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Abstract

Candida albicans is a prevalent member of the gut microbiome and a potent modulator of host
immunity, yet its role in metabolic regulation remains unclear. Using gnotobiotic mice colonized
with a defined bacterial community (Oligo-MM12) with or without C. albicans, we demonstrate
that persistent, non-infectious colonization with this yeast constrains host energy storage and

confers resistance to diet-induced obesity. C. albicans colonization remodeled the bacterial
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microbiome and bile acid landscape, selectively depleting conjugated bile acids and reducing
lipid uptake in jejunal organoids. In parallel, C. albicans colonization enhanced adipose
mitochondrial respiration and thermogenic programming while promoting a Type 17 immune
response, revealing coordinated metabolic and immune adaptations. Genetic deficiency of y6 T
cells partially reversed the metabolic phenotype, demonstrating that this immune function
contributes to fungal regulation of host energy balance. Together, our findings demonstrate that
coordinated interactions among the microbiota, microbial metabolites and the immune system
constrain host energy storage by simultaneously limiting nutrient acquisition and enhancing
energy expenditure. More broadly, these findings establish intestinal fungi as potent regulators of
host metabolism and reveal that low-abundance members of the microbiome can exert

disproportionate physiological effects through interkingdom ecological interactions.

Keywords: Candida albicans, gut mycobiome, host energy metabolism, interkingdom

interactions, bile acids, adipose tissue immunity

Main

The gut microbiota regulates host energy balance through various mechanisms, including
coordinated effects on nutrient absorption, bile acid metabolism, adipose tissue thermogenesis
and immune function'->. While bacterial contributions to these processes have been extensively
characterized, whether intestinal fungi contribute directly to host energy homeostasis remains
largely unknown. Given the central role of fungi in mediating nutrient exchange and energy
metabolism across diverse symbiotic relationships, from plant-mycorrhizal associations to

insect—fungal mutualisms®?, persistent fungal colonization may similarly influence energy
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balance in mammalian hosts.

Among intestinal fungi, Candida albicans is one of the most prevalent commensal
species in humans® 3. Although best known as an opportunistic pathogen capable of causing
mucosal and systemic infections, C. albicans also contributes to host physiology during
asymptomatic colonization by promoting immune maturation and enhancing protection against
subsequent fungal infection®!*!°, Emerging evidence suggests that these host interactions may
extend beyond immune regulation to include metabolic homeostasis!®!8, We previously
demonstrated that early-life colonization with C. albicans in gnotobiotic mice confers resistance
to diet-induced obesity (DIO) and is accompanied by marked remodeling of white adipose tissue
(WAT) immunity. However, how intestinal fungal colonization is translated into systemic

metabolic regulation remains unknown.

Here, we investigated the mechanisms by which early-life intestinal colonization with C.
albicans regulates host energy balance. Using gnotobiotic mice in combination with intestinal
organoids, high-resolution respirometry, immunophenotyping and functional genetic approaches,
we examined how fungal colonization influences intestinal nutrient handling, adipose tissue
metabolism and immune function to define the pathways linking a common fungal symbiont to

whole-body energy homeostasis.

Results
Early-life C. albicans colonization confers resistance to diet-induced obesity

To investigate how early-life fungal colonization influences host energy metabolism, we

117

used our previously established gnotobiotic DIO model'’, in which mice were colonized from
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birth with either Oligo-MM12 alone (B-only) or in combination with C. albicans (B+C), and
were weaned onto standard (SD) or a high-fat, high-sucrose (HFHS) diets until 14 weeks of age
(Figure 1A). Fungal ITS rDNA was detected in the feces of B+C mice at 14 weeks of age, with a
reduction in fungal load on HFHS (Figure 1B-C), indicating persistent intestinal colonization
into adulthood. Consistent with our previous findings!’, C. albicans colonization had a
significant effect on bacterial beta-diversity and relative abundance (Figure 1D-E), highlighting
interkingdom interactions between gut bacteria and this common yeast. Across both dietary
conditions, Bifidobacterium animalis subsp. animalis (strain YL2) was markedly enriched in C.
albicans-colonized mice. Diet-specific changes included enrichment of Enterococcus faecalis
and Clostridium innocuum (146) and depletion of Blautia coccoides (YL58) and
Limosilactobacillus reuteri (149) under standard diet, whereas HFHS-fed mice exhibited reduced
Enterococcus faecalis (KB1) and increased Enterocloster clostridioforme (YL32) following C.

albicans colonization (Figure 1E).

Mice colonized with C. albicans on either diet displayed a reduction in body weight,
percentage of body fat mass and gonadal WAT (gWAT) fat pad weights, and a reciprocal increase
in lean mass in both males and females (Figure 1F-I, Figure S1A-D). These reductions in body
weight and fat mass occurred despite unchanged food intake on the HFHS diet, and increased
food intake in C. albicans colonized mice fed the SD (Figure S1E-F). Importantly, this
phenotype was not explained by disseminated colonization or infection, as C. albicans was only
found in feces and not recovered from blood, skin, liver or kidney tissue (Figure S1G). Together,
these findings indicate that the metabolic effects of C. albicans arise from persistent, non-
infectious intestinal colonization rather than reduced food intake or systemic dissemination,

suggesting altered host energy balance.
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C. albicans reshapes the bile acid landscape and reduces intestinal lipid absorption

To begin defining the mechanisms underlying this metabolic phenotype, we first asked
whether C. albicans colonization alters intestinal lipid absorption by reshaping the luminal
environment that regulates fatty acid uptake. Using an inverted jejunal enteroid system, in which
the apical epithelial surface is directly accessible to the culture media'®, we observed that
exposure to sterile fecal extracts from B-only mice enhanced oleic acid uptake, consistent with
previous studies demonstrating that the gut microbiota promotes intestinal nutrient absorption
and metabolic adaptation to dietary lipids?® (Figure 2A-B). This effect was further potentiated
by IL-17, consistent with the pro-absorptive metabolic effects of intestinal IL-17 signaling

2122 " validating the responsiveness of the enteroid system to host-derived

observed in vivo
signaling (Figure S2A-B). Consistent with known regional differences in intestinal lipid
absorption, lipid uptake was greatest in jejunal enteroids?*® (Figure S2C). In contrast, sterile fecal
extracts from B+C mice markedly suppressed oleic acid uptake, an effect that persisted even in

the presence of IL-17 (Figure 2A—B), indicating the emergence of a dominant inhibitory signal

capable of overriding host-derived pro-absorptive cues.

Given the central role of bile acids in lipid emulsification and absorption, we next
examined whether fungal colonization altered the bile acid landscape. Principal component
analysis (PCA) revealed a significant shift in overall bile acid composition in B+C mice relative
to B-only (PERMANOVA R?=0.151, p = 0.032; Figure 2C). This shift was not global across
all bile acids but instead reflected selective remodeling of specific species and functional pools.
Notably, C. albicans colonization increased alpha-muricholic acid (alpha-MCA) and

deoxycholic acid (DCA), while reducing the abundance of conjugated secondary bile acids and



112 total secondary bile acids (Figure 2D-H, Table S1-S2). Conversely, unconjugated secondary
113 bile acids were increased (Figure 2G, Table S2), indicating a redistribution toward a bile acid

114  pool predicted to be less efficient at supporting micelle formation and dietary lipid absorption?*.

115 To determine whether bile acids mediated the observed effects on lipid uptake, we

116  repeated the enteroid assay in the presence of cholestyramine, a bile acid sequestrant resin®>. In
117  extracts from B-only mice, bile acid depletion significantly reduced oleic acid uptake in jejunal
118  enteroids, demonstrating that microbiome-derived bile acids are required to support epithelial
119  lipid absorption (Figure 2I-J). In contrast, cholestyramine had no additional effect on extracts
120  from B+C mice, indicating that the bile acid pool in these animals is already functionally

121  impaired. Notably, these effects were not observed in ileal enteroids, consistent with regional

122 differences in intestinal lipid absorption (Figure S2D).

123 Given the marked changes in bile acid composition, we next examined whether fungal
124 colonization altered farnesoid X receptor (FXR) signaling. Although sterile fecal extracts

125  robustly activated FXR in a bile acid-dependent manner, as evidenced by loss of reporter activity
126  following cholestyramine treatment, FXR activation was comparable between B-only and B+C
127  mice (Figure S2E). Thus, despite substantial remodeling of the bile acid pool and impaired bile
128  acid-dependent lipid uptake, fungal colonization did not measurably alter FXR activation.

129 Collectively, these data support a model in which C. albicans reshapes microbiome-derived bile
130  acid metabolism, selectively depleting conjugated secondary bile acids, thereby impairing

131  epithelial lipid uptake.
132
133 C. albicans promotes thermogenic programming and mitochondrial respiration in WAT

134 Because adipose tissue regulates whole-body energy expenditure through coordinated
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thermogenic and mitochondrial programs, we next examined whether C. albicans colonization
impacts these processes across white and brown adipose depots, providing a potential
mechanism for the reduced adiposity observed in C. albicans colonized mice (Figures 1H-I and
S1A-B). We first evaluated the expression of thermogenesis-associated genes in various adipose
tissue depots. Because adipose tissue thermogenic responses are known to differ between
sexes?6, analyses were stratified by sex. In gWAT, C. albicans colonization increased Ucpl
expression in HFHS-fed males and SD-fed females, Pgc! a expression in both sexes on HFHS
diet, and Prdm16 expression in HFHS-fed males. In contrast, Cd/37 expression was reduced in
HFHS-fed B+C females (Figure 3A-B). In subcutaneous white adipose tissue (scWAT), C.
albicans colonization similarly induced a thermogenic transcriptional program, increasing the
expression of Ucpl, Pgcl a and Thx1 in males on both diets (Figure S3A-B). In females, Thx/
expression was increased in B+C on HFHS, whereas Cd/37 was elevated on both diets and
Prdm16 was reduced on HFHS. In brown adipose tissue (BAT), C. albicans increased Ucpl
expression in HFHS-fed males, whereas females exhibited reduced Ucp! expression
accompanied by a trend toward increased Pgcl « expression (p = 0.053; Figure S3C-D).
Together, these findings indicated that C. albicans colonization promotes depot- and sex-
specific transcriptional remodelling consistent with enhanced thermogenic capacity and

mitochondrial biogenesis.

To determine whether the thermogenic transcriptional program induced by C. albicans
was accompanied by enhanced mitochondrial remodeling, we next assessed mitochondrial
abundance and function in gWAT, given the determinant role of visceral adipose tissue in
systemic metabolic homeostasis?’. Mitochondrial abundance was quantified using two

complementary approaches: mitochondrial DNA copy number and quantitative fluorescence
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microscopy. Microscopy revealed increased mitochondrial volume in females under both dietary
conditions, whereas no differences were observed in males (Figure 3C-D, E, G). Consistent
with these findings, mitochondrial DNA copy number was increased in C. albicans-colonized
females fed the SD and showed a similar trend under the HFHS diet (p=0.067), while remaining
unchanged in males (Figure S3E-F). Interestingly, despite the absence of increased
mitochondrial volume or DNA copy number, male mice exhibited a marked reduction in
adipocyte volume under both diets, whereas females displayed reduced adipocyte size only under

the HFHS diet (Figure 3F, H).

We next determined whether these transcriptional and structural changes were
accompanied by enhanced mitochondrial oxidative function using high-resolution respirometry
(Figure S3G). This technique quantifies features of mitochondrial oxidative metabolism, such as
respiratory capacity of individual electron transport system (ETS) complexes, providing insight
into overall respiratory control and respiratory response to specific substrates?®. In both sexes, C.
albicans colonization increased complex I leak respiration (CIr) under both diets, and enhanced
complex I linked respiration (Clp), complex I+II linked respiration (CI+IIp) and max ETS
respiration in SD-fed mice (Figure 3I-P). ATP production was also increased in SD-fed females,
(Figure 3Q-R). In summary, C. albicans colonization increased several respiration states in
WAT, although the magnitude of oxygen flux is substantially greater in females. Together, these
findings indicate that C. albicans enhances adipose oxidative metabolism through coordinated
transcriptional, structural and functional remodeling of thermogenic pathways, although the

underlying adaptations differ across adipose depots and sexes.

C. albicans remodels the WAT immune landscape through a type 17 immune response
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Immune cell networks within WAT help regulate not only tissue inflammation but also
its endocrine and thermogenic functions®. Having established that C. albicans enhances
thermogenic programming and mitochondrial respiration in WAT, we next asked whether
immune remodeling contributes to these mechanisms. We previously showed that intestinal C.
albicans colonization induces a Type 1/17 inflammatory environment in WAT, characterized by
expansion of multiple lymphoid and myeloid populations'’. However, whether these immune
changes regulate the enhanced thermogenic capacity observed in colonized mice remained
unknown. We therefore profiled immune cell populations with established roles in adipose
thermogenic regulation, including y3 T cells*®, eosinophils®!, natural killer T (NKT) cells*? and

type 2 innate lymphoid cells (ILC2s)** (Figure 4A-D, Table S3-6).

Among immune populations with established thermogenic functions, eosinophils were
reduced in male and female B+C mice, whereas NKT cells increased in HFHS-fed female and
male mice. Most notably, yd T cells were consistently expanded across both sexes and diets,
including populations producing IL-17A and TNF-a (Figure 4A-D), cytokines previously shown
to induce thermogenic programs in adipocytes®’. In addition, the proportion of CD27" y3T cells
was reduced, consistent with increased activation of this T cell subset (Table S3-6), making yo T
cells compelling candidates to mediate the enhanced thermogenic phenotype. Furthermore, C.
albicans colonization also increased IL-17A-producing CD4* T cells and IL-17A* innate
lymphoid cells (ILCs) (Figure 4A—D). Although these populations have not been shown to
directly drive adaptive thermogenesis, their expansion indicates that multiple immune cell types
contribute to the elevated IL-17A environment within WAT, a cytokine previously implicated in
the regulation of adaptive thermogenesis®’. Together, these findings suggest that the phenotype

induced by C. albicans involves coordinated remodeling of the WAT immune landscape,
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encompassing activated yo T cells, NKT cells and additional IL-17A-producing lymphoid

populations.

To determine if y3T cells are required for the lean phenotype induced by C. albicans, ydT
cell deficient mice, which lack yYSTCR expression but retain normal off T cell development®#,
were rederived germ-free, colonized as B or B+C mice, and subjected to the same DIO protocol
as wild-type animals. Loss of yd T cells partially rescued the metabolic phenotype induced by C.
albicans. Male B+C mice became less resistant to DIO, exhibiting increased weight gain on the
HFHS diet, with only a trend toward reduced body weight relative to B-only controls (Male
HFHS AUC, p=0.066; Figure 4E, G). In females, body adiposity was similarly restored under
the SD, although protection against HFHS-induced adiposity remained (Figure 4F, H). Despite
this partial rescue, 0 T-cell deficiency did not completely abolish the phenotype. Candida-
colonized mice of both sexes remained significantly leaner than bacteria-only controls and failed
to gain weight or adiposity to the same extent as B-only mice (Figure 4E—H), indicating that y3
T cells contribute to, but are not solely responsible for the metabolic effects of C. albicans.
Energy intake was reduced in C. albicans-colonized ydTCR-deficient mice on both diets at 8

weeks of age (Figure S4A—B), which may have contributed to the remaining phenotype or

simply reflected their smaller body size.

Given that y8T cells play an important role in mucosal anti-fungal defense?, we also
evaluated whether this residual phenotype could be explained by impaired control of C. albicans
or bacterial growth in the gut, resulting in dissemination and infection. Fecal fungal burden was
comparable between y3T cell-deficient and wild-type mice (Figure S4C), and neither fungal nor
bacterial dissemination was detected in blood, liver and kidneys (Figure S4D-E), indicating that

the observed metabolic phenotype was not attributable to microbial dissemination.

10
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Finally, to determine whether YT cells from C. albicans-colonized mice were sufficient
to promote adipocyte thermogenesis, we differentiated primary adipocytes from the stromal
vascular fraction (SVF) of B-only mice and co-cultured them with sex matched yoT cells isolated
from WAT. Adipocytes co-cultured with y3 T cells from C. albicans-colonized mice did not
exhibit increased expression of Ucp! or Pgcla compared with adipocytes cultured with yo T
cells from bacteria-only mice (Figure S5). Likewise, co-culture with the corresponding non-yo
T-cell fraction failed to induce thermogenic gene expression irrespective of colonization status.
These findings indicate that neither Yo T cells nor other WAT immune cell populations are
sufficient to recapitulate the thermogenic program induced by C. albicans, supporting the

requirement for additional signals within the remodeled adipose tissue microenvironment.

Discussion

In this study, we identify the common intestinal commensal C. albicans as a previously
unrecognized regulator of host metabolic adaptation. We demonstrate that persistent, non-
infectious intestinal fungal colonization confers resistance to DIO through coordinated effects on
nutrient acquisition and adipose tissue metabolism. Mechanistically, C. albicans remodels the
bacterial microbiome and bile acid landscape to reduce bile acid-dependent intestinal lipid
uptake while simultaneously promoting thermogenesis and mitochondrial remodeling of WAT
accompanied by profound immune changes. Together, these findings expand the current
paradigm of microbiome-mediated metabolic regulation beyond bacteria, establishing persistent
intestinal fungi as integral components of the microbial networks governing host metabolic

homeostasis.

Unlike previously reported microbiota-mediated obesity-resistant phenotypes, which are

11



250  associated with enhanced thermogenesis and improved or preserved metabolic health3¢-38, C.
251  albicans colonization induced a distinct physiological state characterized by constrained energy
252  storage. Despite preserved, and in some settings increased, food intake, C. albicans-colonized
253  mice remained resistant to DIO while exhibiting coordinated adaptations that simultaneously
254  reduced energy acquisition and enhanced energy dissipation. Specifically, this phenotype

255  combined reduced bile acid-dependent intestinal lipid uptake with impaired adipose expansion
256  during prolonged obesogenic feeding while increasing mitochondrial oxidative capacity and
257  reshaping adipose immune function. The capacity of adipose tissue to expand safely during
258  caloric excess is a hallmark of metabolic health, whereas impaired adipose plasticity may limit
259  energy storage despite nutrient availability**-#!. Thus, our findings suggest that C. albicans

260  colonization may not promote a homeostatic lean phenotype, but rather induces a coordinated
261  physiological state characterized by constrained energy storage. This state may represent an
262  immunometabolic trade-off, analogous to that recently described for asymptomatic intestinal C.
263 albicans colonization, which enhances protection against invasive fungal infection while

264  increasing susceptibility to allergic disease!*. We propose that maintaining a stable non-

265 infectious relationship with a persistent fungal pathobiont carries inherent energetic costs,

266  requiring continuous immune surveillance that ultimately constrains host energy storage.

267 Mechanistically, our findings suggest that the metabolic effects of C. albicans arise from
268  the integration of several partially independent processes rather than from a single dominant

269  mechanism. Previous studies have demonstrated that the gut microbiota coordinates nutrient

270  acquisition with peripheral metabolic adaptation by simultaneously regulating intestinal

271  absorption, adipose remodeling and endocrine signaling in response to environmental and dietary

272 cues>?%%, Our study extends this systems-level framework to a persistent fungal symbiont,

12
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showing that coordinated changes in intestinal nutrient handling, adipose oxidative function and
immune regulation converge on a metabolic phenotype. The partial rescue observed in yo T cell-
deficient mice and the absence of differential FXR activation further indicate that neither
immune activation nor bile acid receptor signaling alone is sufficient to explain the metabolic
changes observed. Instead, our findings support a model in which C. albicans reshapes host
energy balance through the cumulative actions of microbial, epithelial, immune and adipose

tissue networks.

The altered bile acid landscape further suggests that C. albicans regulates host nutrient
acquisition indirectly through interkingdom interactions within the gut ecosystem. Our previous
work demonstrated that individual intestinal fungi, including C. albicans, generate species-
specific host metabolic phenotypes by restructuring bacterial community composition and

metabolic output!’

. The present findings broaden this concept by identifying bile acid
metabolism as one functional consequence of these ecological interactions. Because the
canonical pathways responsible for bile acid deconjugation and secondary bile acid formation are
bacterial*?, the observed remodeling of the bile acid pool is most plausibly explained by fungal-
driven changes in bacterial community function rather than direct fungal metabolism. Consistent
with this interpretation, C. albicans selectively remodeled bacterial taxa with established roles in
bile acid homeostasis, including expansion of B. animalis and reductions in B. coccoides and L.
reuteri, all of which have independently been implicated in regulating bile acid composition
through complementary mechanisms*-4>. Together with recent studies demonstrating that
microbiota-dependent remodeling of bile acid composition regulates intestinal lipid

absorption'2°, our findings support a model in which C. albicans indirectly impairs nutrient

uptake by reshaping the functional metabolic output of the bacterial microbiome.

13



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

While these findings identify impaired nutrient acquisition as one arm of the metabolic
phenotype, host energy balance is equally determined by energy expenditure. Our findings
identify adipose mitochondrial remodeling as a major component of the host metabolic response
to persistent C. albicans colonization. Rather than being confined to classical BAT, adaptive
thermogenesis is now recognized as a highly plastic process involving coordinated mitochondrial
increased capacity across multiple white and brown adipose depots*®. Consistent with this, C.
albicans induced depot-specific thermogenic transcriptional programs accompanied by increased
mitochondrial oxidative capacity in visceral adipose tissue. Interestingly, enhanced respiration
was not uniformly associated with increased mitochondrial abundance, suggesting that improved
mitochondrial function, rather than mitochondrial biogenesis alone, contributes to the increased
oxidative phenotype. Together with the reduced adipocyte size observed in C. albicans colonized
mice, these findings suggest that persistent fungal colonization promotes functional remodeling
of adipose tissue that favors energy dissipation over long-term lipid storage, providing a
plausible mechanism for the constrained adipose expansion observed during chronic caloric

€XCESS.

A defining feature of host immunity to C. albicans is the robust induction of type 17
immune responses, which are essential for maintaining fungal commensalism and controlling
mucosal invasion!>3>4748_ Our findings suggest that this evolutionarily conserved antifungal
program may also contribute to systemic metabolic adaptation. Consistent with previous reports
demonstrating that IL-17-producing yd T cells promote adaptive thermogenesis through stromal
IL-33 signaling®®, C. albicans colonization expanded activated IL-17A*TNF-a* y8 T cells within
WAT. However, the accompanying increases in IL-17A-producing CD4* T cells, IL-17A* ILCs

and NKT cells indicate that fungal colonization promotes coordinated type 17 immune

14
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remodeling within adipose tissue rather than selective expansion of a single thermogenic
population. Importantly, neither y6 T-cell deficiency nor ex vivo v T cell-adipocyte co-cultures
fully recapitulated or abolished the metabolic phenotype, arguing against a linear model in which
one immune population is solely responsible for fungal-induced thermogenesis. Instead, our
findings support a model in which persistent C. albicans colonization promotes coordinated

remodeling of adipose immune networks that collectively contribute to metabolic adaptation.

The complexity of this immune-metabolic landscape became even more apparent when
considered alongside the marked sexual dimorphism observed throughout the metabolic
phenotype. Although persistent C. albicans colonization conferred resistance to DIO in both
sexes, the underlying physiological adaptations differed substantially. Females exhibited greater
mitochondrial biogenesis and oxidative capacity within visceral adipose tissue, whereas males
displayed more pronounced thermogenic transcriptional responses in subcutaneous adipose
tissue together with reductions in adipocyte size despite unchanged mitochondrial abundance.
Likewise, adipose immune remodeling was sexually dimorphic, including differences in
thermogenic gene expression, immune cell composition and the relative contribution of y6 T
cells to the overall phenotype. These findings suggest that biological sex influences how
microbial signals are integrated within metabolic tissues. This is consistent with the growing
recognition that adipose tissue plasticity and immune-metabolic crosstalk are fundamentally

influenced by biological sex*%+

, and with evidence that host sex shapes the physiological
consequences of microbiome-host interactions>®. Together, our findings highlight biological sex

as a key determinant of fungal-mediated metabolic adaptation and reinforce the importance of

incorporating both sexes into mechanistic studies of microbiome regulation of host metabolism.

Collectively, these mechanistic observations argue against a single dominant pathway

15
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underlying fungal regulation of host metabolism. Instead, our findings support an ecological
model in which the physiological consequences of C. albicans colonization emerge from the
integration of microbial ecology and host responses. Our data suggest that C. albicans indirectly
influences nutrient acquisition by reshaping bacterial community composition and bile acid
landscape, while simultaneously eliciting the canonical Type 17 immune response that promotes
adipose immunometabolic remodeling. It is the combination of these pathways, and potentially
other unmeasured processes, that fully explain the observed phenotype. Together, they provide a
framework in which ecological and host-derived processes converge to constrain host energy
storage. This ecological model also has broader implications for our understanding of
microbiome-mediated host physiology. The intestinal microbiome has emerged as a central
regulator of host energy balance, yet this paradigm has largely been built around a bacteria-
centric view. Comprising less than 1-2 % of the intestinal microbial biomass in humans and only
0.1% in mice®>!, fungi have traditionally been regarded as minor community members with
limited physiological relevance. Our findings challenge this view by demonstrating that
persistent colonization with a single commensal fungal species can exert profound effects on host
energy balance. More broadly, these findings suggest that ecological influence, rather than
numerical abundance, may better predict the physiological importance of individual microbial
kingdoms. This perspective supports moving beyond kingdom-centric models of microbiome
function toward an integrated ecological framework in which host metabolic physiology emerges

from interactions among multiple microbial kingdoms and the host.

Our study is limited by the use of a gnotobiotic mouse model containing a simplified
bacterial community, which enabled mechanistic dissection of fungal-host interactions while

reducing the ecological complexity of the conventional gut microbiome. Whether the

16
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mechanisms identified here are conserved in more diverse microbial ecosystems remains to be
established. Nevertheless, long-term intestinal C. albicans colonization similarly reduced weight
gain and remodeled bacterial communities in conventionally colonized mice®, suggesting that
the physiological effects of fungal colonization are not unique to simplified microbial
ecosystems. Although our findings support an integrated model linking fungal-induced bacterial
remodeling, bile acid metabolism and nutrient absorption, the relative contributions of individual
taxa, microbial functions and bile acid transformations remain unresolved. Likewise, the gut-
derived signals that communicate intestinal fungal colonization to adipose tissue and drive
mitochondrial, thermogenic and immune remodeling have yet to be identified. Finally,
establishing the translational relevance of these findings will require defining the ecological
conditions that permit fungal regulation of host metabolism in humans. More broadly, our
findings suggest that routine integration of mycobiome profiling into microbiome studies of
metabolic health may uncover previously unrecognized ecological drivers of metabolic states

and adaptations.

Methods
Gnotobiotic mice

Adult germ-free (GF) C57Bl/6J mice were obtained from in-house breeding colonies in
the International Microbiome Centre (IMC) at the University of Calgary. Specific pathogen free
B6-TCRdelta- mice (B6.129P2-Terd™!™em/J: Strain #002120) were purchased from the Jackson
Laboratory and rederived GF through the axenic embryo transfer program in the IMC. Six to
twelve-week-old wild-type or B6-TCRdelta- C57BL/6J female mice were orally gavaged twice,

2 days apart, with 100 puL of a consortium of organisms. These consortia included (i) the Oligo-
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MM 12°3 alone “B” (Acutalibacter muris KB18, Akkermansia muciniphila YL44, Bacteroides
caecimuris 148, B. animalis YL2, B. pseudococcoides YL5S, C. innocuum 146, E. clostridioformis
YL32, E. faecalis KB1, Flavonifractor plautii YL31, L. reuteri 149, Muribaculum intestinale
YL27, and Turicimonas muris YL45) or in combination with (ii) C. albicans (isolated from
human infants enrolled in the ANTIBIO Study, Alberta Children’s Hospital'®) “B+C”. Each
colonization group was kept in a separate gnotobiotic isolator. Inoculum were prepared under
anaerobic conditions by combining 100 puL of 3-day-old cultures of each bacterial strain and a 1-
day-old culture of C. albicans. Bacteria were grown in fastidious anaerobe broth (Lab M
Limited, United Kingdom) at 37°C, C. albicans was grown in yeast-mold (YM) broth (Becton
Dickson, USA) at room temperature (RT). After the initial gavage, females were paired with
males (six to ten weeks old) for mating at a 2:1 ratio, respectively. To support early-life exposure,
C. albicans culture was spread on the dams’ abdomen and nipple regions twice on days 2-6 after
birth, as previously described®*. Mice were kept at maximum of five animals per cage, under a
12-hour light/dark cycle, 40% relative humidity, 22-25°C and ad libitum access to sterile food
and water. All experiments were conducted under protocols approved by the University of

Calgary Animal Care Committee, following the guidelines of the Canadian Council on Animal

Care (AC20-0176).

DIO model

At 21-days of age, mice were weaned onto powdered SD (LabDiet JL Rat and
Mouse/Auto 6F 5K52; LabDiet, USA) or HFHS (DYET#1013915 for 3-12 weeks of age and
DYET#102412 after 12 weeks of age; Dyets, Inc., USA) and remained on the diets until the

experimental endpoint. To ensure sterility, the HFHS diet was irradiated (5-20 kGy) and both
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diets were autoclaved at 132°C for 30 minutes. Body weight was measured weekly and

following export from gnotobiotic isolators, whole-body fat and lean mass was measured by TD-

NMR with the Minispec LF9O0II (Bruker, USA). gWAT weight was determined at the endpoint.

Quantification of viable fungal load

Fungal load was assessed by culturing feces, blood, kidney or liver collected at 10 weeks
of age on selective media. Mouse fecal pellets were weighed and homogenized in 500 puL of
sterile PBS (Corning, USA) at 15 Hz for 2 min. Homogenates were serially diluted in sterile
PBS. Tissues were homogenized in 1mL of sterile PBS with a steel bead at 30 Hz, for 3 min.
Samples were spread on YM agar plates supplemented with gentamycin (10 pg/mL; Sigma-
Aldrich, USA) and chloramphenicol (200 pg/mL; Sigma-Aldrich, USA). Plates were incubated

at RT for 3 days before colonies were counted to determine viable fungal concentration.

Genomic DNA isolation

Genomic DNA was extracted from mouse fecal pellets collected at the indicated time
points using the DNeasy PowerSoil Pro Kit (Qiagen, Germany) according to the manufacturer's
protocol. To improve microbial cell lysis, samples were subjected to mechanical disruption using
a TissueLyser II bead beater (Qiagen, Germany) prior to DNA purification. Purified DNA was
eluted in nuclease-free water and stored at —20°C until analysis by quantitative PCR (qPCR) or

16S rRNA gene amplicon sequencing.

Quantification of fungal DNA by gPCR
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433 Fungal abundance in fecal samples collected at 12 weeks of age was quantified by real-
434  time PCR targeting the internal transcribed spacer (ITS) region’>. Reactions were performed on a
435  StepOne Plus Real-Time PCR System (Applied Biosystems, USA) in a final volume of 20 pL
436  containing 10 pL iQ SYBR Green Supermix (Bio-Rad Laboratories, USA), 100 nM ITS1F (5'-
437  CTTGGTCATTTAGAGGAAGTAA-3"), 500 nM ITS4 (5'-TCCTCCGCTTATTGATATGC-3),
438 1 ngtemplate DNA, and nuclease-free water. Amplification conditions consisted of an initial
439  denaturation at 95°C for 5 min, followed by 32 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C
440  for 1 min. A melt curve analysis (95°C for 15 s, 60°C for 1 min, 95°C for 15 s, and 60°C for 15
441  s) was performed to confirm amplification specificity. All samples were analyzed in duplicate,
442  and fungal DNA concentrations were determined by comparison with a standard curve generated

443  from serial dilutions of C. albicans genomic DNA.
444
445  Adipose thermogenesis and mitochondrial genes expression by RT-gPCR

446 Tissues were stored in RNA later (Thermo Fisher, USA) at 4°C overnight before being
447  stored at -80°C. RNA was isolated using the RNeasy Lipid Tissue Mini Kit (Qiagen, Germany)
448  according to the manufacturer’s instructions. Reverse transcription was performed with the All-
449  in-One 5X RT MasterMix (Applied Biological Materials Inc., Canada). cDNA quality was

450  assessed using the NanoDrop spectrophotometer (Thermo Fisher, USA) and samples were

451  topped up to 50 pL per ug of RNA that was reverse transcribed. PCR reactions were performed
452  with iQ SYBR Green Supermix (BioRad, USA) on the QuantStudio 3 Real-Time PCR System
453  (Applied Biosystems, USA). 20 pL reactions were run in triplicate with the following cycling
454  protocol: initial 2 min step at 94°C, followed by 40 cycles of 94°C for 15 s and 50°C for 1 min,

455  and a final melt curve of 95°C for 15 s, 60°C for 1 min, 95°C for 15 s and 60°C for 15 s.
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Primers were selected from previous publications®%-3!-3

and are as follows: 78S (forward, 5°-
CACGGCCGGTACAGTGAAAC-3’; reverse 5’~-AGAGGAGCGAGCGACCAA-3’), Ucpl
(forward, 5’~-GGCCTCTACGACTCAGTCCA-3’; reverse 5’-TAAGCCGGCTGAGATCTTGT-
3%), Thx1 (forward, 5’-CGCACAGTGGATGAAACAGA-3’; reverse 5’-
TGTCTTTTCGAGGGTCCACA-3"), Pgcl a (forward, 5’-TGAAGACGGATTGCCCTCAT-3’;
reverse 5’-TGGTGCCAGTAAGAGCTTCT-3’), Cd137 (forward, 5°-
CGTGCAGAACTCCTGTGATAAC-3’; reverse 5’-GTCCACCTATGCTGGAGAAGG-3"),
1133 (forward, 5°- ATGGGAAGAAGCTGATGGTG-3’; reverse 5°-
CCGAGGACTTTTTGTGAAGG-3"), Dio2 (forward, 5’-TGCCACCTTCTTGACTTTGC-3’;
reverse 5’-GGTTCCGGTGCTTCTTAACC-3’). Fold gene expression was calculated with the 2

AACt method with /8S serving as the housekeeping gene.

16S rRNA amplicon sequencing

Genomic DNA was submitted to Microbiome Insights (Vancouver, Canada) for 16S
rRNA gene amplicon sequencing. The V4 hypervariable region was amplified using the
universal primer pair 515F/806R>7 and Phusion Hot Start Il DNA Polymerase (Thermo
Scientific, USA). All samples were processed and sequenced within the same sequencing run to
avoid batch effects. Amplicons were purified, normalized using the SequalPrep Normalization
Plate Kit (Applied Biosystems, USA), and quantified with the KAPA Library Quantification Kit
(Roche, Switzerland) prior to pooling into dual-indexed sequencing libraries®®. Negative PCR
controls (no-template reactions) and mock microbial communities containing defined bacterial

and fungal compositions were included throughout library preparation and sequencing to monitor
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contamination and sequencing performance. Pooled libraries were denatured, diluted, and

sequenced using paired-end chemistry on an Illumina MiSeq platform (Illumina Inc., USA).

Amplicon sequence processing

Raw sequence data were processed in R v4.1.1 using the DADA2 v1.20.0 pipeline *°.
Reads were quality filtered, trimmed, denoised, merged, and screened for chimeric sequences
following the standard DADA2 workflow (https://benjjneb.github.io/dada2/tutorial.html).
Amplicon sequence variants (ASVs) were assigned using a custom reference database containing
the 16S rRNA gene sequences of the Oligo-MM 12 bacterial strains®®. ASVs that could not be
assigned to one of the Oligo-MM 12 members were classified as "Other". Downstream
processing was performed using the phyloseq package v1.36.0°'. A total of 191 ASVs were
initially identified. Samples containing fewer than 1,000 sequencing reads were excluded, and
ASVs detected in only a single sample were removed. The dataset was subsequently filtered to
retain ASVs present at least three times in a minimum of 20% of samples, resulting in a final

dataset of 15 ASVs that was used for all downstream analyses.

Intestinal organoid generation and Lipid Uptake Assay

Jejunum and ileum tissues were harvested from C57BL/6 mice and processed to isolate intestinal
crypts. Intestines were opened longitudinally, washed with cold DPBS, and minced into small
pieces. Tissue fragments were washed with cold DPBS and centrifuged at 300 x g for 30 seconds

at room temperature.
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Tissue fragments were incubated in crypt isolation buffer containing 43.4 mM sucrose (Sigma-
Aldrich, USA), 2 mM EDTA (Thermo Fisher Scientific, USA), and 0.5 mM DTT (Thermo
Fisher Scientific, USA) in DPBS (Thermo Fisher Scientific, USA) for 30 min at 4 °C with gentle
rocking and pelleted at 300 x g for 5 min. Tissue fragments were resuspended in 10 mL DPBS
and pipetted repeatedly, allowed to settle, and the resulting supernatants were collected. This

procedure was repeated twice, pooled, and passed through a 100 pm cell strainer.

The filtered crypt suspension was centrifuged at 300 x g for 5 min at 4 °C, and the resulting
pellet was resuspended in Matrigel (70%; Corning, USA) and plated in 30uL domes. Following
Matrigel solidification, domes were fed with complete mouse organoid medium containing
GlutaMAX (2 mM; Gibco/Thermo Fisher Scientific, USA), HEPES (10 mM; Thermo Fisher
Scientific, USA), N2 supplement (1x; Thermo Fisher Scientific, USA), B27 supplement (1x;
Thermo Fisher Scientific, USA), fetal bovine serum (10%; Sigma-Aldrich, USA), WRN-
conditioned medium (50%), recombinant human EGF (50 ng/mL; Thermo Fisher Scientific,
USA), N-acetylcysteine (1 mM; Sigma-Aldrich, USA), and penicillin/streptomycin (1% Sigma-
Aldrich, USA). Y-27632 10 uM; Tocris Bioscience, UK) was included during the initial plating
period and omitted during subsequent medium changes. Culture medium was replaced every 2-3

days, and intestinal organoids were passaged every 5—6 days.

For organoid inversion, ileal and jejunal organoids were collected three days after
passaging and incubated in 5 mM EDTA in PBS at 4 °C for 1 h to remove Matrigel. Organoids
were then washed twice with washing medium containing DMEM/F-12 (Sigma-Aldrich, USA)
supplemented with 15 mM HEPES, 10% FBS, L-glutamine (Sigma-Aldrich, USA), and

penicillin/streptomycin (final concentration: 100 U/mL and 100 pg/mL, respectively), and
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transferred to ultra-low-attachment plates (# 3473, Corning, USA)) for 48 h at 37 °C to generate
apical-out organoids. Organoids were fed with mouse complete media supplemented with 10 uM
Y27632. For the IL-17-treated group, organoids were treated with IL-17 (421-ML/CF, R&D

Systems, USA) at concentrations ranging from 5 to 50 ng/ml for 24 h.

For experimental treatments, apical-out organoids were washed and re-seeded in
complete mouse organoid medium containing 0.4 mM oleic acid (Sigma-Aldrich, USA) and or
10% sterile fecal extracts derived from mice colonized with Candida albicans or from non-
infected control mice in the presence or absence of cholestyramine (MilliporeSigma, Romania).
After 24 h of treatment, organoids were washed twice with DPBS to remove residual stimuli and
stained with BODIPY 493/503 (Thermo Fisher Scientific, USA) for 20 min at room temperature.
Organoids were subsequently washed three times with DPBS and counterstained with phalloidin
(Thermo Fisher Scientific, USA) and DAPI (Thermo Fisher Scientific, USA). Finally, apical-out

organoids were mounted on concave glass slides with mounting medium for imaging.

Images were acquired using a Nikon A1R Confocal Microscope (Nikon A1R, 20x/0.31
NA objective) equipped for z-stack acquisition. Sequential optical sections were collected at 1
um intervals using the z-stack function and processed for three-dimensional reconstruction and
image analysis. GFP and DAPI signal volume were quantified using FIJI (ImageJ, version
v1.54p)%2. A gaussian blur was applied, followed by thresholding and segmentation across the
entire image stack. Signal volume was quantified using the FIJT 3D ImageJ Suite (v4.1.7)%.
Volume of GFP signal, quantifying lipid droplets, were divided by volume of DAPI, quantifying

nuclei, to normalize and compare enteroids of varying sizes.

FXR reporter assay
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Mouse stool samples were combined with sterile PBS at 1:5 ratio and homogenized using
a Qiagen Tissuelyser II (Qiagen, Germany) at 15 Hz for 1 min. Supernatant was removed and
filter sterilized with a 0.22 pm syringe filter. For treatments involving resin, fecal filtrates were
treated with cholestyramine resin for 30 min at 2% w/v, then centrifuged at 18,000 xg for 5 min;
the supernatant was removed afterwards. FXR activity was quantified using the Mouse
Farnesoid X Receptor Reporter Assay System (Indigo Bioscience, USA) according to
manufacturer’s instructions. Treatments containing fecal filtrate were diluted to 5% when applied

to the assay system.

Quantification of bile acids
Sample preparation

Fecal samples were thawed on ice then extracted with ice-cold methanol in a 2:1 (v/w)
ratio (uL/mg). Samples were homogenized at 30 Hz for 3 min on a homogenizer (Bead Ruptor
96, OMNI international) equipped with microcentrifuge tube tissueLyser adapter sets (2x24,
Qiagen, Germany). After centrifugation at 18 000 xg for 10 min at 4 °C, supernatants were
collected and centrifuged again under the same conditions. Clear supernatants were diluted 1:3

with 50% ice-cold methanol (v/v, HPLC-grade) prior to LC-MS/MS analysis.

LC-MS/MS sample analysis

LC-MS/MS analysis was performed on a Vanquish™

ultra high-performance liquid
chromatography (UHPLC) system coupled to a TSQ Fortis™ triple quadrupole mass

spectrometer (Thermo Fisher Scientific, USA) equipped with an electrospray ionization (HESI-
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IT) probe. The UHPLC-MS platform was controlled by an Xcalibur™ data system (Thermo
Fisher Scientific, USA). Chromatographic separation was achieved on a Accucore ™ C30
column (150 X 2.1 mm, 2.6 pm, Thermo Fisher Scientific, USA) using a binary solvent system
composed of LC-MS grade water containing 5 mM ammonium acetate and 0.1% (v/v) formic
acid (Solvent A) and LC-MS grade methanol containing 5 mM ammonium acetate and 0.1%
(v/v) formic acid (solvent B). The following 55 min gradient, with chromatographic resolution of
the monitored isobaric bile acids, was used: 0-2.5 min, 50% B; 2.5-6 min, 50-70% B; 6-10 min,
70% B; 10-34 min, 70-100% B; 34-38 min, 100% B; 38-40 min, 100% B, flow from 100-200 pL
min'; 40-40.5 min, 100-50% B, flow from 200-150 uL min'; 40.5-44.9 min, 50% B, flow from
150-100 uL min'; 44.9-55 min, 50% B. Unless otherwise stated, the flow rate was 100 uL min!.
The sample injection volume was 5 pL. The auto sampler was kept at 6°C and the column at

30°C.

MS/MS data were acquired in positive electrospray ionization mode with the mass
spectrometer operating in selected reaction monitoring (SRM) mode. Fragmentation parameters
were optimized using the EZ Tune program with direct infusion of the analytical grade bile acid
standards (50 uM each in 1:1 (v/v) Solvent A/Solvent B). For each bile acid, a pair of quantifier
(Quan) and qualifier (Qual) ions was selected. Subsequently, the following transitions were
monitored (1-45 min), with a dwell time of 25 ms: Bile acid, [M+NH4]" m/z Parent ion — m/z
Quan (CE), m/z Qual (CE), where CE is the collision energy (V). a-MCA/b-MCA/w-
MCA/CA/HCA/UCA, m/z 426.3 — m/z 355.2 (18), m/z 373.2 (13);
CDCA/DCA/HDCA/MDCA/UDCA, m/z 410.3 — m/z 357.2 (11), m/z 339.2 (13); GCA, m/z
483.3 — m/z 412.4 (20), m/z 430.4 (17); GCDCA/GDCA/GHDCA/GUDCA, m/z 467.4 — m/z

4142 (19), m/z 432.2 (13); GLCA, m/z 451.3 — m/z 416.2 (15), m/z 323.2 (26); LCA, m/z 394.3
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— m/z 359.4 (14), m/z 135.4 (35); T-a-MCA/ T-b-MCA/ T-w-MCA/TCA, m/z 533.3 — m/z
462.2 (20), m/z 480.2 (16); TCDCA/TDCA/ THDCA/TUDCA m/z 517.3 — m/z 464.2 (17), m/z

482.2 (13); TLCA, m/z 501.3 — m/z 466.4 (16), m/z 341.3 (24).

Electrospray ionization source conditions were as follows: spray voltage of 3000 V,
vaporizer temperature of 325°C, sheath gas of 35 psi, auxiliary gas flow of 10 (arbitrary units)

and sweep gas flow of 2 (arbitrary units), capillary temperature of 275°C.

Bile acids in the biological samples were quantified using external standard calibration. A freshly
prepared working solution, containing alpha-Muricholic acid (a-MCA), beta-Muricholic acid (b-
MCA), omega-Muricholic acid (w-MCA), cholic acid (CA), Ursocholic acid (UCA),
Chenodeoxycholic acid (CDCA), Deoxycholic acid (DCA), Hyocholic acid (HCA),
hyodeoxycholic acid (HDCA), Murideoxycholic acid (MDCA), ursodeoxycholic acid (UDCA),
Glycocholic acid (GCA), Glycochenodeoxycholic acid (GCDCA), Glycodeoxycholic acid
(GDCA), Glycohyododeoxycholic acid (GHDCA), Glycoursodeoxycholic acid (GUDCA),
Glycolithocholic acid (GLCA), lithocholic acid (LCA), Tauro-alpha-Muricholic acid (T-o.-
MCA), Tauro-omega-Muricholic acid (T-w-MCA), Taurochenodeoxycholic acid (TCDCA),
Taurodeoxycholic acid (TDCA), Taurohyodeoxycholic acid (THDCA), Tauroursodeoxycholic
acid (TUDCA), Taurolithocholic acid (TLCA) at 100 uM (final concentration) and HCA, Tauro-
beta-Muricholic acid (T-b-MCA), Taurocholic acid (TCA) at 200 uM (final concentration) in

MeOH, was further diluted (1:2) in 50% methanol to prepare 15 calibration solutions.

Data analyses were conducted in EI-Maven®* using integrated peak intensity (area under
the curve). Reported bile acid concentrations in the samples are corrected for sample dilutions

(1:3) prior to LC-MS/MS analysis.
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Quantification of mitochondrial density

DNA was isolated from WAT with the RNeasy Lipid Tissue Mini Kit (Qiagen, Germany)
according to a manufacturer’s protocol. Mitochondrial DNA copy number per cell was then
quantified with the Absolute Mouse Mitochondrial DNA Copy Number Quantification qPCR

Assay Kit (ScienCell, USA) according to manufacturer’s instructions.

Adipose tissue whole-mount fluorescence microscopy

WAT was excised from B and B+C mice and fixed in 4% paraformaldehyde (PFA;
Thermo Fisher, UK ) overnight at 4°C. Tissue was washed 2x with 0.002% heparin (Sandoz,
Canada) in PBS for 30 min, then sandwiched between two microscope slides and secured with
clamps for 2 h at 4°C to reduce tissue thickness. Tissue was blocked with 2.5% bovine serum
albumin (BSA, MilliporeSigma, USA) + 1% Triton (Thermo Fisher Scientific, USA) in PBS
overnight at 4°C. To reduce autofluorescence, tissue was quenched with 0.1% Sudan Black
(MilliporeSigma, China) in ethanol for 30 min at RT, then washed with PBS 4x for 1h each time.
Mitochondria were stained with TOMM?20 directly conjugated to Alexa Fluor 555 (Abcam
AB221292; Abcam, USA) at 1:100 in 0.2% Triton in PBS for 2 days at 4°C and washed with
PBS 4x for 1h each time. DAPI counterstain (Calbiochem, Germany) was applied at 1:250 for 15

min at RT. Tissue was mounted with a #1.5 coverslip and 200 um spacer.

Images were acquired using a Nikon A1R Confocal Microscope (Nikon A1R, 60x/1.40
NA Oil objective) equipped for z-stack acquisition. Sequential optical sections were collected at
0.5 um intervals over a 22.5 um stack and processed for three-dimensional reconstruction and
image analysis. Images underwent thresholding and segmentation across the entire image stack.

TOMM20 and adipocyte signal volume were quantified using FIJT ImageJ v1.54p® and the FIJT
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3D ImagelJ Suite v4.1.7%3.

High-resolution respirometry

At the experimental endpoint, ~20 mg of gWAT was isolated and stored in MiR05 buffer
prepared as described previously® for up to 1 h. The tissue was minced and macerated before
being transferred to a calibrated Oxygraph-2k chamber (Oroboros Instruments, Austria).
Digitonin (2 uM) was added to permeabilize the cells and samples were allowed to stabilize for
up to 10 min, then titrations were performed based on a previously described protocol with some
modifications®. Malate (0.5 mM; Sigma, Canada), pyruvate (5 mM; Sigma, Canada) and
glutamate (10 mM; Sigma, Canada) were added to measure complex I leak respiration, ADP (5
mM; Sigma, Canada) was then added to measure complex I linked respiration. Cytochrome ¢ (10
uM; Sigma, Canada) was added to test the integrity of the outer mitochondrial membrane,
followed by succinate (10 mM; Sigma, Canada) to measure complex I+II linked respiration.
Adenosine triphosphate (ATP) synthase was inhibited with addition of oligomycin (2 pg/mL;
Sigma, Canada). Then, trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP; Sigma,
Canada) was titrated in steps of 0.5 pM to determine the maximum capacity of the ETS.
Rotenone (0.05 pM) was then added to inhibit complex I, followed by Antimycin A (2.5 uM;
Sigma, Canada) to inhibit ETS and assess residual oxygen consumption. The total length of the
protocol was 90—120 minutes. Total protein concentration of the chamber contents was
determined by the Pierce BCA Protein Assay (Thermo Fisher, USA) following manufacturer
instructions. Data was analyzed with normalization to protein contents in DatLab v7 (Oroboros

Instruments, Austria).
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Adipose tissue immune cell isolation

gWAT was dissected and placed in DMEM (Gibco, USA) supplemented with 10%
inactivated horse serum (iHS; Sigma-Aldrich, USA) and 12.5mM HEPES (Gibco, USA) on ice
for up to 1 h. The wet weight of the tissue was obtained, and samples were mechanically minced
and placed back in the media. 1 mg/mL of collagenase Type II (Gibco, USA) and 5 KU/mL of
DNase I (Sigma-Aldrich, USA) were added to the media and samples were incubated at 37°C
with 200 rpm shaking for 25 min and additional manual shaking every 5 min. Samples were
supplemented with 0.1M EDTA and incubated at 37°C with 200 rpm shaking for another 5-10
minutes. Once digestion was complete, samples were filtered through 100 um mesh and topped
up with 20 mL DMEM solution. Samples were spun at 300 xg for 5 min at 4°C. Supernatant was
aspirated, and red blood cell lysis was performed with 2 mL ACK Lysing Buffer (Quality
Biological, USA) at RT for 3 or 7 minutes for samples from lean or obese mice, respectively.
Samples were topped up with 8 mL cold PBS supplemented with 2% iHS (Sigma-Aldrich,
USA), filtered through 250 um mesh, and spun at 300 xg for 5 min at 4°C. Cells were

resuspended in DMEM solution for downstream assays.

In vitro stimulation of adipose tissue immune cells

The bulk SVF from digested gWAT was resuspended in complete RPMI (RPMI
supplemented with 10% iHS and 1% penicillin/streptomycin) and stimulated with phorbol 12-
myristate 13-acetate (PMA, 50 ng/mL; Sigma-Aldrich) and ionomycin (1 pg/mL; Sigma-
Aldrich, USA) for 4 h at 37°C 5% CO.. Brefeldin A (10 pg/mL; Sigma-Aldrich, USA) was

added for the last 3 h. Cells were washed twice in 2% iHS before immunolabelling and flow
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cytometry.

Immunolabelling and flow cytometry

Stimulated bulk SVF was stained with LIVE/DEAD Fixable Blue Dead Cell Stain
(Invitrogen, USA) and Fcy-receptor-blocking antibody (Becton Dickson, USA) followed by
staining for extracellular markers. Cells were then fixed and permeabilized with the
Foxp3/Transcription Factor Staining Buffer Set (eBioscience, USA) and stained for intracellular
markers. The following antibodies were from eBioscience: AF532 anti-CD45 (clone 30-F11),
PerCP-eF710 anti-RORyt (eBio17B7), AF660 anti-TNFa (MP6-XT22), BUV661 anti-IL-17A
(eBio17B7), eF450 anti-IL5 (TRFKS); from BD: BUV395 anti-NK1.1 (PK136), BUV496 anti-
CD90.2 (30-H12), BUV563 anti-CD4 (RM4-5), BUV737 anti-CD11b (M1/70), BV650 anti-
CD64 (X57-5/7.1), BV711 anti-GATA3 (L50-82), BV750 anti-TCR (H57-597), BV786 anti-
SigF (E50-2440), PE-CF594 anti-ydTCR (GL3), PE-Cy7 anti-Ly6G (1A8), BUV805 anti-CD3
(17A2); from Biolegend: BUV615 anti-CD11c (N4/18), BV510 anti-MHC-II (M5/114.15.2),
BV605 anti-CD27 (LG.3A10). Samples were run on the Cytek Aurora (Cytek Biosciences) and
analyzed with FlowJo v10.10.0 (representative gating strategy for cell characterization presented

in Figure S6).

Primary adipocyte differentiation

C57Bl/6J Oligo-MM12-colonized mice (8-14 weeks of age) were purchased from the
IMC. gWAT was dissected, minced and placed in DMEM (Gibco, USA) supplemented with 10%

iHS (Sigma-Aldrich, USA), 12.5mM HEPES (Gibco), and 0.2% BSA (Sigma Aldrich, USA) on
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ice. I mg/mL of collagenase Type I (Gibco, USA) was added to the media and samples were
incubated at 200 rpm 37°C for 45 min. Once digestion was complete, samples were filtered
through 100 pum mesh and topped up with 20 mL DMEM solution. Samples were spun at 300 xg
for 5 min at 4°C. Supernatant was aspirated, and red blood cell lysis was performed with 2 mL
ACK Lysing Buffer (Quality Biological, USA) at RT for 4 min. Samples were topped up with 8
mL cold PBS supplemented with 2% iHS (Sigma-Aldrich, USA), filtered through 40 pm mesh,
and spun at 300 xg for 5 min at 4°C. Cells were plated in 24-well plates at a density of 5x10*
cells/well in 1 mL complete high-glucose DMEM (supplemented with 10% FBS and 1%
penicillin/streptomycin). Cells were grown to 70-80% confluence (day 0) and treated with
insulin (1 pg/mL; Sigma Aldrich, USA), 3-isobutyl-1-methylxantine (0.5 mM, Sigma-Aldrich),
dexamethasone (0.25 uM; Sigma-Aldrich, USA) and rosiglitazone (1 puM; TCI America, USA)
for 48 h. Cells were then maintained in complete high-glucose DMEM supplemented with

insulin (1 pg/ml) until adipocytes were mature (day 8-10) as previously described®’.

yoT cell-adipocyte co-culture assay

SVF was isolated from gWAT as described above, however cells were filtered through 40
pum mesh following red blood cell lysis. Samples underwent dead cell removal and positive
selection for yOT cells with MACS MicroBeads (Miltenyi Biotec, USA). yoT cells and the
remaining pre-enriched T cell fraction (non-yoT cells) were co-cultured with the primary
differentiated adipocytes in complete high-glucose DMEM for 18 h. Isolated cells were plated at
an estimate of a biologically representative ratio with differentiated adipocytes based on values

reported in the literature and our previous findings. Briefly, the percentage of differentiated
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adipocytes was estimated from 3 fields of view across 3 independent wells, and the approximate
number of adipocytes was calculated accordingly. We followed literature estimates that the SVF
comprises ~70% of the cells in WAT and of those cells ~65% are CD45%%%°. We used these
proportions and the mean proportion of YT cells (Male: 2.3%, Female: 1.4%) and non-ydT cells
(CD90.2" cells without ydT cells; Male: 29.0%, Female: 31.2%) within the CD45" population in
B+C mice to determine the ratio of cells to plate relative to number of differentiated adipocytes.
Up to 5,000 or 15,000 y3T cells were plated in females and males, respectively. Cells isolated
from either sex were co-cultured with primary differentiated adipocytes derived from mice of the
same sex. Recombinant mouse IL-17A (1 ng/uL; R&D Systems, USA) was included as a
positive control. After 18 hours, the supernatant was removed, and cells were harvested in Qiazol

and immediately flash frozen. RNA was isolated and cDNA generated as described above.

Data visualization and statistical analysis

Data were analyzed separately between males and females to assess the sex-related
differences in host immune and metabolic responses. The effect of diet and colonization was
then analyzed by Two-way ANOVA with Sidak’s multiple comparisons test. Differences in
trapezoidal area under the curve (AUC) for body weight were assessed by Two-way ANOVA
with Sidak’s multiple comparisons test. Energy intake was analyzed separately for either diet;
normality was assessed by Shapiro-Wilk test and significant differences at each timepoint were
defined by unpaired t-test. Adipose tissue qPCR results were analyzed separately between sexes
and diets; normality was assessed by Shapiro-Wilk test and significant differences within either

diet defined by unpaired t-test or Mann-Whitney U test, accordingly.
For microbiome analysis, beta diversity was calculated using the Bray—Curtis
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dissimilarity index following variance-stabilizing transformation of the ASV count table and
visualized by principal coordinates analysis (PCoA), with ellipses representing the 95%
confidence intervals (CI). Differences in community composition between B and B+C mice were
assessed using permutational multivariate analysis of variance (PERMANOVA), incorporating
sex and diet (12-week time point) as explanatory variables, using the vegan package v2.6-47°,
Differential abundance analysis of the 12 Oligo-MM 12 bacterial strains was performed using
DESeq?2 v.1.38.37!, comparing each fungal-colonized group with its corresponding B-only
control. Resulting p-values were adjusted for multiple comparisons using the Benjamini—
Hochberg false discovery rate (FDR) correction. Group comparisons for individual bile acids and
grouped bile acids were performed using two-sided Mann—Whitney U tests. To account for
multiple comparisons, p-values were adjusted using the Benjamini—Hochberg FDR method.
Grouped bile acid metrics were calculated by summing concentrations of predefined bile acid
classes for each sample. Statistical testing for grouped metrics followed the same Mann—Whitney
U test framework with FDR correction applied across all grouped comparisons. For multivariate
analysis, principal component analysis (PCA) was performed on log-transformed bile acid
concentrations (log10[x + 1e—6]). Variables were centered and scaled to unit variance prior to
PCA. Differences in overall bile acid composition between groups were assessed using

PERMANOVA based on Euclidean distances. All statistical analyses were conducted in R.

For respirometry, FXR reporter activity, fluorescence microscopy, and enteroid lipid
uptake data, the effects of diet and colonization were assessed by two-way ANOVA followed by
Sidak’s multiple comparisons test. Bar and line plots display the mean with SEM. Immune data
was analyzed by unpaired t-test. Flow cytometry data was gated using FlowJo v10.10.0. Graphs

were made using GraphPad Prism v10.2.1.
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Data availability

The demultiplexed 16S rRNA amplicon sequencing data generated in this study have
been deposited in the Sequence Read Archive (SRA) of NCBI under accession code BioProject
PRINA1041856 [https://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA1041856]. Bile Acid
mass spectral raw data will be deposited under study identifier XXX. The metabolic and immune
data generated in this study will be provided in the Supplementary Information/Source Data file.

All microbial strains are kept as stocks in the Arrieta lab and can be shared when requested.

Code availability

Code will be found at Github
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Figure 1. Early-life colonization with C. albicans shifts the bacterial microbiome and
reduces body weight and fat mass.

A) Gnotobiotic colonization and DIO model. GF dams were gavaged twice with Oligo-MM12
consortium alone (“B”) or in combination with C. albicans (“B+C”). B+C offspring (F1) were
further exposed to C. albicans twice in the first week of life. F1 were weaned onto standard diet
(SD) or high-fat-high-sucrose diet (HFHS) until 14 weeks of age. B-C) Fecal ITS DNA at 14
weeks in males and females. D) Principal coordinate analysis (PCoA) plots of bacterial beta-
diversity at 12 weeks. Fungi and diet effect based on Bray-Curtis Dissimilarity assessed by
PERMANOVA. Ellipses represent 95% confidence intervals (CI). E) Bacterial differential
abundance using DESeq?2. Log. fold changes represent differences in abundance between groups



(B+C vs B), with positive values indicating enrichment in the B+C group. P-values were
adjusted for multiple testing using the Benjamini—Hochberg method, and taxa with adjusted p <
0.05 are shown. F-G) Body weight from 3-14 weeks with trapezoidal AUC in males and females.
H-I) Fat mass percentage in males and females, respectively. Statistical significance defined by
two-way ANOVA with Sidak’s multiple comparisons test. Data represented as mean = SEM. *p
<0.05, **p <0.01, ***p < 0.001, ****p <0.0001.
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Figure 2. C. albicans colonization remodels the bile acid landscape and impairs intestinal
lipid uptake

A) Representative images of inverted jejunal enteroids exposed to sterile fecal filtrates from mice
colonized with the Oligo-MM 12 bacterial consortium alone (B only) or with C. albicans (B+C)
in the presence or absence of IL-17 and oleic acid. Lipid droplets stained with BODIPY

AF488. B) Quantification of jejunal enteroid lipid uptake expressed as BODIPY fluorescence
volume normalized to DAPI signal volume. Statistical comparisons performed by two-way
ANOVA, Untreated: Control n=15, B n=14, B+C n=15; IL-17: Control n=13, B n=12, B+C n=
13, **p<0,01, ***p<0,001, ****p<0.0001. C) Principal component analysis (PCA) of log-
transformed, scaled bile acid concentrations from B and B+C mice. Group separation was
assessed by PERMANOVA. Ellipses represent 95% CI. D-E) Individual and (F-H) grouped bile
acid concentrations. Boxplots indicate median and interquartile range, with whiskers
representing 1.5x IQR. Statistical comparisons between groups were performed using two-sided
Mann—Whitney U tests with Benjamini—-Hochberg false discovery rate (FDR) correction.
Significance is indicated as *FDR < 0.05, **FDR < 0.01. I) Representative images of jejunal
enteroids exposed to sterile fecal filtrates from B or B+C mice in the presence or absence of bile
acid sequestrant resin, cholestyramine. Lipid droplets stained with BODIPY AF488. J)
Quantification of jejunal enteroid lipid uptake following cholestyramine treatment, expressed as
BODIPY fluorescence volume (GFP) normalized to DAPI signal volume. Statistical
comparisons performed by one-way ANOVA, Control n=26, B Only n=26, B Only + Resin
n=12, B+C n=27, B+C + Resin n=11, ***p<(.001, ****p<0.0001.
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Figure 3. C. albicans colonization enhances thermogenic programming and mitochondrial
density in white adipose tissue.

A-B) Relative gene expression normalized to 18S (calculated using 2-24¢) of thermogenesis-
associated genes in peri-gonadal white adipose tissue (WAT), in males (A) and females (B) fed a
SD (solid bars) or a HFHS diet (striped bars). Statistical significance within each diet was
determined using an unpaired #-test or Mann—Whitney U test following assessment of normality
by the Shapiro—Wilk test. C-D) Representative immunofluorescence images of gWAT from male
(C) and female (D) mice. Adipocytes autofluorescence was quenched with Sudan Black (red),
mitochondria were labeled with TOMM?20 (yellow), and nuclei with DAPI (blue). E-H)
Quantification of mitochondrial (E, G) and adipocyte (F, H) volume in males and females. I-T)
High-resolution respirometry of gWAT mitochondria from male and female mice. I-J) Complex
I leak respiration (CIp) in males and females. K-L) Complex I linked respiration (Clp) in males
and females. M-N) Complex I+II linked respiration (CI+IIp) in males and females. O-P)
Maximum electron transport system respiration (ETS) in males and females. Q-R) ATP
production in males and females. For panels E-R, Statistical differences defined by Two-way
ANOVA with Sidak’s multiple comparisons test. Data represented as mean + SEM. *p < 0.05,
**p <0.01, ***p < 0.001, ****p < 0.0001.
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A-D) Radar plots showing the proportion of adipose-resident immune cell populations quantified
by flow cytometry in gWAT from male (A-B) and female (C-D) mice fed a standard diet (SD)
or high-fat high-sucrose diet (HFHS). Cell populations include those previously shown to have
pro-thermogenic function: eosinophils, Yo T cells, IL-17A*TNF-a* yd T cells, IL-17A* innate
lymphoid cells (ILCs), natural killer T (NKT) cells, and IL-17A*CD4* T cells. Values represent
the proportion of each immune cell population within the CD45* leukocyte compartment.
Statistical comparisons between B and B+C mice were performed using unpaired #-tests. E-F)
Body weight trajectories of gnotobiotic y3T cell deficient mice colonized with the Oligo-MM12
consortium alone (B) or together with C. albicans (B+C), fed either SD or HFHS. Inserts show
the area under the curve (AUC) for body weight from 3—-10 weeks of age. G-H) Body fat
percentage of yOTCR-deficient mice following SD or HFHS feeding in males (G) and females
(H). For panels E-H, statistical significance was determined by two-way ANOVA with Sidak’s
multiple comparisons test. Data represented as mean = SEM. *p < 0.05, **p < 0.01, ***p <
0.001, ****p <0.0001.
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