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Candida albicans and Bacterial Microbiota Interactions in the Cecum
during Recolonization following Broad-Spectrum Antibiotic Therapy
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Candida albicans is a normal member of the gastrointestinal (GI) tract microbiota of healthy humans, but during host immuno-
suppression or alterations in the bacterial microbiota, C. albicans can disseminate and cause life-threatening illness. The bacte-
rial microbiome of the GI tract, including lactic acid bacteria (LAB), plays a vital role in preventing fungal invasion. However,
little is known about the role of C. albicans in shaping the bacterial microbiota during antibiotic recovery. We investigated the
fungal burdens in the GI tracts of germfree mice and mice with a disturbed microbiome to demonstrate the role of the microbi-
ota in preventing C. albicans colonization. Histological analysis demonstrated that colonization with C. albicans during antibi-
otic treatment does not trigger overt inflammation in the murine cecum. Bacterial diversity is reduced long term following ce-
foperazone treatment, but the presence of C. albicans during antibiotic recovery promoted the recovery of bacterial diversity.
Cefoperazone diminishes Bacteroidetes populations long term in the ceca of mice, but the presence of C. albicans during ce-
foperazone recovery promoted Bacteroidetes population recovery. However, the presence of C. albicans resulted in a long-term
reduction in Lactobacillus spp. and promoted Enterococcus faecalis populations. Previous studies have focused on the ability of
bacteria to alter C. albicans; this study addresses the ability of C. albicans to alter the bacterial microbiota during nonpathogenic

colonization.

Candida albicans is both an opportunistic fungal pathogen and
a normal member of the human gastrointestinal (GI) tract
microbiota. It can persist in the GI tract in a nonpathogenic state
for long periods in most humans, but upon disruption of the host
immune system or the indigenous bacterial microbiota, C. albi-
cans can disseminate and cause life-threatening infections (26).
The bacteria in the GI tract play a critical role in preventing fungal
colonization and invasion, as indicated by the enhanced suscepti-
bility of germfree mice to Candida colonization (6-8, 17, 32-34).
Thus, the ability of the GI microbiota to prevent invasion or col-
onization by C. albicans is well documented, but the ability of C.
albicans to alter the microbiota is not well understood or studied.

In our previously published studies, we have documented that
C. albicans CHN1 colonizes the cecum and stomach in cefopera-
zone-treated mice (13,20-22). Cefoperazone is a broad-spectrum
antibiotic that has been shown to have dramatic long-term effects
on the indigenous microbiota of mice (1). Broad-spectrum anti-
biotic treatment, like cefoperazone, predisposes mice to Candida
GI overgrowth and candidiasis (7, 9), and studies have demon-
strated that cefoperazone can cause long-term alterations of the
cecal microbiota (1). Most importantly, Candida colonization of
the stomach modulated the antibiotic recovery of the lactic acid
bacteria (LAB), antagonizing Lactobacillus and facilitating Entero-
coccus faecalis colonization (13). The objective of these studies was
to determine if similar yeast-bacterial interactions were occurring
in the intestinal tract.

MATERIALS AND METHODS

Animals and housing. Female C57BL/6 mice were purchased from Jack-
son Laboratories (Bar Harbor, ME) and were housed under specific-
pathogen-free conditions in enclosed filter top cages. Food and sterile
water were given ad libitum. Food remained constant throughout the
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experiment to minimize the effect of diet on the microbiota. To reduce
coprophagy, the mice were maintained on grates; the procedure and pro-
tocols were approved by the Unit for Laboratory Animal Medicine
(ULAM) at the University of Michigan (Ann Arbor, MI), and the proto-
cols were approved by an animal institutional review board. Germfree
C57BL/6 mice were raised and housed in the ULAM germfree barrier
facility at the University of Michigan. C. albicans-infected germfree mice
were maintained in the barrier facility.

Antibiotic treatment. Cefoperazone (0.5 mg/ml; Sigma-Aldrich, St.
Louis, MO) was administered orally to mice ad libitum in drinking water.
Antibiotic treatment was continued for 7 days (days —7 to 0) prior to C.
albicans colonization. After 7 days, antibiotic-containing drinking water
was replaced with sterile water.

C. albicans Gl inoculation. C. albicans strain CHN1 (a human clinical
isolate) was grown in Sabouraud dextrose broth (Difco, Detroit, MI) to
stationary phase in a shaking flask at 37°C. For gavage, the cultures were
washed in sterile nonpyrogenic saline, counted using a hemacytometer,
and diluted to 2 X 10® CFU/ml in sterile nonpyrogenic saline. Mice were
inoculated with C. albicans (107 CFU in 50 ul) by oral administration
using a 24-gauge feeding needle attached to a 1-ml syringe. The syringe
containing C. albicans was mounted on a Stepper repetitive pipette
(Tridak, Brookfield, CT) to deliver an equivalent amount of inoculum to
each mouse. The inocula were serially diluted and grown on Sabouraud
dextrose agar (SDA) to verify the number of CFU delivered.
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Necropsy and microbiological culture. Mice were euthanized by CO,
asphyxiation. The mouse intestinal tract was removed and washed in
phosphate-buffered saline (PBS) to remove the contents. Sections of in-
testinal wall for bacterial 16S rRNA analysis were flash frozen in liquid
nitrogen and stored at —80°C. Histological sections of the cecum were
obtained by cutting along the greater curvature, removing the cecal con-
tents, and washing in sterile 1 X PBS. Two separate sections were cut from
the organ, fixed with 10% buffered formalin, and embedded in paraffin.
The tissue sections were stained with hematoxylin and eosin (H&E) for
detection of inflammatory infiltrates. The remaining organs were homog-
enized in sterile water, serially diluted, and cultured aerobically on differ-
ent agars—SDA (promotes the growth of fungi) and de Man, Rogosa, and
Sharpe (MRS) agar (promotes the growth of lactic acid bacteria) supple-
mented with 0.02% sodium azide (Difco)—to determine culturable bac-
terial/fungal counts. Colonies that grew on MRS plus azide were identified
further by PCR with previously published bacterial universal primers
(23). Yeast numbers were quantified in mucosal samples by culturing on
SDA supplemented with cefoperazone (0.1 mg/ml). The identity of the
yeast was confirmed with wet mounts and replica plating on HardyChrom
Candida indicator plates (Hardy Diagnostics, Santa Maria, CA).

Antibiotic susceptibility assays. Bacterial species isolated from the
murine ceca were subcultured in vitro on MRS-plus-azide agar. Bacterial
susceptibility to cefoperazone was determined using cefoperazone-
treated sterile paper discs (BD Biosciences, San Jose, CA). All samples
were tested in duplicate, and the zone of antibiotic-induced clearance was
analyzed for each sample.

DNA extraction. Genomic DNA was extracted from cecal-tip sections
stored at —80°C using a modified commercial kit (DNeasy tissue kit;
Qiagen, Germantown, MD). Samples were subjected to bead beating for 1
min in DNA isolation bead tubes (MoBio Laboratories, Carlsbad, CA)
prior to kit use. The DNeasy tissue protocol was modified to use 40 .l
proteinase K instead of the reccommended 20 w1, and samples were eluted
with 100 wl of buffer AE instead of the suggested 200 l.

T-RFLP analysis. Terminal restriction fragment length polymor-
phism (T-RFLP) analysis was performed as described previously (11, 13).
Briefly, full-length bacterial 16S rRNA genes were amplified from each
sample by PCR amplification. The primers used in the amplification were
a fluorescently labeled 6-carboxyfluorescein (FAM)-8F forward primer
and an unlabeled 1525R reverse primer. Each 25-pl PCR mixture con-
tained 20 pmol of each primer, 200 M of each deoxynucleoside triphos-
phate, and 1.5 U of Tag DNA polymerase in a final concentration of 10
mM Tris-HCI-50 mM KCI-1.5 mM MgCl, (Ready to Go PCR beads;
Amersham Pharmacia Biotech, Piscataway, NJ). PCR was performed un-
der the following cycle conditions: an initial denaturation step at 94°C for
2 min and 30 cycles of denaturation at 94°C for 30s, annealing at 58°C for
45s, and extension at 72°C for 90 s. A final extension step at 72°C for 5 min
was performed. The PCR product was purified using the QIAquick PCR
Purification Kit (Qiagen). Two hundred nanograms of purified PCR am-
plicon was cut individually with the restriction enzyme Mspl (New Eng-
land BioLabs, Beverly, MA) for 2 h at 37°C. The DNA fragments were
separated on an ABI 3730XL (Applied Biosystems Instruments, Foster
City, CA) at the University of Michigan Sequencing Facility. The 5" ter-
minal restriction fragments (TRFs) were detected by excitation of the
6-FAM molecule attached to the forward primer.

Raw T-RFLP chromatograms were analyzed using Peakscanner (Ap-
plied Biosystems) to call the fragment sizes and to build a list of peaks
(peak file). This process was carried out for every sample, after which all of
the peak files were exported as one bulk peak file. Further analysis was
carried out using K9, an in-house-designed program for T-RFLP data
analysis (freely available at http://www-personal.umich.edu/~jre
/Microbiome_Core/K9.html). K9 separated the bulk peak file into all of
the individual peak files, and the metatags were removed. Next, corrected
peak files were generated by binning peak fragments to the corresponding
whole number of fragment lengths. This binning allowed uniform com-
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FIG 1 C. albicans colonization of germfree and conventional mice. (A) Germ-
free mice were given a single oral gavage of C. albicans CHN1, and the GI
organs were removed at days 7 and 21 postgavage. The pSI, dSI, cecum, and
colon were removed at day 7 or day 21 and differentially cultured to determine
C. albicans colonization. All germfree colonized mice had detectable C. albi-
cans at all times points. (B to E) The GI organs of conventional mice were
removed at day 7 and day 21 postgavage (C. albicans CHN1) with or without
pretreatment with cefoperazone. The organs were differentially cultured to
determine C. albicans CHN1 colonization. Untreated mice and cefoperazone-
only mice had no detectable C. albicans CHN1 colonization. The error bars
represent the standard errors of the mean. *, P < 0.05 versus untreated mice.
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FIG 2 C. albicans colonization of the murine cecum does not result in histological inflammation. Histological H&E sections of the murine cecum were examined
to look for evidence of inflammation during cefoperazone-induced microbiota disruption. All treatment groups (untreated, cefoperazone only, C. albicans only,
and cefoperazone plus C. albicans) had no histological evidence of inflammation during microbiota disruption at day 7 (data not shown) and day 21 (A to D).

parison of samples from different analyses and also allowed simple back-
ground subtraction to be performed where appropriate.

Rank abundance graphs. Individual TRFs were used to create rank
abundance curves for each experimental group. Briefly, for each experi-
mental treatment and time point, TRFs were presented, with base pair
lengths plotted on the x axis. The peak height was normalized by deter-
mining the percentage of total TRFs for each individual sample. Within
each treatment group, individual mouse TRFs were combined, and the
standard errors of the mean are represented by the error bars. Experi-
ments were performed at least twice, with three to five mice per group per
experiment.

T-RFLP distance matrix construction. Analysis of treatment groups
was performed by first determining the core group of peaks common to a
given treatment group but separate from the noise of the system. To ac-
complish this, peaks that occur in n — 1 of n samples were selected. This
was followed by removing the top 3 peaks (to avoid skewing of the data),
taking the sum of the total peak height, and determining which of the
remaining peaks contribute >1% to the total peak height. These peaks
plus the top 3 peaks formed the peak set for the group. The groups were
then compared to one another through the generation of a distance matrix
(based on the Bray-Curtis distance) and a complete furthest-neighbor
hierarchical clustering of individual samples or groups of samples based
on the sample mean.

Clone library protocol and analysis. Clone libraries were constructed
as described previously (15, 16). Whole DNA isolated from the murine
cecum was amplified with Illustra PuRe Tag ReadyTo Go PCR beads (GE
Healthcare, Piscataway, NJ). Briefly, amplification by PCR was performed
using broad-range primers (8F, AGAGTTTGATCCTGGCTCAG; 1492R,
GGTTACCTTGTTACGACTT). The amplicons were purified with a
commercial kit (GFX; GE Healthcare, Piscataway, NJ) as directed by the
manufacturer. The products were ligated into the Topo 4 vector (Invitro-
gen K4575-01) according to the manufacturer’s specifications, trans-
formed into the provided TOP-10 cells, and plated on LB agar supple-
mented with carbenicillin (50 pg/ml). The resulting colonies were then
grown in 96-well deep-well plates in LB supplemented with carbenicillin
overnight at 37°C. To screen for our desired insert, vector primers were
used to screen the bacterial clones (M13F, CAGTCACGACGTTGTAAA
ACGACGGC; MI13R, CAGGAAACAGCTATGACCATG). Clones that
tested positive for the insert were sent for a single sequencing run using the
8F primer at the Sequencing Facility of the University of Michigan. Raw
sequence data were processed through an automated “information pipe-
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line” available through the Ribosomal Database Project (RDP) website
(http://rdp.cme.msu.edu/). Following alignment of the sequences via
myRDP, distance matrices representing each of the libraries were down-
loaded and taxonomic assignments were designated (95% confidence cut-
off) using the RDP-provided classifier. These distance matrices were
grouped into operational taxonomic units (OTUs), and rarefaction
curves were made using Mothur (30).

T-RFLP-based community analysis. T-RFLP data were converted
into a standard community matrix where, for each sample, the position of
the peak was assigned as an OTU and the height of the peak reflected the
abundance of the OTU. A canonical correspondence analysis (CCA) of
these data was carried out using R (http://www.r-project.org) and the cca
function in the R -package vegan (9). To test whether significant differ-
ences between treatment groups were seen, first, the model was tested for
significance using the function anova.cca, which performs an analysis of
variance (ANOVA)-like permutation test for the joint effect of the con-
straints. After determining the number of significant axes, the coordinates
along an axis were tested using the aov function, followed by a TukeyHSD
posttest.

Additional statistics. All values reported in rank abundance curves
are standard errors of the mean, where mean values are pooled from
independent experiments and are noted for each experiment. Bacterial
and fungal colonization levels were compared by two-way analysis of vari-
ance with a Bonferroni correction (GraphPad Prism 5).

RESULTS

C. albicans colonizes the murine gastrointestinal tract during
disruptions of the bacterial microbiota. Our first objective was to
examine the contribution of the indigenous bacterial microbiota
to resistance against C. albicans CHN1 intestinal colonization in
mice. Germfree female C57BL/6 mice were given a single oral
gavage of C. albicans CHN1, and their levels of fungal colonization
were determined at day 7 and day 21 postgavage through selective
culturing on SDA. Unchallenged germfree mice did not have de-
tectable fungal colonization at any time point (Fig. 1A). Every
germfree mouse given a single oral gavage of C. albicans main-
tained a steady low level of colonization in the proximal small
intestine (pSI), distal small intestine (dSI), cecum, and colon at
both day 7 and day 21 (Fig. 1A). In contrast, C. albicans CHN1 was
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FIG 3 Cefoperazone and C. albicans alter bacterial diversity in the murine cecum. Rarefaction analysis was performed on the TRFs found in the T-RFLP analysis
at days 7 (B) and 21 (D). The solid lines indicate the mean rarefied values, whereas the dashed lines indicate the standard errors (n = 8 per group). (A and C)
Canonical correspondence analysis of the day 7 (A) and day 21 (C) communities; the data were constrained by treatment type. Both models were significant (P <
0.05 [anova.cca]), and both CCA1 and CCA2 were found to be significant axes (P < 0.05) at both time points.

not able to effectively colonize the GI tract in conventional
C57BL/6 mice after a single oral gavage. These mice had extremely
low levels of colonization in the pSI (36% of mice were colonized
onday 7 and 9.1% on day 21), dSI (45% on day 7, 18% on day 21),
and cecum (36% on day 7, 9.1% on day 21) and no detectable C.
albicans CFU in the colon (0% on day 7, 0% on day 21) (Fig. 1B to
E). However, conventional female C57BL/6 mice treated with ce-
foperazone in their water for 1 week (days —7 to 0) followed by a
single oral gavage of C. albicans CHN1 on day 0 showed a consis-
tent, steady low level of colonization at day 7 and day 21 through-
out the intestinal tract (pSI, 100% on day 7, 86% on day 21; dSI,
100% on day 7, 94% on day 21; cecum, 100% on day 7, 88% on day
21; colon, 91% on day 7, 91% on day 21) (Fig. 1B to E). In general,
the levels of colonization were similar to those in germfree mice at
the same time points (Fig. 1A). Untreated mice and mice treated
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only with cefoperazone never had any detectable C. albicans
growth atany time point. Thus, an intact indigenous microbiota is
required for effective resistance against C. albicans colonization in
the intestinal tract.

C. albicans colonization does not cause overt inflammation
in the murine cecum. To look for any evidence of inflammatory
infiltrates or changes in the cecal epithelium, we examined H&E-
stained histological samples of ceca from these mice. C. albicans
colonization of the cecum in the presence or absence of cefopera-
zone treatment did not result in overt inflammation at day 7 (data
not shown) or day 21 (Fig. 2A to D). Consistent with our previous
studies (13), the limiting ridge of the stomach showed erosions at
day 7 and day 21 (data not shown), while the pSI, dSI, and colon
did not show signs of overinflammation at any time point (data
not shown).

Infection and Immunity
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Low-level colonization by C. albicans causes alterations of
the cecal bacterial microbiota during recovery from antibiotic
disruption. To determine if the presence of C. albicans altered the
postantibiotic reassembly of the cecal microbiome, we utilized
T-RFLP analysis to monitor changes in the microbial community
structure over time. Initially, an ordination of the data was carried
out on T-RFLP data using CCA, where the data were constrained
by the treatment that the mice received. Since each sample has
many data points generated from individual category measure-
ments within that sample (e.g., levels of individual TRFs), samples
can be further analyzed by ordination methods, such as corre-
spondence analysis (CA), to reveal patterns in the data set that
could not be found by analyzing each variable separately. Corre-
spondence analysis reduces the dimensionality (or categories) of
the data by combining multiple data categories to create fewer
total categories, with each of these new categories being a “best-
fit” relationship function between specific categories of data.
From this, patterns in the data can be identified that cannot be
found by analyzing each variable separately. This is accomplished
by plotting the sample data on two or more axes, where each axis
is one of the newly derived categories and increasing distance be-
tween samples corresponds to increasing dissimilarity (or differ-
ences) between samples. The first axis is the function that can
predict the greatest amount of the data relationship, while the
second axis is the function that can predict the second greatest, etc.
Statistical tests can be applied to the data in the samples. At day 7
(Fig. 3A), untreated mice or mice treated with C. albicans alone
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had communities that were not statistically significantly different
(P > 0.05). Mice treated with cefoperazone or cefoperazone and
C. albicans had communities that had significantly shifted, as seen
from the large shift along the first canonical axis (P < 0.05). The
bacterial communities in cefoperazone-treated mice were signifi-
cantly different from those in mice treated with cefoperazone and
then gavaged with C. albicans, suggesting that the presence of C.
albicans during antibiotic disruption alters the community.

Rarefaction curves at day 7 (Fig. 3B) suggest that the diversity is
reduced by antibiotic treatment in the presence or absence of C.
albicans, with a trend toward differences in total diversity between
groups. At day 21 (Fig. 3C), bacterial community differences were
observed between all four groups (P < 0.05). The greatest differ-
ences were seen between animals treated with cefoperazone and
those that were not. These data suggest that during antibiotic dis-
ruption, the presence of C. albicans can alter the bacterial commu-
nity structure. Rarefaction curves at day 21 (Fig. 3D) suggest that
the presence of C. albicans changes the diversity of the cecal bac-
terial populations.

A furthest-neighbor hierarchical cluster analysis was per-
formed to create an average dendrogram. At day 7 posttreatment,
all experimental groups had bacterial populations that were dif-
ferent from those of untreated mice. Based upon Bray-Curtis dis-
tances, cefoperazone was the main driving force for changes in the
cecal microbiome at day 7 (Fig. 4A). At day 21 post-antibiotic
treatment, the presence of C. albicans altered the bacterial com-
munity more than the effects of C. albicans alone (Fig. 4B). We
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FIG 5 Rarefaction analysis of microbial communities in the murine cecum. The number of OTUs for each experimental treatment group was used to construct
rarefaction curves from clone library data with an OTU definition of 97% (A and B) or 90% (C and D) sequence similarity. (E and F) Comparison of the cecal
communities in untreated animals and in animals treated with cefoperazone alone, C. albicans alone, and cefoperazone plus C. albicans at day 7 (E) and day 21
(F) using an OTU definition of 97% similarity in the Bray-Curtis similarity metric; the results are displayed in dendrogram format.

generated rank abundance graphs of the T-RFLP analysis to ex-
amine changes in the cecal bacterial microbiome during recovery
from antibiotic treatment (Fig. 4A and B). The disappearance of
some TRFs and the appearance of new TRFs after antibiotic ces-
sation indicate that the cecal bacterial community structure is al-
tered over time by cefoperazone treatment.

To confirm and extend the results of the T-RFLP analysis, 16S
rRNA gene clone libraries were constructed and analyzed with
DOTUR to determine the number of OTUs in the samples. To
examine bacterial diversity in the ceca of the various groups, rar-
efaction curves were created with phylotypes based on an OTU
definition of 97% sequence similarity. At day 7, bacterial diversity
was lower in the microbial communities from both cefoperazone-
treated mice and cefoperazone-treated, C. albicans-colonized
mice (Fig. 5A and E). This analysis was repeated using an OTU
definition of 90% sequence similarity. Again, both the cefopera-
zone-only and cefoperazone-plus-C. albicans groups maintained
reduced phylotype richness (Fig. 5C). Untreated mice and C. al-
bicans gavage-only mice had similar phylotype richness at both
OTU definitions (Fig. 5A, C, And E). At day 21, using OTU se-
quence similarity definitions of both 97% and 90%, only the ce-
foperazone-treated mice had reduced phylotype richness com-
pared to all other experimental groups (Fig. 5B, D, And F). Based
upon Bray-Curtis distances, cefoperazone was the significant
force for changes in the cecal microbiome at day 7 and day 21 (Fig.
5E and F). While cefoperazone-plus-C. albicans mice had altered
bacterial communities at day 7, based on the Bray-Curtis distance,
these populations were beginning to recover by day 21 (Fig. 5E
and F). Thus, the presence of C. albicans in cefoperazone-treated
mice was associated with a recovery of bacterial community diver-
sity in the period between days 7 and 21.
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We further analyzed the 16S rRNA gene clone libraries using
the RDP classifier to generate taxonomic identification of the
clones. At the phylum classification level, untreated mice and un-
treated mice gavaged with C. albicans had similar levels of Bacte-
roidetes (Fig. 6A). Both cefoperazone and cefoperazone-plus-C.
albicans mice were markedly depleted in Bacteroidetes at day 7, but
the phylum had recovered to match the levels observed in un-
treated mice by day 21 in cefoperazone-treated mice if C. albicans
was present (Fig. 6C). At the family level, this difference in Bacte-
roidetes was reflected in relative changes in the Porphyromon-
adaceae. A single member of the Firmicutes, the Ruminococcaceae,
was also depressed at day 7 in both groups of mice treated with
cefoperazone (Fig. 6B and D). Overall, the shifts in diversity noted
in the rarefaction curves (Fig. 5) are largely reflected in changes in
Bacteroidetes membership (Fig. 6).

Effect of cefoperazone and C. albicans on LAB levels. We
previously found that both cefoperazone treatment and C. albi-
cans can alter the LAB levels in the stomachs of mice (13). There-
fore, we utilized selective plating to determine the effects of ce-
foperazone and C. albicans on the LAB in the murine cecum, and
all resulting colonies were further identified through PCR ampli-
fication of the 16S rRNA gene. At day 7, untreated mice and C.
albicans-only mice had LAB populations that were predominantly
Lactobacillus spp. (Fig. 7A). In contrast, cefoperazone-only or ce-
foperazone-plus-C. albicans mice had LAB populations domi-
nated by E. faecalis (Fig. 7A). Cefoperazone, in the presence or
absence of C. albicans, promoted the outgrowth of E. faecalis pop-
ulations in the murine cecum short term. At day 21, untreated and
C. albicans-only mice continued to have LAB populations that
were predominantly Lactobacillus (Fig. 7B). There was a decrease
in Enterococcus populations and an increase in lactobacilli in mice
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Cefoperazone treatment in the presence or absence of C. albicans diminished Bacteroidetes populations in the cecum at day 7. At day 21, the presence of C. albicans during
recovery from cefoperazone resulted in recovery of Bacteroidetes populations, while there was no recovery in cefoperazone-only mice.

treated with cefoperazone only, potentially suggesting that the
Lactobacillus populations were beginning to recover in these mice.
However, mice treated with cefoperazone plus C. albicans did not
recover their Lactobacillus populations at day 21. The LAB popu-
lations in these mice continued to be predominantly Enterococcus,
indicating that the presence of C. albicans during cefoperazone
recovery alters the LAB populations for at least 21 days after anti-
biotic treatment.

We also sought to determine if the E. faecalis and Lactobacillus
johnsonii bacteria isolated from the post-cefoperazone treatment
murine cecum were susceptible to cefoperazone. An in vitro ce-
foperazone susceptibility assay indicated that both E. faecalis and
L. johnsonii were susceptible to concentrations of cefoperazone
that were far lower than the concentration administered in the
mouse drinking water (Fig. 7C). Thus, despite being susceptible to
cefoperazone in vitro, these two species of LAB grew out from the
murine cecum within a week post-cefoperazone treatment.

DISCUSSION

This study investigated the ability of C. albicans to influence the
indigenous microbiota of the murine cecum during reassembly
following broad-spectrum antibiotic treatment. We utilized cul-
ture-independent and culture-dependent approaches to demon-
strate that colonization by nonpathogenic C. albicans can signifi-
cantly alter the bacterial microbiome during recovery from
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cefoperazone treatment. The presence of C. albicans in the antibi-
otic-disrupted bacterial community of the murine cecum was as-
sociated with suppressed regrowth of Lactobacillus populations,
implicating C. albicans in antagonizing Lactobacillus in vivo. The
presence of C. albicans also promoted the recovery of Bacteroidetes
populations during antibiotic recovery. While previous studies
have focused on the ability of bacteria to alter C. albicans, this
study addressed the ability of C. albicans to alter the host micro-
biota during nonpathogenic colonization.

Within a few days or weeks after birth, nonpathogenic C. albi-
cans colonizes the GI tracts of humans (27). C. albicans often per-
sists in the GI tract for long periods without causing any overt
disease, and mouse models have relied upon major disruptions of
the host immune system of the GI microbiota to promote the
development of disease by C. albicans (8, 28, 29). Our germfree
and conventional data confirm previous studies demonstrating
that the bacterial microbiota plays an important role in preventing
Candida dissemination and disease (10, 13, 20-22, 36). C. albicans
adapts to the GI environment through the expression of genes,
such as the transcription factors encoded by EFHI and CPH2, to
maintain colonization in the GI tract during bacterial-microbiota
disruption (25, 36). Other factors involved with adherence, such
as ECEI, can promote GI colonization (19). To minimize altera-
tions in the bacterial microbiota in our studies, all mice were fe-
male C57BL/6 mice, 7 to 9 weeks old, from Jackson Laboratories.

iai.asm.org 3377


http://iai.asm.org

Mason et al.

A Dpay7

Lactic Acid Bacteria community composition

B Dpay21

Lactic Acid Bacteria community composition

Il Lactobacillus [_JEnterococcus @ Lactobacillus [_]Enterococcus [l Other
'\’ ( , \_/
84 8 -
.g * * £
-1 ! FELE |
<8 2 *
Q o
s€ PR '
5 44 8T 44
3 3
24 2 4
LOD LOD
- C. albicans + C. albi - C. albicans + C. albicans - C. albicans + C. albicans -C. albicans + C. albicans
- Cefoperazone + Cefoperazone - Cefoperazone + Cefoperazone
C s5- . N
. 5718 L. johnsonii
€ | E. faecalis
S 4
/]
Q
& 3
o
3]
Q
o 24
[T
[}
S 14
a1
[t
<
0 T
10 15 32 300 500
ug/ml

FIG 7 C. albicans CHN1 during antibiotic treatment promotes E. faecalis growth in the murine cecum. (A and B) The cecum was removed at day 7 (A) and day
21 (B) postantibiotic and differentially cultured to determine total LAB colonization in untreated, cefoperazone-treated, C. albicans-only, or cefoperazone-
plus-C. albicans mice (graphs). LAB colonies that grew on MRS-plus-azide agar were further identified, using colony PCR as described in Materials and Methods,
and expressed as a fraction of the total LAB population in that group (pie charts). The error bars represent the standard errors of the mean (¥, P < 0.05 compared
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3 to 6/group).

The standardization of our mouse genetics, age, and vendor
source helped to minimize changes in the GI microbiota due to
these factors. This study is one of the first to investigate the ability
of C. albicans to alter the microbiota in a nonpathogenic state,
resulting in increased fungal GI colonization. Further studies
must be conducted to determine the mechanisms behind the C.
albicans-induced alterations in bacterial populations.

We propose that the subsequent changes in the bacterial biota
may be in response to the change in C. albicans gene expression dur-
ing cecal colonization following antibiotic-induced disruption of the
microbiota. Candida colonization varies by both mucosal site and
Candida species and strain (24, 31). It is important to note that the
differences between C. albicans strains are not well understood, and
even Candida species show altered organ specificity during GI colo-
nization, as demonstrated by Candida pintolopesii preferentially col-
onizing the murine stomach (2). Gene expression studies of C. albi-
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cans during colonization or systemic infection demonstrate that cecal
colonization results in altered C. albicans gene expression compared
to that in a disease state. Secreted aspartic proteases, well-known C.
albicans virulence factors, are not strongly upregulated during nor-
mal colonization of the murine cecum (25). Other genes typically
found during invasive growth in the host (i.e., DEFI and DFGI6)
were also not upregulated during cecal colonization. CPH2, a tran-
scription factor, is required for the establishment of normal levels of
C. albicans in the murine ceca in an EFGI1-independent mechanism
(25, 36). This suggests that C. albicans responds and adapts to its
presence in different environments within the host. Broad-spectrum
antibiotics work by reducing bacterial populations to create niches
for fungal colonization where C. albicans normally does not colonize.
Additional studies are required to reveal further features of C. albicans
adaptation to the host environment during antibiotic recolonization.

One interesting finding of this study was the ability of C. albi-
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cans to promote Enterococcus populations and to antagonize Lac-
tobacillus population recovery following cefoperazone treatment.
The ability of Lactobacillus to antagonize C. albicans growth, ad-
hesion, and hyphal transformation is well documented. Lactoba-
cillus can displace Candida from the epithelium (29), prevent
germ tube formation (21, 22), and inhibit hyphal invasion (29,
35). Here, we demonstrate that this antagonism can be a bidirec-
tional process. Further, the presence of C. albicans during antibi-
otic recovery promoted the persistence of E. faecalis. E. faecalis is a
species of major concern in hospital settings due to its ability to
acquire antibiotic resistance genes and survive in a broad range of
pH environments (18). Enterococcus is typically found in relatively
low abundance in the GI tract but is well adapted to survival along
the mucosa through its ability to adhere to multiple epithelial and
extracellular matrix proteins (5). Recent work has demonstrated
that oral antibiotics in mice downregulate RegIII'y, a C-type lectin
that inhibits the growth of Enterococcus spp. (3). Regardless of the
antibiotic treatment, RegIII'y has no fungicidal activity (4). A po-
tential mechanism of our model may be the downregulation of
ReglIly by antibiotics and/or by C. albicans, resulting in Entero-
coccus overgrowth. Little is known about LAB niche competition
within the GI tract or the C. albicans-Enterococcus agonism. How-
ever, due to the medical relevance of both species, further studies
investigating the potential symbiosis may provide new insights for
treatments.

The interactions between C. albicans and the Bacteroidetes are
not well investigated. Previous studies have demonstrated the
ability of C. albicans to interact or compete with bacteria, but most
of these studies demonstrate interactions with members of the
Firmicutes (14). Our work demonstrates that C. albicans can pro-
mote the recovery of Bacteroidetes populations during antibiotic
recovery. The mechanism behind this is not understood, but po-
tential interactions include the following: C. albicans could pro-
vide a binding or attachment mechanism for Bacteroidetes to pro-
mote their recolonization in the cecum, yeast glucans could serve
as a potential food source for Bacteroidetes, or C. albicans may
suppress bacteria that usually compete with Bacteroidetes. Bacte-
roidetes is a prominent phylum in the human GI tract, and alter-
ations in Bacteroidetes populations have been associated with
changes in host health (12). Further studies are needed to dissect
the potential interaction between Bacteriodetes and C. albicans
during antibiotic recovery.

This study demonstrated the ability of C. albicans to alter the
microbiota of the murine gut during antibiotic recolonization.
During nonpathogenic colonization, C. albicans promoted the re-
covery of Bacteroidetes populations, antagonized L. johnsonii pop-
ulations, and promoted the persistence of E. faecalis populations
in the cecum. These data demonstrate that while the microbiota
can prevent C. albicans overgrowth, C. albicans can also alter the
microbiota. Unpublished data from our laboratory demonstrate
that changes in LAB in the cecum are long term (up to 58 days
posttreatment), showing that the changes in the bacterial micro-
biota are not transient. In the absence of Candida-induced inflam-
mation or invasion, there is a bidirectional interaction between
normal members of the fungal and bacterial microbiota of the
human gut. A more complete understanding of the interactions
occurring during antibiotic recovery could aid in our understand-
ing of the relationship between the microbiota, C. albicans, and
the host, leading to novel treatments for diseases in the future.
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