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Abstract

Eating behavior is essential to human health. However, whether future eating behavior is
subjected to the conditioning of preceding dietary composition is unknown. This study
aimed to investigate the effect of dietary fiber consumption on subsequent nutrient-specific
food preferences between palatable high-fat and high-sugar diets and explore its correlation
with the gut microbiota. C57BL/6NJcl male mice were subjected to a 2-week dietary inter-
vention and fed either a control (n = 6) or inulin (n = 6) diet. Afterward, all mice were sub-
jected to a 3-day eating behavioral test to self-select from the simultaneously presented
high-fat and high-sugar diets. The test diet feed intakes were recorded, and the mice’s fecal
samples were analyzed to evaluate the gut microbiota composition. The inulin-conditioned
mice exhibited a preference for the high-fat diet over the high-sugar diet, associated with dis-
tinct gut microbiota composition profiles between the inulin-conditioned and control mice.
The gut microbiota Oscillospiraceae sp., Bacteroides acidifaciens, and Clostridiales sp. pos-
itively correlated with a preference for fat. Further studies with fecal microbiota transplanta-
tion and eating behavior-related neurotransmitter analyses are warranted to establish the
causal role of gut microbiota on host food preferences. Food preferences induced by dietary
intervention are a novel observation, and the gut microbiome may be associated with this
preference.

Introduction

Eating is essential to quality health. The study of eating behavior is an interdisciplinary field
that has garnered the attention of nutritionists, anthropologists, psychologists, neuroscientists,
sociologists, and even economists, to tackle the central question: “Why do we eat what we eat?”
Our food choices may seem mundane and arbitrary, yet what we choose to eat has a tremen-
dous effect on our health. Nutritional scientists have illuminated the physiological and meta-
bolic responses elicited by ingested foods’ quantity and composition [1, 2]. Neuroscientists
have targeted brain chemistry and neural pathways that control eating behaviors at the core of
human behavior [3-5]. Sociologists and psychologists have developed several models to break
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down and construct a holistic human food selection framework. Anthropologists have shed
light on culture’s imprinted effect on food acquisition, preparation, attitudes, and rituals. Each
discipline dives into the key question around eating formulated in their own right; however,
dysfunctional eating behaviors are increasing drastically in contemporary post-industrial soci-
eties [6, 7], unprecedentedly threatening human health.

In nutritional science, two facets of eating behavior, food intake [8] and preference [9-12],
have been extensively studied. Food intake is the quantitative measure of ingested food; com-
mon parameters include meal size, frequency, and appetite. Food intake regulation has been in
the spotlight because obesity, one of the leading causes of deteriorating quality of life, is
induced by a chronic positive energy balance. Dietary fiber is one of the most well-studied
models for improving food intake to mitigate obesity [13]. Dietary fiber consumption regulates
food intake through two mechanisms: (1) it increases satiation and satiety in the host through
its physical characteristics [14], and (2) it stimulates the actions of gut-derived hormones on
the appetite center in the brain to control food and energy intake [15, 16]. A robust association
between dietary fiber intake and eating behavior via the gut-brain axis has been discovered
with the recent bloom of gut microbiome studies. Dietary fiber ingestion stimulates the growth
of a specific subset of gut microbiota and increases short-chain fatty acid and appetite-related
hormone levels [14, 17]. These hormones travel from the gut to the brain and act on the hypo-
thalamus to signal appropriate homeostatic ingestive behavior in the host [16, 18].

Food preference, like food intake, is another key factor in constructing a framework to
understand the complexity of human eating behavior. Nutritionists and psychologists have
developed instruments to assess food preferences and underlying food motives in human sub-
jects, including the Leeds Food Preference Questionnaire [19] and the Food Choice Question-
naire [20], used across different cultural contexts. Neuroscientists have also conducted
extensive interventional studies in animals to examine the neural patterns that serve as the
basis of decision-making regarding food, specifically food preferences. The central peptide
administration, including neuropeptide Y and opiate in the hypothalamus, elicited a prefer-
ence for carbohydrate and palatable food consumption [21]. Hormones, including glucagon
and growth hormone-releasing hormones, increased protein intake when the mice were
offered different macronutrient sources [22-25]. The neurotransmitter serotonin (5-HT) sup-
presses appetite in high-carbohydrate foods, whereas galanin consistently elicits a preference
for high-fat foods [26, 27]. The gut microbiota is responsible for more than 90% of serotonin
biosynthesis, a molecule associated with nutrient-specific food preference [28].

Studies targeting direct and indirect food intake control through dietary fiber and gut
microbiota have greatly expanded our understanding of eating behavior. However, to the best
of our knowledge, no studies have explicitly addressed dietary fiber intake’s impact on food
preferences associated with the gut microbiota. Anatomical and physiological similarities
between humans and mice make them suitable models for dietary intervention studies. Our
study aimed to use a mouse model to clarify dietary fiber consumption’s physiological effects
on food preference between palatable high-fat and high-sugar diets in mice associated with the
gut microbiota.

Materials and methods
Animals and housing

Twelve 8-week-old specific pathogen-free (SPF) inbred C57BL/6NJcl male mice were obtained
from CLEA Japan, Inc., Tokyo, Japan. The mice were housed in groups of three, except during
the eating behavioral test at the RIKEN Yokohama Campus Animal Facility. They were sub-
jected to a 1-week habituation period and fed a control diet, ad libitum (D21052808, Research
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Diets, Inc., New Brunswick, NJ, USA). All mice were randomly divided into two groups (inu-
lin-conditioned or control); baseline body weights were measured to ensure the absence of
outliers in each experimental group. Ear punching was performed for mouse identification at
the beginning of the habituation period. The lights were set to a 12-h light-dark schedule with
lights on at 7 a.m. [Zeitgeber (ZT) 0] and off at 7 p.m. (ZT12). The temperature was main-
tained at 24+1°C and humidity at 50+5% in the SPF animal facility. Animal care and treatment
were conducted according to the institutional guidelines of RIKEN Yokohama Campus. The
Ethics Committee of the RIKEN Yokohama campus approved all experimental procedures
[Y-H29-170187] and complied with the ARRIVE guidelines.

Dietary intervention

At 9 weeks old, all experimental mice were divided into two groups (n = 6/group) and assigned
to one of the following feeding regimes for 2 weeks: (a) high-fiber inulin diet (D21052809,
Research Diets, Inc., New Brunswick, NJ, USA) or (b) control diet (D21052808, Research
Diets, Inc., New Brunswick, NJ, USA), as shown in Fig 1. The control diet, based on AIN-93M,
was modified by reducing cellulose content from 5% to 1% to alter gut microbiome composi-
tion and short-chain fatty acid production, an alteration associated with shifts in eating behav-
ior [29]. The treatment diet contained approximately the same composition as the control,
with 10% inulin added. The control diet comprised 15% protein, 76% carbohydrate, and 4%
fat, with an energy density of 4 kcal/g. The high-fiber inulin diet comprised 14% protein, 72%
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Fig 1. Experimental design overview. Twelve mice underwent a 1-week habituation period followed by a 2-week dietary intervention and were fed one of
the following diets: (1) control; (2) high-fiber inulin. After the dietary intervention, the mice were subjected to a 3-day eating behavioral test to choose
between palatable high-fat and high-sugar diets. Fecal samples were collected at Day 0 (pre-intervention), 4, 8, 12, 14 (post-intervention), and 17 (post-
eating behavioral test). Created with BioRender.com.

https://doi.org/10.1371/journal.pone.0305849.9001
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Table 1. Intervention diets nutritional composition.

Control Diet Inulin diet
Macronutrient (%)
Protein 15.00 14.00
Carbohydrate 76.00 72.00
Fat 4.00 4.00
Energy (kcal) 4.00 3.88
Ingredients (gm/3850 kcal)
Casein 0.00 0.00
Casein, Mineral Acid 30 Mesh 140.00 140.00
L-Cystein 1.80 1.80
Corn Starch 496.00 476.94
Maltodextrin 10 125.00 125.00
Sucrose 100.00 100.00
Cellulose 10.00 10.00
Inulin 0.00 50.00
Soybean Oil 40.00 40.00
t-Butylhydroquinone 0.008 0.008
Mineral Mix S1022M 35.00 35.00
Vitamin Mix V10037 10.00 10.00
Choline Bitartate 2.50 2.50

Source: Research Diets, INC (New Brunswick, NJ)
https://doi.org/10.1371/journal.pone.0305849.t001

carbohydrate, and 4% fat, with an energy density of 3.88 kcal/g. Both diets’ protein ratio com-
prised casein (mineral acid 30 mesh) and L-cysteine; the carbohydrate comprised corn starch,
maltodextrin 10, sucrose, cellulose, and inulin; the fat comprised soybean oil and t-butylhydro-
quinone. Table 1 shows a description of the nutritional compositions of the control and treat-
ment diets. The mice’s body weights were measured at the start and end of the dietary
intervention.

Eating behavioral test

After the 2-week dietary intervention, all experimental mice were housed individually in a cus-
tomized testing cage (S1 Fig) for a 3-day eating behavioral test to self-select between a palatable
high-fat or a high-sugar diet. The testing cage had a 380 x 120 x 115 mm dimension and was
made of acrylic materials with three main compartments: two feeding chambers on the left-
and right-hand sides and a resting chamber in the middle connecting the feeding chambers.
Stainless steel feeding cages were placed on top of the feeding chambers, where the mice could
reach the test diets. A stainless-steel lid was placed above the resting area to prevent the mice
from escaping and as support for the water bottle. High-fat and high-sugar diets were devel-
oped using the AIN-76 rodent diet formulation as the base in collaboration with CLEA Japan,
informed by existing literature [27, 30] that highlighted differential dietary preferences within
murine models. The high-fat diet comprised 14.9% protein, 44.7% carbohydrate, and 40.4%
fat, with an energy density of 4.59 kcal/g. Cocoa butter (20%) was the main fat source. The
high-sugar diet comprised 17.4% protein, 70.8% carbohydrate, and 11.8% fat, with an energy
density of 4.03 kcal/g. Sucrose was the main sugar source (70%). The test diets’ complete nutri-
tional compositions are listed in Table 2. Their positions were switched every 12 hours to pre-
vent a location bias. The eating behavioral test was conducted during the dark phase,
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Table 2. Test diets nutritional composition.

High-sugar diet (HS) High-fat Diet (HF)
Macronutrient (%)
Protein 17.39 14.92
Carbohydrate 70.79 44.69
Fat 11.82 40.38
Energy (kcal) 4.03 4.59
Ingredients (g)
Sucrose 70.00 34.90
Cocoa Butter 0.00 20.00
Milk Casein 20.00 19.50
Corn Oil 0.00 0.00
Corn Starch 0.00 15.00
Crystalline Cellulose 5.00 5.00
Mineral Mix (AIN-76) 3.50 3.50
Vitamin Mix (AIN-76) 1.00 1.00
CaCO3 0.00 0.40
DL-Methionine 0.30 0.30
Choline Deltartate 0.20 0.20
Cholesterol 0.00 0.20
3-Butylhydroquinone 0.00 0.004

Source: CLEA Japan, INC.
https://doi.org/10.1371/journal.pone.0305849.t1002

beginning at 7 p.m. and terminating at 7 a.m. the next day. Mice, exhibiting nocturnal tenden-
cies with peak activity and inherent feeding behaviors during nighttime, were assessed for die-
tary preferences during the dark phase over three consecutive days to precisely capture their
natural eating habits during habitual activity periods. The behavioral experiment was carried
out in a soundproof room where the temperature was maintained at 24+1°C and humidity at
50+5%. The high-fat and high-sugar test diet feed intakes were recorded at the beginning and
end of each 12-h test session. In addition to the test diet feed intake, the fat preference score
was calculated as follows:

high — fat[g]
(high — fat[g] + high — sugar|g])

(1)

The mice were sacrificed by cervical dislocation at the end of the behavioral test.

Fecal sample collection and bacterial DNA extraction

Fecal samples were collected before, during, and after the dietary intervention to examine the
gut microbiota composition changes induced by dietary fiber inulin. Fresh fecal samples were
immediately frozen in liquid nitrogen and stored at -80°C until further processing. Fecal pel-
lets were suspended in TE20 and incubated with 15 mg/mL lysozyme (Sigma-Aldrich Co.,
LLC., St. Louis, MO, USA) and purified achromopeptidase (Wako Pure Chemical Industries,
Osaka, Japan) at a final concentration of 100 units/uL at 37°C for 2 h. Furthermore, 1% (w/v)
sodium dodecyl sulfate and 1 mg/mL proteinase K (Merck Millipore, Darmstadt, Germany)
were added to the fecal pellets and incubated at 55°C for 1 h. The lysate was treated with phe-
nol/chloroform/isoamyl alcohol (NIPPON GENE, Tokyo, Japan). Bacterial DNA was
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precipitated using 3 M sodium acetate and isopropanol, centrifuged at 12,000 g at 4°C for 5
min, and rinsed with 75% ethanol. RNase (DN Ase-free) solution at a final concentration of
10ug/mL was added to the bacterial DNA and incubated at 37°C for 30 min, followed by 20%
PEG6000-2.5 M NaCl to precipitate high-molecular-weight DNA by centrifugation at 12,000
g at 4°C for 5 min. The final fecal pellet was rinsed with 75% ethanol three times to remove
residual PEG and NaCl, dried under vacuum, and dissolved in 10 mM Tris-HCl/1 mM EDTA.

16S rRNA gene amplicon sequencing

The 16S ribosomal RNA (rRNA) gene V1-V2 region was polymerase chain reaction (PCR)-
amplified from the bacterial DNA, using the 16S metagenomic sequencing library protocol (Illu-
mina, Inc., San Diego, CA, USA), and amplified using PCR with universal primers 27F-mod
(5-AGRGTTTGATYMTGGCTCAG-3’) and 338R (5-TGCTGCCTCCCGTAGGAGT-3). A
solution of 44 yL. PCR mixture, 2 yL 16S amplicon PCR forward (1 yM) and reverse primers

(1 uM), 4 uL bacterial DNA, and PCR-grade water was prepared to a final volume of 50 uL. PCR
amplification was conducted with pre-denaturation at 95°C for 3 min, followed by 20 cycles of
95°Cfor 30 s, 55°C for 30 s, 72°C for 30 s, and a final extension at 72°C for 3 min. The PCR
products were purified using AMPure XP beads. Purified products were sequenced using an
Mlumina MiSeq System (Illumina Inc., San Diego, CA, USA).

16S rRNA gene sequencing analysis pipeline

Analysis of the V1-V2 region of the 16S ribosomal RNA began by merging two paired-end
reads using fastq-join, focusing on overlapping sequences. Reads with an average quality
value below 25, or those not matching both universal primers, were excluded. After trim-
ming the primer sequences, the remaining reads were checked against a reference genome
sequence database from the National Center for Biotechnology Information (NCBI) FTP site
(ftp://ftp.ncbi.nih.gov/genbank/, Jan 2020). Subsequently, 3,000 high-quality 16S reads with
an average quality value exceeding 25 were randomly selected from the filtered reads per
sample and trimmed for primers. Low read abundance taxa of less than 0.01% were removed.
a-diversity was assessed by clustering these reads at a 97% identity threshold, determining
the number of OTUs for each sample. S-diversity insights were obtained by implementing
UniFrac distance analysis, a methodological approach based on quantitative phylogenetic
metrics [31].

Statistical analyses

All statistical tests and data visualizations were performed with R version 4.0.2 and RStudio
version 1.3.1093. The Wilcoxon rank-sum test was used to test for statistical differences in (1)
the high-fat and high-sugar test diet feed intake, (2) the high-fat and high-sugar test diet energy
intake, and (3) body weight changes among the inulin-conditioned and control mice. The
MaAsLin2 package was used to examine the differences in gut microbiota composition
between the control and inulin-conditioned groups at three critical time points: before the
intervention (Day 0), after the intervention (Day 14), and after the preference test (Day 17).
Permutational multivariate analysis of variance (PERMANOVA) was performed using the
adonis function of the vegan package to identify community-level differences between groups,
with adjustment for multiple testing using the False Discovery Rate (FDR) g-value correction
method. Spearman’s rank correlation tests were applied to the gut microbiota data collected
on Day 14, in conjunction with the calculated fat preference scores. Subsequently, these corre-
lations were adjusted using the False Discovery Rate (FDR) q-value method to identify micro-
bial taxa that exhibited statistically significant associations with fat preference.
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Results
Dietary fiber consumption and nutrient-specific food selection

To investigate the influence of dietary fiber inulin on food preferences, our experiment sub-
jected mice to a two-choice food preference test, which revealed a marked preference for high-
fat over high-sugar diets after a two-week inulin dietary intervention (Fig 2). Fig 2 compares
the high-fat and high-sugar test diet intakes, including the total feed intake between the two
mice groups. Fig 2A shows that the inulin-conditioned mice significantly preferred the high-
fat diet (P = 0.0043) over the high-sugar diet, whereas no significant difference in preference
was detected in the control mice (P = 0.39). Moreover, high-fat and high-sugar diet intake was
compared between the two groups. Considering the drastic difference in the test diets’ macro-
nutrient proportions, the inulin-conditioned and control mice’s combined feed intakes (high-
fat + high-sugar) were compared. However, no significant differences in total feed intake were
detected (P = 0.87), as shown in Fig 2B. We also computed the fat preference scores in the inu-
lin-conditioned and control mice (Fig 2C). An increase in fat preference was observed over the
course of the three-day eating behavior test, culminating in a pronounced difference in mean
fat preference between the two groups on Day 3 (P = 0.031). These results show that inulin-
conditioned mice prefer a high-fat diet with a suppressed appetite for a high-sugar diet. Fur-
thermore, when comparing the caloric intake of the high-fat and high-sugar diets (S2 Fig), a
significant difference was observed in the inulin-conditioned mice, aligning with the food
preference test results depicted in grams (P = 0.0043). However, no significant differences
were detected in the total caloric intake between the two groups (S2 Fig). The inulin-condi-
tioned and control mice’s body weights increased significantly after dietary intervention

(P =0.0026 and 0.0045, respectively, (S3 Fig)). Nonetheless, there was no significant difference
in the percent change in body weight between the two groups of mice before and after the die-
tary intervention (P = 0.13).

Taxonomical features of gut microbiota post-intervention and preference
test

To investigate the impact of a two-week dietary intervention with standard control and high-
fiber inulin diets on the gut microbiota, we analyzed fecal pellets from mice using the 16S
rRNA gene amplicon sequencing and uncovered significant alterations in the gut microbiota
profile after the intervention and following the food preference test (Fig 3). MaAsLin2 analysis
revealed a total of 123 OTUs that showed significant differential abundance when comparing
the control group to the inulin-conditioned mice. Fig 3A illustrates the OTU-level taxonomic
composition. In addition, phylum- and family-level analyses complemented these results,
revealing notable shifts in key bacterial phyla such as Firmicutes and Bacteroidetes, as well as
in specific families (54 and S5 Figs). Fig 3B features a volcano plot which delineates the top 10
taxa which experienced the most pronounced enrichment or depletion as a result of the inulin
treatment throughout the intervention. The taxa that were most significantly enriched include
Adlercreutzia muris (OTU00039), Bacteroides caecemuris (OTU00017), Lachnospiraceae
(OTU00034), Lactobacillus taiwanensis (OTU0001), and Faecalibaculum rodentium
(OTU0003). Conversely, the taxa that underwent the most substantial depletion were Erysipe-
lotrichia (OTU00031), Bacteroidia (OTU00010), Clostridiales (OTU00013), Bacteroidaceae
(OTU0005), and Lachnospiraceae (OTU0009). To elucidate the temporal dynamics of the top
10 taxa showing significant differences between the two groups, Fig 3C provides a longitudinal
depiction of the fluctuations in abundance of each taxon at specific time points (Day 0, 4, 8, 12,
14, 17). The top row of the figure shows taxa that were enriched, while the bottom row
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Fig 2. Nutrient-specific food selection results. Fig 2A shows a significant difference in the high-fat and high-sugar feed intakes in inulin-conditioned mice
(P = 0.0043); however, no significant difference was detected in the control group (P = 0.39). Fig 2B shows no significant differences in the total test diet
intake between the two groups (P = 0.87). Fig 2C shows the fat preference scores of the inulin-conditioned and control mice over the course of the three-
day eating behavior test. The inulin-conditioned mice showed a significant increase in fat preference on Day 3 (P = 0.031).

https://doi.org/10.1371/journal.pone.0305849.9g002

highlights those that were depleted. A heatmap based on hierarchical clustering was generated
to visualize the bacterial composition dynamics after dietary intervention (S6 Fig).

Significant differences were observed in 13 OTUs as a result of the three-day food prefer-
ence test, in which mice were free to choose between a high-fat and a high-sugar diet. The
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Fig 3. Taxonomical features of gut microbiota post-dietary intervention. Fig 3A: OTU-level taxonomic composition of the control and inulin-
conditioned mice pre-intervention and post-intervention; Fig 3B: Volcano plot of the MaAsLin2 model output, showing the top 10 taxa that were
significantly enriched or depleted in the inulin-conditioned mice compared to the control group; Fig 3C: Longitudinal dynamics of the top 10 taxa showing
significant differences in abundance between the two groups.

https://doi.org/10.1371/journal.pone.0305849.g003

analysis revealed significant shifts in the microbial landscape that were annotated in a volcano
plot (S7 Fig). The plot shows the top 10 significantly enriched bacterial taxa after the test were
Firmicutes (OTU00081), Ruminococcaceae (OTU00082), Clostridia (OTU00026), Bacteroides
caecemuris (OTU00017), Clostridiales (OTU00027 and OTU00221), Faecalimonas sp.
(OTU00106), Muribaculum intestinale (OTU00037), Lacnospiraceae (OTU00045), and
another distinct lineage of Ruminococcaceae (OTU00205). In addition to identifying these
enriched taxa, longitudinal observations mapped changes in their relative abundance over
time, indicating dynamic changes in the microbiota in response to experimental diets. Shan-
non diversity index showed no significant change in total microbial diversity after the prefer-
ence test (S8 Fig). f-diversity analysis using weighted UniFrac also showed no significant
difference, with an R2 value of 0.08 and a p-value of 0.487 (q = 0.487), indicating that the over-
all community composition did not differ significantly between groups in response to the
high-fat and high-sugar test diets (S9 Fig). These results suggest that while certain taxa showed
significant enrichment, the overall microbial community structure remained relatively unaf-
fected over the course of the food preference test.

The Shannon diversity index computation for a-diversity revealed no significant differ-
ences in microbial community richness and evenness between the control group and inulin-
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conditioned mice at pre-intervention, post-intervention, and post-preference test phases. In
contrast, f-diversity assessed using the weighted UniFrac distance demonstrated divergence
between the groups at the post-intervention stage. Principal coordinates analysis (PCoA)
attributed 28.69% of the total variance to PCoA1 and 27.41% to PCoA2, resulting in an R2
value of 0.27, with a statistically significant p-value of 0.016 and a q-value of 0.048. Conversely,
the pre-intervention and post-preference test phases presented no significant differences in
microbial community composition between the groups, recording R2 values of 0.107
(P=0.312, q = 0.468) and 0.08 (P = 0.487, q = 0.487), respectively. These results highlight the
capacity of inulin treatment to alter microbial community structure, with the effects predomi-
nantly observable post-intervention through the -diversity metrics.

Correlation between gut microbiota and nutrient-specific food preference

To explore the correlation between gut microbiota composition and dietary preferences, we
employed the computed fat preference scores and revealed distinct microbial correlations with
preference for fat. In Fig 4, 24 OTUs are correlated with hedonic eating patterns, particularly
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Fig 4. Correlation between fat preference and gut microbiota. 24 OTUs significantly correlated with fat preference. Four out of 24 OTUs positively
correlated with fat preference: OTU00065 Oscillospiraceae, OTU00002 Bacteroides acidifaciens, OTU00073 Clostridiales, and OTU00280 Clostridia
(q=10.0413, 0.0562, 0.0849, and 0.0849, respectively.) The size and color intensity of the dots represent the strength of the correlation.

https://doi.org/10.1371/journal.pone.0305849.g004
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fat preference. Four OTUs exhibited a positive correlation with fat preference: OTU00065
from the Oscillospiraceae family (q = 0.0413), OTU00002 identified as Bacteroides acidifaciens
(q-value = 0.0562), and OTU00073 and OTU00280, both from the Clostridiales order

(q =0.0849). Conversely, 20 OTUs showed a negative correlation with fat preference, suggest-
ing a preference for sugar. Notable mentions include OTUs from the Lachnospiraceae family
(OTU00110, OTU00009, OTU00063) and a range of OTUs under the Clostridiales classifica-
tion (OTU00068, OTU00026, OTU00173, OTU00067, OTU00113, OTU00143, OTU00074,
OTU00775, OTU00099) with g-values between 0.0593 to 0.0991. Additionally, OTUs such as
OTU00139 (Erysipelotrichales), OTU00031 (Erysipelotrichia), OTU00132 (Firmicutes),
OTU00145 (Bacteroidia), OTU00043 (Clostridium disporicum), OTU00028 (Schaedlerella ara-
binosiphila), and OTU00022 (Blautia sp.) were also observed with similar q-values. This analy-
sis highlights the relationship between microbial composition and dietary preferences.

Discussion

Food preference is an essential component to maintaining health status in addition to cumula-
tive food intake. The present study demonstrated that consumption of soluble dietary fiber
inulin altered gut microbiota composition and induced a preference for a high-fat over a high-
sugar diet. Existing literature has extensively discussed the benefits of dietary fiber on control-
ling food intake.

To date, this is the first study that examines the impact of dietary fiber inulin consumption
on food preference between palatable high-fat and high-sugar diets. Dietary fiber inulin is
known to control food intake and regulate one’s appetite, as commonly determined by total
energy or cumulative food intake [32]. Yet the effect of inulin on food preference has not been
studied. Our results show that consuming dietary fiber inulin induces a preference for fat and
suppresses the appetite for sugar in a mouse model. This observation suggests that previous
dietary consumption substantially affects subsequent food choices. Nutrient-specific food
selection operates on a positive feedback mechanism [30] in which pre-exposure to a certain
macronutrient induces a preference for that macronutrient in mice. For example, the mice
pre-exposed to fat self-selected fat, protein self-selected protein, and carbohydrates self-
selected carbohydrates. A similar study demonstrated a contradictory result in which high pre-
meal protein composition induced a low protein intake in subsequent meals with a reduction
in total food intake [33]. Regardless, evidence demonstrates that previous meals substantially
influence subsequent meals’ quantity and composition. Our results support the existing litera-
ture that the composition of the previous meal determines subsequent nutrient-specific food
selection, even when the test diet compositions are not presented in the preceding meal. Pre-
ceding dietary composition’s effect on subsequent food choice was investigated more than
three decades ago without consideration of gut microbiota as a component in the framework
[33, 34]. Our study is one of the first that reinforces the effect of preceding dietary composition
on subsequent food selection, considering the gut microbiota as a factor.

Soluble dietary fiber consumption controls experimental animals’ energy intake and body
weight [35, 36], although several studies have reported conflicting results. For example, some
studies have reported that short-term inulin supplementation (12 days to 4 weeks) does not
control body weight gain in experimental mice compared with controls [37-39]. In the present
study, significant weight gain was detected in the inulin-conditioned and control mice after
the 2-week inulin intervention; no significant differences were detected in the post-dietary
intervention body weights between the two groups. In particular, the mice in the present study
were still undergoing their growth phase during the dietary intervention period (PD64-80),
explaining the significant weight gain after dietary intervention. Several studies have reported
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that soluble dietary fiber increases metabolizable energy extraction from feed compared with
insoluble dietary fiber, increasing body weight and leading to the development of the obese
phenotype in mice [40, 41]. In the present study, we observed a trend toward greater weight
gain in inulin-conditioned mice compared to the control mice. However, the lack of bomb cal-
orimetry data limits our ability to directly link changes in gut microbiota and associated energy
balance, as dietary differences could inherently affect energy expenditure and consequently
body weight. Determination of the energy content of collected fecal pellets may be used to sub-
stantiate this observation in the future.

We compared nutrient-specific food selection in mice between two palatable test diets: a
high-sugar diet (carbohydrate, 70.79%; fat, 11.82%; protein, 17.39%) and a high-fat diet (carbo-
hydrate, 44.60%; fat, 40.38%; protein, 14.92%). Obesity results from a chronic energy imbal-
ance between energy intake and expenditure, and food addiction exacerbates its development.
The food addiction model is explained by neural activation in the reward circuitry in response
to food cues and reduced activity in the inhibitory regions following palatable food intake. Sev-
eral reports have demonstrated that sugar is a food component that causes addictive behavior
[42-46]. In contrast, while fat consumption does not elicit addictive behavior, its overcon-
sumption contributes to excessive weight gain from fat mass accumulation [42, 47, 48]. High-
fat and high-sugar foods are ubiquitous in the contemporary food environments and have dif-
ferential downstream physiological effects when ingested [49]. Food addiction is problematic
because, unlike drugs and alcohol [4, 50], humans cannot eliminate food as it sustains survival.
The present study assessed dietary fiber consumption’s effect on subsequent nutrient-specific
food selection between palatable high-fat and high-sugar diets. Dietary fiber consumption reg-
ulates food and energy intake quantity and promotes a preference for fat over sugar, curbing
food addiction development.

In the present study, three bacterial species positively correlated with fat preference: Oscil-
lospiraceae sp., Bacteroides acidifaciens, and Clostridiales sp. These bacterial species were
enriched in response to dietary fiber inulin consumption, consistent with several reports [51-
53]. A recent study reported that the genus Bacteroides, particularly Bacteroides uniformis
CECT 7771, is involved in reducing binge-eating behavior in rats, a process mediated by the
serotonergic and dopaminergic pathways in the hypothalamus [54]. Another study revealed an
inverse correlation between the relative abundance of Bacteroides and addiction-like eating
behavior in obese women who underwent laparoscopic sleeve gastrectomy by reducing con-
nectivity in the brain reward regions [55]. Combining the results from the present study illus-
trating that Bacteroides are positively correlated with a preference for a high-fat over a high-
sugar diet, our findings imply Bacteroides’ protective role against addiction-like eating behav-
ior in human and animal subjects. This study, however, is limited by the absence of fecal trans-
plantation experiments, which are essential to establish a causal relationship between gut
microbiota composition and the observed changes in food preferences. Further studies involv-
ing fecal microbiota transplantation onto germ-free mice and measurement of candidate neu-
rotransmitters are necessary to draw a causal relationship between gut microbiota
composition and food preference.

Existing studies have elucidated how diet influences the gut microbiota. Specifically, the
increase in bacterial groups such as Clostridiales and Erysipelotrichales in our study parallels
the findings of Magnusson et al. where these bacteria increased in mice consuming a 62% high
sugar diet [56]. However, the increase in Lachnospiraceae that we observed contrasts with pre-
vious research showing a decrease with consumption of a high-sugar diet [57]. This inconsis-
tency underscores the potential for unique interactions between diet type, microbial
composition, and other factors, and highlights the need for more nuanced research. Previous
literature has identified a relationship between the gut microbiome and brain connectivity,

PLOS ONE | https://doi.org/10.1371/journal.pone.0305849  July 10, 2024 12/18


https://doi.org/10.1371/journal.pone.0305849

PLOS ONE

Dietary fiber induces a fat preference associated with the gut microbiota

notably within the reward network involving regions such as the putamen and precuneus [54].
Dong et al. pointed out that a higher abundance of Lachnospiraceae was associated with low
connectivity between these brain regions. Our current findings further delve into the implica-
tions of such microbial patterns on dietary preferences. We found that an increase in Lachnos-
piraceae was significantly correlated with a negative fat preference. These correlations, taken
together, suggest a possible link wherein the abundance of specific microbial taxa, such as
Lachnospiraceae, may not only influence brain connectivity patterns but also modulate dietary
preferences. This further emphasizes the intricate intertwining of gut-brain interactions in
determining food choices. The genus Bacteroides has previously been implicated in feeding
behavior. For example, administration of Bacteroides uniformis to rats altered their binge eat-
ing behavior and affected the brain’s reward response [53]. In parallel with this literature, our
study found that Bacteroides acidifaciens, another species within the Bacteroides genus, showed
a positive correlation with fat preference. This consistent association across studies highlights
the potential role of Bacteroides in the modulation of food preferences.

The current findings, demonstrating significant shifts in 13 OTUs after a three-day food
preference test in which mice chose between high-fat and high-sugar diets, dovetail with exist-
ing literature on the subject. Suriano et al. underscore that diet-induced obesity is closely tied
to deviations in both the composition and functionality of the gut microbiota. It further illus-
trates that diets high in sugar and fat can differentially impact the microbiota, subsequently
affecting obesity and related comorbidities [58]. In line with the literature, our results suggest
that the significant enrichment of specific bacterial taxa, such as Firmicutes, Ruminococcaceae,
and Bacteroides, may be a reflection of the microbiota’s response to the macronutrient compo-
sition of the diet. This study also extends previous research indicating that changes in the gut
microbiota can lead to increased intake of palatable foods through the microbiota-gut-brain
axis [59]. It examines the influence of inulin, a dietary fiber, on these microbial communities
and subsequent food preferences. A notable preference for high-fat diets in mice supplemented
with inulin suggests that dietary components can significantly shape gut microbiota, which in
turn guides food choices. This finding suggests that dietary interventions could reprogram eat-
ing behaviors associated with overeating disorders. The research not only strengthens the liter-
ature, but also broadens the understanding of diet-microbiome interactions and presents
potential new therapeutic avenues within the microbiota-gut-brain framework.

Conclusions

In summary, we demonstrated that dietary fiber consumption may induce a preference for a
high-fat diet over a high-sugar diet, associated with the enrichment of gut bacteria Oscillospira-
ceae, Bacteroides acidifaciens, and Clostridiales. Our data on the impact of dietary fiber inulin
on food preference may contribute to understanding the behavioral consequences of dietary
fiber ingestion on future food preferences through gut microbiota modulation.

Supporting information

S1 Fig. Customized eating behavioral testing cage. The left- and right-chambers are the feed-
ing chambers for mice to self-select between the test diets; the central area is the resting area
for when the mice are not interacting with food. Marble balls are modifications made to the
cage to prevent the mice from resting in the feeding chambers; stainless steel clips are used to
secure the lid to prevent the mice from escaping.

(TIF)
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S2 Fig. Energy intake comparison between the inulin-conditioned and control mice. Fig
3A: No significant differences were detected in the energy intake of high-fat and high-sugar
test diet energy intakes among the inulin-conditioned and control mice (P = 0.7 and 0.13,
respectively). Fig 3B: Total energy intake combining high-fat and high-sugar test diets of the
inulin-conditioned and control mice; no significant differences were detected in the total
energy intake between the two groups (P = 0.66).

(TIF)

S3 Fig. Effects of inulin treatment on body weight in mice. The left panel illustrates the body
weight of mice from control and inulin-conditioned groups at two distinct time points: pre-
intervention (baseline) and post-intervention. Each line represents the weight trajectory of an
individual mouse. The right panel visualizes the percentage change in body weight for each
group. The difference in weight gain between the two groups was not statistically significant

(P =0.229).

(TIF)

$4 Fig. Comparative analysis of phylum-level taxonomic composition in control and inu-
lin-conditioned groups. The figure illustrates the relative abundance of different bacterial
phyla within each sample group (control and inulin-conditioned) at both the pre- and post-
intervention stages, highlighting shifts in microbial diversity in response to the intervention.
(TIF)

S5 Fig. Comparative analysis of family-level taxonomic composition in control and inulin-
conditioned groups. The figure illustrates the relative abundance of different bacterial phyla
within each sample group (control and inulin-conditioned) at both the pre- and post-interven-
tion stages, highlighting shifts in microbial diversity in response to the intervention.

(TIF)

S6 Fig. Heatmap of the significantly different OTUs between the inulin-conditioned and
control mice post-dietary intervention (Day 14) based on hierarchical clustering. The col-
ors on the heatmap reflect the log-transformed OTU relative abundance; red indicates OTUs
high in relative abundance and blue indicates OTUs low in relative abundance.

(TTF)

S7 Fig. Differential relative abundance of bacterial taxa post-preference test. S5A Fig shows
a volcano plot showcasing bacterial taxa that exhibited significant differences in relative abun-
dance following a preference test, as analyzed by MaAsLin2. The top 10 taxa with the most
pronounced differences are highlighted with labels. Supplementary S5B Fig provides a longitu-
dinal assessment of the relative abundance of these top taxa at distinct time points (Days 0, 4,
8,12, and 14).

(TIF)

S8 Fig. a-diversity analysis. S6 Fig illustrates the a-diversity (Shannon diversity index) of
microbial communities for the control and inulin-conditioned groups at three distinct time
points: pre-intervention, post-intervention, and post-preference tests were not significantly
different between the control and inulin-conditioned mice (P = 0.94, 0.065, 0.48, respectively).
(TIF)

S9 Fig. p-diversity calculated with weighted UniFrac distances. S7 Fig showcases microbial
community dissimilarity during three stages: pre-intervention, post-intervention, and post-
test. Gut microbiota profiles were significantly different between the control and inulin-condi-
tioned mice at the post-intervention time point (R2 = 0.27, q-value = 0.048), but not at the
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pre-intervention (R2 = 0.107, g-value = 0.468) or post-preference test (R2 = 0.08, q-
value = 0.487) time points.
(TIF)
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