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The fungus Candida albicans frequently colonizes the human gastrointestinal tract,
fromwhich it can disseminate to cause systemic disease. This polymorphic species
cantransition between growing as single-celled yeast and as multicellular hyphae to
adapttoits environment. The current dogma of C. albicans commensalismis that the
yeast formis optimal for gut colonization, whereas hyphal cells are detrimental to
colonization but critical for virulence'. Here, we reveal that this paradigm does not
apply to multi-kingdom communities in which a complex interplay between fungal
morphology and bacteria dictates C. albicans fitness. Thus, whereas yeast-locked cells
outcompete wild-type cells when gut bacteria are absent or depleted by antibiotics,
hyphae-competent wild-type cells outcompete yeast-locked cells in hosts with replete
bacterial populations. This increased fitness of wild-type cells involves the production
of hyphal-specific factors including the toxin candidalysin**, which promotes the
establishment of colonization. At later time points, adaptive immunity is engaged,
and intestinal immunoglobulin A preferentially selects against hyphal cells*¢. Hyphal
morphotypes are thus under both positive and negative selective pressuresin the gut.

Our study further shows that candidalysin has a direct inhibitory effect on bacterial
species, including limiting their metabolic output. We therefore propose that
C.albicanshas evolved hyphal-specific factors, including candidalysin, to better
compete with bacterial species in the intestinal niche.

Fungi are life-long components of the human microbiota and are
acquired soon after birth’. Despite being minor constituents of the
intestinal microbiota, commensal fungi have key roles in stimulat-
ing both local and systemic immune responses. These eukaryotic
species can serve protective or pathologic functions that include
roles in inflammatory bowel disease and allergic reactions>*™%,
Candida species can also escape the commensal niche and cause
life-threatening systemic infections, particularly in the immuno-
compromised host'¢8,

One of the most clinically relevant fungal speciesis C. albicans, which
can grow as budding yeast or as filamentous hyphae or pseudohy-
phae®®. This species isacommon component of the human gut micro-
biotaand yet the fungal factors promoting commensalism are poorly
defined, particularly under homeostatic conditionsin which fungiare
vastly outnumbered by bacteria. Previous studies have established that
the yeast-to-hyphal transition s critical for systemic virulence** >, and
yet yeast-locked forms are optimal for commensalismin germ-free (GF)
orantibiotic-treated mice' ***%, Indeed, serial passaging of C. albicans
inthe gut of antibiotic-treated mice repeatedly gave rise to yeast-locked

forms, establishing that loss of the hyphal stateis advantageousin this
environment®.

These observations have led to the paradigm that yeast cells are
optimal for gut colonization whereas the hyphal form is detrimental
to colonization but critical for disease. However, if filamentation is
detrimental to commensal fitness, this raises the question of why this
programme hasbeenretained. Indeed, the vast majority of clinical iso-
lates are capable of undergoing the yeast-to-hyphal transition, whereas
aminority are naturally yeast-locked®. These observations led us to
speculate whether hyphal formation is maintained by certain selec-
tive pressures during C. albicans colonization of the mammalian host.

Here, we examined C. albicans gut colonization in diverse mouse
models, bothinthe presence and absence of bacterial competition. We
demonstrate that intestinal colonization involves acomplexinterplay
between the morphological state of the fungus and the bacterial micro-
biome. Thus, yeast-locked cells demonstrate increased fitness when
intestinal bacteriaare absent or depleted, whereas hyphae formation
is critical for gut colonization when commensal bacteria are prevalent.
We show that filamentation is advantageous for colonization owing
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to the production of hyphal-specific factors including the toxin can-
didalysin—the first true virulence factor identified in a human fungal
pathogen*?*?. Hyphal growth therefore enables C. albicans to propa-
gatein bacterially-colonized hosts, establishing that fungal virulence
factors actas ‘commensalism factors’ duringinter-kingdom competi-
tion in the intestinal niche.

Colonization by yeast-locked C. albicans cells

We performed a series of competition assays to compare the fitness
of wild-type (WT) C. albicans cells with those lacking the Efgl tran-
scription factor, which are yeast-locked under most conditions?>*73°,
Previous studies have often utilized antibiotics to promote stable
gut colonization with C. albicans'>****', Here, colonization was
compared in hosts fed a standard diet (SD) (FormuLab 5001) versus
those fed alow-fibre, high-sucrose purified diet (PD) (AIN-93G), both
withand without antibiotics. PD-fed hosts were previously shown to
support long-term C. albicans colonization even without antibiotic
dysbiosis®.

We first compared the relative colonization fitness of the stand-
ard C. albicans WT strain SC5314 with efg14/A cells constructed in this
background. Consistent with previous studies'>?*%, efg14/A cells out-
competed WT SC5314 cellsin mice treated with antibiotics (penicillin/
streptomycin), reaching more than 90% of the fecal population by two
days after infection, independent of whether mice were fed the SD
or the PD (Fig. 1a-c). efgl1A/A cells also dominated in gastrointestinal
organs taken fromthese hosts (Extended DataFig.1a,b).In contrast to
colonization of antibiotic-treated hosts, however, efg14/A4 cells exhib-
ited amarked fitness defect relative to WT SC5314 cells in both SD-fed
and PD-fed mice in the absence of antibiotics (Fig. 1d,e). For PD-fed
hosts, WT SC5314 cells made up 96% of the population recovered from
fecal pellets by day 3and 100% of the population by day 7 (Fig. 1e) and
dominated in gastrointestinal organs recovered at the experimental
endpoint (Extended Data Fig. 1c). WT cells also dominated in SD-fed
hosts, showing significantly higher fitness than efg14/A cells (Fig. 1d).
C.albicansWT SC5314 cells show limited colonization of SD-fed hosts
without antibiotics; we therefore also compared WT versus efgl4/4A
fitness using C. albicansisolates 5291 and CHN1, which stably colonize
SD-fed mice even without antibiotics®. WT versions of both 529L and
CHNI1outcompeted efgl4/A derivativesin antibiotic-naive SD-fed mice
and colonization levels were stably maintained, in contrast to the out-
come observed with SC5314 cells (Extended Data Fig.1d-f).

The colonization properties of SC5314 WT and efgl4/A strains
were further compared by individually inoculating these strains into
mice alongside an SC5314 strain lacking NRGI that is constitutively
filamentous® 3¢, Both efgl4/4 and nrglA/A cells were defective for
colonization of PD-fed mice (Fig. 1f), in line with a study showing that
hyphal-locked cells are also defective in colonizing antibiotic-treated
mice”. WT SC5314 cellsadopted both yeast and hyphal morphologies
in antibiotic-treated hosts, whereas more than 98% of efg14/A cells
were yeast cells and more than 90% of nrgiA/A cells were filamentous
cells (Fig. 1g,h). Fungal morphotypes were also evaluated in caecal
contents from antibiotic-naive, PD-fed mice, which again showed that
WT SC5314 cells adopted both yeast and hyphal forms, whereas efg14/4
and nrglA/A cells were essentially yeast-locked and hyphal-locked,
respectively (Fig.1i,j).

We also evaluated the fitness of yeast-locked flo84/A cells, as FLOS
is asecond transcription factor that is important for hyphal develop-
ment? (Extended Data Fig. 2a,b). flo84/4 SC5314 cells outcompeted
their WT counterparts in GF and antibiotic-treated hosts (Extended
Data Fig. 2c—e) but, similar to efgl4/4 cells, showed decreased rela-
tive fitness in antibiotic-naive PD- and SD- fed mice (Extended Data
Fig. 2f,g). Deletion of FLOS8 in strains 529L and CHN1 also resulted in
reduced fitness relative to their WT controls in antibiotic-naive hosts
(Extended DataFig. 2h,i).

Together, these results reveal that yeast-locked cells exhibit a colo-
nization fitness advantage over filamentation-competent WT cells
inantibiotic-treated mice that are depleted for bacteria. By contrast,
therelative fitness of these strainsis reversed in antibiotic-naive mice,
in which WT cells are fitter than yeast-locked (and hyphal-locked)
mutants. Both fungal morphotypes (or transitions between mor-
photypes) are therefore required for gastrointestinal colonization of
antibiotic-naive hosts. Moreover, these results were independent of
the mouse diet, fungal strain or mouse background, establishing the
generality of these findings.

Diet and antibiotics alter the bacterial microbiome

Giventhatachangeindiet orantibiotics canalter fungal gut commen-
salism, we examined the effects of these factors on the bacterial micro-
biome, both with and without C. albicans colonization. In the absence
of antibiotics, SD-fed mice displayed decreasing levels of C. albicans
inthe gut and most lost fungal colonization by day 21, whereas PD-fed
mice and those on antibiotics exhibited stable C. albicans coloniza-
tionthroughout the experiment (Extended Data Fig. 3a,b). SD-fed and
PD-fed mice showed average bacterial loads 0f 10 to 10" CFU gin fecal
pellets that decreased 10* to 10°-fold upon antibiotic supplementation
(Extended Data Fig. 3c,d). Under these conditions, antibiotic-naive
mice therefore harbour an ‘intact’ bacterial microbiota with more
than 10° bacterial CFU g*. Notably, C. albicans colonization did not
significantly affect total gut bacterial loadsin any of the groups tested
(Extended Data Fig. 3c,d).

To assess intestinal bacterial communities, we performed 16S rRNA
sequencing. A shift in diet had the largest effect on 16S composition
(Extended Data Fig. 3e), with a significantly lower Shannon Diver-
sity in PD-fed mice than in SD-fed mice at days 7 and 10 (Extended
Data Fig. 3f). PD-fed mice also harboured higher Deferribacterota
(day 1, 3, 14, 21 and SI), Proteobacteria (day 10) and Verrucomi-
crobia (SI), but lower Bacteroidota (day O and 3) than SD-fed mice
(Extended DataFig. 3g). SD-fed mice were initially associated with more
Firmicutes, including Bacilliand Clostridia, as well as increased Myco-
plasmota (Anaeroplasma), whereas PD-fed mice were associated with
more Alphaproteobacteria (Rhodospirales) (Extended Data Fig. 4a-d).
Inaddition to depleting intestinal bacterial levels, antibiotic treatment
shifted the composition of the bacterial microbiome, with a larger
effect in PD-fed mice than in SD-fed mice (Extended Data Fig. 3h,i).
The most significant effects of antibiotics included an increase in
Proteobacteria and Actinobacteria (multiple time points with both
diets), as well as a decrease in Bacteroidota at early time points
(Extended DataFig. 3h,i).

C.albicans colonization did not affect overall bacterial levels or alter
Shannon diversity, but still had a significant effect on microbiome
composition (Extended Data Figs. 3¢,d,j-m and 5a-c). C. albicans
decreased Actinobacteria in PD-fed mice (day 7 and 21) and in SD-fed
mice given antibiotics (day 3 and 21) (Extended Data Fig. 3k, m). Egger-
thellaceae was the major family represented in the Actinobacteria
phylum and the relative abundance of this phylum decreased in several
groups that harboured C. albicans at day 21 (Extended Data Fig. 3n).
C. albicans also impacted the Verrucomicrobia phylum; it decreased
this phylum in SD-fed mice (day 1, 14 and 21) and PD-fed mice with
antibiotics (day 10) yet increased this phylum in PD-fed mice with-
out antibiotics (day 7) (Extended Data Fig. 3j-1). At the genus level,
C.albicans colonizationin PD-fed miceled to decreased abundance of
Enterorhabdus and Gordonibacter from the Actinobacteria phylum
(Extended Data Fig. 4e-h).

Together, these data demonstrate that antibiotic treatment or
changing of the diet (from SD to PD) caused substantial changes to
gut bacterial populations, including a higher abundance of aerobic
Proteobacteria, amarker of microbiome dysbiosis*. Disruption of the
bacterial microbiome was therefore associated with increased fungal
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Fig.1| The colonizationfitness of C. albicans WT and yeast-locked cells is
dependent onthe mouse model. a, Schematic of C. albicans colonization
models. BALB/c mice were gavaged witha l:1mixture of WT and efgIA/A cells
(or EFGI/efg1A and efgl1A/A cells) and fed aSD or a PD. Drinking water was
supplemented with penicillin/streptomycin (P/S) as indicated. C. albicans
colonies were examined in fecal pellets at the indicated time points.b-e, WT
(CAY2698) versus efg14/A (CAY11750) competition in the SD + P/S (b), PD + P/S
(c) or SD (d) models; EFG1/efg1A (CAY7064) and efgl4/A (CAY7769) were
competedinthe PD model (e). f, PD-fed mice were colonized with C. albicans
and the number of colony forming units (CFU) per gram of fecal pellets was
determined.n =4.LOD, limit of detection. g, Analysis of cellmorphology of
WTSC5314, efglA/A and nrglA/A cells. C. albicans cells were stained with

colonization. By contrast, introduction of C. albicans was associated
with limited changes to bacterial populations including the restriction
and expansion of certain specific phyla.

Bacteriagovern the fitness of C. albicans cells

To further address how changes in the bacterial microbiome affect
fungal fitness, we performed competition experiments in GF mice and
inmice that harboured specific bacterial communities. Consistent with
previous studies*, GF mice were stably colonized by WT SC5314 cells.
Moreover, yeast-locked efg14/4 cells showed equal or higher fitness
than WT cells in these hosts; efgl4/A cells outcompeted WT cells in
GF C57BL/6 and BALB/c mice (Fig. 2a,b and Extended Data Fig. 6a,b),
whereas these cell types showed equivalent fitness in GF NMRI mice
(Extended DataFig. 6c¢).

Toevaluate the effect of different bacterial species on C. albicans col-
onization, WT and efg14/4 cells were inoculated into gnotobiotic mice
harbouring the oligo-mouse-microbiota of 12 (OMM®) or 15 (OMM?)
defined bacterial species, or the altered Schaedler flora (ASF) of 8 spe-
cies®*, These consortia, to varying degrees, can limit colonization by
enteric pathogens such as Salmonella enterica serovar Typhimurium®.
C.albicans competition assays revealed thatin contrast to GF mice, WT
cells rapidly outcompeted efgl4/A cells in the presence of each of the
three bacterial consortia (Fig. 2c-e). For example, WT cells represented
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anti-Candida antibody (green) and epithelial cells were stained with DAPI
(blue) inthe SD + P/S model. Scale bar, 100 pm. h, Quantitative analysis of yeast
and filamentous morphotypes from colonic sections (C57BL/6 mice) using the
SD +P/Smodel. For WT (CAY2698), n =10; efglA/A (CAY10965),n = 5; nrglA/A
(CAY1398),n=5.1i, Analysis of cellmorphology of WT SC5314, efg14/4 and
nrglA/A cells cultured at 37 °Cin caecal contents from PD-fed BALB/c mice.
Scalebar, 20 pm. j, Quantitative analysis of yeast and filamentous morphotypes
incaecal contentsini.n=3.Gl, gastrointestinal. Dataare mean +s.e.m.; each
datapointrepresents anindividual mouse. Inj, each data pointrepresents an
individual experiment.b-e, Paired t-test (two-tailed). f,h,j, Mann-Whitney
(two-tailed) test.

more than 99% of the colonizing population by day 7 in mice carrying
either the OMM® or ASF consortium (Fig. 2d,e). The presence of each
of these defined bacterial populations therefore strongly selects for
filamentation-competent WT cells over yeast-locked efg14/A cells. Total
Candida colonization levels were also two to three orders of magnitude
lower in hosts harbouring OMM" or OMM?" than in comparable GF
hosts (Extended Data Fig. 6e,f).

Similar competitions were performed in ampicillin-treated SD-fed
mice into which an ampicillin-resistant (Amp®) Gram-negative or
Gram-positive strain had been introduced prior to C. albicans inocu-
lation (Fig. 2f). Ampicillin treatment led to a decrease of three orders
of magnitude in gut bacterial loads consistent with previous studies*,
whereas Ampr® Escherichia coli, Klebsiella pneumoniae or Enterococcus
faecium colonized to high levelsin ampicillin-treated mice (Fig.2g,h).
The presence of Amp® bacteria restricted, but did not prevent, fungal
colonization; fungal CFUs were more than 107 cells per gram in fecal
material from ampicillin-treated mice but decreased to 1.5-4.0 x 10°
cells per gram when mice were pre-colonized with Amp® bacteria
(at 7 days after infection; Fig. 2i). Yeast-locked efgl4/A cells outcom-
peted WT C. albicans cells in ampicillin-treated mice as expected
(Fig.2j), butinclusion of any of the three Amp® bacterial species resulted
in WT cells rapidly outcompeting efgl4/A cells (population >90% WT
by day 5; Fig. 2k-m). Indeed, introduction of E. coli cells into a GF host
also strongly selected for WT cells over efgiA/A cells (Extended Data
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Fig.2|Colonizationfitness of WT and yeast-locked C. albicans cellsinhosts
harbouringdifferent bacterial populations. a, Schematic of gut colonization
assaysingnotobiotic hosts thatare GF or harbour different bacterial consortia.
Mice were inoculated withal:1mixture of WT and yeast-locked efg14/4A
(CAY11750) cells (SC5314 background). b-d, Competition outcomes in GF
C57BL/6 mice (b), NMRI mice harbouring the OMM*? consortium (c), C57BL/6
mice harbouring the OMM" consortium (d) or the ASF consortium (e).
f,Schematic of competition experiments using SD-fed mice supplemented
withampicillin (Amp). Mice were colonized with Amp® bacteria prior to gavage
with C. albicans or were given C. albicans without bacteria. g, Total bacterial
levelsinfecal pellets were determined by quantitative PCR. No treatment,

Fig. 6d), establishing that bacterial monocolonizationis sufficient, at
high CFU levels, to drive the selection for filamentation-competent
WT cells over yeast-locked cells. By contrast, gavage of heat-killed
E.colicellsdid notselect for WT cells over efgl4/A cells (Extended Data
Fig. 6g) indicating that dead bacteria do not affect fungal fitnessin the
same way as live bacteria.

Adaptive immunity in C. albicans colonization

Recent studies have shown that C. albicans morphotypes are differ-
entially targeted by adaptive immunity in the gut. Hyphal cells pref-
erentially induce intestinal immunoglobulin A (IgA) which binds to
prominent hyphal-specific factorsincluding Als1, Als3 and Hwp1'®. Loss
ofIgAincreases the proportion of hyphae presentin the gut, indicating
that the filamentous state is suppressed by antibody responses. This
in turn can promote the long-term fitness of C. albicans populations
in GF mice by favouring colonization by cells in the yeast form»*,
Induction of IgA takes at least a week’, and therefore C. albicans-
specific IgA did not contribute to the fitness advantages of WT over
yeast-locked cells described here, as these arise early (within1-3 days)
followinginoculation (Fig.1e). To further address this point, the fitness
of WT and efgI4/A cells was compared between WT and Ragl™ mice, as

SD + Amp + K. pneumoniae 1M
100

80 <

60 E

40 5

20 @
0

Time after infection (days)

Time after infection (days)

samples collected prior to ampicillin supplementation. Ca, C. albicans; Ec,

E. coli; Ef, E. faecium; Kp, K. pneumoniae. h,i, Bacterial (h) and C. albicans (i) CFUs
quantifiedinfecal pelletsat1,3 and 7 days after infection. n = 8 inampicillin-
treated mice without bacteria, n =6 inmice with £. coli,n=3inmice withK.
pneumoniae,n=4inmicewith E. faecium,and n= 6 in mice withnoadded
bacteriatreatment.j, WT versus efgl4/A competitionin ampicillin-treated mice.
n=8.k-m,Competitions performed in ampicillin-treated mice pre-colonized
with AmpRE. coli (K), K. pneumoniae (1) or E. faecium (m).n=6 (k),n=3(l),
n=4(m).Eachdatapointrepresentsanindividual mouse.b-e,g-m, Data
aremean +s.e.m.b-e,j-m, Paired t-test (two-tailed). g-i, Mann-Whitney
(two-tailed) test.

thelatterlack B cellsand T cells. We observed that C. albicans WT cells
rapidly outcompeted efgi4/A cells in both control and Ragl ™ SD-fed
mice without antibiotics (Extended DataFig. 6h,i), establishing that the
increased fitness of WT over yeast-locked C. albicanscellsisindepend-
ent of IgA responses at early stages of colonization. Of note, overall
fungal colonization levels were similar between controland Ragl” mice
up to 7-10 days, yet by 14 days fungal loads were significantly higher
in Ragl”™ mice (Extended Data Fig. 6j), consistent with IgA targeting
WT C. albicans cells at the later time points™®.

These results establish that hyphae-competent C. albicans cells
exhibitan early fitness advantage over yeast-locked cells in mice with
anintact (antibiotic-naive) bacterial microbiome and that this advan-
tage is present in both control and RagI”™ mice. At later time points,
however, adaptive immunity can potentially restrict the fitness of
WT C. albicans cells, in line with IgA targeting of hyphal-specific cell
surface adhesins™®.

Hyphal-specific effectors promote gut colonization

We tested whether the increased colonization fitness of C. albicans
WT cells over yeast-locked forms was owing to the expression of cer-
tain hyphal-specific genes?® (HSGs). HSGs are highly expressed in the
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Fig.3|Candidalysin promotes C. albicans colonizationin mice harbouring
intact (antibiotic-naive) bacterial microbiomes. a, Experimental design
of C.albicans WT versus ecelA/A or ecelA/A + ECE1AplIlin conventional or
gnotobiotic hosts. b-e, Competitionbetween WT and ece14/A cellsin PD-fed
BALB/c mice (b), SD-fed BALB/c mice on penicillin/streptomycin antibiotics
(c), GF C57BL/6 mice (d) and GF C57BL/6 mice pre-colonized with E. coli (). WT
(CAY12202) versus ecelA/A (CAY8578) inb,d,e. WT (CAY11533) versus eceld/A
(CAY11507)inc.n=4inb,n=35inc-e.f,g, Competitionsbetween WT (CAY12202)
and ecelA/A+ECE1ApIII (CAY8580) in GF C57BL/6 mice (f) and PD-fed BALB/c
mice (g).n=4.h, Colonizationlevels of WT (CAY2698) and ece14/A (CAY8785)
strainsindividually colonizing SD + P/S mice.n=3.1i, Colonizationlevels of WT
(CAY2698), ece1A/A (CAY8785) and ecelA/A + ECE1ApIII (CAY8580) strains

gut, where their expression is lost upon deletion of EFGI*. Prominent
HSGs include established virulence factor genes such as ECE1, which
encodes the peptide toxin candidalysin**?*** This factor damages
epithelial cells and has been linked to inflammatory bowel disease’
and to colonization fitness in antibiotic-treated mice®. Other promi-
nent HSGs include ALS3, which encodes an adhesin*® and invasin* that
alsomediatesiron acquisition*, and SODS, which encodes asuperoxide
dismutase that protects against oxidative stress**.

Each of these HSGs was deleted from SC5314 and the coloniza-
tion fitness of each mutant was compared with WT controls. Loss
of either ECEI or ALS3, but not SODS, resulted in a fitness defect in
antibiotic-naive hosts (Fig. 3a,b and Extended Data Fig. 7a,b,d). For
example, competition of WT and ece14/A cells showed that the coloniz-
ing population consisted entirely of WT cells in fecal pellets as early
as 7 days after infection in PD-fed hosts (Fig. 3b) as well as in gastro-
intestinal organs from these mice (Extended Data Fig. 8a,b). A simi-
lar colonization defect was observed with ecei4/A cells constructed
in the 5291 and CHN1 strain backgrounds in antibiotic-naive hosts
(Extended Data Fig. 8c,d). By contrast, loss of ECEI (as with loss of
EFGI) did not substantially decrease fitness in antibiotic-treated or
GF mice (Fig. 3c,d and Extended Data Fig. 8e,f), whereas loss of ALS3
caused fitness defectsin both antibiotic-treated and antibiotic-naive
hosts (Extended DataFig.7d,e). The fitness advantage of WT cells over
ecelA/A cells was restored in GF mice by pre-colonization with E. coli
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individually colonizing PD-fed mice.n = 4.j,k, Analysis of cells in the colon of
BALB/c SD +P/S mice infected with WT (CAY2698) or ece14/A (CAY8785) cells
at7 days post-infection. j, Percentage of filamentous cells. n = 3.k, Staining
with anti-Candida antibody (green) and DAPI (blue). Hyphal cellsindicated by
arrows. Scalebars,20 pm.1,m, Analysis of cellmorphology of WT (CAY2698)
and ecelA/A (CAY8785) cells cultured at 37 °Cin caecal contents from

PD-fed BALB/c mice, n=4.1, Quantitative analysis of yeast and filamentous
morphotypes. m, Staining with anti-Candida antibody (green) and DAPI (blue).
Scalebar, 50 pm. Each data point represents anindividual mouse. b-j,I, Data
aremean +s.e.m.l, Each data point represents anindividual experiment.
b-g, Paired t-test (two-tailed). h-j, Mann-Whitney (two-tailed) test. 1, Unpaired
t-test (two-tailed).

(Fig.3eand Extended DataFig. 8g). These results indicate that bacterial
colonization levels determine the relative fitness of WT populations
versus ecel4/A populations in the gut, as they do for WT cells versus
efgla/A cells.

The ECE1 gene product is proteolytically processed into eight
peptides, of which the third peptide (plll) represents the candid-
alysin toxin. WT cells were competed against ecelA/A + ECE1AplII
cells, which lack only the toxin-encoding peptide and, similar to
full ECE1 gene deletions, ECE1AplII cells showed equivalent fitness
levels to WT cells in GF mice (Fig. 3f and Extended Data Fig. 8h), but
were rapidly outcompeted by WT cells in conventionally-housed
antibiotic-naive mice (Fig. 3g and Extended Data Fig. 8i). Mice were
also individually colonized with WT, ecelA/A or ece1A/A + ECE1Aplil
strains, both with and without antibiotic supplementation. Each of
these strains colonized to similar levels in mice treated with antibi-
otics (Fig. 3h), in contrast to a previous analysis of ece14/A cells®.
WT and ecel4/A cells also showed similar filamentation profiles in
these hosts (Fig. 3j,k), consistent with in vitro studies*. However,
ecelA/A and ecelA/A + ECE1AplI cells both showed substantial colo-
nization defects relative to the WT strain in antibiotic-naive mice
(CFU levels 26- to 32-fold lower than WT; Fig. 3i). Filamentation of
ecelA/A cellswas also similar to WT cells when evaluated in caecal con-
tentsfromthese mice (Fig.31,m). Theseresults establish that the hyphal
programme promotes C. albicans commensalism in mice harbouring
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Fig.4|Candidalysin peptide exhibits direct anti-bacterial activity.

a, C.albicans can grow as yeast or filamentous forms, including pseudohyphae
ortrue hyphae.Hyphal cells express aset of HSGs thatinclude ECE1, which
encodes the candidalysin toxin. The Ecel proproteinis proteolytically
processed by Kex2 and Kex1to produce mature candidalysin peptide (Cal).

b, Quantification of E. coli, E. faecium and K. pneumoniae colonies following

anintact bacterial microbiome and does so, atleastin part, owing to
the expression of HSGs such as ECE1.

Candidalysin exhibits anti-bacterial properties

To determine how ECE1 affects gut commensalism, we evaluated
the global transcriptomes of WT and candidalysin-deficient ece14/A
and ecelA/A + ECE1Aplil strains. Loss of either the ECEI gene or
the plll peptide had little effect on the transcriptome, even under
filamentation-promoting conditions, including the expression of
other HSGs (Extended Data Fig. 9a). We engineered WT and ecel4/A
cellsto express GFP or RFP to enableinvitro head-to-head competitions.
Competitions were performed under a variety of biologically relevant
conditions including growth in RPMI medium at 37 °C with CO,, acidic
pH (pH4.7), high salt (1 MNaCl), hypoxia (1% O,) oxidative stress (2mM
H,0,), orinthe presence of short-chain fatty acids (2% acetate) (Extended
DataFig. 9b-g). We did not observe any differences in fitness between
WT and eceld/A cells in any of these conditions. The ability of ece14/4
and WT cells to grow on epithelial cells also revealed no difference
between the two cell types (Extended Data Fig. 9h). WT and candidalysin-
deficient cells therefore exhibit similar abilities to propagate under
invitro conditionsincluding those associated with physiological stress.

challenge with 70 uM candidalysin peptidein PBS at 37 °C for the indicated times.
n=3.c,Effect of candidalysin on bacterial metabolism as determined by XTT
assays. Activity isshown as a percentage of the no-candidalysin control
(dottedline). n=4.d, Effect of candidalysin concentration on bacterial glucose
uptake.n=3.RLU, relativelight units. Dataare mean + s.e.m.; each data point
representsindependent experiments. b-d, Unpaired t-test (two-tailed).

Given that the contribution of Ecel to commensal fitness depends
on bacterial competition, we tested the direct effect of synthetic can-
didalysin peptide on the bacterial species used in our gastrointesti-
nal colonization assays. Notably, candidalysin peptide significantly
reduced the number of CFUs generated by E. coli, K. pneumoniae and E.

faecium, resultinginatwofold to threefold decrease in CFU formation
by each of these species (Fig. 4a,b). Candidalysin also decreased the
metabolic activity of all three bacterial species in a dose-dependent
manner, with 70 uM candidalysin peptide decreasing E. coli metabo-
lism by around 80% (Fig. 4c). Candidalysin peptide decreased glucose
consumptionintwo of the three species (£. coli and K. pneumoniae) by
1.5-to2.5-fold (Fig. 4d). Together, these results reveal that candidalysin
toxin can directly inhibit the growth and metabolism of commensal
bacterial species that compete for resources with C. albicansin the
gut, in addition to the established role of candidalysin in mediating
host cell damage and inflammation.

Discussion

C.albicansis acommensal of the human gastrointestinal tract, where
ithaskeyrolesinlocal and systemicimmune responses, in addition to
its ability to escape this niche and cause systemic disease. Currently,
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the yeast form of the species is thought to be optimal for colonization,
whereas the filamentous formis deemed detrimental to gut fitness but
critical for pathogenesis'>*?, From an evolutionary perspective, this
raises the question of why filamentation has been retained by the spe-
ciesifitreduces fitness in the natural environmental niche. Similarly,
although candidalysin toxin is an established virulence factor that is
essential for epithelial cell damage* and is associated with escape from
macrophages®, it is unclear what intrinsic advantage expressing this
toxin provides to commensal fungal cells.

Here we reveal that both yeast-locked and hyphal-locked C. albi-
cans cells are defective in intestinal colonization when an intact
(antibiotic-naive) bacterial microbiome is present. The ability of cells
to existinboth morphotypes, orto transition between morphotypes,
is therefore as critical to the commensal fitness of the species as it is
forvirulence?® 3, We show that hyphal-specific factors promote initial
colonization of the gut owing to the expression of HSGs including ECE1
(encoding candidalysin) and ALS3 (encoding a multifactorial adhesin
andinvasion), establishing that these factors provide anintrinsic ben-
efit to the cells producing them.

Fitness differences between WT and yeast-locked cells arise within
1-3 days of inoculation, ruling out a role for adaptive immunity in
driving this selection, and analysis of colonization in RagI™ mice
further established that such fitness differences are independent
of the involvement of adaptive immunity. Notably, WT C. albicans
colonization levels at later time points (14 days) were higherin Ragl™”
mice thanin control mice, indicating that adaptive responses restrict
fungal colonization, and consistent with the observation that mucosal
IgA preferentially targets hyphal C. albicans cells*®. Hyphal cells are
therefore the target of both positive and negative selective pressures
in the gut environment.

Our work also establishes that the fitness of different C. albicans
strainsinthe gutis determined by bacterial populationsin this niche.
Most studies of fungal commensalism have utilized antibiotic-treated
hosts to promote colonization, yet this dysbiosis alters the relative fit-
ness attributes of WT and mutant C. albicans strains. As shown in the
current study, yeast-locked cells are hyperfitin mice given antibiotics,
but exhibit a lower fitness than WT cells in antibiotic-naive mice, in
which bacterial loads are orders of magnitude higher. Moreover, dif-
ferent bacterial populations can select for WT cells over yeast-locked
cells, implicating bacterial colonization levels, rather than specific
bacterial species, as responsible for driving this selection.

The effect of ECE1 on fitness was, similar to that of yeast-locked
cells, most evident in antibiotic-naive mice harbouring high bacte-
rialloadsin the gut. Under these conditions, WT cells were fitter than
candidalysin-deficient cells during early colonization, both when
tested individually and in head-to-head competitions. The latter
result establishes that toxin production provides an intrinsic benefit
to toxin-producing cells rather than a change to the environment that
favours all commensal C. albicans cells. Loss of ECE1 did not markedly
alter the C. albicanstranscriptome or fitness in vitro, including during
infection of epithelial cells. Candidalysin had adirect inhibitory effect,
however, on the growth and metabolism of bacterial species shown
to compete with C. albicansin vivo. These results implicate candida-
lysin in promoting gut commensalism through the direct targeting
of bacteria that are competing for resources with C. albicans. This
toxin therefore supports the establishment of fungal colonization by
mechanisms distinct from, or in addition to, its established roles in
cell damage and mucosal inflammation*®. Future studies will further
address the specificity of candidalysin on different bacterial species
and whether this toxin has additional functions that enable fungal
gut colonization.

Insummary, wereveal that virulence factors produced by C. albicans
hyphal cells are also bona fide commensalism factors that support
fungal propagation in the gut when bacterial competition is high. These
factors provide intrinsic benefits to the fitness of fungal cells, consistent

626 | Nature | Vol 627 | 21 March 2024

with commensal niches acting as ‘training grounds’ for the selection
of traits that are critical to both commensalism and pathogenicity*.
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Methods

Mice

Age- and sex-matched mice were used in this study. Mice were moni-
tored under care of full-time staff, given access to food and water ad
libitum and maintained under a 12-h light:dark cycle, with tempera-
ture maintained at 22-25 °Cand arelative humidity of 30-70%. Unless
stated otherwise, conventional WT 7-to 8-week-old, female BALB/c mice
(strain code 028) and 7- to 8-week-old, female C57BL/6 ) mice (stock
no. 000664) were obtained from Charles River Laboratories and The
Jackson Laboratory, respectively, to perform experiments at Brown
University. Male and female GF BALB/c mice (4-5weeks old) obtained
from Taconic Biosciences (Extended Data Figs. 2b and 6b) and female
GF WT C57BL/6 (9-10 weeks old) from the National Gnotobiotic Rodent
Resource Center (NGRRC) (University of North Carolina, Chapel Hill,
NC) were housed and experiments conductedin aflexible isolator bub-
ble at Brown University (Fig. 3d,f and Extended Data Fig. 8d,e). NMRI
mice were bred and raised under GF conditions in the Central Animal
Facility of the Hannover Medical School (Hanover, Germany) (Extended
DataFig. 6¢,d). Mice of both sexes were used at 7-10 weeks of age. Lit-
termates of the same sex were randomly assigned to experimental
groups. After inoculation with C. albicans, mice were maintained in
ventilated cages. Female GF C57BL/6 mice (7-8 weeks old) at the New
York University Grossman School of Medicine Gnotobiotics Animal
Facility were used to conduct the experiments in Bioexclusion cages
(Tecniplast) (Fig. 2b,c). Male ASF*? C57BL/6 mice (6 weeks old) from
Taconic Biosciences were used to perform the mouse study in Taconic’s
Isolator Breeding Solutions (IBS) facility housed inagnotobiotic study
isolator (Fig. 2e). Female GF C57BL/6 ) mice (11-12 weeks old) from
NGRRC were used for experiments performed at University of North
Carolina (UNC) (Fig.3e and Extended Data Fig. 8h). Mice were assigned
randomly to experimental groups and colonization assays were per-
formed unblinded to know the identity of each group.

Mediaand reagents

Yeast extract peptone dextrose (YPD) and synthetic complete dextrose
(SCD) medium were made as previously described****. YPD contain-
ing 200 pg ml™ nourseothricin (Jena Biosciences) was used to select
nourseothricin-resistant (NAT®) strains. SC + maltose plates were pre-
pared as for SCD but with 2% maltose instead of 2% dextrose. £. coliand
K. pneumoniae were grown and maintained in Luria broth (LB) and
E. faecium was grown in Todd Hewitt broth.

Construction of plasmids and C. albicans strains
Oligonucleotides and C. albicans strains used in the present study
are listed in Supplementary Tables 1and 2, respectively. To create the
efglA/A strain, pRB721% was linearized with Apal and Sacl and trans-
formedinto SC5314, 529L or CHN1to generate efglA/EFGI derivatives.
Integration was checked by PCR with oligonucleotides 2284/4438 and
2286/4439 for 5’ and 3’ junctions, respectively. The SATI marker was
recycled after growing on SC + maltose medium and the second allele of
EFG1was deletedin SC5314 and CHN1backgrounds by transformation
with linearized pRB721 to generate efgl4/A strains. PCR with oligonu-
cleotides 819/828, 2284/4438 and 2286/4439 was used to check the
open reading frame (ORF), 5’ junction and 3’ junction, respectively.
Mutant strains were grown on SC + maltose torecycle the SATI marker,
resultingin nourseothricin-sensitive (NAT®) efg14/A strains (CAY10195
and CAY10965inSC5314, and CAY11184 in CHN1). To delete the second
EFGIallele in 529L, PCR with oligonucleotides 5948/5949 was used to
amplify a hygromycin B (HYG) resistance cassette from pRB195* and
transformed into efglA/EFGIto generate efglA/A (CAY11482). PCR using
oligonucleotides 819/828, 4476/1458 and 2910/1459 was used to check
OREF, 5’ junction and 3’ junction, respectively.

Todelete FLOS8, a pSFS-FLO8knockout plasmid (pRB989) was gener-
ated by PCR amplification of the FLO8 5’ and 3’ flanking regions using

oligonucleotides 4988/4989 and 4990/4991, respectively, and inserting
into Apal/Xholand Sacl/Sacllsitesin pSFS2A%. pRB989 was linearized
by Apaland Sacland transformed into WT 529L and CHN1 cells to gener-
ateflo84/FLOS cells. PCR with oligonucleotides 4982/2274 and 5076/739
was used to check cassette integration. After recycling the SATI marker
by growing on SC + maltose medium, linearized pRB989 was again
used to delete the second FLOS allele to generate flo84/A. PCRs were
performed to check the ORF, 5’ junction and 3’ junction using oligo-
nucleotides 4986/5200, 4982/2274 and 5076/739, respectively. Cells
were grownon SC + maltose medium to produce NAT flo84/4 mutants
in 529L (CAY11180) and CHN1 (CAY11186).

Togenerate SC5314 ecelA/A (CAY8785), oligonucleotides 4248/4249
were used to PCR amplify the ARG4 and HISI cassettes from CAY8578
(ece14/A*) and transformed into strain SN95. Cells were grown on SC
medium without arginine to select transformants. Junction PCR checks
were performed using oligonucleotides 4252/4287 and 4286/4253.
The transformation was repeated to delete the second ECE1 allele and
transformants grown on SC medium lacking histidine and arginine.
Transformants were PCR checked using oligonucleotides 4250/4251
for ORF,4252/4289 for the 5’ junction and 4288/4253 for the 3’ junction.

To delete ECE1in 529L and CHN1, a pSFS-ECEI knockout plasmid
(pRB1481) was generated by inserting the 5" and 3’ flanking regions
of ECE1, amplified by PCR using oligonucleotides 6207/6208 and
6205/6206, into Sacl/Saclland Kpnl/Xholsites in pSFS2A%. pRB1481was
linearized by Kpnl/Sacland transformed into 529L and CHNLI. Cassette
integration was examined by PCR using oligonucleotides 4438/4248
and 4439/6277. The SATI marker was recycled, and the transformation
was repeated to delete the second ECEI copy. The 5’ junction, 3’ junc-
tionand ORF were analysed by PCR using oligonucleotides 4438/4248,
4439/6277 and 201/2810, respectively. The resulting strain was grown
onmedium containing maltose to recycle the SATI marker resultingin
aNAT® ecelA/A mutantin 5291 and CHNI1 strain backgrounds (CAY12441
and CAY12446, respectively).

To create an isogenic and prototrophic control SC5314 strain, HIS1
and ARG4 genes were integrated into strain SN95%. PCR with oligo-
nucleotides 4114/4115 was used to amplify HISI from SC5314 and the
amplicon was transformed into SN95, with selection on SC medium
without histidine. Cassette integration was checked by PCR using oligo-
nucleotides 2623/4289 and 2624/4288. The ARG4 gene was integrated
using the plasmid pEM003% digested with Mfel/Sacl, and transformants
selected on SC medium lacking histidine and arginine. Integration
was PCR checked using oligonucleotides 6044/6045 and 6046/6047.

Togenerate NAT® strains, the pDis3 plasmid was used to integrate into
the NEUTSL locus as described previously*. The plasmid was linearized
by NgoMIV and transformed into SC5314 efg14/A (CAY10195), flo84/A
(yLM794°°) and ece14/A (CAY8785) to create NAT® versions CAY11750,
CAY9796 and CAY11507, respectively. PCR checks were performed
using oligonucleotides 3055/3056.

To delete SODS, plasmids were constructed where the HISI and
LEU2 markers were flanked by 500 bp of homology from SODS.
The sod5::HIS1 plasmid (pRB2151) was constructed via Golden Gate
Assembly using BsmBI. A 500-bp fragment from upstream of SODS
was amplified from SC5314 using oligonucleotides 8551/8552. HIS1
was amplified by PCR from pSN52° in two parts to mutagenize an
endogenous BsmBl site. The 5’ and 3’ regions of HISI were amplified
by PCR with oligonucleotides 7006/7007 and 7008/7009, respectively.
A 500-bp fragment downstream of the SOD5 ORF was amplified by
PCR from gDNA with oligonucleotides 8553/8554. These four frag-
ments were assembled into pGGASelect (NEB). The sod5::L EU2 plasmid
(pRB2153) was constructed using the same upstream and downstream
500-bp fragments, combined with the LEU2 marker amplified from
pSN40%. The knockout cassette from pRB2151 was released by digestion
withPacland transformed into SN87% to create sodS::HIS1/SODS strains
CAY14705/14706.Integration was PCR checked using oligonucleotides
7510/7834 and 8596/8558. The second SODS allele was disrupted with



LEU2using Pacl-digested pRB2153 and junction checked by PCR using
oligonucleotides 7510/5056.

Mouse gastrointestinal infection

Mouse gastrointestinal infections were performed by oral gavage as
previously described®. C. albicans cells were cultured in YPD medium
overnight at 30 °C. The overnight cultures were diluted 50-fold into
fresh YPD medium and grown for 4 hat 30 °C. Cells were washed with
sterile water three times. To perform C. albicans competitions, the
inoculumwas composed of one NAT®and one NAT® isolate at aratio of
1:1. Mice were orally gavaged with a total of ~10® fungal CFU (counted
by haemocytometer) in 0.5 ml of water using plastic feeding tubes
(Instech Laboratories) for experiments done at Brown University, New
York University and University of Wuerzburg. Aninoculum of -10® CFU
in 0.2 ml of water was used to inoculate mice in Taconic Biosciences.
For the study performedin UNC, aninoculum of -5 x 10’ CFUin 0.1 ml of
water was used. Dueto the difficulty of performing oral gavage with GF
mice in gnotobiotic conditions, C. albicans was added to the drinking
water atafinal concentration of -2 x 10° CFU ml™. Inoculum water was
replaced with sterile water after 24 h. Two mice were cohoused ineach
cage.Fecal pellets were collected at the indicated time points and gas-
trointestinal organs (stomach, smallintestine, caecumand colon) were
collected at the end of the experiment. Gastrointestinal organs were
homogenized in PBS with antibiotics (500 pg mI™ penicillin, 500 pg mI™*
ampicillin, 250 pg ml™ streptomycin, 225 pg ml™ kanamycin, 125 pg ml™
chloramphenicol and 25 pg ml™ doxycycline) and cultured on YPD and
YPD + NAT media to determine CFU of NAT® and NAT® strains.

Conventional mouse models utilized SD (FormuLab 5001, PMI
Nutrition International) or PD (AIN-93G; Dyets). When antibiot-
ics were included, they were present in the drinking water (1,500
U ml™ of penicillin, 2 mg ml™ of streptomycin and 2.5% glucose for
taste) for four days prior to C. albicans inoculation. Mice remained
on the indicated diet with or without antibiotics throughout the
experiment.

Colonization experiments with individual C. albicans strains were
carried out for WT SC5314, efg14/A and nrglA/A strains using female
BALB/c mice from Charles River Laboratory that were 7-8 weeks of
age and that were allowed to acclimatize in the animal facility for 4
days. Mice were housed together initially and were fed the PD for one
week. Colonization of mice with C. albicans strains was performed by
gavaging 10® fungal CFU in water.

To perform C. albicans competitions with Amp® bacteria (K. pneumo-
niae B425, E. coli B427 or Enterococcus faecium B460), ampicillin was
dosed into the drinking water at 0.5 g I for four days prior to bacterial
inoculation for conventional mice. Bacterial strains were cultured inLB
mediumat 37 °C overnight. The overnight cultures were washed twice
with PBS and resuspended in PBS at halfthe original volume. To gener-
ate the heat-killed £. coli (B427), bacterial cells were heated at 70 °C
for 30 min. Bacterial cell death was verified by plating the inoculum
on LB + carbenicillin (100 pg ml™). Heat-killed £. coli were inoculated
every other day after the firstinoculation throughout the experiment.
Inoculation of C. albicans cells was performed three days following
bacterialinoculation. Mice were housed individually after supplement-
ingampicillininto the drinking water. Mice were fed aSD and remained
on ampicillin throughout the experiment. CFU of Amp® bacteria was
determined by plating on LB + carbenicillin. Bacterial strains used in
this study are listed in Supplementary Table 3.

GF NMRI mice were maintained carrying the OMM" consortium®.
OMMP® contains 12 bacterial strains including Acutalibacter muris KB18,
Flavonifractor plautii YL31, Clostridium clostridioforme YL32, Blautia
coccoides YL58, Clostridium innocuum 146, Lactobacillus reuteri 149,
Enterococcus faecalis KB1, Bacteroides caecimuris 148, Muribaculum
intestinale YL27, Bifidobacterium longum subsp. animalis YL2, Turici-
monas muris YL45 and Akkermansia muciniphila YL44. The OMM?®
consortium was previously described**® and contains OMM™ plus

E. coliMt1B1, Staphylococcus xylosus 33ERD13C, and Streptococcus
danieliae ERDO1G.

Male C57BL/6 mice carrying the ASF*? (consisting of Parabacteroides
goldsteinii ASF519, Eubacterium plexicaudatum ASF492, Schaedlerella
arabinosiphila ASF502, Pseudoflavonifractor Sp. ASF500, Clostridium
sp. ASF356, Mucispirillum schaedleri ASF457, Ligilactobacillus muri-
nus ASF 361 and Lactobacillus intestinalis ASF360) were inoculated
with C. albicans cellsimmediately after transfer from the gnotobiotic
breadingisolatorintoagnotobioticisolatorin the TaconicIBS facility.
Fecalsamples were collected atindicated time points and stored in 25%
glycerol at =80 °C and shipped to Brown University on dry ice, where
they were processed to determine fungal populations.

Female GF C57BL/6 mice were orally inoculated with E. coli promptly
after transfer out of the gnotobiotic isolator. Mice were inoculated
with C. albicansthree days post E. coliinoculation. Fecal samples were
collected at indicated time points and stored in PBS buffer with 25%
glycerol at —80 °C and shipped to Brown University on dry ice where
they were processed to determine the fungal populations.

Analysis of C. albicans morphology invitro and in vivo

C. albicans morphology was analysed in vitro by overnight culture
in YPD at 30 °C. From overnight cultures, 10’ cells were subcultured
into concentrated and filtered caecal contents (10 mg ml™) collected
from PD-fed BALB/c mice for 3 h. Cells were washed twice with PBS and
stained with 100 pg mI™ Calcofluor White for 15 min. Cells were further
washed twice with PBS, resuspended in PBS and imaged using a Zeiss
Axio Observer microscope.

C. albicans cells in the different gastrointestinal sections were
imaged by immunofluorescence analysis. Pieces of 1-2 cm of gas-
trointestinal tract segments (ileum and colon) were fixed in methac-
arn (American Master Tech Scientific) immediately after collection
and stored overnight at 22 °C. The following day, fixed tissues were
washed twice with 70% ethanol and embedded into paraffin blocks
(Leica EG1150C). To evaluate Candida morphology in the mouse
gastrointestinal tract, 10-pm tissue sections, made by an automated
microtome (Leica RM2265), were deparaffinized, blocked with PBS
plus 5% FBS for 30 min at 22 °C, and incubated with an anti-Candida
antibody coupled to fluoresceinisothiocyanate (FITC) (1:500 dilution;
PA173154, Thermo Fisher Scientific) overnight at4 °C. This was followed
by three washes with PBS at 22 °C and staining of the epithelial nuclei
with 4,6-diamidino-2-phenylindole (DAPI, Invitrogen). Cell counting
was carried out using a Zeiss Axio Observer Microscope. Tissue sections
fromagroup of 3-5 mice were stained and 100 to 1,200 Candida cells
per section were assessed for morphology.

16S rRNA sequencing

Nucleic acids (DNA) were isolated from samples utilizing the Zymo-
BIOMICS Quick-DNA Fecal/Soil Microbe 96 Kit (Zymo Research,
D6011) following the manufacturer’s guidelines. DNA was eluted in
nuclease-free water, and quantification performed using the dsSDNA-HS
assay onaQubitTM 3.0 fluorometer (Thermo Fisher Scientific). The16S
rRNA V4 hypervariable region was amplified from the entire DNA pool
by utilizing the barcoded 515 F forward primer and the 806 R reverse
primers, as established by the Earth Microbiome Project®. This involved
generating amplicons using 5X Phusion High-Fidelity DNA Polymerase:
initial denaturation at 98 °Cfor 30 s, succeeded by 25 cycles 0f 98 °C for
105,57 °Cfor30s,and 72 °Cfor 30 s, finalized by extension at 72 °C for
5 min. Following amplification, samples underwent visualization via
gelelectrophoresis and were combined in equal proportions. The con-
solidated amplicon library was analysed by the Rhode Island Genomics
and Sequencing Center at University of Rhose Island using an Illlumina
MiSeq platform. Sequencing encompassed paired-end sequencing (2 x
250 bp) employing the 600-cycle kit along with established protocols.
Therawreads were submitted to the NCBI Sequence Read Archive (SRA)
and canbe accessed under BioProject PRJINA1008281.
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16S rRNA sequencing analysis

Raw paired-end FASTQ reads were demultiplexed using idemp (https://
github.com/yhwu/idemp/blob/master/idemp.cp). Reads were sub-
jected to quality filtering, trimming, de-noising with DADA2% (via
q2-dada2), and merging using the Qiime2 (Quantitative Insights Into
Microbial Ecology 2 program) pipeline (version 2021.8)%*. Riboso-
mal sequence variants were aligned with mafft® (via g2-alignment),
and phylogenetic tree construction was done with fasttree2° (via
q2-phylogeny). Taxonomic assignment was done with the pre-trained
naive Bayes classifier and the q2-feature-classifier® trained on the SILVA
132 99% database®. Alpha diversity (Shannon, Faith’s phylogenetic
diversity) and beta diversity (Bray-Curtis dissimilarity)®*”° were calcu-
lated using the phyloseq package (version1.42.0) inR (version 4.2.3)™.
Significance was determined by the Benjamini, Krieger and Yekutieli
test to correct for false discoveries with adjusted Pvalue < 0.057. Lin-
ear discriminant analysis (LDA) analysis was conducted using LEfSe
(linear discriminant analysis effect size) (Galaxy Version 1.0, http://
huttenhower.sph.harvard.edu/galaxy)™"™.

Quantitative PCR of fecal bacteria

Quantitative PCR (iTaq Universal SYBR Green Supermix, Bio-Rad) was
performed to determine the bacterial loads in fecal pellets using uni-
versal 16S rRNA primers (oligonucleotide 7212 and 7213) as previously
described®. Bacterial genomic DNA (gDNA) was purified using a Zymo-
BIOMICS DNA Miniprep Kit (Zymo Research). Bacterial abundance was
determined using standard curves withgDNA fromin vitro E. coli culture.

Transcriptional profiling
Isolation of RNAwas performed as described”. Inbrief, C. albicans cells
were collected from 30 °C YPD overnight cultures, washed with PBS
and 107 yeast cells per ml incubated in petri dishes for 3 h at 37 °C 5%
CO, in RPMI. Hyphal cells were collected by scraping and subsequent
centrifugationat3,000g for 2 min. RNA was isolated using the RNeasy
Minikit (Qiagen) combined with anupstream glass bead disruption pro-
tocol. RNA concentrationand quality were verified using the NanoDrop
1000 and the Agilent 2100 Bioanalyzer Nanochip system, respectively,
accordingto the manufacturers’instructions. Microarray analyses were
performed as described previously””. In brief, the one-colour Quick-
Amp labelling kit (Agilent) was used to generate cRNA with fluorescently
labelled CTP (Cy5 or Cy3 CTP; GE Healthcare) from high-quality total
fungal RNA. Labelled cRNA was purified using the RNeasy Minikit
(Qiagen), and sufficient dye incorporation was verified by spectro-
photometry with the NanoDrop instrument. C. albicans arrays were
purchased from Agilent technologies (GEO accession number
GPL19932). The Gene Expression Hybridization kit (Agilent) was used
according to the manufacturer’s instructions, using a two-colour
hybridization system. The arrays were hybridized in triplicate for
each strain. The arrays were scanned with a GenePix 4200AL scanner
(GenePix Pro 6.1; 635 and 594 nm; automatically determined photo-
multiplier tube gains; pixel size 5 nm). Data were extracted using the
Agilent Feature Extractor (Version12.0) and imported into GeneSpring
14.9 (Agilent) for analysis. All microarray data are available at Array-
Express under accession number MTAB-13349.

Invitro competition experiments

Assayswere conducted between WT and eceld/A reporter strains under
hypoxia, low pH, oxidative stress, osmotic stress, orin the presence of
ashort-chain fatty acid (sodium acetate (Sigma-Aldrich)). Strains were
grownovernightin1% YPD at 30 °C and 180 rpm. 500 pl of each strain
was washed twice with sterile PBS and resuspended in the same volume.
Mixtures of 1:1WT and eceIA/A reporter strains were incubated for 24 h
inliquid RPMIto afinal concentration of 2 x 10° cells per mlin the 12-well
plate. After 24 h, the 12-well plate was centrifuged for 10 min at 4,000g
and the supernatant was carefully removed. The hyphal aggregates

wereresuspendedin1mlPBS containing1 mgZymolyase 20 T (Amsbio)
andincubated for 3 hat37 °C. Following Zymolyase treatment, hyphal
fragments were transferred to a 1.5 ml microcentrifuge, collected at
10,000gfor 5 min, washed once with PBS, thenresuspended inthe same
volume. Quantification of the two labelled populations inamixture was
carried out viaBD FACSVerse flow cytometer (BD Bioscience) equipped
withanargon laser emitting at 488 nm. The fluorescence signal of the
GFPreporter strains was detected using the FITC-A channel equipped
with a 527 nm band-pass filter (bandwidth 15 nm) while the RFP sig-
nal was detected using the PerCP-A channel equipped witha700 nm
band-pass filter (bandwidth 54 nm). Gating of single hyphal cells was
achieved as follows. First, the fragmented hyphal populations were
separated from cell debris and selected via SSC-A (side scatter) and
FSC-A (forward scatter) signals. Second, duplet cells were excluded via
FSC-W and FSC-H signals. A total of 100,000 events was analysed per
sample at a flow rate of approximately 1,000 events per second. Both
qualitative and quantitative analyses of the C. albicanslabelled strains
were performed with FlowJo (Version 10.2) software.

In vitro competition experiments on epithelial cell lines were
conducted using TR146 human buccal epithelial cells from ECACC
(European Collection of Authenticated Cell Cultures; Sigma-Aldrich,
10032305-1VL). The cells were cultured in DMEM-F12 with 10% FBS at
37 °Cand 5% CO,. For experiments, TR146 cells were seeded and incu-
bated till confluency. Reporter strains of C. albicans from overnight
cultures were mixed in equal proportions in DMEM-F12 to a concen-
tration of 1x 107 cells per ml. Infection mixtures were added to TR146
cellstoafinal concentration of 2 x 10° Candida cells per ml. After 24 h,
cellswere centrifuged (10 min, 4,000g), washed with PBS, and treated
with DNase I (2 pl;1U pl™) in DNase I buffer (10 mM Tris-HCI, 2.5 mM
MgCl,, 0.5 mM CaCl,; pH7.6) for1 hat 37 °C. Cells were centrifuged and
the supernatant removed. Hyphal aggregates were fragmented using
1mgml™ Zymolyase 20 T (Amsbio) in PBS for 3 h at 37 °C. Samples
were centrifuged and resuspended in 1 ml PBS and analysed by flow
cytometry as described above (500,000 events analysed at aflow rate
of 2,000 events per s). Single reporter strains seeded on TR146 cells
and mixed in a 1:1ratio after 24 h growth were used as controls.

The competitive index (CI) was used to estimate the relative fitness
of asingle strain in competition assays. To calculate the Cl between
two competing strains, the following formula was used:

_ strain A CFU after competition/strain B CFU after competition
strain A CFU single growth/strain B CFU single growth

Invitro candidalysin assays

Candidalysin peptide used in this study was synthetically synthesized
correspondingto the processed third peptide of the precursor protein
Ecelof C. albicans (SIIGIIMGILGNIPQVIQIIMSIVKAFKGNK)*. Peptides
were obtained from Peptide Protein Research, dissolved in ultra-pure
water (MQ water, Merck Millipore) to a concentration of 1.4 mM and
stored at -20 °C.

Bacterial CFU assays with candidalysin

E.coli,K.pneumoniaeand E. faeciumwere growninLBat 37 °Cat180 rpm
overnight. Stationary phase cultures were washed twice with PBS and
setto 0D 0.04inPBSin1.5 mltubes. Cell suspensions wereincubated for
2 hat37 °C with shaking. Suspensions were re-diluted to OD,, = 0.02
with PBS with or without 70 uM of the peptide and incubated at 37 °C
with shaking. Every 30 min, cells were removed and plated on LB agar
plates and incubated overnight. Analysis was performed in biological
triplicates for each bacterial species.

XTT assay

XTT assays were performed to analyse the effect of candidalysin on
the metabolicactivity of bacteriaby adaption of assays from Miramoén
et al.’®. Stationary phase overnight cultures of bacteria were washed
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twice with PBS and adjusted to an ODg,, which is equivalent to
10° CFU ml™., Candidalysin dilutions were prepared in MQ water. The
test conditions contained 50 pl of the respective peptide dilution
(final concentration: 20-70 uM), 50 pl of the bacterial suspension
and 100 pl DMEM. For controls, peptide dilutions were replaced with
MQ water, and the bacteria suspension was replaced by PBS. Plates
were incubated at 37 °C, 18% O, and 5% CO,. After 200 min, 100 pl of
XTT mixture (final 1 mg mI™ XTT (Fluka) and 0.1 mg ml™ coenzyme
Q0 (2,3-dimethoxy-5-methyl-p-benzoquinone) (Sigma)) was added to
eachwelland the plate wasincubated for another 60 min. The plate was
centrifuged at 250g for 10 min. The supernatant was transferred to a
clean 96-well plate and measured in amicroplate reader (absorbance
451 nm, absorbance 600 nm for reference). All conditions were done in
technical duplicates and the assay was performed at least three times
for each of the selected bacteria. The value of the reference measure-
ment and the value of the media control were subtracted from the
data. The data of the test conditions was evaluated as a percentage of
the normal control.

Glucose consumption assay

Stationary phase overnight cultures of bacteria were washed twice with
PBS and adjusted to an OD,,,, whichis equivalent to 10° CFU mI™.. The
test conditions contained 50 pl of the respective peptide dilution (final
concentration: 70 pM), 50 pl of bacterial suspensionand 100 pl minimal
media (0.67% YNB, 0.2% glucose, 1% casamino acids, 25 mM MES pH
6). For controls, peptide dilutions were replaced with MQ water. The
platewasincubated at 37 °C,18% O, and 5% CO, for 200 min before the
plate was centrifuged at 250g for 10 min. The supernatant was diluted
in PBS in a clean 96-well plate and measured with the GlucoseGlo-Kit
(Promega) according to the manufacturer’s instructions. The back-
ground measurement (PBS only) was subtracted from each sample.
All conditions were done in technical duplicates and the assay was
performed at least three times for each of the selected bacteria.

Statistical analysis

Forsignificant differences between experimental groups MaAsLin2
(microbiome multivariable association with linear models)”® was
used with R version 4.2.3. Effect size calculations were done with
PERMANOVA (permutational multivariate ANOVA) with the adonis
function in phyloseq version 1.42.0 with R version 4.2.3. For LDA
analysis by LEfSe, differentially abundant species with LDA score >2
is shown. Kruskal-Wallis test was used to test to compare features
between diets (P < 0.05). Pairwise Wilcoxon test was used to com-
pare between taxa (P < 0.05). Paired parametric ¢-tests were used to
determine significant differences in the proportion of two C. albicans
populationsintheinvivo competition assays. Unpaired nonparamet-
ric Mann-Whitney U-tests were used to determine the significance
between colonization levels of different strains in the monocoloni-
zation assays. Unpaired parametric ¢-tests were used to determine
significant differencesin the treated and control samples for in vitro
bacterial CFU assays, XTT assays and glucose consumption assays.
Pvaluesforall t-tests were calculated using GraphPad Prism (GraphPad
Software v.10) and are indicated in the figure legends. P < 0.05 is
considered significant.

Ethics

Animal studies were performed according to approved protocols by the
Institutional Animal Care and Use Committee (IACUC) of each institu-
tionin the US and the animal studies and protocols (permission num-
bers16/2307 and 16/2372) were approved by the local government of
Lower Saxony, Germany.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The 16S sequencing data are publicly available at the NCBI
Sequence Read Archive (SRA) and can be accessed under BioProject
PRJNA1008281. Microarray datafor analysis of C. albicans expression
are available at ArrayExpress under accession MTAB-13349. Source
data are provided with this paper.
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Extended DataFig. 4 |Linear discriminant analysis Effect Size (LEfSe)
analysis to compare the alterations in gut bacterial populationsinmice on
differentdiets. Linear discriminant analysis (LDA) effect size for significant
taxainthe microbiome of mice fed the SD vs. PD are plotted onto a cladogram
for Day O (a), Day 7 (b), Day 14 (c), Day 21 (d). and for mice fed the PD (+ /- C.
albicans) for Day O (e), Day 7 (f), Day 14 (g) and Day 21 (h). Analysis was performed

onmiceasshowninExtended DataFig.3 (n =8 per group). Differentially
abundantspecies withLDA score >2 areshowninnodes represented with red
(PD) and green (SD) and non-significant species are represented with yellow.
AKruskal-Wallis test was used to compare features between diets (p < 0.05)
and the Pairwise Wilcoxon test was used to compare between taxa (p < 0.05).
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Extended DataFig.6|C. albicans WT cells outcompete efgid/A cellsin
gnotobiotic mice harboring different bacterial populations. a, Schematic
of competition between WT and yeast-locked efgl4/A cells in gnotobiotic
colonization models. Mice were gavaged with a1:1 mixture of WT SC5314
(CAY2698) and efg14/A (CAY11750) cells. b-d, C. albicans cells were tested in GF
BALB/c mice (b), GF NMRImice (c), or GF C57BL/6 mice colonized with E. coli
priortoinoculation with C. albicans(d).n=4inb,8inc,andSind.e, C.albicans
CFUs infecal pellets collected at the indicated time pointsin GF NMRI mice

(e) and GF C57BL/6 mice (f).n=8ine,n=3-5inf.LOD, limit of detection.

g, WTv.efgld/A competitionin Amp-treated mice gavaged with heat-killed
AmpRE. coli.n=4.h,i, Competitionbetween CHN1WT (CAY11170) and efgIA/A
(CAY11184) cells in WT mice (h) or RagI” mice (i) on the SD (no antibiotics).
n=4.j,C.albicans CFU levelsinthe fecal pellets from WT and Ragl” mice.n=4.
Eachdatapointrepresentsanindividual mouse. Dataare mean +s.e.minj.

A paired t-test (two-tailed) was used in b-d and g-i, and aMann-Whitney
(two-tailed) testine,fandj.



7 4 0 14 dpi
PP WT | | I |
74 PD
@ SD + Pen/Strep
als34/A C. albicans
or
& sod50/0
b c e
- WT d © WT
45 sod5 A/A ©- als3 a/a
100 0s 08 0 100 100
< 80 ﬁoo 00 & 2 80 ufao .
< 60 %0 0 £ 60 I <60 it
o aTE 5 0 g S8
%40 B 9 & 40 8 G40 g
04°%, a® o 20 = 20
o 3 " >
L s e e S B e U 1€ 0
02 46 810 12 14 024 6 810 12 14 0246 810 12 14
dpi dpi dpi
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CAY12202 (WT) versus CAY8578 (ece14/4) BALB/c mice fed a SD plus antibiotics
(P/S; penicillin/streptomycin) (e), GF C57BL/6 mice (f), and GF C57BL/6 mice
colonized with E. coliprior to C. albicansinoculation (g).n=4ine,and5inf

and g. Competition outcomes of WT (CAY12202) versus ecelA/A+ECEIAplII
(CAY8580) in GF C57BL/6 mice (h) andin BALB/c micefedaPD (i).n=4inh
andi.Eachdatapointrepresents anindividual mouse. Dataare mean +s.e.m
inc-e, h,i. A paired t-test (two-tailed) was used to determine the significance
between two populations (b-h).
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Extended DataFig. 9| Comparison of C. albicansWT and ece14/A cellsinvitro.
a,Heatmap of transcriptome analysis representing the fold change (FC) in
expression of fungal genes when strains were grown under hyphal-inducing
conditions (3 h,37°C,5% CO,).b-h, Competitive fitness of SC5314 WT and ece14/A
cellsinRPMI (37 °C, 5% CO,) (b), acidic pH (pH4.7) (c), highsalt (1M NacCl) (d),
hypoxia (1% O,) (e), oxidative stress (2 mMH,0,) (f), inthe presence of 2% acetate

(g), and duringincubation with TR146 epithelial cells (h). Competitive index was
calculated using the formula: log, [((MUTmpetition/ W Teompetition)/ (MU Tingie/ W Tingie)].
Fitness of the ecelA/Arelative to the WT isrepresented as log, competitive index.
Dataarerepresentative of threebiological replicates (n=3). Graphs show the
mean +seminb-h. Statistical analysis was performed using -way ANOVA with
Bonferroniposthoctest todetect significance.
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Sample size Sample size of mouse experiment is determined by the feasibility and requirement of statistical analysis. Each experiment group is consist of 3
or more mice.

Data exclusions  No data was excluded.

Replication The findings were verified by using different mouse backgrounds and C. albicans backgrounds, and by multiple research teams in different
institutes and countries. Experiments were conducted at least twice independently.

Randomization  Animals were grouped randomly to conduct the experiment.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IXI D ChlP-seq
Eukaryotic cell lines IXI D Flow cytometry
Palaeontology and archaeology IXI D MRI-based neuroimaging

Animals and other organisms

Clinical data

NXOXOOS
OO0XOXKX

Dual use research of concern

Antibodies
Antibodies used Anti-Candida antibody. PA173154, Thermo Fisher Scientific.
Validation The anti-Candida-FITC antibody was validated by the company and the statement is quoted below:

"The PA1-73154 antibody reacts with Candida albicans."

>
Q
S
(e
=
)
o
o)
=
o
=
—
@
§o)
o)
=
>
Q@
wv
(e
S
3
Q
<L




Eukaryotic cell lines
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Cell line source(s)

Authentication

Oral epithelial cell line TR146

This commercial cell line was not further authenticated

Mycoplasma contamination This cell line was tested and found to be negative for mycoplasma

Commonly misidentified lines  pgme any commonly misidentified cell lines used in the study and provide a rationale for their use.
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Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Conventional wildtype BALB/c (7-8 weeks old, female) and C57BL6 mice were obtained from Charles River Laboratories and The
Jackson Laboratory. 7-8 weeks old female Ragltm1Mom/J mice were purchased from The Jackson Laboratory. Germ-free wildtype
BABL/c mice (female and male, 4-5 weeks old) were purchased from Taconic Biosciences. Germ-free wildtype C57BL6 mice (9-12
weeks old, female) were obtained from National Gnotobiotic Rodent Resource Center (NGRRC), University of North Carolina (UNC).
Germ-free wildtype C57BL6 mice (7-8 weeks old, female) were also obtained from New York University (NYU) Grossman School of
Medicine Gnotobiotics Animal Facility. Male ASF C57BL6 mice (6 weeks old) were obtained from Taconic Biosciences. Male and
female germ-free wildtype NMRI mice (7-10 weeks old) with and without OMM15 were obtained from the Central Animal Facility of
the Hannover Medical School (Hanover, Germany).

No wild animals were used

The outcomes of C. albicans fitness in the gastrointestinal tracts is independent of animal sex, which has been demonstrated in
previous studies and two experiments in this project.

No field-collected samples were used

Animal studies were performed according to approved protocols by the Institutional Animal Care and Use Committee (IACUC) of
Brown University, UNC, NYU and Taconic Bioscences in the US and by the local government of Lower Saxony, Germany.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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