 rpm for 5 min, and total

protein concentration was quantified using the BCA protein assay kit (Thermo Fisher Scien-

tific). Samples were diluted as needed in order to standardize the amount of protein. IL-6, ker-

atinocyte chemoattractant (KC) and Tumor Necrosis Factor-alpha (TNFα) were
simultaneously quantified in each sample using the Luminex/MAGPIX system (RCYTO-

MAG-80K; Millipore).

Supporting information

S1 Fig. Effect of 5Fu administration and Candida albicans (SC5314) infection on neutro-

phil counts and chemokine expression. A: Time-dependent analysis of tongue neutrophils.

Mice receiving 5Fu (50mg/kg, IV, every 48 hours) + C. albicans (5Fu+Ca), and either 5Fu or

Candida alone were sacrificed at the indicated time points and CD11b+/Ly6G+ cells extracted

from tongues were sorted by FACS. Note the almost complete depletion of tongue neutrophils

in the 5Fu+Ca group by day 6. B: Time-dependent analysis of neutrophil numbers in tongue,

bone marrow and peripheral blood. In tongue tissues the 5Fu and Candida alone groups had a

steady influx of neutrophils, slightly higher than the PBS control on days 2 and 6, whereas a

dramatic drop was noted in the 5Fu+Candida group by day 6. In the bone marrow mature

cells declined rapidly in both groups receiving 5Fu, consistent with the myelosuppressive

action of this drug. Blood counts paralleled those of the bone marrow. Results represent mean

Cd11b+/Ly6G+ cell numbers/ml from three mice per group. C: Immunofluorescence staining

for neutrophils (red) and C. albicans (green), confirming absence of neutrophils in the tongues

of mice receiving both 5Fu and C. albicans. D: Cytokine expression in tongue tissues of mice

receiving 5Fu alone or with C. albicans. Interleukin-6 (IL-6), Keratinocyte derived cytokine

(KC, IL-8) and Tumor Necrosis alpha (TNFa) protein concentrations were simultaneously

quantified in tissue homogenates by multiplex ELISA, after standardizing protein content. The

neutrophil activating cytokines IL-6 and KC were higher in the C. albicans-infected group.

Bars represent average (± SD) fold increase over PBS-treated control group, with 5–8 mice/

group. �p<0.0001, ��p<0.001.

(TIF)

S2 Fig. Bacterial burdens in tongue and small intestinal mucosal tissues. A: Linear regres-

sion plot of fungal and bacterial CFUs from the same tongues (n = 10). Mice were receiving

5Fu and C. albicans SC5314 in the drinking water for 8 days. A significant positive correlation

was found between fungal and bacterial loads (R2 = 0.88, p<0.05). B: Tongue mucosa-associ-

ated bacterial loads in mice receiving 5Fu and C. albicans SC5314 daily in the drinking water.

Mice were sacrificed 0, 2, 6 and 8 days later. Tongue was removed, weighed, homogenized,

serially diluted and plated and results expressed as CFU counts/gm of tissue (left Y-axis, red
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dots). The total bacterial biomass (log 16S rRNA gene copy numbers/gm of tissue) was also

quantified by real-time qPCR (right Y-axis, blue squares). Bacterial loads on day 8 differ signif-

icantly from untreated mice (day 0) and day 6 for CFUs (p = 0.009) and for log 16s copy num-

bers (p = 0.003). Data shown are from 2 independent mouse experiments, with 4–10 mice per

group; bars represent means ± SEM. C: Small intestinal mucosa-associated bacterial loads in

mice receiving 5Fu and C. albicans SC5314 daily in the drinking water. Mice were sacrificed 0,

2, 6 and 8 days later. The jejunum was removed, flushed with sterile PBS, weighed, homoge-

nized, serially diluted and plated and results expressed as CFU counts/gm of tissue (left Y-axis,

red dots). The total bacterial biomass (log 16S rRNA gene copy numbers/gm of tissue) was

also quantified by real-time qPCR (right Y-axis, blue squares). Bacterial loads on day 8 did not

differ significantly from untreated mice (day 0). Data shown are from 2 independent mouse

experiments, with 4–10 mice per group; bars represent means ± SEM. D: Effect of 5Fu or C.

albicans SC5314 (Ca) on cultivable intestinal bacterial counts. Mice were sacrificed on day 8

and tissues were collected and plated for CFUs as described above. Bacterial CFUs were com-

pared to untreated control mice. 5Fu and C. albicans alone were associated with a statistically

significant decrease in bacterial counts. Data shown are from 1–2 independent mouse experi-

ments, with 4–5 mice per group; bars represent means ± SEM. �p<0.05, ��p<0.01.

(TIF)

S3 Fig. Bacterial microbiota profiling in tongue and small intestinal mucosal tissues. A:

Observed OTU numbers (species) in each treatment group. Box plot showing average species

numbers in untreated mice, mice receiving C. albicans SC5314 daily in the drinking water

(Ca), mice receiving 5Fu alone and a combination of the two (5Fu+Ca) for 8 days. Mean values

are shown from 5 mice in each group. In mice inoculated with C. albicans alone (Ca) bacterial

diversity decreased in the tongue (p<0.01) but increased in the small intestinal mucosa

(p<0.05), compared to untreated groups. For mice receiving 5Fu and C. albicans (5Fu+Ca)

there was a significant further reduction in the number of species observed in tongue and

small intestinal tissues (p<0.05 for tongue and p<0.01 for small intestine, compared to C. albi-

cans alone). B: Time-dependent beta diversity changes based on Bray-Curtis dissimilarities

among treatment groups. Shown are community structures in the two chemotherapy treat-

ment groups (5Fu, red, 5Fu+Ca, blue; n = 5 mice/group) in tongues (triangles) and small intes-

tines (squares) of the same mice. Early time points (days 2 and 6) are represented by open and

day 8 by grey-filled shapes. Microbial community shifts in the 5Fu+Ca group clustered by tim-

ing of treatment, indicating that significant changes took place late in the infection process. In

fact approximately 24% of the variability among these samples was explained by time of treat-

ment (days 2 and 6 versus day 8, p<0.01). C: Mean relative abundance of OTU sequences

assigned to one of the top 10 prominent taxa identified in small intestines, in each of the four

treatment groups, at the end of the experimental period (day 8, n = 5 mice/group). C. albicans

inoculation led to a significant relative abundance decrease in mucosa-associated lactobacilli

whereas the dominant taxa in the group which also received 5Fu were Alphaproteobacteria,

Stenotrophomonas and Enterococcus.

(TIF)

S4 Fig. Effect of antibiotics on cultivable tongue bacteria. A: Cultivable bacterial counts in

untreated mice, mice receiving antibiotics (Ant), mice receiving C. albicans SC5314 and antibi-

otics (Ca+Ant) and mice additionally receiving 5Fu (5Fu+Ca+Ant) for 8 days. The triple anti-

biotic regimen reduced cultivable bacterial counts to undetectable levels in all groups, with the

exception of the group receiving 5Fu and C. albicans. Results shown are mean CFUs ± SEM

from 5 mice/group. B: Identification of cultivable bacteria isolated from the tongues of two

mice receiving 5Fu, C. albicans SC5314 and antibiotics at the end of the experimental period
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(day 8 post-infection). A total of five colonies were isolated from these mice and sequenced. As

shown in this pie chart the dominant OTUs were Staphylococcus and Stenotrophomonas. No

OTUs were identified aligning with the genus Enterococcus.

(TIF)

S5 Fig. Epithelial permeability to FITC-dextran in a transwell assay. Confluent SCC15 cell

monolayers seeded on the upper chamber were incubated with a PAR2 antagonist for 24

hours, followed by CCM from E. faecalis isolates for 16 hours. Permeability was measured by

adding fluorescein isothiocyanate (FITC)-labeled dextran to the monolayers as described in

methods. The flux of FITC-dextran across SCC15 cell monolayers (indicative of cellular per-

meability) was expressed as fold over untreated SCC15 cells. There was a significantly greater

permeability when monolayers were apically treated with E. faecalis CCM and this was partly

inhibited by a PAR2 inhibitor, suggesting a role of gelatinase E. Each experimental group rep-

resents 2 independent experiments with 3 technical replicates. �p<05, ��p<0.0005.

(TIF)
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