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ABSTRACT
Background: Fasting and timed feeding strategies normalize obesity parameters even under high-fat dietary intake. Although previous work
demonstrated that these dietary strategies reduce adiposity and improve metabolic health, limited work has examined intestinal microbial
communities.
Objectives: We determined whether timed feeding modifies the composition of the intestinal microbiome and mycobiome (yeast and fungi).
Methods: Male C57BL/6 mice were fed a high-fat diet (HF) for 6 wk. Animals were then randomly assigned to the following groups
(n = 8–10/group): 1) HF ad libitum; 2) purified high-fiber diet (Daniel Fast, DF); 3) HF–time-restricted feeding (TRF) (6 h); 4) HF–alternate-day fasting
(ADF); or 5) HF at 80% total caloric restriction (CR). After 8 wk, obesity and gut parameters were characterized. We also examined changes to the
gut microbiome and mycobiome before, during, and following dietary interventions.
Results: Body mass gain was reduced with all restricted dietary groups. HF-fed microbiota displayed lower α-diversity along with reduced phylum
levels of Bacteroidetes and increased Firmicutes. Animals switched from HF to DF demonstrated a rapid transition in bacterial taxonomic
composition, α-, and β-diversity that initially resembled HF, but was distinct after 4 and 8 wk of DF feeding. Time-or calorie-restricted HF-fed
groups did not show changes at the phylum level, but α-diversity was increased, with specific genera altered. Six weeks of HF feeding reduced
various fungal populations, particularly Alternaria, Aspergillus, Cladosporium, and Talaromyces, and increased Candida, Hanseniaspora, and
Kurtzmaniella. However, 8 wk of intervention did not change the fungal populations, with the most abundant genera being Candida, Penicillium,
and Hanseniaspora.
Conclusions: These data suggest that timed-feeding protocols and diet composition do not significantly affect the gut fungal community, despite
inducing measurable shifts in the bacterial population that coincide with improvements in metabolism. Curr Dev Nutr 2020;4:nzz145.
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Introduction

Obesity is an emerging epidemic in westernized societies that con-
tributes to comorbidities and substantially elevates national medical
care costs (1). Efforts aimed at preventing obesity have had limited im-
pact on overall incidence, underscoring the complex nature of this con-
dition in the context of environmental, lifestyle, and societal drivers.
Regulation of energy expenditure and storage is influenced by phys-
iological and endocrine signals, especially signals coming from the
intestine, which are inseparably associated with the intestinal microor-
ganisms (2). Microbial production of small molecules and fermen-
tative by-products, including SCFAs and lactate, has been shown to

stimulate host receptors within the intestinal epithelium and periph-
eral tissues that influence immune priming and tolerance (3) and host
energy balance (4, 5). The assemblage of the microbiota community is
orchestrated by environmental and host factors, including the use of an-
tibiotics (6), host lifestyle and sanitation practices (7), and dietary intake
(8). Of these factors, numerous animal and human studies demonstrate
that dietary macronutrients serve as the major determinant of microbial
composition and function (9). To date, the vast majority of microbiome
research has focused on the bacterial communities. However, fungi also
colonize the gut in considerable numbers but have been overlooked
due to delays in next-generation sequencing specifically targeting fungi
and because these organisms make up only 0.1–2% of total microbial
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DNA. Notably, fungi are 100 times larger in size than bacteria and there-
fore their contributions to microbial communities could be significantly
underestimated. Indeed, emerging research demonstrates the strong ef-
fects these less abundant members of the microbiome have on host im-
mune and metabolic functions (10, 11).

In addition to dietary macronutrient composition, emerging data
show timing of dietary intake is fundamentally important for host
metabolic outcomes (12, 13). Common dietary fasting protocols in-
clude caloric restriction, time-restricted feeding, and alternate-day fast-
ing. Each approach has certain metabolic benefits independent of the
macronutrient content. Most classically, caloric restriction has been
shown to decrease body fat percentage and total LDL cholesterol, im-
prove insulin sensitivity, and increase lifespan in multiple species (14,
15). More recent work reveals that time-restricted feeding influences
body weight, cholesterol concentration, and insulin sensitivity, even
when animals otherwise consume traditionally obesogenic diets (16).
These findings build on the hypothesis that discordant oscillations in
host metabolic activity with macronutrient intake has deleterious ef-
fects on metabolism. In line with this, our previous work demonstrated
that time-restricted feeding has beneficial health outcomes, with early
time-restricted feeding protocols showing the greatest improvement in
glucose tolerance (17). Beyond restricted feeding within a 24-h period,
another strategy is alternate-day fasting, where animals have ad libitum
access to food for 24 h followed by a 24-h fasting cycle (18). This ap-
proach is gaining popularity and is reported to be as effective in animal
studies as caloric restriction in lowering body weight, cholesterol con-
centrations, and fasting insulin, although its utility in human popula-
tions remains unclear.

Considering that changes in actual dietary composition (i.e., food
type consumed) are difficult to adhere to, we now also focus on the im-
pact that altered timing of dietary intake has on host metabolic out-
comes. In the current study, we investigated the influence of various
dietary interventions aimed at improving body weight and adiposity
and focused upon effects on gut bacterial and fungal populations in our
murine model. We hypothesized that both diet restriction and timed
feeding interventions would normalize body weight with parallel alter-
ations in gut microbial and fungal populations. Our findings demon-
strate that diet restriction in the form of a plant-based, high-fiber diet
or time-restricted feeding of a high-fat diet can improve weight and adi-
posity, and alter the composition of gut bacterial communities, but does
not have a major effect on fungal populations.

Methods

Experimental animals and dietary interventions
Four-week-old C57BL/6 male mice were purchased from Envigo. Upon
arrival at the University of Memphis campus, mice were housed (2 an-
imals per cage) in a USDA-approved animal facility. All experiments
were approved by the Institutional Care and Use of Animal Commit-
tee. Animals were entrained to a reverse light–dark schedule (12-h
dark, 12-h light) with lights off between 07:00 and 19:00 for 2 wk
with ad libitum access to an unpurified standard rodent diet (Teklad
global 2018; Envigo Laboratories Inc; 18% fat, 58% carbohydrates, 24%
protein; 3.1 kcal/g). After entrainment, all mice (n = 43) were fed a
45% high-fat diet (HF) (D12451; Research Diets, Inc; 45% fat, 35%

TABLE 1 Composition of purified diets1

HF DF

Macronutrients
Protein, % kcal 20 15
Carbohydrate, % kcal 35 59
Fat, % kcal 45 25
Energy, kcal/g 4.73 3.9

Ingredients, g
Casein, 80 mesh 200 0
Soy protein 0 170
dl-Methionine 0 3
l-Cysteine 0 3
Sucrose 172.8 0
Corn starch 0 72.8
Maltodextrin 10 100 150
Corn-Starch-Hi Maize 260 (70%/30%

ratio of Amylose/Amylopectin)
0 533.5

Cellulose, BW200 50 100
Inulin 0 50
Soybean oil 25 0
Lard 177.5 0
Flaxseed oil 0 71
Safflower oil, high oleic 0 59
Mineral mix S10026 10 35
Calcium carbonate 5.5 4
Potassium citrate 16.5 0
Dicalcium phosphate 13 0
Vitamin mix V10001 10 10
Choline bitartrate 2 0

1Diets were formulated by Research Diets, Inc (www.researchdiets.com). DF, Daniel
Fast; HF, high-fat diet.

carbohydrate, and 20% protein; 4.73 kcal/g; diet composition presented
in Table 1) for 6 wk. This diet is commonly used to induce obesity in
C57BL/6 mice (19). After 6 wk, mice were divided into 5 groups; group 1
(DF, n = 9) received a plant-based diet high in complex carbohydrates,
including amylose, amylopectin, and inulin. This diet resembles a di-
etary restriction model known as the Daniel Fast (DF), where individ-
uals are restricted to a plant-based diet with no additives, preservatives,
and so forth. This diet was custom made by Research Diets, Inc, with
25% fat, 59% carbohydrate, 15% protein, and 3.9 kcal/g (Table 1) (20).
The remaining 4 groups continued the HF diet, either ad libitum (HF,
n = 8) or in a time- or caloric-restricted manner. The caloric-restricted
group (CR, n = 8) were fed 80% of ad libitum intake as determined
during week 6 of high-fat feeding prior to the intervention. The time-
restricted groups followed either an alternate-day fasting protocol (ADF,
n = 9) where animals had ad libitum access to the HF diet for 24 h fol-
lowed by 24 h of fasting, continued for the remainder of the study, or a
time-restricted protocol (TRF, n = 9) where ad libitum food access was
allowed for the first 6 h of the active phase (07:00–13:00), followed by
18 h of fasting. All groups had ad libitum access to water and remained
on their respective diets for 8–9 wk. Food consumption was determined
daily, and mouse weight measured every other day. Fecal samples were
collected at the end of the initial 6 wk of HF feeding (T0), and again at
3 wk (T1) and 7 wk (T2) following transition to dietary intervention.
ADF fecal samples were collected under both fasting and nonfasting
conditions. Fecal samples were collected fresh at the end of the active
phase. After collection, samples were immediately frozen at −80◦C un-
til DNA extraction. A run-time-to-exhaustion test was performed 1 wk
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Dietary timing alters the gut microbiome, but not mycobiome 3

prior to killing. Results are published elsewhere (13). To avoid changes
induced by exercise, fecal samples were collected prior to exercise. After
8–9 wk on their respective diets, mice were killed using isoflurane and
cervical dislocation after an overnight fast. The gastrointestinal tract ex-
tending from the stomach to rectum was immediately removed and the
length measured. The cecum was isolated and weighed with contents.
Cecal and small intestinal contents were collected, frozen in liquid ni-
trogen, and stored at −80◦C until DNA extraction.

SCFA analysis, ion chromatography
Analysis of SCFAs followed a previous protocol (21). The cecal sam-
ples were thawed, weight recorded, diluted in 0.18 M H2SO4 (0.5–
1 mL/10 mg), and homogenized by sonication while kept on ice. The
resulting suspension was diluted to 10% with additional H2SO4 (0.18 M)
and centrifuged at 12,000 x g for 10 min at room temperature. The su-
pernatant was filtered using a 0.2-μm filter into glass vials, and SCFAs
were resolved with an increasing gradient of KOH using an AS15 an-
alytical column preceded by a AG15 guard column incorporated in a
Dionex ion chromatography system consisting of an AS50 autosampler,
GP50 gradient pump, and ED50 electrochemical detector. Concentra-
tions were calculated from peak heights based on standards containing
acetate, propionate, formate, and butyrate.

DNA isolation for 16S and internal transcribed spacer
amplification and next-generation sequencing
Stool, ileal, and cecal contents were mixed in 1 mL extraction buffer
[50 mM Tris (pH 7.4), 100 mM EDTA (pH 8.0), 400 mM NaCl,
0.5% SDS] containing 20 μL proteinase K (20 mg/mL). Approximately
150 μL of 0.1-mm-diameter zirconia/silica beads (BioSpec Products)
was added to extraction tubes and mechanically perturbed using a
Mini-Beadbeater-8 cell disrupter (BioSpec Products) for 2 × 1 min.
Tubes were incubated at 55◦C overnight with agitation. DNA was ex-
tracted with the phenol:chloroform:isoamyl alcohol method, precipi-
tated with ethanol, and dissolved in nuclease-free water. Purified DNA
samples underwent 16S and internal transcribed spacer (ITS) library
preparation and NextGen Illumina MiSeq sequencing at Argonne Na-
tional Laboratory. Blank samples were passed through an identical col-
lection, extraction, and amplification process but remained free of DNA
amplification.

Statistical methods
Statistical analysis of datasets for body mass, food consumption, and
tissue characteristic was performed with GraphPad Prism 8. Data are
presented as means ± SEM and statistical significance was established
at P < 0.05. Datasets were tested for homogeneity of variance by the
D’Agostino–Pearson test. If a dataset passed normality, an ordinary
1-factor ANOVA with a Tukey multiple comparison test was performed,
otherwise Kruskal–Wallis with a Dunn multiple comparison test was
used. Changes in body mass over time were determined using a 2-factor
ANOVA with Tukey multiple test.

Sequencing data were processed and analyzed using QIIME (Quan-
titative Insights Into Microbial Ecology) 1.9.1. Sequences were first de-
multiplexed, then denoised and clustered into sequence variants. For
bacteria we rarefied to a depth of 2400 sequences. Representative bacte-
rial sequences were aligned via PyNAST, and taxonomy assigned us-
ing the Ribosomal Database Project Classifier. Processed data were

imported into Calypso 8.84 for further analysis and data visualization
(22). The Shannon index was used to quantify α-diversity (intersample).
Bray–Curtis analysis was used to quantify β-diversity (intrasample). We
used LEfSe (Linear discriminant analysis Effects Size) to test for sig-
nificance and perform high-dimensional biomarker identification (23).
For fungi, sequences were aligned, and taxonomy was assigned using
the UNITE (dynamic setting) database (24). Fungal operational taxo-
nomic units were rarefied at a depth of 300 sequences for α-diversity
using the Shannon index and β-diversity using the Jaccard abundance
index (25). To quantify relative abundance of taxa between groups, we
utilized ANOVA adjusted using the Bonferroni correction and false dis-
covery rate for multiple comparisons.

Results

Body weight, adiposity, and food consumption
Two animals died during the study. An unassigned animal died dur-
ing the initial 6-wk HF feeding from an injury to the hindlimb that was
infected. An animal from the DF group was killed during the run-time-
to-exhaustion test as result of getting trapped on the shock grid. All re-
maining animals completed the study.

Body weight and food consumption of all animals were monitored
throughout the 8-wk intervention. Animals in the HF group gained
more weight than all other groups (Figure 1A, B; P < 0.0001). At the
end of the intervention, the average body mass of each group was as
follows: HF: 39.56 ± 4.9 g; DF: 28.9 ± 1.4 g; CR: 33.85 ± 2.8 g; ADF:
28.65 ± 1.2 g; and TRF: 28.54 ± 1.7 g. The change in body weight was
also reflected in the epididymal white adipose tissue (eWAT) accumu-
lation, where ad libitum access to the HF diet resulted in significantly
elevated eWAT compared with DF, TRF, and ADF groups (Figure 1C;
P < 0.0001). Unexpectedly, however, the eWAT for the CR group was
slightly reduced, but did not significantly differ from the HF control
group (Figure 1C; P = 0.2). Fresh food was given to animals daily and
consumption determined over a 24-h time period (Figure 1D). The ani-
mals that had access to food ad libitum (HF and DF) had a similar daily
kilocalorie intake (P = 1), whereas the time-restricted feeding groups
both consumed fewer calories than the HF and DF groups (Figure 1D;
ADF, P = 0.0005; TRF, P < 0.01).

Intestinal parameters and SCFAs
There was a significant difference in the intestinal length, with the
DF group having an extended intestinal tract compared with all HF-
fed animals (Figure 2A; P < 0.03). This trend in length was sus-
tained for both small intestine and colon. The cecum was removed
and immediately weighed with contents after harvest. The cecum from
the DF group weighed significantly more than all the HF-fed groups
(Figure 2B; P < 0.0001).

SCFAs, including acetate, butyrate, formate, and propionate, were
measured from the cecal content. As demonstrated in Table 2, there
was significantly more acetate detected in the HF ad libitum group
(77.1 ± 19.91 nmol/mg) compared with DF (42.6 ± 5.81 nmol/mg;
P = 0.002). Although nonsignificant, this was also true for the restricted
groups consuming the HF diet (CR, 65.0 ± 32.96 nmol/mg; TRF,
65.4 ± 20.0 nmol/mg; ADF, 63.7 ± 13.16 nmol/mg). Whereas butyrate
and formate tended to be more abundant on average (nonsignificant)
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FIGURE 1 Body weight changes, adiposity, and caloric consumption. C57BL/6 male mice were fed a 45% fat diet for 6 wk and then
switched to 1 of 4 dietary restrictions for an additional 8 wk. Body weight was monitored during the 8-wk intervention (A). Values are
mean ± SEM, n = 8–9 per group. ∗P < 0.03, HF vs. DF, TRF, ADF; #P < 0.05, CR vs. DF, TRF, ADF (2-factor ANOVA). Weight change (B)
and weight of epididymal white adipose tissue (eWAT) at the end of the 8-wk intervention (C). The average daily energy consumption was
calculated for the 8-wk intervention time (D). Values are mean ± SEM, n = 8–9 per group. Means without a common letter differ, P < 0.05
(ANOVA). ADF, alternate-day fasting; CR, caloric-restricted; DF, Daniel Fast; HF, high-fat diet; TRF, time-restricted feeding.

in the animals consuming the HF diet, the ADF group had concen-
trations more similar to the DF group. Propionate was significantly in-
creased in the DF group (9.6 ± 2.69 nmol/mg) compared with the HF
(5.31 ± 2.15 nmol/mg; P = 0.006) and TRF (5.48 ± 1.86 nmol/mg;
P = 0.02) groups.

Fecal microbiome following high-fiber diet
After the 6 wk of high-fat feeding, animals started their intervention
protocols. Animals that were switched to the DF diet had a rapid tran-
sition in taxonomic composition (Figure 3A), and change in α- and
β-diversity (Figure 3B, C) as evident at 4 and 8 wk after the start of inter-
vention. The altered microbiome induced by the DF diet resembled that
of mice fed the standard rodent chow suggesting the high fiber content
in these diets could contribute to the changes.

Distal gut microbiome composition following dietary
interventions and fasting protocols
Analysis of fecal microbiota at the experimental end point—after 8 wk
of dietary intervention—demonstrated that the DF diet led to the largest
increase in Bacteroidetes (DF 39% compared with HF 15%) and largest

decrease in Firmicutes (DF 34% compared with HF 70%; Figure 4A).
The DF diet also resulted in a relative increase in Verrucomicrobia (DF
15% compared with HF 1%; Figure 4A). The dietary restriction pro-
tocols, CR, TRF, and ADF, while consuming the HF diet, did not
result in changes at phylum level between the various groups.
LEfSe analysis identified Firmicutes and the genera Lactococ-
cus and Enterococcus to be enriched in the HF group, whereas
Actinobacteria and the genus Bifidobacterium were enriched in
ADF, and Ruminococcus and Christensenellaceae in the TRF sam-
ples. The plant-based high-fiber DF group had several genera
that were enriched: S247, Akkermansia, Clostridiales, Prevotella,
Allobaculum, Bacteroides, Coprococcus RF32, and Dehalobac-
terium (Figure 4B). α-Diversity (Shannon index, Figure 4C)
was increased in the DF, CR, and TRF groups compared with the
HF group. However, the CR and TRF groups had much more variability
than the DF group. The Bray–Curtis dissimilarity measure revealed
that β-diversity of the DF-induced microbiome was distinct from all
HF-fed animals, whereas all the animals fed the HF diet—irrespective
of meal timing—clustered (Figure 4D). An analysis of abundance
demonstrated that the following were significantly increased at genus
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FIGURE 2 Gastrointestinal parameters after intervention.
Intestinal length (A) and cecum weight (B) were measured
immediately after killing. DF differs significantly from all other
groups. Values are mean ± SEM, n = 8–10 per group. ∗P < 0.03;
∗∗P < 0.0001 (ANOVA). ADF, alternate-day fasting; CR,
caloric-restricted; DF, Daniel Fast; HF, high-fat diet; TRF,
time-restricted feeding.

level, specifically in the DF microbiota: S247, RF32, Clostridiales,
Coprococcus, Bacteroides, Allobaculum, and Akkermansia, whereas
Lactococcus, AF12, and Adlercreutzia were decreased (Figure 4E).
Compared with HF ad libitum controls, fasting protocols affected the
following: Clostridiales, Mucispirillum, Desulfovibrio, and Coprococcus
increased with TRF, and Enterococcus decreased with ADF protocol.
The taxonomic composition and α-diversity of ADF on fed days resem-
bled HF under fed conditions, whereas ADF under fasting conditions
more closely resembled CR and TRF. These findings suggest that the
bacterial populations respond rapidly to food availability.

Ileal and cecal microbiota composition following dietary
timing interventions
To assess regional changes in microbiota along the intestinal axis, ileal
and cecal contents were collected at the time of killing. Firmicutes were
the dominant phylum of the ileal microbiota, with no significant differ-
ences observed at phylum level among any of the intervention groups.
Genus-level analysis of the ileal content by principal components analy-
sis (PCoA) (Figure 5A) demonstrated clustering of fasting groups (TRF,
ADF) away from the ad libitum HF consumption group. This result co-
incided with a significant increase in abundance of Lactococcus and a
decrease in Bilophila for the TRF and ADF groups. The high-fiber DF
group also had significantly increased levels of Leuconostoc (Figure 5B).

FIGURE 3 Shifts in the microbiome following changes in diet. (A)
Fecal microbiota taxonomic abundance (phylum level) of animals
on HF and DF diets prior to (0) and following 3 wk (1) and 7 wk (2)
of dietary intervention. Animals switched from HF to DF initially
resembled HF-fed microbiota and then shifted to more closely
resemble the microbiome of the chow-fed animals. (B) Bar chart
showing differences in α-diversity determined by Shannon index of
the fecal microbiome across time points for HF and DF groups,
∗P < 0.05, ∗∗P < 0.005, ∗∗∗P < 0.0001 (ANOVA). (C) Predicted
principal components analysis (PCoA) plot of Bray–Curtis
dissimilarity demonstrating β-diversity of the fecal microbiome
across experimental time points, showing DF and HF feeding
clustered distinctly along principal component 1, which explained
60% of composition dissimilarity. DF, Daniel Fast; HF, high-fat diet.

Compared with the ileum, where only fasting protocols had a sig-
nificant effect on the bacterial population, diet composition induced
dramatic changes in the cecal microbiota. Greater levels of the phy-
lum Bacteroidetes were observed with DF relative to all HF groups

TABLE 2 Cecal SCFA concentrations1

Diet Acetate Butyrate Formate Propionate

DF 42.6 ± 5.81∗ 36.46 ± 27.61 24.21 ± 4.57 9.6 ± 2.69∗∗
HF 77.1 ± 19.91 65.58 ± 53.29 43.92 ± 27.55 5.31 ± 2.15
CR 65.0 ± 32.96 47.39 ± 35.17 54.28 ± 24.56 5.77 ± 2.26
TRF 65.4 ± 20.0 56.05 ± 57.87 53.93 ± 29.42 5.48 ± 1.86
ADF 63.7 ± 13.16 25.73 ± 13.02 29.48 ± 10.71 6.98 ± 2.91
1Acetate, butyrate, formate, and propionate concentrations were measured in nanomoles per milligram and determined from
cecal contents collected from C57BL/6 male mice after 8 wk on dietary interventions. Values are mean ± SD, n = 8–9 per group.
Kruskal–Wallis with Dunn multiple comparison were used for analysis. ∗Acetate differed, DF vs. HF (P = 0.002); ∗∗propionate
differed, DF vs. HF (P = 0.006), TRF (P = 0.02). ADF, alternate-day fasting; CR, caloric-restricted; DF, Daniel Fast; HF, high-fat
diet; TRF, time-restricted feeding.
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FIGURE 4 Fecal microbiome composition following intervention. (A) Pie charts showing relative abundance of fecal microbiota
taxonomic composition for animals on various dietary modifications. (B) Linear discriminant analysis (LDA) effects size (LEfSe) analysis
shows differentially abundant genera with an LDA score >4. (C) Box plots indicating α-diversity of the fecal microbiome for each group
based on the Shannon index at the genus level. Whisker plots show mean surrounded by the upper and lower quartiles. Lines show
variability outside of the quartiles. (D) Predicted principal components analysis (PCoA) plots using Bray–Curtis dissimilarity to demonstrate
β-diversity at the genus level for all groups. HF-fed groups, irrespective of fasting time, are similar and distinct from the DF group. (E) Bar
chart demonstrating abundance of indicated populations (genus level) that are altered by diet and fasting protocols. Significance
(∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.005) determined by ANOVA. #Indicates significant differences induced by fasting. ADF, alternate-day
fasting; CR, caloric-restricted; DF, Daniel Fast; HF, high-fat diet; Sqrt, square root; TRF, time-restricted feeding; TSS, total sum scaling.
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Dietary timing alters the gut microbiome, but not mycobiome 7

FIGURE 5 Ileal microbiome population following intervention. (A)
Evaluation of the β-diversity (Bray–Curtis) of ileal samples.
Predicted principal components analysis (PCoA) plots with
Bray–Curtis dissimilarity metric demonstrating a change in
community induced by fasting protocols. (B) Bar plot reports
changes in abundance of bacterial population induced by either
diet or fasting protocols. Significance (∗P < 0.05; ∗∗P < 0.01)
determined by ANOVA. ADF, alternate-day fasting; CR,
caloric-restricted; DF, Daniel Fast; HF, high-fat diet; Sqrt, square
root; TRF, time-restricted feeding; TSS, total sum scaling.

(DF 29% compared with HF 17%, CR 16%, TRF 20%, and ADF 14%;
Figure 6A). A striking increase was also observed in Verrucomicrobia
with DF and to a lesser extent in all fasting groups (DF, 17%; HF, 2%;
CR, 7%; TRF, 8%; and ADF, 8%). No significant differences were ob-
served in α-diversity among the groups (Figure 6B), but interestingly,
the DF group did not have the same expansion of diversity seen in the
stool samples, despite having a very different taxonomic composition.
β-Diversity in the cecal content showed clear clustering of the DF group

FIGURE 6 Cecal microbiome composition following intervention.
(A) Pie chart showing relative abundance of cecal microbiota
taxonomic composition for animals on various dietary
modifications. (B) α-Diversity as measured by Shannon index of the
cecal microbiome (genus level) for all dietary modifications.
Whisker plots show mean surrounded by the upper and lower
quartiles. Lines show variability outside of the quartiles. (C)
Predicted β-diversity as shown by a PCoA plot (Bray–Curtis, genus
level) of the cecal microbiome demonstrates that all HF-fed
groups, irrespective of fasting time, clustered and are distinct from
the DF group. (D) Bar chart showing abundance of specific
populations (genus level) that are altered by dietary composition
specifically. (E) Bar chart showing abundance of indicated
populations that is altered by fasting protocols. Significance
(∗P < 0.05;∗∗P < 0.01;∗∗∗P < 0.05) determined by ANOVA. ADF,
alternate-day fasting; CR, caloric-restricted; DF, Daniel Fast; HF,
high-fat diet; PCoA, principal components analysis; Sqtr, square
toot; TRF, time-restricted feeding; TSS, total sum scaling.

in contrast to the tight clustering of all HF diet groups (Figure 6C),
suggesting that timed feeding strategies do not effectively alter the
cecal microbiota composition. At genus level, significant differences
were observed between HF feeding and the DF group for the follow-
ing: DF increased S274, Allobaculum, and Akkermansia, and decreased
Rikenellaceae, Desulfovibrionaceae, Christensenellaceae, Ruminococ-
caceae, Oscillospira, Mucispirillum, Lactococcus, Desulfovibrio, Bilophila,
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and AF12 (Figure 6D). Lachnospiraceae and Peptococcaceae were both
reduced by timed feeding protocols (Figure 6E).

Fecal mycobiome following high-fiber diet
After 6 wk of high-fat feeding animals were switched to their respective
intervention diets. The DF diet did not significantly alter fecal fungal
populations compared with HF in relative composition for the dura-
tion of the experiment (Figure 7A). Compared with baseline, the DF
and HF groups exhibited declines in α-diversity over time (Figure 7B)
and shifted in β-diversity (Figure 7C). In contrast to differences found
in bacterial community structure observed between DF and HF groups
during the experiment, these results demonstrate that fungal communi-
ties responded similarly to both HF diets and were possibly less sensitive
to the inclusion of fiber in dietary composition.

Mycobiome composition following dietary interventions
We further examined content from the cecum and distal gut for the
presence of fungi for all intervention groups. α-Diversity as indicated
by the Shannon index and β-diversity as determined by PCoA using
the Jaccard diversity index did not differ between any of the interven-
tion groups in the cecal or fecal samples (Figure 8A, B). In contrast to
dietary timing strategies, we also examined the fungal populations in a
group that consumed a nonpurified chow diet as well as animals that
were switched from HF diet onto chow. The groups demonstrated dis-
tinct fungal populations with increased abundances of Saccharomyces,
Cladosporium, Talaromyces, and Aspergillus compared with the experi-
mental groups (Figure 8C). However, within the timed feeding groups
and DF, no significant differences were observed in taxonomic struc-
ture at the genus level (Figure 8C), despite dramatic changes in bacte-
rial communities observed in the same samples (Figure 3C). Ascomy-
cota was the dominant phylum (82% in the cecum and 81% in the fecal
samples) and the most abundant fungi at the genus level measured in
all intervention groups were Candida, Penicillium, and Hanseniaspora.
(Figure 8D, Hanseniaspora not shown). These results again suggest that
fungal populations, in contrast to bacterial populations, are less sensi-
tive to variables such as timing of dietary intake, consistent with their
longer replication times compared with the smaller bacterial counter-
parts.

Discussion

Obesity is an urgent threat to health in westernized countries due to
its co-occurrence with comorbidities including cancer, type II diabetes,
and chronic inflammatory diseases. Although many genetic and envi-
ronmental factors contribute to obesity, diet is identified as a major risk
factor for this condition. Dietary practices are also a major determinant
of the composition of the intestinal microbiome, and the interaction of
dysbiosis with both obesity and high-fat feeding is now well established
(26, 27). Consumption of a high-fat diet by C57BL/6 mice mimics the
metabolic dysfunction observed in obese humans, making this an ef-
fective model to test potential dietary interventions aimed at reducing
obesity and improving metabolism. Consistent with previous work (28),
we observed that in addition to the induction of metabolic dysfunction,
feeding of an obesogenic diet results in dysbiosis with increased Fir-
micutes and decreased Bacteroidetes. Emerging data now support the

hypothesis that, in addition to diet composition, time of feeding
or fasting cycles also influence the incidence of obesity and metabolic
syndrome (16, 28). We therefore further examined the role of various
dietary restriction models on adiposity and its association with gut mi-
crobial and fungal populations.

To investigate the effect of dietary timing on obesity, 3 experimen-
tal control groups were employed: a traditional calorie restriction model
where animals were fed 80% of their predetermined “habitual” diet, and
2 protocols that would be classified as intermittent fasting, namely time-
restricted feeding (6 h ad libitum consumption per 24 h) and alternate-
day fasting (24 h ad libitum consumption; 24 h fasting). All 3 of these
groups were fed the same obesogenic diet as the controls that consumed
ad libitum throughout the study. An additional group of animals were
restricted to a plant-based high-fiber diet resembling the human dietary
intervention known as the Daniel Fast. This dietary strategy has pre-
viously been shown to improve health parameters in both animal and
human studies (29, 30) and was included in this work as an extension
of previous work and as a reference of an alternative high-fat diet that
contains other macronutrient sources.

Compared with the high-fat controls, all animals on restricted di-
etary protocols had a reduction in weight gain associated with lower
adiposity and improved body composition and measures of insulin
sensitivity—these results are published (13)—demonstrating that timed
feeding while consuming a high-fat diet can be a successful strategy
for weight management and the treatment of obesity and its associated
parameters. These data are consistent with previous work that demon-
strated improvement in body composition with both calorie restriction
and timed feeding protocols (31). Compared with the DF group, all HF
diet groups reduced the length of the bowel and cecal weight, consis-
tent with decreased fermentative activity of the gut under high-fat nu-
trition. A study by Gabel et al. (32) demonstrated that alternate-day
fasting produced greater reductions in fasting insulin and insulin re-
sistance in insulin-resistant individuals. An alternate-day fasting pro-
tocol, while consuming a high-fat diet, also increased weight loss and
improved glucose tolerance in obese mice (33), and protected the liver
from high-fat-diet–induced inflammation (34) Many of the benefits
seen with alternate-day fasting are also observed with time-restricted
feeding (16, 35, 36). In addition to affecting metabolism, the present
study corroborates a previous report that feeding times affect the gut
microbiome (37).

We therefore further investigated the role of dietary timing strate-
gies upon microbial community composition with 2 complementary
approaches, dual amplicon sequencing of the bacterial and fungal com-
munity signatures. The gut microbiome encompasses 1014 microorgan-
isms, including bacteria, viruses, protista, and fungi. Of these, bacteria
are the most well studied due to their total abundance in biomass, con-
tribution to total microbial DNA, and rapid advances in next generation
sequencing tools available to curate them. However, emerging research
demonstrates that fungi can also play a contributory role in modulating
host signaling, but these organisms remain almost entirely undescribed
under many dietary intervention settings (10, 11, 38).

Diet is considered as the primary driver of gut microbiome com-
munity structure. Consistent with this, the plant-based high-fiber diet
caused a reduction in Firmicutes and an increase in Bacteroidetes
in the cecum, and also in fecal samples collected temporally. The
increase in Bacteroidetes was primarily driven by the increase in S274,
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FIGURE 7 Shifts in fungal composition following changes in diet. (A) Fecal fungal taxonomic abundance of animals on HF and DF diets
prior to (0) and following 4 wk (1) and 8 wk (2) of dietary intervention. Animals switched from HF to DF initially remain close in composition
to HF. (B) Bar chart showing differences in α-diversity determined by Shannon index (order level) of the fecal fungal community across time
points for HF and DF groups, where DF and HF lead to decreased α-diversity (P = 0.012, ANOVA). (C) Predicted principal components
analysis (PCoA) plot of Jaccard dissimilarity demonstrating β-diversity of the fecal microbiome across experimental time points
demonstrating that the DF and HF groups move in a similar direction over time along PCoA1. DF, Daniel Fast; HF, high-fat diet.

a population that is specific to the mouse gut. Although α-diversity
was not increased in the cecal sample, the plant-based diet group clus-
tered distinct from all other groups consuming the high-fat diet. Lac-
tococcus, Ruminococcaceae, and Bilophila were increased in the high-fat
compared with the plant-based diet, with no significant effect of timed
feedings. The mucin-degrading bacterium Akkermansia muciniphila
was dramatically increased with the plant-based diet, possibly due to
the presence of inulin, because previous work had shown Akkerman-
sia to be increased by fructo-oligosaccharide and inulin treatment (39).
Interestingly, calorie- and time-restricted HF-fed groups also increased
this mucin-degrading population suggesting that food restriction re-
programs bacterial communities to use host-derived carbon resources.
This increase has previously been shown to be specific for animals con-
suming a high-fat diet (40). Akkermansia remains of great interest in
dietary studies that modulate the gut microbiome, because Akkerman-
sia is elevated in lean individuals compared with obese individuals and

diabetics, weight loss elevates it, and experimental administration re-
stores insulin sensitivity (39, 41–44). In contrast, Lachnospiraceae ap-
peared to be sensitive to fasting. Compared with the plant-based diet,
the HF diet increased this population, but all fasting protocols reduced
the Lachnospiraceae to the level of the plant-based diet. Intermittent
leucine deprivation had also previously been shown to reduce Lach-
nospiraceae, whereas colonization of germ-free ob/ob mice by Lach-
nospiraceae significantly increased fasting blood glucose and adiposity
(45). The changes induced by the different dietary interventions in the
cecum persisted in the fecal samples with additional changes observed:
the plant-based diet increased RF32, Allobaculum, Bacteroides, Copro-
coccus, and Clostridiales, whereas extended fasting times as seen with
the ADF group resulted in increased Bifidobacterium.

Although the fungal populations make up 0.1% of total DNA and
1% of the gut microbial biomass, these organisms are longer lived and
have diverse metabolism profiles, and therefore are interesting targets
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FIGURE 8 Fungal composition following dietary intervention in cecal and fecal samples. Diversity of fungal samples (operational
taxonomic unit level); α-diversity as demonstrated by box plots and Shannon index (left panel). Predicted PCoA plots based on Jaccard
analysis showing β-diversity (right panel) from (A) cecal and (B) fecal samples. (C) Bar chart of genus-level differences in fecal fungal
populations for all experimental groups (left panel). Comparison of abundance of fecal fungal populations, indicating the 10 most
abundant fungi. The right panel shows the abundance of fungal populations determined in groups that were included as age- and
gender-matched controls fed chow or were reverted to the chow diet after the HF feeding period to demonstrate the influence of a
nonpurified diet on the fungal population. (D) Scatterplots demonstrating the most abundant fungal populations (genus level) present in
the fecal samples. No significant differences were observed in Candida or Penicillium as a consequence of diet or fasting protocols.
Significance determined by ANOVA. ADF, alternate-day fasting; CR, caloric-restricted; DF, Daniel Fast; HF, high-fat diet; PCoA, principal
components analysis; Sqrt, square root; TRF, time-restricted feeding; TSS, total sum scaling.
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to examine in the context of health and disease (38, 46). We monitored
the gut fungal populations through sequencing of the ITS2 region of the
fungal genome. Ascomycota was the dominant phylum detected in the
cecal and stool samples, with Candida, Penicillium, and Hanseniaspora
being the most abundant genera. The dietary interventions did not al-
ter the diversity of fungal populations and the taxonomic composition
of these populations. Although associations have been made between
fungal and bacterial populations and between fungi and diet, these com-
plex relations are not well understood (47). Others have demonstrated
that dietary contamination can influence the intestinal mycobiome (8,
38). However, here we demonstrated that in a C57BL/6 male murine
model, diet composition and timing of feeding did not have a significant
effect on the fungal populations, despite inducing dramatic changes in
the bacterial community. The relative stability of the fungal community
and the relations with health and disease are poorly understood.

In conclusion, the current study compares several dietary inter-
ventions, including high-fat diet and timed feeding interventions, that
are used to improve health and weight management. From the results
we aver that high fiber, plant-based diets and timed feeding proto-
cols can be beneficial for weight management and metabolic health.
These beneficial dietary protocols occur with changes in the gut bac-
terial populations, but do not induce dramatic alterations in gut fungal
populations.
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