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Polyphenol extracts from red raspberry (RR) whole fruit or pulp, but not seed, attenuate high-fat (HF) diet-
induced obesity in mice. Because host metabolism is linked to the microbiota, we investigated the effects of
polyphenols from RR fruit, pulp, and seed on the microbiome. RR polyphenols significantly decreased the
abundance of specific taxa that were increased during HF feeding relative to a low-fat diet, including Rumino-
coccus and an unclassified genus from Clostridiales. Compared to a HF diet, pulp and seed polyphenols increased
Roseburia abundance and decreased levels of an unclassified genus from Mogibacteriaceae. RR seed polyphenols

uniquely increased Bifidobacterium compared to a HF diet. The most notable taxon driving differential abundance
among all diets was an unclassified genus from Coriobacteriaceae. Importantly, host metabolic markers improved
by pulp polyphenols were strongly correlated with select microbiome features, indicating that specific gut
bacteria may be involved in RR polyphenol catabolism and/or mediating health benefits.

1. Introduction

Over 650 million adults worldwide were considered obese in 2016
(World Health Organization, 2018). Obese individuals often suffer from
metabolic abnormalities such as elevated blood pressure, glucose, and
triglycerides that increase their likelihood of developing cardiovascular
disease, type 2 diabetes, and certain types of cancer (Haslam & James,
2005). Dietary interventions and physical activity are common ap-
proaches to achieve weight loss and glycemic control. Red raspberries
(RR), a rich source of ellagitannins (ETs), have been studied extensively
for their ability to prevent or treat diet-induced obesity and subse-
quently improve metabolic function (Calvano et al., 2019; Puupponen-

Pimia et al., 2013). These health benefits are thought to be primarily
mediated by polyphenolic compounds, such as ETs and/or anthocyanins
(Garcia-Nino & Zazueta, 2015; Overall et al., 2017). ETs are resistant to
degradation in the stomach but are hydrolyzed to ellagic acid (EA) and
absorbed in the small intestine (Lipinska, Klewicka, & Sojka, 2014). A
substantial amount of unabsorbed ETs and free EA also reach the colon,
where they are metabolized by the gut microbiota to yield a family of
microbial metabolites called urolithins (Uros) (Espin, Larrosa, Garcia-
Conesa, & Tomas-Barberan, 2013; Tomas-Barberan, Garcia-Villalba,
Gonzalez-Sarrias, Selma, & Espin, 2014).

A growing body of evidence suggests that Uros convey the metabolic
benefits of ET- and EA-containing foods (Espin et al., 2013; Kang,
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Buckner, Shay, Gu, & Chung, 2016; Kang, Kim, Tomas-Barberan, Espin,
& Chung, 2016; Puupponen-Pimia et al., 2013). Uros exhibit anti-
inflammatory, anti-oxidative, anti-proliferative, and lipid-lowering
properties in vitro (Kang, Kim, et al., 2016; Piwowarski, Kiss, Granica,
& Moeslinger, 2015). Additionally, daily administration of UroA to mice
fed a high fat (HF) diet has been shown to improve systemic insulin
sensitivity and attenuate triglyceride accumulation in vivo (Toney et al.,
2019). However, the metabolic effects of Uros in humans are not fully
understood, and results from human intervention studies providing
berries rich in ETs, such as strawberries and raspberries are inconsistent
(Calvano et al., 2019; Puupponen-Pimia et al., 2013). Variation among
these studies could arise from differences in berry processing method,
intervention period, and the health status of the participants. Moreover,
these variable results may also reflect individual differences in gut mi-
crobial transformation of ETs and EA to Uros (Li et al., 2015; Tomas-
Barberan et al., 2014). Li et al. reported several healthy participants
were unable to produce UroA even after long-term consumption of a
pomegranate extract containing ETs (Li et al., 2015). Notable differences
between the gut microbiome profiles of UroA producers and non-
producers were also observed (Li et al., 2015), suggesting that the gut
microbiota may contribute to polyphenol catabolism, which in turn
mediates the metabolic benefits of ETs and EA for the host.

In a previous study, we found that supplementation with RR pulp
polyphenols significantly limited the development of diet-induced
obesity and insulin resistance in C57BL/6 mice (Fan et al., 2019).
Furthermore, polyphenols from RR whole fruits and pulp, but not the
seeds, decreased adipose tissue macrophage (ATM) recruitment, NLRP3
inflammasome activation, and adipocyte hypertrophy (Fan et al., 2019).
In this study, we investigated the relationship between red raspberries,
metabolic health, and the gut microbiota by evaluating the effects of
polyphenolic extracts isolated from RR whole fruits, pulp or seed on the
gut microbiome. We found that supplementation with RR polyphenols
induced distinct changes in the composition of the gut microbiota. We
also observed strong correlations between obesity-related host param-
eters improved by pulp polyphenols and gut microbiota profiles, sug-
gesting that specific bacteria may be involved in RR polyphenol
catabolism and/or RR-mediated host benefits.

2. Materials and methods
2.1. Animals, diets, and experimental design

C57BL/6 male mice were purchased from the Jackson Laboratory
and assigned to one of five treatments as described in our previous study
(Fan et al., 2019): low-fat diet (LF, 10% fat, n = 4), high-fat diet (HF,
45% fat, n = 8), HF diet supplemented with 0.4% by weight RR whole
fruit polyphenols (HFwhole, n = 7), 0.1% by weight RR seed poly-
phenols (HFseed, n = 8), or 0.3% by weight RR pulp polyphenols
(HFpulp, n = 8). Polyphenolic extracts from whole fruit, seed and pulp
were prepared as described in our previous study from freshly-frozen
“WakeField” RR fruits donated by Enfield Farms (Lynden, WA) (Fan
et al., 2019). Briefly, pulp and seed fractions were physically separated
using a fine sieve. Polyphenols were extracted in acidified methanol
(0.5% acetic acid), purified via an ion-exchange column (Ambelite
FPX66, Dow Chemical) to remove sugars and fibers, and then lyophi-
lized. The polyphenolic compounds in the extracts were analyzed on an
Agilent 1200 HPLC (Agilent Zorbax SB-C18 column). Total phenolic
content was determined using Folin-Ciocalteu reagent with gallic acid as
a standard. The composition of the lyophilized RR polyphenolic extracts
was consistent with previous reports (Sojka, Macierzynski, Zaweracz, &
Buczek, 2016) and included quercetin, myricetin, ellagic acid, catechin,
epicatechins, and anthocyanins (Table S1).

Diets were formulated based on the AIN-93M purified rodent for-
mula such that the levels of polyphenols present in the fruit fractions
reflected those obtained from whole fruit as described in our previous
study (Fan et al., 2019). Specifically, we isolated three times more
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polyphenols from pulp than seed when starting from the same amount of
whole fruit, thus resulting in a whole:seed:pulp ratio of 4:1:3 (Table S2).
Based on the amount of extracts added into the diets, the HFpulp diet
contained anthocyanin (37.1% of the total GAE), EA (14.7%), and epi-
catechin (19.9%). The HFwhole diet contained primarily EA (23.7%)
and epicatechin (27.0%), and the HFseed diet contained mostly EA
(40.7%; Table S2). Mice were fed for 16 weeks ad libitum, and cecal
contents were collected and snap-frozen in liquid nitrogen at necropsy
and stored at —80 °C. All experimental procedures involving mice were
approved by the Institutional Animal Care and Use Committee at the
University of Nebraska-Lincoln (Protocol 1469) and carried out in
accordance with the National Institutes of Health’s Guide for the Care and
Use of Laboratory Animals.

2.2. Bacterial DNA extraction, PCR amplification, and 16S rRNA gene
sequencing

Bacterial DNA was extracted from mouse cecal contents using the
BioSprint 96 workstation (Qiagen, Germantown, MD) and the BioSprint
96 one-for-all Vet kit (Qiagen) as per manufacturer’s instructions with
the addition of a bead-beating step (Caporaso et al., 2011). Briefly, cecal
contents were mixed with 600 pL pre-heated (70 °C) ASL buffer in a 2-
mL deep-well microplate (Axygen, Union City, CA) containing 250 pL of
0.1 mm zirconium beads (BioSpec Products, Bartlesville, OK). Bacterial
cells were disrupted by bead beating using a TissueLyser II (Qiagen) with
3 cycle repeats (4 min of 30 s on with a 10 min off interval for cooling).
The mixture was allowed to settle in a 70 °C water bath for 10 min. One
hundred pL of the mixture was then transferred to an S-block containing
40 pL proteinase K in each well for enzymatic lysis in a 70 °C water bath
for 10 min. The lysate plate was completed by adding 600 pL RLT
mixture (the master mix for 96 wells contained 35 mL buffer RLT, 35 mL
isopropanol, 3 mL MagAttract Suspension G, and 310 pL Carrier RNA
solution) to each well of the S-block containing lysate. S-Block wash
plates and elution microplates were prepared according to the manu-
facturer’s instructions. All plates were loaded onto the workstation ac-
cording to the on-screen instructions. Protocol BS96 Vet 100 was used
for sample processing. The quality and quantity of eluted DNA were
tested using Qubit dsDNA HS kit (Invitrogen, Carlsbad, CA).

The V4 region of the bacterial 16S rRNA gene was amplified from
each sample using the dual-indexing sequencing strategy (Kozich,
Westcott, Baxter, Highlander, & Schloss, 2013). Amplified PCR products
were purified and normalized using a SequalPrepTM Normalization
Plate (Applied Biosystems, Waltham, MA). Equal volumes of each of the
normalized PCR products were pooled together. Pooled library quality
was checked using the Agilent High Sensitivity D1000 ScreenTape sys-
tem (Agilent, Santa Clara, CA). Library quantification was checked by
qPCR using a Library Quantification Kit (Kapa Biosystems, Wilmington,
MA). The library was sequenced on an Illumina MiSeq platform using a
MiSeq Reagent Kit v3 for 600 cycles (Illumina, San Diego, CA) according
to the manufacturer’s instructions.

2.3. Sequence processing and data analyses

Paired-end sequences were demultiplexed and analyzed using
Quantitative Insights Into Microbial Ecology (QIIME) program (version
2). Briefly, sequence quality was checked by FastQC and, based on the
quality, sequences were filtered using the DADA2 workflow by
removing chimeric sequences and truncating the forward reads to 230
bases and reverse reads to 160 bases. Sequences were de-replicated into
unique amplicon sequence variants (ASVs) and a list of representative
sequences was generated by DADA2 (Callahan et al., 2016).

For taxonomy analyses, each of the representative sequences was
assigned to the taxonomic information using the Greengenes database
with the pre-trained RDP Classifier (ftp://greengenes.microbio.me)
based on 99% sequence identity. The representative sequences were
aligned, highly variable regions in the sequences were masked and then
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a phylogenetic tree was created with FastTree. Analyses of the alpha and
beta diversity were all performed based on the normalization of using a
sample depth of 16,745 sequences (lowest number of sequences per
sample) in QIIME 2. Data were visualized using GraphPad Prism 7.0 or
RStudio (version 3.4.3). For evaluation of community richness and di-
versity in each sample, three different alpha diversity metrics were
calculated (Observed ASVs, Shannon index and Faith’s PD index). Mi-
crobial diversity among samples was assessed using four different beta
diversity metrics (Jaccard, Bray-Curtis, unweighted Unifrac and
weighted Unifrac). Principal coordinate analyses (PCoA) and hierar-
chical clustering analyses (HCA) plots for all samples were generated to
visually depict the differences among treatments. Only taxa with
sequence reads numbering more than 0.01% of the total reads were
included in relative abundance analyses of the different taxa among
treatments. To identify taxa differentially responding to treatments, the
linear discriminant analyses (LDA) effect size (LEfSe) algorithm was
used with an LDA threshold of 3.5 and adjusted p-value cutoff of 0.05.
Random forest analyses were performed using default settings with
ntree = 500 and mtry = 7. Hierarchical clustering analyses, heatmap
diagrams, LEfSe, and random forest analyses were performed using the
packages in Marker Data Profiling (MDP) from the web-based tool
MicrobiomeAnalyst (Dhariwal et al., 2017). Spearman’s rho non-
parametric correlations between gut microbiota (taxa relative abun-
dance) and host metabolic markers were calculated based on the data
from HF and HFpulp fed mice by using the package microbiome in R
software (R Foundation for Statistical Computing, Vienna, Austria) (R
Core Team., Accessed July 2015).

2.4. Gordonibacter species-specific primer design and validation

Representative genomic sequences for Gordonibacter pamelaeae
(G. pamelaeae) and Gordonibacter urolithinfaciens (G. urolithinfaciens) as
well as representatives of the family Coriobacteriaceae (Selma, Tomas-
Barberan, Beltran, Garcia-Villalba, & Espin, 2014) were downloaded
from NCBI database (http://www.ncbi.nlm.nih.gov/genome) and can
be identified using the following GenBank accession numbers:
G. pamelaeae 7-10-1-b (NC_021021.1), G. urolithinfaciens An234A
(NZ_NFJN01000001.1), Paraeggerthella hongkongensis RC2/2 A
(PPTQ01000001.1), Eggerthella lenta DSM2243 (NC_013204.1), Egger-
thella sinensis DSM16107 (QICC01000001.1 and PPTT01000001.1),
Denitrobacterium detoxificans NPOH1 (NZ_CP011402.1), Adlercreutzia

equolifaciens DSM19450 (NC_022567.1), Asaccharobacter celatus
DSM18785 (QICA01000001.1), Enterorhabdus caecimuris B7
(NZ_KE159646.1) and  Enterorhabdus  mucosicola = DSM19490

(NZ_KE383895.1). Putative primer pairs that specifically targeted
G. pamelaeae and/or G. urolithinfaciens were designed using RUCS-1.0
(Thomsen, Hasman, Westh, Kaya, & Lund, 2017) (https://cge.cbs.dtu.
dk/services/RUCS/) with minor modifications of the default settings:
k-mer size changed to 22 and product size range changed to 200-500.
Specificity of the candidate primer pairs was first checked using NCBI
Primer-Blast and representative genomes in the Refseq database.
Candidate primer sets were then experimentally validated for specificity
and efficiency by quantitative PCR using genomic DNA from
G. pamelaeae DSM19378, G. urolithinfaciens DSM27213, Eggerthella lenta
JMA32, Lactobacillus plantarum ATCC4008, Bacteroides ovatus
ATCC8483, Bifidobacterium longum CR15, Salmonella enterica, and
Escherichia coli 131.

2.5. Quantitative PCR (qPCR)

The extracted DNA subjected to 16S rRNA gene sequencing was also
used for qPCR. DNA was quantified using the Qubit dsDNA HS kit (Invi-
trogen, Carlsbad, CA). Bacterial genus- or species-specific primer se-
quences used include: Bifidobacterium spp. F-TCGCGTCYGGTGTGAAAG,
R-CCACATCCAGCRTCCAC (Schneeberger et al., 2015); Bifidobacterium
pseudocatenulatum F-AGCCATCGTCAAGGAGCTTATCGCAG, R-
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CACGACGTCCTGCTGAGAGCTCAC (Junick & Blaut, 2012); Gordoni-
bacter spp. F-GCTGCGTTGAAATATGGCTGT, R-GCAGAAGGACCAAAC
GTCAAC; G. pamelaeae F-GCTTTGTATTGGTCGCCTGTG, R-CATC-
GACTCTGCATTCAAGCG; G. urolithinfaciens F-GCGGTTCTGCTAA-
GACGAGAA, R-GGAAGGGGGTCATTGACACAT. All primers were
synthesized by Integrated DNA Technologies (Coralville, IA). PCR re-
actions were prepared in a 25 pL volume containing 12.5 uL 2x SYBR
Green, 8.5 pL nuclease free water, 2 uL primer mix (a mixture of forward
and reverse primer of 5 uM each), and 2 pL. DNA template (around 10 ng/
uL). Thermocycling conditions included: (i) an initial denaturation step of
2 min at 95 °C; (ii) 35 cycles of 15 s at 95 °C, 15 s at annealing temper-
ature (60 °C for Bifidobacterium genus-specific primers, Gordonibacter
genus-specific primers, and G. pamelaeae species-specific primers; 62 °C
for G. urolithinfaciens species-specific primers; 68 °C for Bifidobacterium
pseudocatenulatum species-specific primers), and 20 s at 68 °C; (iii) one
cycle of 15 s at 95 °C; (iv) one cycle of 15 s at 60 °C; (v) one 20-min in-
terval to generate a melting curve; and (vi) one cycle of 15 s at 95 °C. The
cycle threshold of each sample was then compared to a standard curve
made by diluting genomic DNA (five-fold serial dilution) as previously
described (Gomes-Neto et al., 2017). The data were expressed as log
bacterial colony forming units/g of DNA.

2.6. Statistical analyses

Alpha diversity indices were calculated based on diet type. Pairwise
comparisons between different diet treatments were performed using a
Kruskal-Wallis test. False discovery rate correction was incorporated for
all statistical tests. For beta diversity, Adonis statistical tests were used
to investigate whether the differences between diet treatments were
statistically significant. To compare the relative abundance of taxa
among diet treatments, multiple comparisons to the HF treatment were
performed in Prism 7.0 (GraphPad Software, La Jolla, CA). First, the
empirical distribution of data with an assumption of normality was
tested using Kolmogorov-Smirnov, D’Agostino and Pearson, and
Shapiro-Wilk normality tests. Secondly, data determined to be non-
normal were analyzed using one-way Kruskal-Wallis testing followed
by Dunn’s post-test correction for multiple comparisons. For parametric
analyses, the multiple comparison test was performed by controlling the
false discovery rate in one-way ANOVA analyses according to the Ben-
jamini and Hochberg procedure (Benjamini & Hochberg, 1995). The
mean relative abundance of each taxon in each treatment was graphed
with corresponding SEM values. In each graph, * p < 0.05, ** p < 0.01
and *** p < 0.001 versus HF treatment were noted above the mean
value.

3. Results

3.1. Supplementation with red raspberry (RR) polyphenolic extracts
changed the diversity of the gut microbiota

We previously demonstrated that feeding polyphenols from RR
whole fruit and pulp, but not the seeds, attenuated the development of
HF diet-induced obesity and insulin resistance in mice (Fan et al., 2019).
To determine whether supplementation with various polyphenol-
containing extracts derived from RR also differentially affected the gut
microbiota, we analyzed cecal contents by 16S rRNA gene sequencing
from those same mice fed either a low fat (LF) diet, high fat (HF) diet, or
HF diet supplemented with polyphenols from either RR whole fruits
(HFwhole), RR pulp (HFpulp) or RR seed (HFseed) for 16 weeks
(Fig. 1A).

We first assessed the effects of supplementing a HF diet with poly-
phenolic extracts from RR on microbial community richness and alpha
diversity. Feeding mice HFwhole and HFpulp diets, but not a HFseed
diet, significantly increased the observed number of ASVs compared to
feeding the LF diet but not the HF diet (Figure S1A). No significant ef-
fects of diet were observed during Shannon diversity analysis
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Fig. 1. Supplementation with red raspberry polyphenolic extracts changed the diversity of the gut microbiota. (A) Experimental scheme for mouse feeding
study. Principal Coordinate Analyses (PCoA) plot of f-diversity based on binary Jaccard distance for all dietary treatments (B) or high-fat diets supplemented with or
without raspberry polyphenols (C). Ellipses represent the 95% confidence interval for each dietary treatment. (D) Ward clustering algorithm analyses using the
Jaccard distance matrix. LF = low-fat diet, n = 4; HF = high-fat diet, n = 8; HFwhole = whole raspberry polyphenols, n = 7; HFseed = raspberry seed polyphenols, n

= 8; HFpulp = raspberry pulp polyphenols, n = 8.

(Figure S1B). To consider the phylogenetic relatedness of the commu-
nities, we performed Faith’s PD diversity analysis and observed a
significantly higher microbiome diversity value for mice fed a HFwhole
diet, but not HFpulp or HFseed diets, as compared to LF- and HF-fed
mice (Figure S1C). Overall, these results indicate that supplementation
with polyphenols from RR whole fruits had the most significant effects
on microbial community richness and phylogenetic diversity, whereas
RR pulp polyphenols affected only richness, and RR seed polyphenols
had no significant effect on either richness or phylogenetic diversity.

Beta diversity among diet treatments was analyzed by principal co-
ordinate analyses (PCoA) and hierarchical clustering analyses (HCA).
PCoA analyses based on Jaccard distance clearly showed microbiomes
clustering by diet (Fig. 1B; p < 0.002 for comparison of HF diet to each
RR diet using permutational ANOVA; see Table S3). Considering that HF
and LF diets differ notably in their compositions, we next performed
PCoA analyses using only HF-based diets. These analyses revealed more
distinct clustering and significant differences between microbiomes
from HF-fed mice and those of mice fed HF diets supplemented with a
RR polyphenol extract regardless of fraction (Fig. 1C; p < 0.002 for
pairwise comparisons, Table S3). Similar results were observed using
analyses based on Bray-Curtis and unweighted Unifrac metrics
(Figure S2; Table S3). By weighted Unifrac analysis, only microbiomes
from HFwhole fed mice were significantly different compared to those
from HF control mice (Table S3).

Hierarchical clustering of the data using the Ward method revealed
notable segregation between microbiomes from RR-supplemented mice
and those from LF-fed mice (Fig. 1D). Microbiomes from mice fed

HFwhole diets were most similar to those from LF controls, followed by
microbiomes from mice fed HFpulp and HFseed diets. Together, these
data demonstrate that supplementation of HF diets with RR polyphenol
extracts induced global changes to the gut microbial community struc-
ture when fed to mice.

3.2. Supplementation with RR polyphenols altered gut microbiota
composition

To determine how RR polyphenolic extracts fed with a HF diet
altered gut microbiota composition, we examined distribution of sig-
nificant taxa in our data. The most predominant phylum observed in our
mice was Firmicutes, which accounted for more than half of all
sequencing reads (56.43%), followed by Verrucomicrobia (22.77%),
Bacteroidetes (18.05%), Actinobacteria (2.6%) and Proteobacteria
(0.15%) (data not shown). The most abundant genus was Akkermansia,
found to constitute 20-26% of total sequences in samples; however, no
differences in the abundance of this genus were observed among treat-
ments (Fig. 2A; Table S4). The second most highly abundant taxon in our
mice mapped to a sequence variant that could not be classified below the
order Clostridiales (uncl.Clostridiales), which was significantly
increased by HF diet feeding compared to a LF diet. Notably, the
abundance of uncl.Clostridiales was significantly decreased by feeding
polyphenols from RR whole fruits, pulp, and seed compared to a HF
control diet (Table S4).

Diet-associated changes were also observed at the genus level
(Fig. 2B; Table S4). Compared to a LF diet, a HF diet significantly
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Fig. 2. Supplementation with red raspberry polyphenols altered gut microbiota composition. (A) Stacked column bar graphs depict the relative abundance
and the most highly abundant resolved taxa at the genus level for individual mice. (B) Heatmap depicting relative abundance patterns of taxa affected by dietary
interventions. The dendrogram clusters genera that frequently occur together. Taxa were filtered with reads numbering less than 0.01% of total reads.

decreased the abundance of Bifidobacterium. Importantly, feeding a
HFseed diet reversed this trend and significantly increased the abun-
dance of Bifidobacterium to levels even greater than those found in LF
diet-fed mice. HF diet feeding also significantly decreased levels of
Dehalobacterium, Bacteroides, and an unclassified genus from Lachno-
spiraceae (uncl.Lachnospiraceae) compared to mice fed a LF diet. Levels
of Dehalobacterium were further decreased in mice fed HFwhole and
HFpulp diets compared to HF control mice. No additional changes in the
abundance of Bacteroides or uncl.Lachnospiraceae were observed during

RR polyphenol feeding compared to HF diet feeding.

Relative to mice fed a LF diet, mice receiving a HF diet exhibited
significant increases in the abundance of Dorea, Ruminococcus, Rumi-
nococcus 1, and an unclassified genus from Mogibacteriaceae (uncl.
Mogibacteriaceae). Supplementing a HF diet with RR polyphenols from
whole fruits, pulp, or seed significantly decreased the abundance of
Ruminococcus_1 compared to a HF diet. Also compared to a HF diet,
HFseed specifically decreased levels of Ruminococcus, and feeding mice
either a HFseed or HFpulp diet significantly lowered their abundance of
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Fig. 3. Prediction of key taxa responding to red raspberry polyphenols. Taxa differentially responding to dietary treatments were identified by LEfSe (A) and
random forest (B) analysis. The top 15 candidates are shown here. The color bar represents the relative abundance of taxa, with green corresponding to a low
abundance and red corresponding to a high abundance. The average relative abundance for each taxa in individual dietary treatments is represented by a colored
squares that corresponds to the relationship between relative abundance and the color gradient in the bar.
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uncl.Mogibacteriaceae. RR polyphenol supplementation did not effect
Dorea levels compared to the HF control. Other notable changes
observed during RR polyphenol supplementation included an increased
abundance of Roseburia in mice fed either a HFseed or HFpulp compared
to those fed a HF diet as well as increased levels of Lachnospiraceae_1 in
mice receiving a HFwhole diet versus the HF control.

3.3. Prediction of key taxa responding to RR polyphenols

To identify the specific bacterial taxa driving differential abundances
among the diets supplemented with various RR polyphenols, a LEfSe
analysis (with 3.5 as the threshold on the logarithmic LDA score for
discriminative features) was performed. Seventeen taxa were identified
as significantly different (p < 0.05 using Mann-Whitney/Kruskal-Wallis
tests and comparisons of all diets), and the top 15 taxa were ranked
according to their LDA score (Fig. 3A). Random forest classification
corroborated the relevance of a majority of these top candidates
(Fig. 3B), with 13 of the 17 taxa identified by LEfSe also included in the
list of top 15 predictors given by random forest. The relative abundances
for each of these 13 taxa (as ranked by their in LEfSe p-values) are shown
in Fig. 4.

LEfSe analysis revealed the genus Bifidobacterium to be the strongest
taxon driving differences among the various diets. The relative abun-
dance of Bifidobacterium was dramatically decreased by HF diet feeding.
However, supplementing a HF diet with RR polyphenolic extracts
increased Bifidobacterium abundance, especially in mice fed the HFseed
diet. This observation was confirmed by qPCR using Bifidobacterium-
specific primers (Figure S3A).

The most notable taxon driving differential abundance among diets
identified by random forest was an unclassified genus from the Cor-
iobacteriaceae family (uncl.Coriobacteriaceae). Notably, the urolithins-
producing species, Gordonibacter pamelaeae and Gordonibacter uroli-
thinfaciens have been previously classified in this family (Selma et al.,
2014; Tomas-Barberan et al., 2014). Subsequent qPCR analysis showed
that G. pamelaeae was not present in our mice and that only two mice
receiving the HFseed diet harbored G. urolithinfaciens (Figure S3A-B).
These data suggest that G. pamelaeae and G. urolithinfaciens are not the
species responsible for the diet-driven changes in abundance observed
for the unclassified genus mapping to Coriobacteriaceae, and that
another bacterial species in this family is likely affected by RR
polyphenols.

3.4. Correlations between gut microbiota profiles and obesity-related host
parameters improved by RR pulp polyphenols

In our previous study, we found that RR polyphenol supplementation
reduced triglyceride accumulation and inflammation in the liver, brown
fat, and pancreas of mice, especially those fed with polyphenols from the
RR pulp fraction (Fan et al., 2019). To determine whether there was a
link between changes in the gut microbiota and the host metabolism
improvements observed following RR polyphenol supplementation, we
performed Spearman’s correlation analyses between the bacterial taxa
relative abundances and host metabolic parameters. For mice fed
HFpulp and HF control diets, we observed significant positive correla-
tions between the relative abundance of an unclassified genus from
Clostridiaceae (uncl.Clostridiaceae) and brown adipose tissue weight,
mesenteric WAT weight, and perirenal WAT weight (Fig. 5A-D). Sig-
nificant negative correlations were found between the relative abun-
dance of an unclassified genus from Lachnospiraceae (uncl.
Lachnospiraceae_1) and both mesenteric WAT weight and perirenal WAT
weight (Fig. 5E-F). In addition, the relative abundance of Oscillospira
was significantly negatively correlated with brown adipose weight
(Fig. 5G). Together, these results suggest that select gut bacterial taxa
may be involved in mediating the metabolic benefits of polyphenols
derived from the pulp fraction of red raspberries.
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4. Discussion

Because the gut microbiota has been linked to metabolic improve-
ments in humans and implicated in the transformation of ETs and EA
found in RR (Tomas-Barberan et al., 2014), we determined whether
supplementation with various RR polyphenolic extracts differentially
affected the gut microbiota. Here, we show that supplementation with
RR polyphenols induced changes in the diversity and composition of the
gut microbiota. Furthermore, correlation analyses between obesity-
related host parameters improved by RR pulp polyphenols (e.g.,
brown adipose tissue weight, mesenteric WAT weight, and perirenal
WAT weight) and microbiome profiles revealed that specific gut bacteria
may be involved in polyphenol metabolism and/or mediating the host
benefits observed during RR consumption.

The polyphenol EA occurs naturally in many fruits and vegetables,
including berries (red and black raspberries and strawberries), tree nuts,
pomegranates, and muscadine grapes (Kang, Buckner, et al., 2016). In
RR, ETs (including EA conjugates) constitute about 60% of the total
phenolic compounds and are mainly found in solid fractions such as pulp
and seed (Sojka et al., 2016). A considerable number of ETs and its
hydrolyzed product EA are not absorbed in the small intestine and
instead reach the colon (Espin et al., 2013; Lipinska et al., 2014). This
scenario creates an opportunity for a reciprocal relationship between the
gut microbiota and dietary polyphenols that likely yields host health
benefits in both directions. Polyphenols are metabolized by the resident
microbiota, and the resulting products may have bioactivities that differ
from the parent compound and affect host health. Dietary polyphenols
can also have prebiotic effects on the gut microbiota, with many reports
describing selective enrichment for specific microbiota members known
to have beneficial health effects. For example, ETs and condensed tan-
nins have been shown to promote the growth of beneficial bacteria such
as Lactobacillus and Bifidobacterium and inhibit the growth of potentially
detrimental species from Clostridiales and Enterobacteriales (Duenas
et al., 2015). Oral administration of UroA (a byproduct of microbial
transformation of ETs and EA) to rats also promoted the growth of
Lactobacillus and Bifidobacterium (Larrosa et al., 2010). We also observed
prebiotic effects when feeding RR polyphenols, particularly on Roseburia
and Bifidobacterium. Specifically, polyphenol extracts from RR pulp and
seed significantly increased the abundance of Roseburia, which were
decreased due to HF feeding. Roseburia produce short-chain fatty acids,
especially butyrate, and loss of these species has been associated with
several chronic diseases, including Crohn’s disease (Willing et al., 2010)
and type 2 diabetes (Gurung et al., 2020). Roseburia abundance is often
increased when diets are supplemented with fibers, such as resistant
starch (Maier et al., 2017), and these increases are sometimes associated
with host metabolic improvements, including weight loss and improved
glucose tolerance (Ryan et al., 2014). Taken together, these observations
indicate that RR polyphenols may represent a previously unappreciated
prebiotic for the promotion of Roseburia growth and subsequent meta-
bolic benefits for the host.

We also observed a prebiotic effect on Bifidobacterium when sup-
plementing diets with RR polyphenols, especially from RR seeds.
Moreover, Bifidobacterium species are also reported to participate in the
conversion of ETs to EA as well as the transformation of EA to Uros and
other smaller phenolic acids (Gaya, Peirotén, Medina, Alvarez, &
Landete, 2018). Bifidobacterium pseudocatenulatum INIA P815 has been
isolated from healthy humans capable of producing Uros and is capable
of metabolizing EA to UroA and UroB in vitro (Gaya et al., 2018). Of note,
B. pseudocatenulatum was not detected in our present study by qPCR
using species-specific primers, suggesting that Bifidobacterium species
other than B. pseudocatenulatum are likely responding to RR
polyphenols.

Gordonibacter species are also thought to play a role in polyphenol
catabolism. In particular, two urolithin-producing species from this
genus of gut bacteria have been isolated from human feces,
G. urolithinfaciens DSM 27,213 and G. pamelaeae DSM 19,378 (Selma
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et al., 2014; Tomas-Barberan et al., 2014). However, LC-MS analyses
only detected production of some intermediary urolithins (such as
pentahydroxy-urolithin and tetrahydroxy-urolithin), but not the final
urolithins (such as UroA, iso-UroA and UroB), in pure cultures of these
strains (Tomas-Barberan et al., 2014). In our study, LEfSe and random
forest analyses identified an unclassified genus from the Coriobacter-
iaceae family as a taxon driving the differential microbiota profiles
observed among the various diets tested. The genus Gordonibacter was
originally classified in the Coriobacteriaceae family (Tomas-Barberan
et al., 2014) but has been more recently reassigned to the Eggerthellaceae
family (Clavel, Lepage, & Charrier, 2014). Considering that this update
was not reflected in the database used for our taxonomic analysis, we
performed qPCR tests using species-specific primers for
G. urolithinfaciens and G. pamelaeae. We did not detect G. pamelaeae in
our mice and only detected G. urolithinfaciens in two mice receiving the
HFseed diet. This result suggests that other Gordonibacter species or
other genera from the Coriobacteriaceae family are responsible for the
altered gut microbiota profiles we observed during RR polyphenol
feeding.

Some members of the Eggerthellaceae family, which is in the same
class (Coriobacteriia) as the Coriobacteriaceae family, are capable of
transforming other polyphenols into bioactive molecules (Tomas-Bar-
beran et al., 2017). For example, Adlercreutzia equolifaciens can produce
equol from daidzein, a type of isoflavone found in raspberries and other
plant sources (Maruo, Sakamoto, Ito, Toda, & Benno, 2008). In our
study, LEfSe and random forest analyses identified Adlercreutzia as a key
taxon explaining the differential microbiome profiles among our diets.
The relative abundance of Adlercreutzia was enriched during RR poly-
phenol feeding (for HFwhole, HFpulp, and HFseed diets) compared to

control diets, but the increase was not statistically significant. The
importance of Adlercreutzia in the microbiome response to feeding RR
polyphenol supplemented diets suggests that either this genus contains
previously unidentified species involved in RR polyphenol catabolism or
that our extracts may have contained trace amounts of isoflavones.

We observed that supplementing HF diets with RR polyphenols did
not significantly affect the abundance of Akkermansia, which stands in
contrast to reports by others describing dramatic increases in
A. muciniphila when supplementing HF diets with grape (Roopchand
et al., 2015) or cranberry polyphenols (Anhe et al., 2015). In our mice,
Akkermansia accounted for a very large portion of the gut microbiota,
even in the mice fed a HF diet. It is possible that we did not observe a
prebiotic effect on Akkermansia when feeding RR polyphenols because it
was already present in high proportions at baseline. However, the lack of
a prebiotic effect does not exclude Akkermansia from contributing to RR
polyphenol catabolism. Indeed, work by Henning et. al. showed that the
addition of EA to in vitro cultures of A. muciniphila did not alter its
growth, but changes were detected in ET hydrolysis (Henning et al.,
2017), suggesting that A. muciniphila may play a role in the breakdown
of polyphenols for further catabolism by other members of the
microbiota.

Finally, it is important to note that the differential effects on the
microbiota we observed after feeding polyphenolic extracts derived
from either whole RR or RR pulp or seed may have been influenced by
the unique polyphenolic profiles found in each of these fractions. Our
HFseed and HFwhole diets contained primarily EA (40.7% and 23.7% of
the total GAE, respectively). In contrast, the HFpulp diet contained
predominantly anthocyanins (40.7%) and a lesser amount of EA (14.7%)
compared to the other diets, which may result in a unique gut
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microbiota signature. Indeed, anthocyanins have been widely studied
for their prebiotic effects (Faria, Fernandes, Norberto, Mateus, & Cal-
hau, 2014), especially on Bifidobacterium (Overall 2017), which were
increased in our study when mice were fed a diet supplemented with RR
seed polyphenols. Considering this unique response, further study of the
distinct polyphenolic compositions present in RR fractions could provide
a more mechanistic understanding of how specific food components
interact with the gut microbiota to influence host health.

5. Conclusion

In summary, our current study demonstrates that supplementing HF
diets with RR polyphenols derived from either whole fruits, pulp, or seed
has a prebiotic effect on the gut microbiota. Microbiome features were
likely influenced by the varying polyphenol concentrations present in
the different RR fractions (i.e., seed versus pulp). Correlation analyses
between microbiome profiles and host metabolic parameters suggest
that specific gut bacteria may be involved in RR polyphenol catabolism
and/or mediate the metabolic benefits observed during RR consump-
tion. These microbial taxa are important for future study as relatively
few species of intestinal bacteria capable of contributing to polyphenol
catabolism have been identified to date.
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