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Abstract: Underconsumption of dietary fiber and the milieu of chemicals with which it is associated
is a health concern linked to the increasing global burden of chronic diseases. The benefits of fiber are
partially attributed to modulation of the gut microbiota, whose composition and function depend
on the amount and quality of microbiota-accessible substrates in the diet. However, not all types
of fiber are equally accessible to the gut microbiota. Phaseolus vulgaris L., or common bean, is
a food type rich in fiber as well as other prebiotics posing a great potential to positively impact
diet-microbiota-host interactions. To elucidate the magnitude of bean’s effects on the gut microbiota,
increasing doses of common bean were administered in macronutrient-matched diet formulations.
The microbial communities in the ceca of female and male mice were evaluated via 16S rRNA gene
sequencing. As the bean dose increased, the Bacillota:Bacteroidota ratio (formerly referred to as
the Firmicutes:Bacteroidetes ratio) was reduced and α-diversity decreased, whereas the community
composition was distinctly different between the diet groups according to β-diversity. These effects
were more pronounced in female mice compared to male mice. Compositional analyses identified
a dose-responsive bean-induced shift in microbial composition. With an increasing bean dose,
Rikenellaceae, Bacteroides, and RF39, which are associated with health benefits, were enhanced. More
taxa, however, were suppressed, among which were Allobaculum, Oscillospira, Dorea, and Ruminococcus,
which are predominantly associated with chronic disease risk. Investigation of the origins of the dose
dependent and biological sex differences in response to common bean consumption may provide
insights into bean-gut microbiota-host interactions important to developing food-based precision
approaches to chronic disease prevention and control.

Keywords: common bean; microbiome; gut microbiota; cecal microbiota; microbiota accessible
carbohydrates; biological sex; dose response; food pharmacology

1. Introduction

Chronic non-communicable diseases, such as obesity, type-2 diabetes mellitus, cardio-
vascular disease, and cancer, account for greater than 70% of global deaths per annum [1].
Among the risk factors associated with their intricate and multifaceted etiology, poor diet
has long been considered to play a role in these disease processes [2,3]. While the emphasis
of current epidemiological investigations and of food policy decision-makers is on foods
and the pattern in which they are typically eaten [4,5], dietary guidelines, such as U.S.
Dietary Guidelines for Americans (DGA), as well as those published in other countries and
by various organizations therein [6,7], continue to identify nutrients and dietary factors of
concern because they are typically either underconsumed, or are consumed in excess, and
are therefore associated with disease risk [7–10].
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Fiber, and the milieu of chemicals with which it is associated, is a dietary factor of
concern due to underconsumption in developed countries and in developing countries
transitioning to Westernized food patterns [6,11,12]. Dietary fiber is a type of carbohydrate
whose chemical components vary among food categories and that is either slowly digested
or is indigestible by monogastric animals including humans. Consequently, dietary fiber
is a fuel source for the intestinal microbiota, and many of the health benefits associated
with dietary fiber ingestion are attributed, in particular, to them. Several mediators of such
benefits have been identified, including metabolites of bacterial fermentation, such as short-
chain fatty acids, polyphenol derivatives, lower pH, and mucus layer protection [13–15].
However, dietary fiber encompasses various compounds with different functionality, and
the food source thereof plays an important role as well. As recently noted in the 2020–2025
DGA [7], and as underscored by us [16,17], one particular category of foods rich in dietary
fiber that was once widely consumed and that has essentially disappeared from the food
patterns typical of developed countries is pulses.

Pulses are grain legumes unique in their high content of both fiber and protein, as well
as concomitant absence of fat [17]. On a per 100 kcal edible portion basis, whole pulses
provide more dietary fiber than any other food category. Thus, the increased consumption
of pulses, such as chickpea, dry pea, lentil, and the most commonly consumed among
them—common bean, has the potential to close the dietary fiber gap by improving dietary
quality while decreasing the energy density of a food pattern [18,19]. Food guidelines on
legume consumption differ across the countries: while Europe recommends over 450 g of
legumes per week, the United States recommends less than 45 g total weekly [6]. Perusal of
the scientific literature reveals a growing number of systematic reviews and meta-analyses
describing inverse relationships between pulse consumption and incidence of chronic
non-communicable diseases [20–22]. These reports are consistent with our findings that
pulse consumption has anti-obesogenic activity in a rat model of polygenic obesity and in
a mouse model of dietary-induced obesity where it also confers microbiota-modulating
effects [23–28]. However, what is missing from the literature is an assessment of how the gut
bacteria respond to increasing amounts of pulse in the diet and whether the biological sex
of the organism has any effect on the observed responses.

Common bean, or Phaseolus vulgaris L., is the most widely eaten type of pulse along
with being consumed in the greatest quantities globally, and therefore was chosen to study
effects on the cecal microbial composition of mice. Our main objectives were: (1) to analyze
changes to cecal bacteria composition with an increasing dose of common bean in the diet;
and (2) to determine whether the biological sex of the mice has an effect on those changes.
Following the recent changes in the nomenclature of bacterial taxonomy [29], we adopted
herein the new names of phyla, e.g., Firmicutes were renamed to Bacillota, Bacteroidetes—to
Bacteroidota, Verrucomicrobia—to Verrucomicrobiota, etc.; as well as updated names since
the last version (13_8) of Greengenes reference database, such as family S24-7 was updated
to name Muribaculaceae [30]. Despite translatability tissues of the gut microbiota studies
in the murine models [31,32], our focus was the scope of the effects of bean consumption
on shifts in the bacterial populations in the cecum. Since the intestinal microorganisms
comprise only one of the elements of systemic physiologic changes induced by the diet,
the findings obtained in the current study correspond to previous and future studies on
mice in the realm of dietary effects on the etiology of chronic diseases.

2. Materials and Methods
2.1. Study Design

All animal-related work was performed in compliance with the Colorado State Uni-
versity Institutional Animal Care and Use Committee (protocol 18-7746A-KP 1431). Eighty
female and eighty male wildtype C57BL6/J mice (stock# 000664) were purchased from
The Jackson Laboratory (Barr Harbor, ME, USA) at 20 days of age. Mice were housed in
solid bottomed polycarbonate rodent cages and maintained on a 12 h light/dark cycle
at 27.5 ± 2 ◦C with 30% relative humidity and ad libitum access to distilled water. As
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a model for obesity, mice were adapted to a purified rodent diet formulation (with 32.5%
dietary kcal derived from fat) and animal husbandry routine until they reached 8 weeks
of age. This approach promotes dysbiosis that is associated with the obesity phenotype,
which manifests beginning 8 weeks of age [33]. At that time, animals were randomized
based on their body weight to experimental diet groups (n = 20 of each sex per diet group)
and fed their respective experimental diet formulations for 12–14 weeks (see Section 2.2).
Animals were euthanized by cervical dislocation following isoflurane-induced anesthesia.
The cecum was harvested, cut open, and contents gently mixed with a clean spatula to
produce a homogeneous mixture, which was placed in a sterile cryovial and snap-frozen in
liquid nitrogen for subsequent DNA extraction. Cecal samples from animals within each
diet group with a similar weight gain pattern were pooled (n = 2 per pool). Thus, each diet
group was comprised of 10 pooled cecal samples total.

2.2. Experimental Diets

Purified diets were formulated to provide 32.5% of dietary kcal from fat to induce
excessive weight gain in C57BL6/J mice [34]. Freeze dried powder from whole cooked
white kidney bean was incorporated into the diet by substituting casein with 0%, 17.5%,
35%, and 70% of the protein derived from bean. Despite increasing doses of the bean,
adjustments were made in other components so that macronutrient content was similar
across diet groups (Table 1).

Table 1. Experimental diets formulations.

Ingredient
0% Bean 17.5% Bean 1 35% Bean 1 70% Bean 1

(g/100 g) (g/100 g) (g/100 g) (g/100 g)

Solka-Floc 7.5 4.0 2.0 1.0
White Kidney Bean 2 0.0 10.2 20.4 40.8
Corn Starch 15.9 15.2 12.1 2.0
Casein (≥85% protein) 23.5 19.4 15.3 7.0
Cerelose (Dextrose) 7.2 7.2 7.2 7.2
Sucrose 25.0 23.0 22.0 21.0
Vitamin mix 3 1.1 1.1 1.1 1.1
DL-Methionine 0.3 0.3 0.3 0.3
L-Tryptophan
(Sigma T0254-25G) 0.00 0.02 0.03 0.06

Choline bitartrate
(41% choline) 0.2 0.2 0.2 0.2

Mineral mix 4 3.8 3.8 3.8 3.8
Corn Oil 11.3 11.3 11.3 11.3
Anhydrous Butter Fat 4.2 4.2 4.2 4.2
Total (g) 100.0 100.0 100.0 100.0

1 Experimental diet modified from the original (bean-free control) diet formulations; all formulations were
formulated to be 58.6% carbohydrate, 15.5% fat and 20% protein, w/w. 2 For the bean-fed groups, the whole bean
was cooked and processed with the leachate, freeze-dried, and homogenized into a fine powder; total dietary
fiber concentration of white kidney bean was 23.5 g/100g; 3 Dyets Inc: #310025 AIN-93G vitamin mix; 4 Dyets Inc:
#210025 AIN-93G mineral mix.

2.3. 16S rRNA Gene Library Preparation, Sequencing, and Processing

From the cecal content, DNA was extracted with the QIAamp PowerFecal DNA kit
(Qiagen, Germantown, MD, USA) according to the manufacturer’s protocol, and its purity
and concentration were determined by NanoDrop (Thermo Fisher Scientific, Waltham, MA,
USA). The V4 region of the 16S rRNA gene was amplified and sequenced to construct paired-
end sequencing libraries using the 515F-806R primer set following the Earth Microbiome
Project protocols [35], followed by sequencing using the MiSeq Reagent Kit v2 2 × 250 bp
on an Illumina MiSeq instrument housed at the Next-Generation Sequencing Facility at
Colorado State University.
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Bioinformatic processing of the obtained forward and reverse paired-end sequence
reads was performed with QIIME 2 platform, version 2021.8 [36]. Raw sequence data
were demultiplexed and quality-filtered via q2-demux plugin. Denoising was performed
with the DADA2 pipeline (q2-dada2) [37]: each sequence pair was truncated from 225 bp
(forward) and 155 bp (reverse), checked for chimeras, and filtered for quality control.
Taxonomy was assigned to the resulting amplicon sequence variants (ASVs) using a Naive
Bayes classifier (via q2-feature-classifier plugin [38]) pre-trained on Greengenes (16S rRNA,
version 13_8)—a marker gene reference database trimmed to the V4 domain (bound by
the 515F/806R primer pair) with a 99% sequence identity threshold [39]. The dataset
was filtered to remove all features annotated as “mitochondria” and “chloroplast.” A
rooted phylogenetic tree was built using FastTree [40] and MAFFT [41] alignment via
q2-phylogeny plugin.

2.4. Statistical and Bioinformatic Analyses

Further analysis was conducted in QIIME 2, MicrobiomeAnalyst (Marker-gene Data
Profiling module) [42,43], and R (version 4.1.1, R studio version 2021.09.0) on two output
datasets: the ASVs abundance dataset and their taxa-assigned abundance dataset. The
latter comprised a list of identified bacteria mapped to the lowest possible taxonomic
level. Certain bacteria were underclassified and thus marked “I” if there was insufficient
resolution to annotate to species (indicated with “s_” in the Greengenes database); or
marked “II” if it was impossible to classify the ASVs to a deeper level (indicated as “_”
in the Greengenes database). Features (ASVs or taxa) with less than two counts were
automatically removed by pre-processing steps of MicrobiomeAnalyst’s integral Sanity
Check. As a result, the female cohort dataset consisted of 233 ASVs, whereas the male
cohort dataset included 220 ASVs.

Using q2-diversity plugin in QIIME 2, the samples were rarefied (subsamples without
replacements) to 21,418 (female cohort) and 23,617 (male cohort) sequences per sample,
retaining 74.23% and 78.93% features (the maximally available option), respectively. Two
samples from each sex cohort did not meet the sampling depth threshold and were excluded.
Richness and evenness were analyzed using Observed Features, Faith’s phylogenetic
diversity, and Shannon’s diversity index metrics, then statistically compared between
the diet groups via the Kruskal-Wallis non-parametric test (both in QIIME 2) and visualized
using R. Principal coordinates analysis (PCoA) of β-diversity matrices was based on Jaccard
dissimilarity as well as phylogeny-based Weighted and Unweighted UniFrac distances,
and were assessed using permutational multivariate analysis of variance (PERMANOVA)
with 999 permutations in QIIME 2, and the results were visualized in MicrobiomeAnalyst.

For compositional analyses, the taxa-assigned datasets were further subjected to
quality filtering and normalization in MicrobiomeAnalyst. Taxa were filtered for low
abundance—a minimum of 10% samples with at least four counts were retained—as well
as for the low variance—less than 5% based on the inter-quantile range were removed.
Total sum scaling (TSS) was performed to normalize the data.

The Heat Tree Analysis was used to utilize the hierarchical structure of taxonomic
classifications to quantitatively (using the median abundance) and statistically (using
the non-parametric Wilcoxon Rank Sum test) depict taxonomic differences between micro-
bial communities between the sex cohorts via Reingold-Tilford layout using R metacoder
package in MicrobiomeAnalyst [44].

Bacterial biomarkers were discovered using the linear discriminant analysis (LDA)
effect size (LEfSe) method [45]. This algorithm allowed detection of differentially abundant
taxa among the experimental groups using the Kruskal-Wallis test and then evaluated
their relevance via an LDA score. LEfSe was performed on the phylum and the feature
levels of the taxa-assigned dataset using cutoffs of <0.05 for the FDR-adjusted p-value and
>2.0 for the logarithmic LDA score. Analyses were performed within sex cohorts as well as
in the pairwise comparison setting to assess differences between the diet groups.
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Variation of taxonomic abundance related to the diet group was visualized on a heatmap
in MicrobiomeAnalyst after Ward’s hierarchical clustering algorithm based on Minkowski
distances. Feature level was used for the analysis of the taxa-assigned dataset.

Correlation analysis was performed to build correlograms between bacterial relative
abundance pairs and the bean dosage using Spearman’s rank-order correlation testing.
Correlations with a p-value < 0.05 were included in the results.

Functional attributes of the identified microbial communities were predicted using
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2
(PICRUSt2) pipeline, version 2.4.1 [46]. With the ASV dataset as an input, PICRUSt2 per-
forms phylogenetic placement by aligning ASVs to the reference 16S sequences (HMMER,
www.hmmer.org, accessed on 1 December 2021) and incorporating them into the reference
tree evolutionary placement algorithm (EPA)-NG and genesis applications for phyloge-
netic placement analysis (GAPPA) [47,48], followed by the hidden-state prediction of gene
families (castor R package [49]) and, finally, generation of metagenomic predictions and tab-
ulation of pathways’ inferences and abundances (Minimal set of Pathways (MinPath)) [50]
and MetaCyc [51]. Statistical analysis of taxonomic and functional profiles (STAMP) soft-
ware, version 2.1.3 (Robert Beiko, Halifax, NS, Canada), was used to analyze and visualize
PICRUSt2 output data [52]. In brief, the pulse-free Control group and samples from pulse-
based diet groups were compared using Welch’s two-sided t-test with 0.95 Welch’s inverted
CI method and the Benjamini-Hochberg FDR multiple test corrections method.

3. Results
3.1. Overview of the Bean-Induced Microbial Community in the Cecum

Analysis of bacteria at the phylum level allows for the detection of the most marked
statistical differences between the experimental groups. Overall, six phyla were identified
in the ceca of mice fed with or without increasing amounts of common bean. In light
of recent changes in microbiological nomenclature [29], new phyla names are reported
here. Each diet group demonstrated a distinct microbial profile (Figure 1). Across all
samples, the most prevalent phyla were the Gram-positive Bacillota (formerly Firmicutes)
and the Gram-negative Bacteroidota (formerly Bacteriodetes); however, there is a significant
increase in Bacteriodota and subsequent decrease in Bacillota and Actinomycetota (formerly
Actimomycetes) with increasing bean dose.

Although the dose response trends were similar across male and female mice, there
were some sex-specific changes. In the female cohort, the bean-free control diet exhibited
the Bacillota:Bacteroidota ratio (a Firmicutes:Bacteroidetes ratio) of 1.154, with Bacillota
being the most abundant phylum (43.03%), followed by Bacteroidota (37.3%), Verrucomi-
crobiota (15.4%), and Actinomycetota (2.72%). As bean was introduced to the diet, the Bacil-
lota:Bacteroidota ratio decreased with the increasing dose (0.421–0.232), with Bacteroidota
dominating in the cecum (56.65–74.12%), followed by Bacillota (23.85–17.23%), Verrucomi-
crobiota (16.95–4.94%), and Pseudomonadota (formerly Proteobacteria; 1.77–3.14%) as
the bean dose increased.

In contrast, the Bacteroidota was dominant in male mice prior to the introduction
of bean, with a Bacillota:Bacteroidota ratio of 0.922 in the control group and a range
of 0.528–0.360 as the bean dose increased. The most abundant phyla were Bacteroidota
(39.35–63.47%), Bacillota (36.29–22.88%), Verrucomicrobiota (18.02–9.62%), and Pseudomon-
adota (3.83% in the control and bean dose-dependent decrease from 5.24% to 3.81%). There-
fore, despite similar patterns of change in phyla abundance, the male mice were less
impacted by bean introduction than female mice.

www.hmmer.org
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Figure 1. Relative abundance of identified phyla across the diet groups of each sex cohort.

For more quantitative analyses of differences in bacterial communities across the diet
groups, the relative abundances were subjected to Kruskal-Wallis testing with a post hoc
Dunn test for pairwise comparisons, and the results are summarized in Table 2. Starting
at the 17.5% bean group, the relative abundance of Bacillota decreased by 19.18%, and
then by 22.26% and 25.8% in the 35% and 70% groups, respectively, among the female
cohort. Less drastically in males, Bacillota decreased by 10.14%, 12.74%, and 13.41% along
with the increasing bean dose in the diet groups. Starting at 35% bean, Actinomycetota
decreased by 2.56% and 2.63% compared with the control group in females, and by 1.96%
and 2.39%, respectively, in males. An increase in Bacteroidota upon bean consumption is
observed starting at 35% bean in both sex cohorts (by 29.17–36.82% increase in females and
16.97–24.12% increase in males).

3.2. Analysis of α- and β-Diversity among the Diet Groups

Bean incorporation into the diet decreased the diversity of the cecal microbiota within
samples. Observed richness, as well as Faith’s phylogenetic diversity, were significantly
higher in the bean-free control group compared with each bean-containing diet, but this
was not observed in their male counterparts (Figures S1–S2). When α-diversity was as-
sessed using the Shannon index (Figure 2), which accounts for both ASVs richness and
evenness within samples, the 70% bean diet group was statistically lower than the control
diet in male mice, whereas all bean-based diet groups had significantly reduced diversity
from the control diet in female animals. Looking at the uncorrected p-values, the males
fed the 35% bean group also differed from the control with p-value = 0.034 (correction for
multiple comparisons showed only a statistical trend, q-value = 0.052). Females responded
to changes in their gut microbiome at the lowest dose of bean compared to their male coun-
terparts in terms of Shannon’s indices. Each diet group was also assessed for α-diversity
differences in female versus male cohorts (Figure S3). Only Faith’s phylogenetic richness
was higher in males compared to the female sample cohort, while according to the other
metrics, there were not statistically significant differences despite the tendency for higher
intra-sample diversity in males.
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Table 2. Relative abundances of phyla per each sex cohort and diet group.

Phyla

Bean dose

Female Male

0% 17.5% 35% 70% 0% 17.5% 35% 70%

Actinomycetota 2.72 0.61 0.16 1,*** 0.09 1,***; 2,* 2.48 1.05 0.52 1,*** 0.09 1,***; 2,***
Bacteroidota 37.30 56.65 66.47 1,*** 74.12 1,***; 2,** 39.35 49.52 56.32 1,** 63.47 1,***; 2,**

Bacillota 43.03 23.85 1,** 20.77 1,*** 17.23 1,*** 36.29 26.15 1,* 23.55 1,** 22.88 1,**
Pseudomonadota 1.52 1.77 2.21 3.14 1,**; 2,** 3.83 5.24 3.99 3.81
Mycoplasmatota 0.02 0.17 0.25 1,* 0.47 1,***; 2,* 0.04 0.03 0.11 1,**; 2,** 0.13 1,**; 2,**

Verrucomicrobiota 15.40 16.95 10.13 4.94 1,*; 2,***; 3,* 18.02 18.01 15.50 9.62 2,*

1 Significantly different from the 0% group; 2 Significantly different from the 17.5% group; 3 Significantly different
from the 35% group; Statistically significant phyla were determined by the Kruskal-Wallis testing of the relative
abundances with * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001. p-values adjusted for multiple comparisons
with the Benjamini-Hochberg method.

Several measures of β-diversity also suggested that the control diets resulted in a mi-
crobial profile distinct from the microbiota of the bean-containing diet groups. As the bean
dose increased in the diet, the samples localized further away from the control group in
the PCoA matrix. Pairwise PERMANOVA analysis indicated that all bean-based diets
significantly differed from the bean-free control (p < 0.01). All diet groups significantly
differed from one another when Jaccard distances were subjected to PCoA (Figure S4), high-
lighting the qualitative absence and presence of unique ASVs in both sex cohorts. Similar
results were obtained when phylogenetic relationships were used to generate the distance
matrices. There was a clear separation of diet groups in ordinations of both weighted
(Figure 3) and unweighted (Figure S5) UniFrac distance matrices. Therefore, bean-induced
differences in the cecal microbial communities among the samples were detected even at
the lowest tested dose (17.5%).
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Figure 2. (a) Shannon’s indices of α-diversity of the female cohort. Statistically significant differences
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3.3. The Differential Abundance Analyses

Observed changes in the cecal microbiota from the aforementioned analyses revealed
that female and male mice respond differently to the introduction of whole beans into
the dietary formulation. Figure 4 displays the relative abundance (post filtering) of de-
tected cecal bacteria at their lowest possible taxonomic level across all tested diet groups.
Muribaculacease, Akkermansia muciniphila, Rikenellaceae (I), Bacteroides (II), Clostridiales (II)
comprised on average the top 5 most abundance bacterial taxa. To better visualize the distri-
bution of the microbiota in our samples, we constructed a hierarchical clustering heatmap.
Figure S6 displays that regardless of sex, the bean-free control samples cluster distinctly
from the bean-fed diet groups in a similar pattern. Differences between the sex cohorts
are evident in each diet as well. Next, all bean-containing diet groups were subjected to
the Heat Tree analysis (Figure 5) to show group-wise changes in relative abundances of
the bacteria that drive sex-dependent differences upon bean consumption. Overall, Bacilli
were more abundant in the female mice, as well as Turicibacter, Lactococcus, Lactobacillus,
Ruminococcus, Muribaculaceae, and RF39, whereas Christensenellaceae, Peptostreptococ-
caceae, Clostridiaceae, Bacteroides, Coprococcus, Sutterella, Allobaculum, B. pseudolongum,
and A. muciniphila were more representative of the male cohort. These sex-dependent
biomarkers across all the diet groups were further confirmed via pairwise LEfSe setting
(Figure S7).
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Figure 3. Phylogenetic Weighted UniFrac distances were used to explain β-diversity across diet
groups. Differences between the samples were tested by the permutational multivariate analysis of
variance (PERMANOVA): samples are colored and grouped by their corresponding diet group into
ellipses representing 95% confidence intervals. (a) in the female cohort, pseudo-F-value = 12.845;
p-value < 0.001. All diet groups were statistically different from one another; (b) in the male cohort,
pseudo-F-value = 14.751; p-value < 0.001. All diet groups were statistically different from one another.
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rank-sum testing. Nomenclature used herein is according to the Greengenes database.
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To determine which bacteria are the most influential in driving the differences across
the diets in each sex cohort, LEfSe was performed. LEfSe indicated that 25 microbiota were
statistically differential biomarkers of diet groups in the female cohort (Figure 6a,b). Ac-
cording to the pairwise LEfSe analyses, Rikenellaceae (I), Bacteroides (II), and Clostridium (I)
significantly increased compared with the control in all bean-based diets, whereas higher
counts of Muribaculaceae, Sutterella, and RF39 were observed starting from the 35% dose
of bean. These 6 bacterial groups comprise a bean-enhanced eco-group in the female mice
(Figure 6a). Interestingly, Coprococcus was statistically enhanced in the 17.5% bean group
versus bean-free control, but not in the higher bean dose groups. Similarly, Anaeroplasma
was significantly different from the control only in the 35% bean group. In the male co-
hort, there were 28 differential bacterial biomarkers across the diet groups (Figure 6c,d).
Among them, Rikenellaceae (I) and Clostridium (I) steadily increased in all bean-based diets
compared with the control group; Bacteroides (II) and Coprococcus were enhanced starting
from 35% bean dosage, whereas unclassified Clostridiales (I) and RF39 were significantly
enhanced compared to the bean-free control only in the 70% bean group. These taxa form
a bean-enhanced eco-group in the male mice (Figure 6c). Interestingly, in the 35% bean diet
group, Turicibacter was also statistically different from the control and 17.5% bean groups,
but not in the higher 70% dose group.

The bean-suppressed eco-group in the male samples was comprised of Allobaculum,
B. pseudolongum, Parabacteroides, Clostridiaceae (II), Lactobacillus (I), Dorea, R. gnavus, Ru-
minococcus, AF12, C. cocleatum, Lactococcus, Ruminococceae (II), and Dehalobacterium, which
decreased in all bean-based groups versus the control; as well as B. acidifaciens, Oscillospira,
and B. ovatus, the abundance of which declined starting from 35% bean dosage; lastly,
Adlercreutzia were statistically different from the control only in the male 70% bean group
(Figure 6d). In contrast, in the female mice, Oscillospira, B. pseudolongum, Clostridiaceae
(II), Lactobacillus (I), Dorea, Peptostreptococcaceae, R. gnavus, Lactococcus, Ruminococcus,
Ruminococcaceae (II), Clostridium (II), Dehalobacterium, Mogibacteriaceae, Streptococcus (I),
Adlercreutzia, Enterococcus, as well as—starting from 35% bean dose—C. cocleatum, Ru-
minococcaceae (I), Clostridiales (I), and Allobaculum create the bean-suppressed eco-group
(Figure 6b). Additionally, Turicibacter, Coprococcus, and A. muciniphila were significantly
decreased in the 70% bean group compared with both the 0% and 17.5% bean groups. Co-
prococcus was not included in the bean-suppressed female eco-group due to its significantly
increased abundance in the 17.5% versus 0% bean group comparison.

Finally, the identified bacteria of the bean-induced ecosystem were confirmed in
Spearman’s rank-order correlation (Figure 7). Interestingly, the same bacteria identified
in the LEfSe runs correlated positively with their respective eco-groups and the bean
dose. Muribaculaceae, RF39, Sutterella, Rikenellaceae (I), and Bacteroides (II) positively
correlated with the bean dose, whereas Lactococcus, Lactobacillus (I), Peptostreptococcaceae,
Allobaculum, and B. pseudolongum displayed a strong negative association in the female
cohort. In the male cohort, the most positively correlated bacteria with the bean dose
were Rikenellaceae (I), Bacteroides (II), Clostridium (I), and RF39, whereas B. pseudolongum,
Allobaculum, R. gnavus, Lactococcus, Lactobacillus (I), C. cocleatum, and Ruminococcaceae (II)
were the most negatively correlated with the bean dose.
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Figure 6. Bean-induced bacterial biomarkers of the (a,c) female and (b,d) male cohorts according to
the pairwise linear discriminant analysis (LDA) of effect size (LEfSe) at the feature level. Panels (a,b)
exhibit bean-enhanced, whereas (c,d) exhibit bean-suppressed bacterial biomarkers. All represented
bacteria were statistically significant (LDA score > |2.0|, FDR-adjusted p-value < 0.05).
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Figure 7. Spearman’s rank-order correlation analysis of the relative abundances of the cecal bac-
teria identified in the (a) female and (b) male cohorts. Heatmap represents power of correlation:
from the red indicating positive to the blue indicating negative correlation coefficient values. Only
correlations with the p-value < 0.05 were included in the correlogram.

3.4. Predicted Functional Differences of the Microbial Communities

PICRUSt2 assessment of the predicted metagenomic functions overall showed that
females displayed significantly more differentially represented pathways between the bean-
free and bean-based diets compared to their male counterparts (Figures 8, 9, S8 and S9).
Increasing doses of the dietary bean increased the number of differences in the bac-
terial metabolic pathways from 152 to 198 compared with the control. Out of these,
12–45 pathways had an effect size of over 20% difference in proportions. The male cecal
microbiota responded more modestly upon the introduction of bean: from 95 to 160 differ-
ential pathways. There were 11 to 32 pathways with over 20% difference in proportions in
the male cohort. Interestingly, males showed no predicted metabolic pathway differences
between 0% and 17.5% diet groups, with over 20% difference in proportions. Overall,



Foods 2022, 11, 1153 15 of 29

increasing bean dose in the diet predictably increased the amount of differential microbial
functional pathways.
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Figure 8. PICRUSt2 results indicating differential predicted functional pathways with 20% of
the difference in the mean proportions between the bean-free and the bean-containing diet groups in
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the female cohort: bean-free diet (0%) is indicated in beige, while bean-based diet samples (a–17.5%;
b–35%, and c–70%)—in green. Extended error bar plot indicating the mean proportion of pathways
assigned to each group, difference between them, and corrected p-value (q-value) of each.
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Figure 9. PICRUSt2 results indicating differential predicted functional pathways with 20% of
the difference in the mean proportions between the bean-free and the bean-containing diet groups in
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the male cohort: bean-free diet (0%) is indicated in beige, while bean-based diet samples (a–35% and
b–70%)—in green. Extended error bar plot indicating the mean proportion of pathways assigned to
each group, difference between them, and corrected p-value (q-value) of each.

4. Discussion

The diets used in this study were formulated to maintain equivalent macronutrient
content—i.e., the percent (weight/weight) of protein, carbohydrate, and fat across the four
diet groups. What varied were the qualitative characteristics of the dietary carbohydrate
and protein components and the content of bean-associated bioactive compounds. The
bean-free diet provided macronutrients from highly refined sources, whereas the common
bean diets contained their dose-respective fraction derived from the cooked bean powder.
In addition, these diets containing the whole food cooked beans provided a high variety
of dietary phytochemicals, such as polyphenols among others, exerting additional effects.
Diet formulations were adjusted according to the proximate analysis of the nutritional com-
position of the cooked bean [53–56]. Considering that common bean is generally consumed
as a whole food, even when used as a recipe ingredient, the diet formulations investigated
mimicked the manner in which human populations consume common bean [56].

4.1. Bean Effects on the Overall Diversity of the Cecal Microbiota

The assessment of microbial diversity under bean consumption indicated that increas-
ing bean dose reduced the variety of bacterial species within samples and that the reduction
was more robust in females than in male mice. The decrease in species richness was not
expected in the bean fed groups given that a complex mixture of carbohydrate in common
bean replaced refined carbohydrate sources. Thus, this observation may reflect either
the presence of bacteriostatic factors in the common bean powder and/or that the bacterial
taxa induced by feeding bean suppressed the growth of a broad range of co-occurring
taxa. The observed differences in sex-associated responses were also unexpected and merit
further investigation.

PCoA of three distance matrices (Jaccard, weighted/unweighted UniFrac) showed
gradual and statistically significant distancing of the bean-containing samples with each in-
creasing dose away from the bean-free control group. Each diet group was also significantly
different between males and females. Samples of the 17.5% bean group localized in a transi-
tioning ellipse between bean-free and bean-based groups of higher doses. Consistent with
our findings, recently reported data in humans indicate sex differences in the ratio of total
human-associated bacteria, dominated by the colonic microbiota, to the total cell count of
referenced humans: 1.3:1 in males and 2.2:1 in females [57]. In mice, sex-dependent as well
as sex-by-diet-dependent changes in the gut microbiota composition have been reported
and attributed predominantly to hormonal effects, especially that of testosterone [58,59].

4.2. Biomarkers of the Bean-Induced Ecosystem

Consumption of common bean induced an increase in Bacteroides (II), Clostridium (I),
Rikenellaceae (I), and RF39, as well as a reduction in counts of Adlercreutzia, Allobaculum,
B. pseudolongum, C. cocleatum, Clostridiaceae (II), Dehalobacterium, Dorea, Lactococcus, Oscil-
lospira, and R. gnavus, Ruminococcus, Ruminococceae (II) (Figures S6 and S7). These effects,
which were dose dependent and observed in both sexes, parallel observations from studies
in humans and are also consistent with other studies in mice. Obese humans were reported
to exhibit lower abundances of Rikenellaceae [60–62], and so did mice [63–65]. In mice fed
isocaloric yet different types of fiber-based diets, the Rikenellaceae were enhanced under
dietary cellulose, inulin, and pectin [66], i.e., either insoluble or soluble types of dietary
fiber that are also included in the dietary formulations studied here. Unclassified order
RF39 was also detected by LEfSe as enhanced by the bean diets. RF39 was deemed as one
of the major gut lineages of the human gut that showed the potential to produce acetate
and hydrogen but lacked the capacity for other numerous highly conserved metabolic
pathways [67,68].
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Some dose-dependent biomarkers of the bean-induced changes in the cecal microbiota
composition differed between male and female cohorts. The bean-induced changes in
the female cohort were distinguished from those in the male one by representatives of
Muribaculaceae and Sutterella, which were enhanced upon a 35% and higher bean doses
(Figure S6a), as well as by the suppressed A. muciniphila, unclassified Clostridiales (I),
Clostridiaceae (II), Clostridium (II), Enterococcus, Mogibacteriaceae, Peptostreptococcaceae,
Ruminococcaceae (I), Streptococcus (I), and Turicibacter (Figure S7a). When LEfSe was set to
determine the sex-dependent biomarkers of each diet group, only Muribaculaceae were also
statistically more abundant in females versus males, whereas abundances of A. muciniphila,
Sutterella, Mogibacteriaceae, Peptostreptococcaceae, and Ruminococcaceae (I) were sig-
nificantly higher in the male cohort (Figure 6). Muribaculaceae are one of the dominant
gut bacteria engaged in degradation of dietary carbohydrates and whose abundance is
decreased by high-fat diet conditions [30,69] and obesity resistance [70], yet increased upon
bean consumption [71–73]. Research on Sutterella reported in the literature is equivocal
in the context of dietary responses and health impacts. Several studies showed increased
Sutterella in mice fed low-fat diets [74,75], while others showed decreased abundance under
similar conditions [75,76]. Interestingly, in our previous report, Muribaculaceae and Sut-
terella were also a member of the pulse-enhanced eco-group, but in the male mice, including
those fed 35% of bean [23]. The unclassified Clostridium mapped to two different species
(marked I and II). In our experiments, bean dose-dependently enhanced Clostridium (I) but
suppressed the abundance of Clostridium (II) (Figures S6a and S7a). Additionally, unclas-
sified Clostridiales (I) were suppressed by bean consumption in the female mice’s cecal
microbiota starting at the 35% dose (Figure S7a), but was then enhanced in the male cohort
upon a 70% dose of bean (Figure S6b). Clostridia, in general, are associated with various
functions as commensal bacteria, ranging from their potential as probiotics to their role in
a number of human diseases [77,78].

On the other hand, the male cohort contrasted to the female cohort with the bean-
enhanced Coprococcus and Clostridiales (I) (Figure S6b) as well as the suppressed Parabac-
teroides, Lactobacillus (I), AF12, B. acidifaciens, and B. ovatus (Figure S7b) in their bean-induced
microbial ecosystem. B. ovatus counts were statistically higher in male compared with
female mice, yet Lactobacillus (I) were more abundant in the female cohort. Bacteroides
spp. are obligate anaerobes, found solely in the gastrointestinal tract of mammals, show-
ing great plasticity and adaptability in their commensalism and mutualism [79]. They
have received mixed associations with obesity [62,80–82] but were shown to utilize and
respond positively to dietary fiber, such as inulin and xyloglucan, by B. acidifaciens and B.
ovatus, in particular [83–85]. B. acidifaciens has also been shown to decrease upon feeding of
the insoluble high-fiber diet [86].

4.3. Potential Impact of the Bean Macronutrients
4.3.1. Protein

Diets with an increased intake of protein, such as the Paleolithic and ketogenic diets,
have increased in popularity in recent years [87]. However, several studies have shown
quantitatively different effects on the microbiota with consumption of animal versus plant
proteins [88]. This study was controlled for total protein in the diet and therefore was
designed to evaluate how the source of dietary protein affects the gut microbiota. The
quality (biological value) of protein from plant sources is well-known to be lower than
that from animal sources [89]. For pulses in general, and for common bean in particular,
sulfur-containing amino acids and tryptophan are the first and second most limiting amino
acids [90], and they were provided in the diet formulation. In addition, the digestibility of
bean protein has been reported to be lower than many protein sources, presumably because
of the presence of trypsin and chymotrypsin inhibitors. However, these antinutrient
factors are eliminated when bean is soaked and cooked before eating [91,92], which is
how the bean was prepared in this study. PICRUSt2 analysis of the predicted microbial
function herein demonstrated that bean consumption was not dominated by pathways
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associated with protein fermentation, aside from significant L-histidine degradation (I),
nor branched short-chain fatty acid production. This finding is not surprising given that
we have previously reported that mice and rats have the same growth efficiency when
pair-fed the highest bean dose studied herein, suggesting similar utilization of dietary
protein [25,26]. Additionally, dietary fiber is known to reduce fermentation of protein in
the gut of monogastric species [93,94]. Thus, these findings fail to indicate that consuming
up to 70% of dietary protein from common bean, when properly processed, would result in
negative metabolic effects associated with excessive protein fermentation in the gut [94,95].
However, bean-containing diets were also distinguished by L-arginine biosynthesis (III) via
N-acetyl-L-citrulline, whereas the bean-free group upregulated L-arginine biosynthesis (II)
via acetyl cycle. The bean-free group was also distinguished with significant increases in
superpathways of L-lysine, L-threonine, L-methionine biosynthesis (I), L-phenylalanine
biosynthesis, L-tyrosine biosynthesis, aspartate superpathway, L-lysine biosynthesis (II),
and S-adenosyl-L-methionine cycle (I), and this was more evident in male than female mice.
This is consistent with the fact that common bean is rich in the levels of lysine, tyrosine,
and phenylalanine [53,96,97]. Interestingly, despite the inclusion of methionine in their diet
formulations, bean-based groups were still marked with L-methionine biosynthesis (III)
pathway upregulation.

4.3.2. Carbohydrate

Early reports underestimated the total amount of dietary fiber in common bean and
other pulses. However, the adoption of an internationally accepted consensus definition
of dietary fiber and of a method for its measurement have revealed that the amount of
dietary fiber and protein are similar on the basis of the percent of dry matter [98]. Moreover,
we have reported how pulse consumption in both the U.S. and Canada has the potential
to close the dietary fiber gap [99]. What this study did was to afford an opportunity to
understand how a change in carbohydrate quality from refined to increasing amounts of
whole food-derived carbohydrate, that is particularly rich in its fiber content, impacted
commonly studied characteristics of the gut microbiota.

Common bean is a rich source of carbohydrates (60–70% of dry weight) [97]. Among
these, the most prevalent prebiotic components are resistant starch, sugar alcohols (such
as mannitol, sorbitol, and xylitol), raffinose oligosaccharides (stachyose, raffinose, verbas-
cose), fructose oligosaccharides (kestose and nystose), and long-chain oligosaccharides
(inulin) [97,100,101]. The functional profile of the bean-induced ecosystem was, in part, char-
acterized by an incomplete reductive TCA cycle and pyruvate fermentation to propanoate I.
Propanoate, or propionate, is one of the main short-chain fatty acids produced by the gut mi-
crobial metabolism and is associated with hepatic gluconeogenesis and glucose metabolism,
adipocyte leptin signaling and reduced fat accumulation, reduced inflammation via HDAC
inhibition, and overall health-promoting properties [102–105].

A particularly interesting observation was that incorporation of bean into the diet
reduces the abundance of Actinomycetota, predominantly represented by Bifidobacterium
pseudolongum. A characteristic feature of these bacteria is the Bifidobacterium shunt that
ferments glucose to lactate—also downregulated compared with the bean-free control
group. B. pseudolongum showed a similar pattern of change together with other lactic
acid-producing bacteria, such as Lactobacillus, Lactococcus, and Streptococcus. These bacte-
ria, in particular, are associated with the galactose metabolism [106,107], and we report
a concomitant downregulation of the Leloir pathway of galactose degradation (I), homo-
and heterolactic fermentation, and others. Interestingly, these bacteria can also metabolize
partially hydrolyzed proteins, including casein [64,107–109], producing bioactive peptides.
In diets with increasing bean doses, casein proportionally declines, which might have
contributed to reductions in the abundance of these bacteria. However, metabolizing
dietary protein by the gut microbiota generally has a negative connotation [94,110–112],
and Bifidobacterium, Lactobacillus, Lactococcus, and Streptococcus can produce toxic com-
pounds upon metabolizing proteins [94,110,113], including biogenic amines, ammonia,
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phenol/indoles, etc. Considering our results, bean may protect the mice from fermentation
of proteins due to its high content of dietary fiber [94].

4.3.3. Bioactives

Pulse bioactives, some of which have been referred to as antinutrients, may be involved
in mediating effects on the gut microbiota [114]. For example, phenols are often poorly
absorbed and thus reach the large intestine, where they interact directly with the gut
microorganisms. Common bean has been reported to contain various phenolic acids
(chlorogenic acid, gallic acid, p-hydroxybenzoic acid, caffeic acid, protocatechuic acid,
p-coumaric acid, rosmarinic acid, ferulic acid, sinapic acid, and ellagic acid) and flavonoids
(epicatechin, catechin, gallocatechin gallate, epigallocatechin gallate, quercetin, hesperidin,
and rutin), as well as various polyphenols [53]. These compounds may simultaneously
induce duplibiotic effects, i.e., antimicrobial and prebiotic activities [115]. This could
explain the relandscaping of gut bacterial composition that we observed upon increasing
the dietary bean dose: fewer taxa were enhanced than suppressed. Metabolomic and
metametabolomic studies are needed to further elucidate the role that these low molecular
compounds and their microbiota-generated derivatives play in accounting for bean-induced
effects on the gut microbial composition.

5. Summary and Implications

This is a deep, comprehensive analysis of the sex- as well as dose-dependent differ-
ences in the cecal bacteria composition of mice upon consumption of cooked whole-food
bean in the diet when overall macronutrient content was held constant across the treat-
ment groups. Identified eco-groups provide insight into the generalized effects of bean
consumption as a whole food on the gut microbiota.

The impact of biological sex on the composition of the bacterial ecosystem that per-
sisted despite an increase in the amount of bean consumed has not been, to our knowledge,
reported previously. Our data suggest that females will be more responsive to bean con-
sumption than males at any dose consumed. Given that there are many noted weaknesses
in the clinical and population studies of the consumption of common bean and other pulse
crops on disease risk, the recognition of potential biological sex differences to pulse con-
sumption in both study design and data analysis has the potential to improve the sensitivity
and statistical power of studies in humans. Investigation of the origins of the biological sex
differences may also provide insights about common bean-gut microbiota-host interactions
important to developing precision approaches to chronic disease prevention and control.

This investigation also has implications for the dose of common bean and other
pulses that is required to improve health and well-being as well as mitigate disease risks.
Current recommendations appear to be based less on scientific evidence and more on
what it is presumed that consumers will eat [6]. The science reported herein indicates
the potential value of levels of consumption typical of high pulse consumers identified
in both NHANES and its Canadian equivalent [19,116]. Moreover, even higher levels
of consumption may hold benefits if mediation is via the gut microbiota. Clearly, more
work on target levels of consumption is required, and this must include well-designed and
controlled clinical investigations.

Using mice as a preclinical animal model to study the effects of diet on gut microbial
composition has both strengths and limitations [31,32,117,118]. This work differs from
other reports in that animals were received from the same vendor and housed in the same
animal room so that reported differences that can arise from vendor, shipment, and animal
husbandry practices were minimized. Consequently, the likelihood that all mice had similar
species richness within the gut at the beginning of feeding of the test diet formulations was
maximized. We acknowledge that the composition of these eco-groups may change among
studies but, in our judgment, this type of assessment redirects focus towards collective
changes in the microbial groups rather than the solitary differences in each. Clearly, the next
step in advancing understanding of the diet-microbiota-host paradigm requires extension
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of the research approach beyond the question of defining “who’s home” to determining
what the microbial ecosystem is doing and where within the gut the microbiota are exerting
effects via yet-to-be-identified chemical mediators that impact the host.
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male cohorts in each diet group according to the LEfSe at the feature level; Figure S8: PICRUSt2 results
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