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Dietary fiber and flavonoids have substantial influence on the human gut microbiota
composition that significantly impact health. Recent studies with dietary supplements
such as quercetin and rice bran have shown beneficial impacts on the host alongside
a positive influence of the gut microbiota. The specific bacterial species impacted by
quercetin or rice bran in the diet is not well understood. In this study, we used a
minibioreactor array system as a model to determine the effect of quercetin and rice
bran individually, as well as in combination, on gut microbiota without the confounding
host factors. We found that rice bran exerts higher shift in gut microbiome composition
when compared to quercetin. At the species level, Acidaminococcus intestini was the
only significantly enriched taxa when quercetin was supplemented, while 15 species
were enriched in rice bran supplementation and 13 were enriched when quercetin
and rice bran were supplemented in combination. When comparing the short chain
fatty acid production, quercetin supplementation increased isobutyrate production while
propionate dominated the quercetin and rice bran combined group. Higher levels of
propionate were highly correlated to the lower abundance of the potentially pathogenic
Enterobacteriaceae family. These findings suggest that the combination of quercetin
and rice bran serve to enrich beneficial bacteria and reduce potential opportunistic
pathogens. In vivo studies are necessary to determine how this synergy of quercetin
and rice bran on microbiota impact host health.
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INTRODUCTION

Gut microbiome influences health and disease (Gentile and Weir,
2018; Maji et al., 2018; Pulikkan et al., 2018) and is highly affected
by diet (Turnbaugh et al., 2009; David et al., 2014; Dhakan
et al., 2019). Some dietary components are known to enhance
host health by promoting the growth of beneficial bacteria
in the gut, termed as “prebiotics” (Gibson and Roberfroid,
1995; Slavin, 2013). Quercetin and rice bran have been used as
prebiotics separately in mice and pig models, showing significant
health benefits to the host (Henderson et al., 2012; Goodyear
et al., 2015; Lin et al., 2019). Rice bran, a byproduct of the
rice milling process, is available, affordable, sustainable, and a
globally produced source of prebiotics. It is known to supplement
nutrients (Zarei et al., 2017), increase beneficial bacteria growth,
enhance gut mucosal immunity (Henderson et al., 2012), and
prevent diseases (Kumar et al., 2012; Goodyear et al., 2015; Lei
et al., 2016; Islam et al., 2017). Similarly, quercetin (3,3′,4′,5,7-
pentahydroxyflavone) represents an important subgroup of
flavonoids found in fruits and leafy vegetables (D’Archivio et al.,
2007). Quercetin (QC) has received substantial attention in the
past few years from the scientific community for exerting anti-
inflammatory effects (Comalada et al., 2005; Stewart et al., 2008)
and its potential health-promoting properties in the treatment or
prevention of cardiovascular diseases (Egert et al., 2009), lung and
colorectal cancers (Linsalata et al., 2010; Darband et al., 2018),
and colitis (Hong and Piao, 2018; Lin et al., 2019). Furthermore,
the mammalian body can endure high levels of quercetin without
any significant adverse health effects (Harwood et al., 2007).

Despite multiple studies corroborating the beneficial effect of
quercetin and rice bran on the host, their effect on microbiota
varies significantly from study to study and has lower taxonomic
resolution (Sheflin et al., 2015; Tamura et al., 2017; Hong and
Piao, 2018; Zambrana et al., 2019). Inter-individual variation in
in vivo studies are often due to multiple host-related factors which
makes it difficult to interpret microbiome results (Zoetendal et al.,
1998). In contrast, studying the effect of dietary ingredients on
the microbiome in the absence of confounding host factors can
help to better understand the complex microbial interactions.
Bioreactors have been used as model systems to study how
dietary ingredients shape microbiomes (Chung et al., 2019). The
use of bioreactors allows precise control of the environmental
conditions that affect microbiome composition which provide
increased reproducibility and reveal microbial interactions in
a more defined way. Minibioreactor array is an in vitro
anaerobic model system that simulates hindgut conditions for
growth of complex, stable microbiota without interference of
host factors (Auchtung et al., 2015). Furthermore, this system
helps to identify microbial biotransformations and allows for
measuring metabolites produced (National Academies of Science,
Engineering, and Medicine, 2017). We used minibioreactor
array systems to gain deeper understanding of how the
microbiota responds to quercetin and/or rice bran without
host interference, and hypothesized that the combination of
quercetin and rice bran will have a synergistic positive effect on
the gut microbiota and microbiota metabolism. We show that
combined supplementation of quercetin and rice bran in the

minibioreactors model for human gut microbiome significantly
reduced members of Enterobacteriaceae family and resulted in
higher propionate production. This study provides novel insights
to species-level shifts in the human gut microbiome in the
presence of quercetin and/or rice bran supplementation.

MATERIALS AND METHODS

Donor Samples, Mini-Bioreactor Array
Preparation and Sample Collection
We obtained fresh fecal samples from six healthy donors
with no prior history of antibiotic consumption in the
past year. The pooled fecal sample from six individuals
was used as the inoculum as our prior study showed that
pooled sample represented the individual microbial composition
(Ghimire et al., 2020).

The modified BHI medium (Ghimire et al., 2020) was used
as a control medium. Heat-stabilized rice bran (RBT 300)
was purchased from Rice Bran Technologies (Sacramento, CA,
United States), and the extract was prepared as described
previously (Kumar et al., 2012) and then added to the control
medium (final concentration: 2 mg/mL): designated as RB.
Quercetin was added to the media at a final concentration
of 75 mg/L and is referred to as QC. The final experimental
group consisted of modified BHI medium with the additions
of quercetin (75 mg/L) and rice bran extract (2 mg/mL)
and is identified as QC + RB. Mini-bioreactors (MBRAs)
were sterilized, assembled and the experiment was performed
as described previously (Auchtung et al., 2016) with minor
modifications. The total experimental volume in each mini-
bioreactor was set at 15 ml. To maintain anaerobic conditions,
the bioreactors were placed inside an anaerobic chamber (Coy
Laboratories) containing with 85% nitrogen, 10% carbon dioxide,
and 5% hydrogen. The temperature was maintained at 37◦C
throughout the experiment. Initially, pH of each of the medium
for inflow into the mini-bioreactors was adjusted to 6.8 and not
altered throughout the experiment. Two 24 channel Watson-
Marlow pumps were used pumping media in and removing
excess fermented medium from the bioreactor. For this purpose,
the input and output on Watson Marlow pumps were set at
1 and 2 rpm, respectively. The rotating magnetic stirrer was
set at 130 rpm. The media (Control, QC, RB, and QC + RB)
(Figure 1A) were allowed to flow continuously for 24 h each
in triplicate. Three hundred microliters of the inoculum was
introduced into all wells with a retention time of 16 h. The
continuous flow model was operated up to 21 days post-
inoculation (Figure 1B). Five hundred microliters of the media
was collected for sequencing at day 0 (inoculum), days 4, 7,
14, and 21 and directly frozen to −80◦C. Also, samples for
short chain fatty acid (SCFAs) determination were collected at
days 4, 7, 14, and 21 post-inoculation with dietary treatments
and controls (Figure 1B). Each media condition was run in
triplicate and samples were collected at day 4, 7, 14, 21 resulting
in 48 samples from four conditions (control, QC, RB, and
QC + RB). Duplicate samples from the inoculum was also used
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FIGURE 1 | Overview of the study design: (A) A schematic diagram shown the design of four different media conditions used in this study. Single substrates
(quercetin or rice bran) or the mixture of quercetin and rice bran were used at the final concentration of 75 and 2 mg/mL as shown above in the base medium BHI
(see section “Materials and Methods”). Final pH of the media was adjusted to 6.8 ± 0.2 for all conditions. Each condition was run in triplicate and were inoculated
with the same fecal inoculum (see section “Materials and Methods”). (B) Outline of the bioreactor experiment showing time points for fecal inoculation and sample
collection for SCFAs and microbial community analysis.

for sequencing. Therefore, a total of 50 samples were used for
DNA isolation and sequencing.

Microbial DNA Extraction and
Sequencing
DNA isolation was performed on 50 samples including
duplicate inoculum samples. The DNA was extracted from
500 µl of the sample using a Powersoil DNA isolation kit
(MoBio Laboratories Inc., CA, United States) following the
manufacturer’s instructions. After extraction, the quality of DNA
was measured using NanoDropTM one (Thermo Fisher Scientific,
DE, United States) and quantified using Qubit Fluorometer 3.0
(Invitrogen, CA, United States). The DNA samples were stored at
−20◦C until further use. To analyze the variation of the microbial
composition over time, all samples were amplicon sequenced
using an Illumina MiSeq platform with paired-end V3 chemistry.
The library was prepared using an Illumina Nextera XT library
preparation kit (Illumina Inc., CA, United States) targeting V3-
V4 regions of the 16S rRNA. The libraries were bead normalized
and multiplexed before loading into the sequencer. We also
performed shotgun metagenome sequencing on twelve samples
obtained from day 21 to identify species level taxonomical
differences between the experimental groups. We used the
Nextera XT kit (Illumina, San Diego, CA, United States) for the
preparation of the shotgun metagenome sequencing library. The
library was then sequenced using paired end 300 base sequencing
chemistry using a MiSeq platform.

Data Analysis
The time-series changes in the microbial communities were
analyzed using 16S rRNA community analysis in Quantitative

Insights into Microbial Ecology framework (QIIME, Version
2.0) (Bolyen et al., 2019). Briefly, the demultiplexed reads
obtained were quality filtered using q2- demux plugin and
denoised applying DADA2 (Callahan et al., 2016). All amplicon
sequence variants were aligned with mafft (Katoh et al., 2002)
to construct a phylogeny with fasttree2 (Price et al., 2010).
The outputs rooted-tree.qza, table.qza, taxonomy.qza were then
imported into R (R Core Team, 2017) for analysis using
phyloseq (McMurdie and Holmes, 2013). Shannon diversity and
bray curtis dissimilarity indices were calculated as alpha and
beta diversity metrices. Kruskal–Wallis test at p = 0.05 was
performed to compare the species richness between the groups.
The reads were normalized by rarefying to 30,000 reads using
rarefy_even_depth function from phyloseq package in R and the
taxonomy was assigned to amplicon sequence variants using the
q2-feature-classifier (Bokulich et al., 2018) using Greengenes as
the reference (McDonald et al., 2012). Rarefying the reads to
30,000 were enough to estimate total diversity and taxonomy
(Supplementary Figure 1A). Initially, a total of 947 amplicon
sequence variants were identified from 50 samples. The average
number of non-chimeric reads per sample obtained in Qiime2
pipeline was 92,512 ± 27,631 (mean ± SD). The amplicon
sequence variants obtained were filtered to select those which are
present in at least 20% of samples with a count of 10 each or
amplicon sequence variants with > 0.001% of total median count
reducing the total number to 581.

For shotgun metagenomes, raw fastq sequences were quality
controlled using Fastqc1 and host reads were removed using
metaWRAP pipeline (Uritskiy et al., 2018). Filtered reads were

1https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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analyzed for taxonomy using Kaiju (Menzel et al., 2016) against
the proGenomes database (Mende et al., 2017) using default
parameters. The percentage abundance of each taxon was plotted
using Explicit v2.10.5 (Robertson et al., 2013). The samples from
day 21 yielded a total of 39,332,649 reads of which 70. 86% were
classified to 161 different species (species with less than 100 reads
were removed), whereas 185,188 (5.55%) and 9,278,647 (23.59%)
reads remained as unclassified bacteria or unassigned to non-viral
species, respectively. In addition, the raw counts obtained for
each taxon were used for calculation of alpha and beta diversity
using the phyloseq package in R. For identification of differentially
abundant taxa in QC, RB and QC + RB compared to control
medium, the raw counts of abundance of each taxon was then
Log10(x + 1) transformed and fed to DESEq2 (Love et al., 2014)
package in R. Bacterial taxa which significantly altered from
the control were further filtered out with the criteria of at least
log2foldchange (Log2FC) of ≥ 2 and padj value > 0.05. The
enriched taxa were selectively analyzed for their co-relation to
SCFAs phenotypic data using Spearman correlation method in R.
In addition, we performed de novo assembly of the quality filtered
reads using metaSPAdes (SPAdes 3.13.0) (Nurk et al., 2017).
The assembled fasta sequences were annotated using Prokka
(Seemann, 2014) using default parameters. The obtained amino
acid fasta sequences were searched for the KEGG modules using
GHOSTKOALA (Kanehisa et al., 2016) with default parameters.
The KEGG modules thus obtained were analyzed for complete,
1 block missing, 2 blocks missing and incomplete pathways and
visualized as heatmap using Morpheus web server 2.

Estimation of Short Chain Fatty Acids
For the estimation of SCFAs, 800 µl of samples were
collected from each mini-bioreactor, mixed with 160 µl of
25% m-phosphoric acid and frozen at −80◦C until further
analysis. Later, the frozen samples were thawed and centrifuged
(>15,000 × g) for 20 min. Five hundred microliters of
supernatant was collected in the tubes before loading into
the gas chromatography- mass spectrometry (GC-MS) (Agilent
Technologies, United States) for analysis (Ghimire et al., 2020).
The SCFA concentrations were compared between the groups
using the Kruskal–Wallis test followed by the Dunn test
with Benjamini-Hochberg correction in R and visualized using
GraphPad Prism 6.0.

RESULTS

Rice Bran Produced Larger Shift in
Microbiota Composition When
Compared to Quercetin
We used a minibioreactor array system to analyze the impact
of QC and RB on the gut microbiota using the study design
shown in Figure 1. The microbial community richness indicated
by the Shannon diversity index showed significant differences
in the early days (days 4 and 7) due to addition of rice

2https://software.broadinstitute.org/morpheus/

bran in the media whether alone or in combination with
quercetin (Figure 2A). No significant changes in the richness
was observed among the groups on day 14 and day 21,
suggesting the stabilization of the microbial communities by
day 14. Also, on day 21, shotgun metagenome analysis showed
no differences in the richness between the four conditions
(Supplementary Figure 1B). In contrast, marked differences
between the communities were evident as early as day 4 by
beta diversity analysis (Supplementary Figure 2A). Rice bran
(RB) supplementation showed a greater shift in the bacterial
community as shown on days 7, 14, and 21 (Supplementary
Figures 2B–D). Based on Bray-Curtis dissimilarity metrics, RB
and QC+ RB treatments were similar to each other and clustered
separately from control and QC. This reveals that quercetin
causes less shift in microbiome composition when compared
to rice bran (Supplementary Figure 2). Shotgun metagenome
sequencing at day 21 also indicated significant differences in the
community profile, primarily influenced by the addition of rice
bran extract in the medium (Figure 2B).

When examined taxonomically, the baseline inoculum
composition was dominated by Prevotellaceae (29.9 ± 0.87%),
followed by Ruminococcaceae (18.82 ± 0.81%) and
Lachnospiraceae (12.66 ± 0.4%). Also, Enterobacteriaceae
was found to be very low in inoculum (0.33 ± 0.097%).
However, the abundance of Prevotellaceae was reduced to
∼0.0% after 21 days in all treatment groups suggesting that
not all taxa in the inoculum were supported in the bioreactor
model. Over time, there was a major shift in the composition
of the microbiota between the groups starting as early as
day 4 (Figure 2C). The control and quercetin medium were
dominated by Enterobacteriaceae, followed by Lachnospiraceae
at day 4. However, by day 21, Lachnospiraceae dominated
the control and QC conditions followed by Bacteroidaceae.
The abundance of Enterobacteriaceae was reduced from
34.16 ± 1.92% and 33.26 ± 1.11% on day 4 to 17.62 ± 4.2%
and 18.53 ± 3.88% in control and QC medium, respectively, by
day 21 (Figure 2C). Even though ∼50% reduction of abundance
of Enterobacteriaceae was observed for both control and QC
medium at day 21 compared to day 4, the population of
Enterobacteriaceae tend to stabilize. However, Enterobacteriaceae
were highly reduced in both RB and QC + RB conditions. In
RB medium, Enterobacteriaceae was 10.212 ± 2.14% at day
4 which was further reduced to 6.33 ± 2.59% by day 21. At
day 21, Veillonellaceae and Lachnospiraceae dominated the RB
medium. Similarly, the dominant family were Lachnospiraceae,
Veillonellaceae and Bacteroidaceae in the quercetin and rice bran
combination (QC + RB) on day 21. Strikingly, on day 21, the
abundance of Enterobacteriaceae was reduced by ∼18.22% to
4.20 ± 3.16% compared to day 4 on QC + RB condition. At day
21, when mean abundance of Enterobacteriaceae was compared
between control, QC, RB and QC + RB, significant reduction
was observed in RB and QC+ RB (Kruskal–Wallis, p = 0.0064).

On day 21, we performed shotgun metagenome analysis to
identify the species level differences among the four groups
(Supplementary Figure 3 and Supplementary Table 1). Based
on DeSEQ2 analysis, 53 species were significantly altered in
QC + RB medium (Figure 3). The combination (QC + RB)
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FIGURE 2 | Gut microbiota compositional changes following quercetin and rice bran supplementation (A) Alpha diversity of four groups (control, QC, RB, and
QC + RB) at day 4, 7, 14, and 21 from amplicon sequencing data. (B) Beta diversity among the control, QC, RB and QC + RB groups were obtained using shotgun
metagenome sequence analysis on day 21. “MDS” ordination followed by Bray-Curtis dissimilarity calculation was used to visualize the differences between the
groups (adonis, p = 0.004). (C) Temporal family-level composition of the most abundant 12 bacterial taxa at day 4, 7, 14, and 21 and inoculum determined using
16S rRNA community profiling for Control, QC, RB, and QC + RB conditions.

enriched 13 additional species and reduced 13 others when
the cut off value of Log2FC ≥ 2 and padj value > 0.05
was applied (Supplementary Table 1). Specifically, abundance
of Escherichia sp. TW09308, E. coli, E. albertii, Citrobacter
koseri, and C. youngae were reduced. The Citrobacter species,
including C. rodentium, were also reduced in RB medium;
however, Escherichia species were not significantly reduced in this
medium (Figure 3).

Further, 13 species were altered significantly in the quercetin
group (Figure 3A), and 70 species in the rice bran group
compared to control (Figure 3B). With a cut off Log2FC ≥ 2
and padj value > 0.05, Acidaminococcus intestine was the
only enriched taxa in media supplemented with quercetin
while Coprococcus catus, Dorea longicatena, Anaerostipes caccae,

Eubacterium limosum, and Enterococcus faecalis were highly
reduced. Interestingly, the population of Flavonifractor plautii,
a flavonoid metabolizing bacterium (Braune and Blaut, 2016;
Gupta et al., 2019) was significantly reduced in quercetin
supplementation. Rice bran supplementation alone enriched
15 species, including six different species from Veillonella
(Supplementary Table 1).

To gain functional insights into the prebiotic
supplementation, we performed comparative pathway analysis
between controls and treatments using KEGG modules search
for the metagenomic samples at day 21 (Supplementary
Figure 4). Results from this analysis showed that cysteine
biosynthesis (M00338), lysine biosynthesis (M00031) and
ornithine biosynthesis (M00763) pathways were absent in QC
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FIGURE 3 | Impact of quercetin and rice bran supplementation on microbiota bacterial species. Bacterial species that are significantly altered in (A) quercetin (QC),
(B) rice bran (RB), and (C) QC + RB when compared to the control medium. The differential significance of the species was calculated by using DESEq2
(Supplementary Table 1) from shotgun metagenome sequence analysis at day 21. The left column represents bacterial species-level taxa while the colors indicate
their corresponding phyla (“Blue” = Firmicutes, “Brown” = Bacteroidetes, “Pink” = Proteobacteria, “Orange” = Actinobacteria, “Green” = Chlamydiae).

when compared to control. Interestingly, lysine biosynthesis and
ornithine biosynthesis pathways were retained in RB but lost in
QC + RB suggesting that addition of QC leads to elimination
of lysine, and ornithine biosynthesis pathways completely.
Also, reductive pentose phosphate cycle (M00165 and
M00166), cysteine biosynthesis (M00609), C10-C20 isoprenoid
biosynthesis (M00365) and catechol meta-cleavage (M00569)
were more complete in RB and QC + RB (Supplementary
Figure 4). M00569 pathway is responsible for the convertion
of catechol moiety found in quercetin to either acetyl-CoA or
4-methylcatechol which is finally converted to propanoyl-CoA
suggesting that QC + RB medium enhances amino acids
biosynthesis along with production of propionate.

Quercetin and Rice Bran Combination
Yield Higher Propionate Levels and
Reduces Members of
Enterobacteriaceae Family
Along with the changes in the taxonomy of the microbial
community, diet alters the metabolic profile of a community
(Sonnenburg and Sonnenburg, 2014; Sonnenburg and Backhed,
2016). To understand how these dietary substrates have altered
the fermentation potential of the microbiota, we measured short
chain fatty acids (SCFAs) from each minibioreactor on days
4, 7, 14, and 21. We observed that the amount of each SCFA
produced was stable by day 14 and at the endpoint, there
were marked differences between the groups (Figures 4A–E). At
day 21, communities formed in the control and RB weighted

strongly toward acetate and butyrate production, respectively
(Supplementary Figure 5). Statistically at day 21, acetate
production in QC+RB group (48.01± 3.3 mM) was significantly
different from the RB group (33.33 ± 2.44 mM) (Figure 4F).
The butyrate production in the RB medium was higher but not
significantly different compared to the other groups (Figure 4H).
Similarly, the medium supplemented with quercetin and rice
bran (QC + RB) weighted toward the production of propionate
and butyrate (Supplementary Figure 5). Rice bran alone and
combined quercetin and rice bran supplementation significantly
raised propionate levels by at least threefold compared to
the QC group alone (Figure 4G). In contrast, when QC was
supplemented in the medium, it shifted the production of minor
SCFAs (Figures 4I,J and Supplementary Figure 5). However,
only isobutyrate production was significantly higher in QC
compared to QC+ RB group (Figure 4I).

Short chain fatty acids production by microbiota has been
associated with pathogen inhibition to benefit the host (Hung
et al., 2013). Physiological levels of SCFAs are reported to
reduce Enterobacteriaceae members by pH mediated action
(Sorbara et al., 2019). Specifically, propionate production
by a propionate producing consortium has been shown to
reduce antibiotic induced dysbiosis (El Hage et al., 2019).
In this study, as higher production of propionate weighted
toward QC + RB medium at day 21, we estimated the
correlation of abundances of significantly altering members
of Enterobacteriaceae to propionate levels. Significant high
negative correlations were observed between the abundance of
the members of Enterobacteriaceae family and propionate with
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FIGURE 4 | Effect of quercetin (QC) and rice bran (RB) on short Chain Fatty Acids (SCFAs) production in QC, RB, and QC + RB compared to control medium in
minibioreactors. (A–E) Represent the periodic variation of acetate, propionate, butyrate, isobutyrate and isovalerate at day 0, 4, 7, 14, and 21, respectively. (F–J)
Represent the comparison of concentrations of acetate, propionate, butyrate, isobutyrate and isovalerate, respectively, from control, QC, RB, and QC + RB medium
at day 21 (endpoint). Kruskal–Wallis test was performed between the groups and post hoc (Dunn test) analysis was performed to identify the different significant
groups. “*, **, and ***” represents significance at p < 0.05, p < 0.01 and p < 0.001 respectively. Error bars represent standard error of the mean of data obtained
from three different bioreactors.

media change (Figure 5). Citrobacter rodentium (ρ = −0.734,
p = 0.009), C. koseri (ρ = −0.769, p = 0.0052), C. youngae
(ρ = −0.776, p = 0.0046), Escherichia albertii (ρ = −0.762,
p = 0.0058), E. coli (ρ = −0.762, p = 0.00587) and Escherichia

sp. TW09308 (ρ = −0.755, p = 0.0065) (Figures 5A–F) were
greatly reduced in QC + RB medium, whereas propionate levels
were at least threefold and 1.5 fold higher compared to QC
and control medium.
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FIGURE 5 | Spearman correlation of log10 abundance of the members of Enterobacteriaceae family (A) Citrobacter rodentium, (B) Citrobacter koseri, (C)
Citrobacter youngae, (D) Escherichia albertii, (E) Escherichia coli, and (F) Escherichia sp. TW09308 at day 21 determined by shotgun metagenomics sequence
analysis to levels of propionate in the medium. A negative correlation is expressed by negative values of correlation coefficient “rho” (ρ) with corresponding p-values.

DISCUSSION

In vivo studies have shown changes in microbial communities
due to quercetin or rice bran and describe the improvement of
colonization resistance and reduction of colon cancer (Kumar
et al., 2012; Zhang et al., 2015; Lin et al., 2019). However,
these studies are marked by high variations of the microbiota
composition likely due to host factors. Additionally, very little is
known about the combined effect of quercetin and rice bran on
gut microbiota. Thus, we focused on understanding the impact
of quercetin and rice bran separately and in combination using a
minibioreactor array model (Auchtung et al., 2016). Also, to gain
insights into taxonomical composition, we performed 16S rRNA
sequencing over time and shotgun metagenome sequencing
at the endpoint.

The alpha diversity analysis indicated that the richness of the
communities in bioreactors stabilized by day 14 (Figure 2A).
However, the taxonomical differences were evident as early as
day four following inoculation. The changes in the relative
abundances of taxa after day 14 were lower in control
and quercetin supplemented medium whereas rice bran and
combined quercetin with rice bran conditions had a more
homogenized microbial composition after day 4 (Figure 2C).
This indicates that the time required for the stabilization of
communities may vary with the substrate used in minibioreactors
in contrast to the previously determined timeframe of 1 week
following fecal inoculation (Auchtung et al., 2015). Such changes
in the time required for stabilization and diversity between
the groups can be attributed ecologically to the stochastic
rearrangement of the microbial species and their interactions

at early stages because of selection pressure by substrate
(Vellend, 2010). We also found that members of dominant family
such as Prevotellaceae in donor microbiota did not retain high
abundance in the minibioreactor system. This is probably because
the modified BHI medium we used do not contain enough
complex carbohydrates to sustain high abundance of species in
Prevotellaceae family.

Rice bran is a nutrient-dense food with a unique profile and
ratio of bioactive phytochemicals such as gamma oryzanol,
tocotrienols, ferulic acid, vitamin B, beta-sitosterol and many
others (Zarei et al., 2017). It has been reported to be effective
in preventing Salmonella typhimurium (Kumar et al., 2012;
Goodyear et al., 2015; Rubinelli et al., 2017), rotavirus (Yang
et al., 2015; Nealon et al., 2017) and norovirus (Lei et al.,
2016) infections. However, very few in vivo studies have
highlighted its effect on gut microbiota and the reports have
striking differences. In a clinical trial, Zambrana et al. (2019)
showed significant enrichment of Veillonella, Megasphaera
and Dialister species at the genus level from gut samples
of children from either Nicaragua or Mali at 12 months’
time (Zambrana et al., 2019). Another study by Sheflin et al.
(2015) showed a significant increase in the abundance of
Methanobrevibacter smithii, Paraprevotella clara, Ruminococcus
flavefaciens, Dialister succinatiphilus, Bifidobacterium sp.,
Clostridium glycolicum, Barnesiella intestinihominis, Anaerostipes
caccae and Ruminococcus bromii OTUs after heat stabilized
rice bran was fed to people (3 g/day) (Sheflin et al., 2015).
The differences in the enriched taxa could be because of the
unique inoculum used in this study. However, both of the
above studies had lower resolution and reported the enrichment
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of different taxa which could be attributed to a different
variety of rice bran being used and individualized host factors
(Stewart et al., 2005; Ridaura et al., 2013; Goodrich et al., 2014).
The compounding host factors along with variation in age and
geography (Yatsunenko et al., 2012), diet pattern (Wu et al.,
2011), lifestyle (Benedict et al., 2016; Cook et al., 2016; Karl et al.,
2017), etc., play a crucial role in determining the gut microbiota
composition, thus masking the actual effect of the substrate
alone on the microbiome. In contrast, this study supplies
species-level resolution eliminating host interference and shows
Veillonella Prevotella, Dialister, Bacteroides and Alistipes species
are significantly enriched while Oscillibacter, Eubacterium and
Citrobacter species are significantly reduced (Figure 3).

Similar to rice bran, previous studies analyzing microbial
composition after quercetin supplementation yielded
variable results among different hosts. Enterobacteriaceae
and Fusobacteriaceae were reported to be positively related
to quercetin supplementation whereas Sutterellaceae and
Oscillospiraceae were found to be negatively correlated (Tamura
et al., 2017). However, Lin et al. (2019) reported an increase in
abundances of Bifidobacterium, Bacteroides, Lactobacillus and
Clostridium, with a reduction of Fusobacterium and Enterococcus
in mice fed with quercetin (Lin et al., 2019). With higher
resolution and removal of host factors, our results contrast
with both studies and show enrichment of Acidaminococcus
intestini and decreased abundances of E. limosum, E. faecalis,
A. caccae, D. longicatena and C. catus. The domination of
Enterobacteriaceae in medium supplemented with quercetin
(Figure 2C) might have resulted in lower enrichment of the
bacterial taxa as Enterobacteriaceae has been reported to
affect quercetin metabolism by directly or indirectly inhibiting
quercetin degrading bacteria (Tamura et al., 2017).

When the combined effect of quercetin and rice bran were
analyzed, we find that majority of the microbial shift is due to
the supplementation of rice bran (Figure 2 and Supplementary
Figures 2, 3). Most of the taxa enriched or decreased in the
combination were very similar to those affected by rice bran
supplementation alone. Compared to quercetin and rice bran
supplementation separately, the combination was observed to
significantly reduce members of the Enterobacteriaceae family
(Escherichia and Citrobacter sp.) (Supplementary Table 1 and
Figure 5). Enterobacteriaceae consists of class of pathogens that
are low in abundance but have potential to grow and dominate
during dysbiotic conditions (Seksik et al., 2003; Walker et al.,
2011; Taur et al., 2012). The reduction of Enterobacteriaceae by
combined quercetin and rice bran suggests a possibly beneficial
effect on the host.

The reduction of Enterobacteriaceae members was highly
correlated with greater propionate levels in quercetin and rice
bran combined medium (Figures 4G, 5). Propionate, along
with other SCFAs produced by the gut microbiota, has been
previously implicated in regulating the intestinal morphology
and functions (Scheppach, 1994). Interestingly, unlike butyrate
that is used as an energy source for the colonocytes, the
health benefits of propionate are not restricted to the colon.
Propionate has been shown to decrease liver lipogenesis, and
hepatic and plasma cholesterol levels in rats. It has also been

implicated in reducing obesity, by stimulating satiety in mice
models. Importantly, propionate has also been demonstrated
as a potential anti-inflammatory and anti-cancer agent. The
reported anti-inflammatory abilities of propionate are suggested
to occur through the inhibition of Nuclear Factor-Kappa B
and suppression of IL-6 mRNA and other immune-related
gene expression, while its anti-cancer effects are thought to
occur through inhibition of Histone Deacetylases (HDACs) and
regulation of the AP-1 pathway (Tedelind et al., 2007; Hosseini
et al., 2011; Nepelska et al., 2012). Therefore, our observations
of increased propionate levels, along with previous reports on
the health benefits of propionate, demonstrates the importance
of both flavonoids and fiber in the diet. This study, for the first
time, reports the combined effect of quercetin and rice bran
on the gut microbial composition in the absence of interfering
host factors. Here, we report that the gut microbial composition
was altered favorably by quercetin and rice bran to result in
a significant reduction of opportunistic pathogens that could
potentially provide additional health benefits to the host.
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Supplementary Figure 1 | Exploratory analysis of predicted taxa and alpha
diversity of microbiota in various treatments (A) Rarefaction curves measuring the
bacterial diversity in fecal communities. The curves are based on V3-V4 16S rRNA
gene sequences obtained from a total of 48 samples (12 each from control, QC,
RB, and QC + RB) from day 4, 7, 14, and 21 and duplicate inoculums (B) Alpha
diversity measure (Shannon diversity) between Control, supplemented with QC,
supplemented with RB and supplemented with QC + RB determined using
shotgun metagenome sequence analysis at day 21. Kruskal–Wallis test was
performed for the Shannon diversity indices obtained for the groups (p = 0.27).

Supplementary Figure 2 | Beta diversity assessment of the microbiota
communities formed at days 4, 7, 14, and 21 among four groups of media
condition (Control, QC, RB, and QC + RB) determined using 16S rRNA sequence
analysis. The communities were ordinated using the “MDS” method followed by
Bray-Curtis distance calculation to visualize the difference between the groups.

Statistically, PERMANOVA using adonis was calculated on the beta diversity with
p = 0.004. The upper panel represents the beta diversity in early stages (day 4 and
day 7) and the lower panel represents in later stages (day 14 and day 21).

Supplementary Figure 3 | Impact of quercetin (QC) and rice bran (RB)
supplementation on bacterial taxonomy. Species-wise variation of the most
abundant (top 25) of the bacterial taxa determined by shotgun metagenome
sequencing at day 21 (endpoint) for control, QC, RB, and QC + RB
conditions in triplicate.

Supplementary Figure 4 | Heatmap depicting the functional pathways in the
metagenomes at day 21 obtained from shotgun metagenomic sequencing. KEGG
modules obtained from GHOSTKOALA for each metagenomic sequence was
plotted as either complete, 1 block missing, 2 blocks missing or incomplete.

Supplementary Figure 5 | Biplot showing ordination of short-chain fatty acid
production and bacterial communities formed at day 21 in control, QC, RB, and
QC + RB conditions. Abundances of the bacterial communities at day 21
determined by shotgun metagenomics were used with SCFAs profiles of day 21 to
generate the plot.

Supplementary Table 1 | List of all differentially abundant taxa in medium with
quercetin (QC), medium with rice bran (RB) and medium with both quercetin and
rice bran (QC + RB) compared to control. DESEq2 was used in shotgun
metagenome sequences on day 21 for identification of differentially present taxa in
the quercetin and rice bran supplemented media conditions when
compared to control.

REFERENCES
Auchtung, J. M., Robinson, C. D., and Britton, R. A. (2015). Cultivation of

stable, reproducible microbial communities from different fecal donors using
minibioreactor arrays (MBRAs). Microbiome 3:42.

Auchtung, J. M., Robinson, C. D., Farrell, K., and Britton, R. A. (2016).
MiniBioReactor Arrays (MBRAs) as a Tool for Studying C. difficile Physiology
in the Presence of a Complex Community. Methods Mol. Biol. 1476, 235–258.
doi: 10.1007/978-1-4939-6361-4_18

Benedict, C., Vogel, H., Jonas, W., Woting, A., Blaut, M., Schurmann, A., et al.
(2016). Gut microbiota and glucometabolic alterations in response to recurrent
partial sleep deprivation in normal-weight young individuals. Mol. Metab. 5,
1175–1186. doi: 10.1016/j.molmet.2016.10.003

Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R.,
et al. (2018). Optimizing taxonomic classification of marker-gene amplicon
sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 6:90.

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-
Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857.

Braune, A., and Blaut, M. (2016). Bacterial species involved in the conversion of
dietary flavonoids in the human gut. Gut Microbes 7, 216–234. doi: 10.1080/
19490976.2016.1158395

Callahan, B. J., Mcmurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Chung, W. S. F., Walker, A. W., Vermeiren, J., Sheridan, P. O., Bosscher, D., Garcia-
Campayo, V., et al. (2019). Impact of carbohydrate substrate complexity on the
diversity of the human colonic microbiota. FEMS Microbiol. Ecol. 95:fiy201.

Comalada, M., Camuesco, D., Sierra, S., Ballester, I., Xaus, J., Galvez, J., et al. (2005).
In vivo quercitrin anti-inflammatory effect involves release of quercetin, which
inhibits inflammation through down-regulation of the NF-kappaB pathway.
Eur. J. Immunol. 35, 584–592. doi: 10.1002/eji.200425778

Cook, M. D., Allen, J. M., Pence, B. D., Wallig, M. A., Gaskins, H. R., White,
B. A., et al. (2016). Exercise and gut immune function: evidence of alterations
in colon immune cell homeostasis and microbiome characteristics with exercise
training. Immunol. Cell Biol. 94, 158–163. doi: 10.1038/icb.2015.108

Darband, S. G., Kaviani, M., Yousefi, B., Sadighparvar, S., Pakdel, F. G., Attari, J. A.,
et al. (2018). Quercetin: a functional dietary flavonoid with potential chemo-
preventive properties in colorectal cancer. J. Cell Physiol. 233, 6544–6560. doi:
10.1002/jcp.26595

D’Archivio, M., Filesi, C., Di Benedetto, R., Gargiulo, R., Giovannini, C., and
Masella, R. (2007). Polyphenols, dietary sources and bioavailability. Ann. Ist.
Super. Sanita 43, 348–361.

David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E.,
Wolfe, B. E., et al. (2014). Diet rapidly and reproducibly alters the human gut
microbiome. Nature 505, 559–563. doi: 10.1038/nature12820

Dhakan, D. B., Maji, A., Sharma, A. K., Saxena, R., Pulikkan, J., Grace, T., et al.
(2019). The unique composition of Indian gut microbiome, gene catalogue,
and associated fecal metabolome deciphered using multi-omics approaches.
Gigascience 8:giz004.

Egert, S., Bosy-Westphal, A., Seiberl, J., Kurbitz, C., Settler, U., Plachta-Danielzik,
S., et al. (2009). Quercetin reduces systolic blood pressure and plasma oxidised
low-density lipoprotein concentrations in overweight subjects with a high-
cardiovascular disease risk phenotype: a double-blinded, placebo-controlled
cross-over study. Br. J. Nutr. 102, 1065–1074. doi: 10.1017/s0007114509359127

El Hage, R., Hernandez-Sanabria, E., Calatayud Arroyo, M., Props, R., and Van
De Wiele, T. (2019). Propionate-Producing Consortium Restores Antibiotic-
Induced Dysbiosis in a Dynamic in vitro Model of the Human Intestinal
Microbial Ecosystem. Front. Microbiol. 10:1206. doi: 10.3389/fmicb.2019.01206

Gentile, C. L., and Weir, T. L. (2018). The gut microbiota at the intersection of diet
and human health. Science 362, 776–780. doi: 10.1126/science.aau5812

Ghimire, S., Roy, C., Wongkuna, S., Antony, L., Maji, A., Keena, M. C., et al.
(2020). Identification of Clostridioides difficile-Inhibiting Gut Commensals
Using Culturomics, Phenotyping, and Combinatorial Community Assembly.
mSystems 5, e00620–19.

Gibson, G. R., and Roberfroid, M. B. (1995). Dietary modulation of the human
colonic microbiota: introducing the concept of prebiotics. J. Nutr. 125, 1401–
1412. doi: 10.1093/jn/125.6.1401

Goodrich, J. K., Waters, J. L., Poole, A. C., Sutter, J. L., Koren, O., Blekhman, R.,
et al. (2014). Human genetics shape the gut microbiome. Cell 159, 789–799.

Goodyear, A., Kumar, A., Ehrhart, E. J., Swanson, K. S., Grusak, M. A., Leach,
J. E., et al. (2015). Dietary rice bran supplementation prevents Salmonella
colonization differentially across varieties and by priming intestinal immunity.
J. Funct. Foods 18, 653–664. doi: 10.1016/j.jff.2015.08.027

Gupta, A., Dhakan, D. B., Maji, A., Saxena, R., P.K, V. P., Mahajan, S., et al.
(2019). Association of Flavonifractor plautii, a Flavonoid-Degrading Bacterium,
with the Gut Microbiome of Colorectal Cancer Patients in India. mSystems 4,
e00438–19.

Harwood, M., Danielewska-Nikiel, B., Borzelleca, J. F., Flamm, G. W., Williams,
G. M., and Lines, T. C. (2007). A critical review of the data related to the

Frontiers in Microbiology | www.frontiersin.org 10 September 2021 | Volume 12 | Article 751225

https://www.frontiersin.org/articles/10.3389/fmicb.2021.751225/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.751225/full#supplementary-material
https://doi.org/10.1007/978-1-4939-6361-4_18
https://doi.org/10.1016/j.molmet.2016.10.003
https://doi.org/10.1080/19490976.2016.1158395
https://doi.org/10.1080/19490976.2016.1158395
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1002/eji.200425778
https://doi.org/10.1038/icb.2015.108
https://doi.org/10.1002/jcp.26595
https://doi.org/10.1002/jcp.26595
https://doi.org/10.1038/nature12820
https://doi.org/10.1017/s0007114509359127
https://doi.org/10.3389/fmicb.2019.01206
https://doi.org/10.1126/science.aau5812
https://doi.org/10.1093/jn/125.6.1401
https://doi.org/10.1016/j.jff.2015.08.027
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-751225 September 25, 2021 Time: 16:42 # 11

Ghimire et al. Effect of Prebiotic on Microbiome

safety of quercetin and lack of evidence of in vivo toxicity, including lack of
genotoxic/carcinogenic properties. Food Chem Toxicol. 45, 2179–2205. doi:
10.1016/j.fct.2007.05.015

Henderson, A. J., Kumar, A., Barnett, B., Dow, S. W., and Ryan, E. P.
(2012). Consumption of rice bran increases mucosal immunoglobulin A
concentrations and numbers of intestinal Lactobacillus spp. J. Med. Food 15,
469–475. doi: 10.1089/jmf.2011.0213

Hong, Z., and Piao, M. (2018). Effect of Quercetin Monoglycosides on Oxidative
Stress and Gut Microbiota Diversity in Mice with Dextran Sodium Sulphate-
Induced Colitis. Biomed. Res. Int. 2018:8343052.

Hosseini, E., Grootaert, C., Verstraete, W., and Van De Wiele, T. (2011). Propionate
as a health-promoting microbial metabolite in the human gut. Nutr. Rev. 69,
245–258. doi: 10.1111/j.1753-4887.2011.00388.x

Hung, C. C., Garner, C. D., Slauch, J. M., Dwyer, Z. W., Lawhon, S. D., Frye, J. G.,
et al. (2013). The intestinal fatty acid propionate inhibits Salmonella invasion
through the post-translational control of HilD. Mol. Microbiol. 87, 1045–1060.
doi: 10.1111/mmi.12149

Islam, J., Koseki, T., Watanabe, K., Ardiansyah, Budijanto, S., Oikawa, A., et al.
(2017). Dietary Supplementation of Fermented Rice Bran Effectively Alleviates
Dextran Sodium Sulfate-Induced Colitis in Mice. Nutrients 9:747. doi: 10.3390/
nu9070747

Kanehisa, M., Sato, Y., and Morishima, K. (2016). BlastKOALA and GhostKOALA:
KEGG Tools for Functional Characterization of Genome and Metagenome
Sequences. J. Mol. Biol. 428, 726–731. doi: 10.1016/j.jmb.2015.11.006

Karl, J. P., Margolis, L. M., Madslien, E. H., Murphy, N. E., Castellani, J. W.,
Gundersen, Y., et al. (2017). Changes in intestinal microbiota composition and
metabolism coincide with increased intestinal permeability in young adults
under prolonged physiological stress. Am. J. Physiol. Gastrointest. Liver Physiol.
312, G559–G571.

Katoh, K., Misawa, K., Kuma, K., and Miyata, T. (2002). MAFFT: a novel method
for rapid multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res. 30, 3059–3066. doi: 10.1093/nar/gkf436

Kumar, A., Henderson, A., Forster, G. M., Goodyear, A. W., Weir, T. L., Leach,
J. E., et al. (2012). Dietary rice bran promotes resistance to Salmonella enterica
serovar Typhimurium colonization in mice. BMC Microbiol. 12:71. doi: 10.
1186/1471-2180-12-71

Lei, S., Ramesh, A., Twitchell, E., Wen, K., Bui, T., Weiss, M., et al. (2016).
High Protective Efficacy of Probiotics and Rice Bran against Human Norovirus
Infection and Diarrhea in Gnotobiotic Pigs. Front. Microbiol. 7:1699. doi: 10.
3389/fmicb.2016.01699

Lin, R., Piao, M., and Song, Y. (2019). Dietary Quercetin Increases Colonic
Microbial Diversity and Attenuates Colitis Severity in Citrobacter rodentium-
Infected Mice. Front. Microbiol. 10:1092. doi: 10.3389/fmicb.2019.01092

Linsalata, M., Orlando, A., Messa, C., Refolo, M. G., and Russo, F. (2010). Quercetin
inhibits human DLD-1 colon cancer cell growth and polyamine biosynthesis.
Anticancer Res. 30, 3501–3507.

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.

Maji, A., Misra, R., Dhakan, D. B., Gupta, V., Mahato, N. K., Saxena, R., et al.
(2018). Gut microbiome contributes to impairment of immunity in pulmonary
tuberculosis patients by alteration of butyrate and propionate producers.
Environ. Microbiol. 20, 402–419. doi: 10.1111/1462-2920.14015

McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., Desantis, T. Z., Probst,
A., et al. (2012). An improved Greengenes taxonomy with explicit ranks
for ecological and evolutionary analyses of bacteria and archaea. ISME J. 6,
610–618. doi: 10.1038/ismej.2011.139

McMurdie, P. J., and Holmes, S. (2013). phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One
8:e61217. doi: 10.1371/journal.pone.0061217

Mende, D. R., Letunic, I., Huerta-Cepas, J., Li, S. S., Forslund, K., Sunagawa, S.,
et al. (2017). proGenomes: a resource for consistent functional and taxonomic
annotations of prokaryotic genomes. Nucleic Acids Res. 45, D529–D534.

Menzel, P., Ng, K. L., and Krogh, A. (2016). Fast and sensitive taxonomic
classification for metagenomics with Kaiju. Nat. Commun. 7:11257.

National Academies of Science, Engineering, and Medicine (2017). Environmental
Chemicals, the Human Microbiome, and Health Risk: A Research Strategy.
Washington: National Academies Press.

Nealon, N. J., Yuan, L., Yang, X., and Ryan, E. P. (2017). Rice Bran and Probiotics
Alter the Porcine Large Intestine and Serum Metabolomes for Protection
against Human Rotavirus Diarrhea. Front. Microbiol. 8:653. doi: 10.3389/fmicb.
2017.00653

Nepelska, M., Cultrone, A., Beguet-Crespel, F., Le Roux, K., Dore, J., Arulampalam,
V., et al. (2012). Butyrate produced by commensal bacteria potentiates phorbol
esters induced AP-1 response in human intestinal epithelial cells. PLoS One
7:e52869. doi: 10.1371/journal.pone.0052869

Nurk, S., Meleshko, D., Korobeynikov, A., and Pevzner, P. A. (2017). metaSPAdes: a
new versatile metagenomic assembler. Genome Res. 27, 824–834. doi: 10.1101/
gr.213959.116

Price, M. N., Dehal, P. S., and Arkin, A. P. (2010). FastTree 2–approximately
maximum-likelihood trees for large alignments. PLoS One 5:e9490. doi: 10.
1371/journal.pone.0009490

Pulikkan, J., Maji, A., Dhakan, D. B., Saxena, R., Mohan, B., Anto, M. M., et al.
(2018). Gut Microbial Dysbiosis in Indian Children with Autism Spectrum
Disorders. Microb. Ecol. 76, 1102–1114. doi: 10.1007/s00248-018-1176-2

R Core Team (2017). R: A Language and Environment for Statistical Computing.
Austria: R Foundation for Statistical Computing.

Ridaura, V. K., Faith, J. J., Rey, F. E., Cheng, J., Duncan, A. E., Kau, A. L., et al.
(2013). Gut microbiota from twins discordant for obesity modulate metabolism
in mice. Science 341:1241214.

Robertson, C. E., Harris, J. K., Wagner, B. D., Granger, D., Browne, K., Tatem,
B., et al. (2013). Explicet: graphical user interface software for metadata-driven
management, analysis and visualization of microbiome data. Bioinformatics 29,
3100–3101. doi: 10.1093/bioinformatics/btt526

Rubinelli, P. M., Kim, S. A., Park, S. H., Roto, S. M., Nealon, N. J., Ryan, E. P.,
et al. (2017). Differential effects of rice bran cultivars to limit Salmonella
Typhimurium in chicken cecal in vitro incubations and impact on the cecal
microbiome and metabolome. PLoS One 12:e0185002. doi: 10.1371/journal.
pone.0185002

Scheppach, W. (1994). Effects of short chain fatty acids on gut morphology and
function. Gut 35, S35–S38.

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics
30, 2068–2069. doi: 10.1093/bioinformatics/btu153

Seksik, P., Rigottier-Gois, L., Gramet, G., Sutren, M., Pochart, P., Marteau, P., et al.
(2003). Alterations of the dominant faecal bacterial groups in patients with
Crohn’s disease of the colon. Gut 52, 237–242. doi: 10.1136/gut.52.2.237

Sheflin, A. M., Borresen, E. C., Wdowik, M. J., Rao, S., Brown, R. J., Heuberger,
A. L., et al. (2015). Pilot dietary intervention with heat-stabilized rice bran
modulates stool microbiota and metabolites in healthy adults. Nutrients 7,
1282–1300. doi: 10.3390/nu7021282

Slavin, J. (2013). Fiber and prebiotics: mechanisms and health benefits. Nutrients 5,
1417–1435. doi: 10.3390/nu5041417

Sonnenburg, E. D., and Sonnenburg, J. L. (2014). Starving our microbial self:
the deleterious consequences of a diet deficient in microbiota-accessible
carbohydrates. Cell Metab. 20, 779–786. doi: 10.1016/j.cmet.2014.07.003

Sonnenburg, J. L., and Backhed, F. (2016). Diet-microbiota interactions as
moderators of human metabolism. Nature 535, 56–64. doi: 10.1038/
nature18846

Sorbara, M. T., Dubin, K., Littmann, E. R., Moody, T. U., Fontana, E., Seok, R.,
et al. (2019). Inhibiting antibiotic-resistant Enterobacteriaceae by microbiota-
mediated intracellular acidification. J. Exp. Med. 216, 84–98. doi: 10.1084/jem.
20181639

Stewart, J. A., Chadwick, V. S., and Murray, A. (2005). Investigations into
the influence of host genetics on the predominant eubacteria in the faecal
microflora of children. J. Med. Microbiol. 54, 1239–1242. doi: 10.1099/jmm.
0.46189-0

Stewart, L. K., Soileau, J. L., Ribnicky, D., Wang, Z. Q., Raskin, I., Poulev, A.,
et al. (2008). Quercetin transiently increases energy expenditure but persistently
decreases circulating markers of inflammation in C57BL/6J mice fed a high-fat
diet. Metabolism 57, S39–S46.

Tamura, M., Hoshi, C., Kobori, M., Takahashi, S., Tomita, J., Nishimura, M., et al.
(2017). Quercetin metabolism by fecal microbiota from healthy elderly human
subjects. PLoS One 12:e0188271. doi: 10.1371/journal.pone.0188271

Taur, Y., Xavier, J. B., Lipuma, L., Ubeda, C., Goldberg, J., Gobourne, A., et al.
(2012). Intestinal domination and the risk of bacteremia in patients undergoing

Frontiers in Microbiology | www.frontiersin.org 11 September 2021 | Volume 12 | Article 751225

https://doi.org/10.1016/j.fct.2007.05.015
https://doi.org/10.1016/j.fct.2007.05.015
https://doi.org/10.1089/jmf.2011.0213
https://doi.org/10.1111/j.1753-4887.2011.00388.x
https://doi.org/10.1111/mmi.12149
https://doi.org/10.3390/nu9070747
https://doi.org/10.3390/nu9070747
https://doi.org/10.1016/j.jmb.2015.11.006
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1186/1471-2180-12-71
https://doi.org/10.1186/1471-2180-12-71
https://doi.org/10.3389/fmicb.2016.01699
https://doi.org/10.3389/fmicb.2016.01699
https://doi.org/10.3389/fmicb.2019.01092
https://doi.org/10.1111/1462-2920.14015
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.3389/fmicb.2017.00653
https://doi.org/10.3389/fmicb.2017.00653
https://doi.org/10.1371/journal.pone.0052869
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1007/s00248-018-1176-2
https://doi.org/10.1093/bioinformatics/btt526
https://doi.org/10.1371/journal.pone.0185002
https://doi.org/10.1371/journal.pone.0185002
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1136/gut.52.2.237
https://doi.org/10.3390/nu7021282
https://doi.org/10.3390/nu5041417
https://doi.org/10.1016/j.cmet.2014.07.003
https://doi.org/10.1038/nature18846
https://doi.org/10.1038/nature18846
https://doi.org/10.1084/jem.20181639
https://doi.org/10.1084/jem.20181639
https://doi.org/10.1099/jmm.0.46189-0
https://doi.org/10.1099/jmm.0.46189-0
https://doi.org/10.1371/journal.pone.0188271
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-751225 September 25, 2021 Time: 16:42 # 12

Ghimire et al. Effect of Prebiotic on Microbiome

allogeneic hematopoietic stem cell transplantation. Clin. Infect. Dis. 55, 905–
914. doi: 10.1093/cid/cis580

Tedelind, S., Westberg, F., Kjerrulf, M., and Vidal, A. (2007). Anti-inflammatory
properties of the short-chain fatty acids acetate and propionate: a study with
relevance to inflammatory bowel disease. World J. Gastroenterol. 13, 2826–
2832.

Turnbaugh, P. J., Ridaura, V. K., Faith, J. J., Rey, F. E., Knight, R., and Gordon,
J. I. (2009). The effect of diet on the human gut microbiome: a metagenomic
analysis in humanized gnotobiotic mice. Sci. Transl. Med. 1:6ra14. doi: 10.1126/
scitranslmed.3000322

Uritskiy, G. V., Diruggiero, J., and Taylor, J. (2018). MetaWRAP—a flexible pipeline
for genome-resolved metagenomic data analysis. Microbiome 6:158.

Vellend, M. (2010). Conceptual synthesis in community ecology. Q. Rev. Biol. 85,
183–206. doi: 10.1086/652373

Walker, A. W., Sanderson, J. D., Churcher, C., Parkes, G. C., Hudspith,
B. N., Rayment, N., et al. (2011). High-throughput clone library analysis of
the mucosa-associated microbiota reveals dysbiosis and differences between
inflamed and non-inflamed regions of the intestine in inflammatory bowel
disease. BMC Microbiol. 11:7. doi: 10.1186/1471-2180-11-7

Wu, G. D., Chen, J., Hoffmann, C., Bittinger, K., Chen, Y. Y., Keilbaugh, S. A.,
et al. (2011). Linking long-term dietary patterns with gut microbial enterotypes.
Science 334, 105–108. doi: 10.1126/science.1208344

Yang, X., Twitchell, E., Li, G., Wen, K., Weiss, M., Kocher, J., et al. (2015). High
protective efficacy of rice bran against human rotavirus diarrhea via enhancing
probiotic growth, gut barrier function, and innate immunity. Sci. Rep. 5:15004.

Yatsunenko, T., Rey, F. E., Manary, M. J., Trehan, I., Dominguez-Bello, M. G.,
Contreras, M., et al. (2012). Human gut microbiome viewed across age and
geography. Nature 486, 222–227. doi: 10.1038/nature11053

Zambrana, L. E., Mckeen, S., Ibrahim, H., Zarei, I., Borresen, E. C., Doumbia, L.,
et al. (2019). Rice bran supplementation modulates growth, microbiota and

metabolome in weaning infants: a clinical trial in Nicaragua and Mali. Sci. Rep.
9:13919.

Zarei, I., Brown, D. G., Nealon, N. J., and Ryan, E. P. (2017). Rice Bran Metabolome
Contains Amino Acids, Vitamins & Cofactors, and Phytochemicals with
Medicinal and Nutritional Properties. Rice 10:24.

Zhang, X. A., Zhang, S., Yin, Q., and Zhang, J. (2015). Quercetin induces human
colon cancer cells apoptosis by inhibiting the nuclear factor-kappa B Pathway.
Pharmacogn. Mag. 11, 404–409. doi: 10.4103/0973-1296.153096

Zoetendal, E. G., Akkermans, A. D., and De Vos, W. M. (1998). Temperature
gradient gel electrophoresis analysis of 16S rRNA from human fecal samples
reveals stable and host-specific communities of active bacteria. Appl. Environ.
Microbiol. 64, 3854–3859. doi: 10.1128/aem.64.10.3854-3859.1998

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Ghimire, Wongkuna, Sankaranarayanan, Ryan, Bhat and Scaria.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 12 September 2021 | Volume 12 | Article 751225

https://doi.org/10.1093/cid/cis580
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.1086/652373
https://doi.org/10.1186/1471-2180-11-7
https://doi.org/10.1126/science.1208344
https://doi.org/10.1038/nature11053
https://doi.org/10.4103/0973-1296.153096
https://doi.org/10.1128/aem.64.10.3854-3859.1998
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Positive Synergistic Effects of Quercetin and Rice Bran on Human Gut Microbiota Reduces Enterobacteriaceae Family Abundance and Elevates Propionate in a Bioreactor Model
	Introduction
	Materials and Methods
	Donor Samples, Mini-Bioreactor Array Preparation and Sample Collection
	Microbial DNA Extraction and Sequencing
	Data Analysis
	Estimation of Short Chain Fatty Acids

	Results
	Rice Bran Produced Larger Shift in Microbiota Composition When Compared to Quercetin
	Quercetin and Rice Bran Combination Yield Higher Propionate Levels and Reduces Members of Enterobacteriaceae Family

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


