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Abstract
Background: Dietary habits have been linked with variability of gut microbiota composition and
disease risk.

Objective: The aim of this study was to evaluate the effect of feeding a cocoa powder with or
without a probiotic on the composition and function of the fecal microbiome of pigs.

Methods: Four groups of 8 pigs each were fed a standard growth diet supplemented with cocoa
powder, Lactobacillus rhamnosus (LGG), cocoa powder + LGG, or an equal amount of fiber
similar to that found in cocoa powder (control group). Fecal samples were collected prior to and
4 wk after initiation of the dietary intervention. Microbiota composition was determined after
amplification of the first 2 variable regions of the 16S ribosomal DNA (rDNA). Predictions of
metagenomic function were calculated using 16S rDNA sequence data through Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States (PICRUSt).

Results: After 4 wk of treatment, bacterial abundance analysis demonstrated a prebiotic effect of
cocoa powder on endogenous Bifidobacteriaceae and Lactobacillaceae and increased
abundance of saccharolytic butyrate-producing bacteria like Roseburia. An increased bacterial
evenness, Shannon diversity index, and diverse metabolic profile were detected in microbiomes
of pigs fed the cocoa powder + LGG (P < 0.05) but not in pigs in the other 3 groups.

Conclusion: The data generated from this work demonstrated that 4-wk dietary treatment with
cocoa powder alone or in combination with LGG probiotic had an impact on the composition
and function of the fecal microbiota of healthy pigs. Curr Dev Nutr 2018;2:nzy011.

Introduction

Analysis of metagenomic data has shown that diet can modulate microbial communities and re-
latedmetabolites to promote health or affect disease (1, 2). Epidemiological studies have indicated
that consumption of diets rich in polyphenols derived from fruits and vegetables is associated with
reduced risk of chronic diseases as plant-derived dietary fiber and/or flavanoids may mediate the
observed protective effects through their interaction with the microbiome (3, 4). Flavanoid-rich
cocoa products have been described as prebiotics that can positively affect the growth of ben-
eficial bacterial species from the genera Lactobacillus and Bifidobacterium in humans and pigs
(5–7) or reduce the prevalence of pathogenic species in rodents (8). It has been suggested that co-
coa flavanols and associated fiber in cocoa products may modulate levels and activities of certain
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bacterial species in the gut microbiome (9); however, identification of
the bacterial taxa associated with dietary cocoa intervention needs fur-
ther investigation.We designed a study to test the effect of cocoa powder
on the overall composition and function of the host microbiome using a
swinemodel. In addition, wewanted to validate the previously observed
prebiotic effect of cocoa powder on the endogenous host microbiome
in combination with feeding Lactobacillus rhamnosus (LGG) as an ex-
ogenous probiotic strain which is widely consumed by humans. Swine,
as an animal model, share many more anatomic and physiologic sim-
ilarities with humans than do rodents or large domestic animals (10).
Therefore, we designed a study to examine changes in composition and
function of the fecal microbiome after feeding young pigs a corn-,
alfalfa-, and soy-based diet supplemented with cocoa powder, LGG, co-
coa powder+ LGG, or an equal amount of fiber similar to that found in
cocoa powder and of maltodextrin which was used as the vehicle for the
LGG preparation (control group). We integrated the information gath-
ered from phylogenetic analysis and predicted metagenomic changes
in the microbiome to validate the prebiotic effect of cocoa powder in
growing pigs.

Methods

Ethics statement
This study was carried out in accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals (NRC 2011). All
animal procedures for this specific study have been approved by Insti-
tutional Animal Care and Use Committee, Beltsville Animal Care and
Use Committee (BACUC), under Principal Investigator protocol No.
13-028. Collection of all samples complied with regulations for animal
welfare. The pigs utilized for this work did not become ill based on daily
observation of food intake and biweekly measurements of body weight
prior to collection of samples.

Animals and experimental design
Thirty-twowhite Yorkshire-Landrace crossbred barrows procured from
Oak Hill Genetics (Ewing, IL) were chosen from litters born within
the same week. After weaning at 3 wk of age, pigs were transported to
Beltsville, MD in a climate-controlled truck with bedding and access to
water at all times. Pigs were housed individually in a confinement facil-
ity with pen separations that prevent oral contact among pigs. The facil-
ity is equipped with heat lamps and airflow to maintain a comfortable
temperature (24°C) and follows a 12-h light and dark cycle with access
to water at all times. After 3 wk of quarantine, the average weight of
the pigs was 14.61 ± 1.6 kg (mean ± SD). Pigs were stratified by weight
and randomly assigned to the 4 treatment groups (n= 8 pigs/group), so
that there was no difference in weight between the 4 groups at the start
of the study. Body weights were collected biweekly during the 4-wk di-
etary intervention. The experimental design was a 2× 2 design, includ-
ing 2 levels for each independent variable (cocoa and probiotic). Pigs
were given twice daily a pre-weighed amount of standard 17% protein-
corn, alfalfa, and soy-based diet (Supplementary Table 1) according
to the requirements of growing pigs and supplemented with either (1)
a vehicle-placebo (maltodextrin) and fiber, (2) 1 × 1010 cfu LGG and
fiber, (3) 26 g of cocoa powder, or (4) LGG + 26 g of cocoa powder.
Analysis of cocoa powder (26 g) found that it contained 1.24 g of soluble
fiber and 6.42 g of insoluble fiber (Supplementary Table 1). Either cocoa

powder or soluble (dextrin 1.24 g) and insoluble (6.42 g cellulose) fiber
was dissolved in 30 mL of water and the suspension was applied to the
dry feed given to pigs every morning. Lyophilized LGG inmaltodextrin
or the maltodextrin placebo alone were mixed with 5 mL of phosphate
buffered saline (PBS) until dissolved and delivered orally to each pig us-
ing individual disposable syringes. Treatment groups were allocated to
each side of the building according to their probiotic treatment and sep-
arated by a raised floor to minimize possible cross-contamination after
daily washing of the pens. Pelleted diets contained no antimicrobials
or growth promoters. Cocoa powder was derived from non-roasted co-
coa beans (commercially available as Acticoa, Barry Callebaut, Switzer-
land). Equivalent amounts of dietary cellulose (Nutricology, Innovative
Nutrition, Alameda, CA) and Benefiber contains dextrin (Benefiber,
Novartis, NJ) were commercially acquired and incorporated in the con-
trol diet. LGG or maltodextrin vehicle control were provided by Chr.
Hansen Denmark and given to the LGG or control treatment groups,
respectively.

Analysis of total flavanols in cocoa powder was determined by
4-dimethylaminocinnamaldehyde (DMAC), a validated spectrophoto-
metric assay (11) (Brunswick Laboratories, Southborough, MA) that
uses a commercially available B-type proanthocyanidin dimer standard
to determine milligram proanthocyanidins (PACs) equivalents. Indi-
vidual flavanol analysis up to 5 polymers (5P) was done with the ultra-
high performance liquid chromatography with high resolution mass
spectrometry (UHPLC-HRMS)-Orbitrap MS system (ThermoFisher
Scientific, San Jose, CA) (6) using catechin and epicatechin, procyanidin
B1, and procyanidin C1 as standards for flavanol monomers, dimers,
and trimers, respectively. Flavanol tetramers and pentamers were
measured using catechin (Sigma Aldrich, St Louis, MO) as a reference
standard with relative response factors as previously described (12). In-
soluble and soluble fiber AOAC (Association of Official Agricultural
Chemistry) analysis was done by Covance Laboratories (Madison,WI).
LGG viability was assessed by culture in MRS-Agar plates (Anaerobe
Systems, Morgan Hill, CA). All pigs were sacrificed by intravenous in-
jection with Euthasol (50 mg sodium pentobarbital/kg of body weight)
(Virbac Animal Health, Inc., Fort Worth, TX) at the end of the dietary
intervention.

Fecal specimen collection and processing for 16S ribosomal
DNA amplicon multi-tag sequencing
Fresh fecal samples were directly collected from each pig using a
cotton swab to stimulate defecation. Five-gram aliquots were collected
in sterile 50 mL plastic tubes before (week 0) and after (week 4) the
dietary intervention. One-gram aliquots were stored at –80°C until
further processing. DNA was extracted using the QIAamp DNA
stool kit (Qiagen, Germantown, MD) according to the manufac-
turer’s instructions but involving an initial Precellys disruption with
ceramic beads (Krackeler Scientific, NY). DNA concentration was
determined by Nanodrop (ThermoFisher Scientific, Wilmington,
DE). A 10 ng aliquot of extracted DNA was used to determine the
relative abundance of L. rhamnosus using a species-specific real-time
PCR assay (222-Forward primer: 5′ -CGGTTCTGCCTTGAAAGCA-
3′ , 327-Reverse primer 5′ -GGTTTCACGAACTGGGGTTG-3′ , and
tuf-261-revT-TET-labeled probe 5′ -CTGTTCAGGATCGCCTTC-
3′ ), against a 106 base pair (bp) fragment of the single copy tuf
gene encoding the elongation factor Tu that facilitates polypeptide
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elongation during translation and that has been used for
identification of L. rhamnosus species as previously described (13).
The DNA was also amplified for length heterogeneity PCR (LH-PCR)
fingerprinting and then sequenced using Ion Torrent technology (14,
15). The fingerprinting step was done as a quality control. A fusion
forward primer 27F (5′-AGAGTTTGATCCTGGCTCA G-3′), which
contained different 8 bp tags and an adapter for sequencing with
personal genome machine (PGM), and a 6-carboxyfluorescein (FAM)
labeled reverse primer 355R′ (5′-GCTGCCTCCCGTAGGAGT-3′),
that included the Ion Torrent reverse adapter, were used in duplicate
PCRs. Both of these primers are universal primers for bacteria and
amplify the first 2 variable regions of the 16S ribosomal DNA (rDNA).
For fingerprinting, the PCR products were diluted based on their
band intensity on agarose gel electrophoresis using a Gel Logic 112
Camera with molecular imaging software (Carestream Health Inc.,
Woodbridge, CT). Duplicate LH-PCR fingerprinting products were
mixed (in 1:10) with a 1:20 ratio of the internal lane standard 600
(ILS600, Promega Corporation, Madison, WI) and HiDi Formamide
(Applied Biosystems, Foster City, CA). The ILS600 standard containing
fragments from 60 to 600 bp was used as a reference to measure the size
of the PCR product. The diluted samples were separated on anABI 3130
xl fluorescent capillary sequencer (Applied Biosystems, Foster City,
CA) and analyzed using the GenemapperTM software package (Applied
Biosystems, Foster City, CA). The LH-PCR fingerprinting step was used
to check the reproducibility of the PCR and allow us to choose the DNA
dilution that has the optimal intensity of all the peaks in samples before
pooling and sequencing with PGM Ion Torrent (Applied Biosystems,
Foster City, CA). This step is necessary to assure quantitative ampli-
fication of the components in a sample and prevent kinetic bias (15).
We used the Ion PGM Hi-Q kits and followed manufacturer protocol
(https://tools.thermofisher.com/content/sfs/manuals/MAN0010902_
PGM_HiQ_OT2_Kit_UG.pdf).

The Naïve Bayesian Classifier from the Ribosomal Database Project
version 11 (RDP11) was used to identify the taxa present in each
sample. Additionally, Operational Taxonomic Units (OTUs) were also
defined using the Quantitative Insights into Microbial Ecology (QI-
IME) pipeline and taxonomic information for each OTU was anno-
tated with the UCLUST tool based on the Green Genes database. The
fourth level of taxa assignment (family) was used in the calculation
of diversity and abundance. Beta diversity was analyzed using un-
weighted Unifrac distances, which is amethod for comparingmicrobial
communities by measuring phylogenetic distances between communi-
ties and represented in a 2-dimensional principal coordinate analysis
(PCoA) plot using the QIIME pipeline (16). Alpha diversity, which is
a measure of within-sample diversity, was measured using the Shan-
non diversity index (17) which encompasses bacterial species abun-
dance (i.e., the total number of bacterial species) and evenness (i.e.,
the distribution of those species) using alpha diversity script in QIIME
(http://qiime.org/scripts/alpha_diversity.html).

Predicted metabolic profile
OTUs were normalized for the number of 16S rDNA gene copies and
used to predict metagenome functional content using the Phyloge-
netic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt) (18). PICRUSt uses existing annotations of genes
based on bacterial evolutionary information as well as 16S gene copy

numbers from the Integrated Microbial Genomes database to predict
metagenomes from 16S rDNA data (19). This methodology predicts
metabolic function of themicrobiomewith an average correlation of ap-
proximately R = 0.8 between inferred and measured gene content (18).

Statistical analyses
Bacterial abundance distributions were modeled using a generalized
linear mixed-effects model with multinomial distribution and general-
ized logit link for each of the 6 observed bacterial classifications. Cor-
relation among time measures from the same subject was modeled
using the smallest corrected Akaike’s Information Criterion (AICC)
fit statistic value to choose among the covariance structures: hetero-
geneous compound symmetry (csh), compound symmetry, heteroge-
neous variance component (un (1)), first-order Toeplitz (toep (1)),
or first-order heterogeneous auto-regressive (arh (1))—by specifying
each structure in the TYPE = option in the RANDOM statement of
SAS PROC GLIMMIX (SAS Institute, Inc., Cary, NC). At each bac-
terial classification level and scale, an individual bacterium was used
as its own “bacterial category” in the model if, for any of the 8 treat-
ments, the bacteria total reads exceeded 5% of the total reads for all
bacteria observed in that sample, when combining all subjects. Bac-
teria below this arbitrarily chosen cutoff were combined into a sin-
gle “all others” bacterial category. Each bacterium exhibited a specific
abundance, which was expressed as a percentage of the total bacterial
abundance observed. An OR provided a natural way to simultane-
ously characterize the relationship between 2 bacteria in the bacte-
rial profile and to determine whether this relationship changed be-
tween 2 experimental conditions. Comparisons among the bacterial
abundance distributions included all pairs of the 4 treatments at a
given week (among-treatment effect) and all pairs for 4 wk of a
given treatment (within-treatment effect). The bacteria that exhibit
the greatest abundance across all treatments were used as a reference
category for the calculation of ORs. Significance of an OR was de-
termined by whether one is included in or excluded from the OR’s
95% CI. An OR of 1 indicates that the 2 entities being compared “oc-
cur with equal likelihood”. An asterisk (*) was placed next to each OR
that was statistically significant. All comparisons with different letters
denote significant differences present after pairwise comparisons. Di-
versity metrics were produced using QIIME scripts on the normalized
read counts. A cocoa treatment× probiotic× weeks ANOVA was fit to
L. rhamnosus copies per gram (cpg) data with SAS PROC GLIMMIX,
using negative binomial distribution, log link function, and Laplace
optimization.

The linear discriminant analysis effect size (LEfSe), an algorithm
for biomarker discovery that identifies enrichment of abundant taxa or
function between ≥2 groups, was used to compare all taxa at differ-
ent taxonomic levels simultaneously (i.e., phylum, class, order, family,
genus) between treatment groups. The nonparametric Kruskal-Wallis
statistical test was used to compute differences among treatment groups
and then paired Wilcoxon’s Rank Sum tests among subgroups. This
method uses a linear discriminant analysis (LDA) model which utilizes
continuous independent variables to predict 1 dependent variable and
provides an effect size for the significantly different taxa or metabolic
functions based on relative differences between 2 conditions—taking
into account both variability and discriminatory power (20). Unless
stated otherwise, alpha values of 0.05 were used for the nonparametric
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Kruskal-Wallis and paired Wilcoxon’s Rank sum test, and a threshold
of >2.0 was chosen for logarithmic LDA score display. A series of bar
graphs were constructed to show the relationship between significantly
different metabolic functions or taxa at different phylogenetic levels dif-
ferentiating clades with a common ancestor (20).

Results

Cocoa flavanols
Analysis of the cocoa powder fed to pigs showed that the major com-
ponents were flavanols, theobromine, caffeine, and caffeoyl aspartic
acid as previously described (21). The total flavanol concentration was
137.19 mg/g expressed as B-type proanthocyanidin dimer equivalent
(11), containing 15.70 mg/g of flavanols up to 5 polymers as deter-
mined by UHPLC-HRMS (12). A 26 g cocoa powder treatment pro-
vided an average of 160.5 mg/kg body weight (bw) of total flavanols
(range 140.2–187.5 mg/kg bw) to the pigs. This dose was chosen be-
cause it had previously demonstrated a prebiotic effect on the pig mi-
crobiome with detectable metabolites in tissues but with no significant
effect on pig growth (6). Analysis of cocoa powder indicated that 26 g
of cocoa powder contained 1.24 g of soluble fiber and 6.42 g of insolu-
ble fiber. A comparable amount of these types of fibers was added to the
diet of the pigs in the control and LGG-only groups so that all pigs had
an equivalent amount of soluble and insoluble fiber.

Pig body weights
Pig bodyweight wasmeasured before and after the dietary intervention.
Pigs in the cocoa + LGG-fed group gained 1.98 more kg (7.5 ± 0.33,
mean ± SE) compared to pigs in the control group (5.48 ± 0.56)
(P = 0.01), but were not different than pigs fed cocoa powder alone
(6.25 ± 0.65) or LGG alone (6.51 ± 0.45) after the 4-wk intervention.
No clinical signs of disease such as diarrhea or change in appetite and
behavior were observed throughout the 4-wk dietary intervention.

Cocoa powder affects bacterial diversity when combined
with the probiotic LGG
Bacterial evenness (relative abundance of species) was increased from
0.66 ± 0.02 (mean ± SE) to 0.73 ± 0.01 in the cocoa powder + LGG-
treated pigs (Figure 1A) (P = 0.01) and the mean ± SE Shannon diver-
sity index was also increased to 4.17 ± 0.10 compared to the baseline
level of 3.70 ± 0.12 (Figure 1B) (P = 0.01) after 4 wk of dietary inter-
vention. Neither evenness nor Shannon diversity index were changed in
the other 3 groups. Using a 2D PCoA plot, clusters that differentiate the
microbial population among collection times showed a partial cluster-
ing of samples by diet 4 wk after consumption of the control (4/7 pigs),
cocoa powder + LGG (5/8 pigs), or LGG (5/7 pigs) diets (P < 0.05,
Bonferroni adjusted) with the first 2 components representing 34% and
13% of the total variation. Non-significant separation was seen in pigs
fed cocoa powder (Supplementary Figure 1).

Cocoa powder does not affect abundance of L. rhamnosus
LGG
L. rhamnosus relative abundance expressed as cpg was calculated in
fecal samples collected at baseline and week 4 after the dietary inter-
vention. L. rhamnosus cpg were increased in LGG (P < 0.0001) and
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FIGURE 1 Fecal microbiota abundance. Changes in relative
abundance of each species, evenness (A); microbial species
diversity, Shannon diversity index (B), in fecal microbiome derived
from week 0 and week 4 fecal samples collected from pigs fed
fiber control, cocoa powder, LGG, or LGG + cocoa powder. Values
are means ± SEs. Significant difference between weeks is denoted
with P values. LGG, Lactobacillus rhamnosus.

cocoa-powder + LGG (P < 0.001)-fed pigs with no change in control
or cocoa-fed pigs after 4 wk of dietary intervention. No differences in
cpg were detected among the 2 groups given LGG (P ≥ 0.64) (Supple-
mentary Figure 2). However, inherent Lactobacillus species abundance
was increased in response to the cocoa powder intervention.

Diet-induced changes in bacterial abundance after 4 weeks
After sequencing, an average of 14,901 ± 5812 (mean ± SD) high-
quality reads per each of the 64 fecal samples were generated for
computational analysis with a 0.1% abundance cutoff to normalize
for the variation in their depth of coverage (22). Estimated changes
in bacterial abundance calculated by OR analysis are summarized in
Supplementary Tables 2–6. Dietary effects were evaluated by compar-
ing week 0 (baseline) to week 4 for each dietary group. The microbiome
phylogenetic phylum ratio (r) of Bacteroides to Firmicutes (B:F) in fecal
samples at week 0 (baseline) was increased at week 4 after continuous
feeding with control (r = 0.27 compared with r = 0.87), cocoa powder
(r = 0.24 compared with r = 0.58), or the combination of cocoa pow-
der + LGG (r = 0.24 compared with r = 0.71) (P < 0.05, Wilcoxon’s
Signed Rank test). No change was detected in the B:F ratio of pigs fed
LGG after 4 wk (r = 0.30 compared with r = 0.26) (Figure 2A). Dif-
ferences in bacterial abundance were also observed at class (Figure 2B)

CURRENT DEVELOPMENTS IN NUTRITION



Effect of Cocoa Powder and LGG on Pig Microbiome 5

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Control-wk0

Control_wk4

LGG_wk0

LGG_wk4

LGG-Cocoa_wk0

LGG-Cocoa_wk4

Cocoa_wk0

Cocoa_wk4

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Control-wk0

Control_wk4

LGG_wk0

LGG_wk4

LGG-Cocoa_wk0

LGG-Cocoa_wk4

Cocoa_wk0

Cocoa_wk4

a a a

b b b 0.58
0.24

0.71
0.24

0.30
0.26

0.87
0.27

B/F

b b b

b b b

a a a

a

a a

a a

a

a aa

a b a a

a ab a a

a a a a

a b a a

b b

b c bca

ab a

a a a ab

b ab a a

A

B

Phylum

Class

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Control-wk0

Control_wk4

LGG_wk0

LGG_wk4

LGG-Cocoa_wk0

LGG-Cocoa_wk4

Cocoa_wk0

Cocoa_wk4 b

Order

b a

a bc a

b b a

a a a

a

a

a

a

a

a

b b a

a bc a

C

FIGURE 2 Estimated distribution of bacterial abundance among treatments from multinomial distribution model. Abundances for
phylum (A), class (B), order (C), family (D), and genus (E) in the fecal microbiome of pigs fed fiber control, cocoa powder, LGG, or cocoa
powder + LGG were compared between weeks for each diet to determine diet treatment effects after 4 wk. Means sharing the same letter
are not significantly different from each other. B/F, Bacteroides-to-Firmicutes ratio; LGG, Lactobacillus rhamnosus.

and order (Figure 2C) levels. At the family (Figure 2D) and genus
(Figure 2E) levels, the Porphyromonadaceae_other, Prevotel-
laceae_other, Lachnospiraceae_other, and Ruminococcaceae_other
were 2.57–6.55 times more abundant at week 4 compared to week 0 for
pigs fed the control, cocoa powder, or cocoa powder + LGG diets. The
family_genus Lactobacillaceae_Lactobacillus was 18.88 (95% CI values

3.23, 110.44) times more abundant compared to week 0 only in pigs fed
the cocoa powder diet (Figure 2D, E, Supplementary Tables 5 and 6)
with no significant differences in bacterial abundances in pigs fed the
LGG diet between weeks 0 and 4.

No changes at the phylum level were detected between all assigned
treatment groups at week 0 (Supplementary Table 2). However, at a
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FIGURE 2 (Continued.)

lower phylogenetic level, the class Bacilli and order Lactobacillales were
more abundant in pigs assigned to the LGG group than in pigs assigned
the control diet or cocoa powder, respectively (Supplementary Table 3),
with more Streptococcus abundance in pigs assigned to the LGG
group compared to the control or cocoa powder diets (Supplementary
Table 6). The increased abundance in Streptococcus consistently re-
flected at genus, family, order, and class level in the group of pigs ini-
tially selected to be fed the LGG diet at week 0, indicated a bias in the
abundance of Streptococcaceae in this group that was not corrected by
the process of randomization.

Bacterial taxa enriched by diet
Linear discriminant analysis effect size (LEfSe), a method designed for
biomarker discovery (20, 23–25), was used to determine relative en-
richment or depletion in bacterial taxa in response to treatment with
control, cocoa powder, or cocoa powder + LGG diets for 4 wk. The

pigs fed the LGG diet were not included in this analysis as the basal
sample was enriched in Streptococcaceae family members when com-
pared to the pigs assigned to the control and cocoa powder diets at
week 0 (P < 0.05) (Supplementary Figure 3). Cladograms indicat-
ing the taxa showing significant differences in the fecal microbiome
were created for integration of results at different phylogenetic levels
(Figure 3). Based on our LEfSe analysis, we can predict that consump-
tion of cocoa powder induces an enrichment of Bifidobacteriaceae,
Bacteroidiaceae, and Anaeroplasmataceae, a reduction in Streptococ-
caceae, with some change in distribution of Clostridiales including a
reduction in Clostridiaceae and an enrichment in Lachnospiraceae gen-
era Dorea and Roseburia, Eubacteriaceae, Anaerovorax from Clostridi-
ales Incertae sedis XIII, and Succinivibrio from Gammaproteobacteria
(Figure 3B). The addition of LGG to cocoa powder increased the
diversity of the fecal microbiome indicated by an enrichment of
Flavobacteriaceae, Sphingobacteriaceae, Spirochaetaceae, and certain
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FIGURE 3 Linear discriminant analysis effect size (LEfSe) cladogram representing differentially abundant taxa in fecal microbiome. Fecal
samples derived from pigs fed control (A), cocoa powder (B), or cocoa powder + LGG (C). Only taxa with linear discriminant analysis scores
>2 are presented. Each color in the pie chart represents the corresponding bacterial taxa in the legend. The LEfSe method was performed
to determine individual taxa that were enriched (green) or depleted (red) within each dietary treatment. LGG, Lactobacillus rhamnosus.

Proteobacteria like Desulfovibrionaceae with a reduction of several
Clostridiales including Lactobacillus, Streptococcus, Blautia, and Faecal-
ibacterium but maintenance of Lachnospiraceae (Figure 3C). The con-
trol diet also induced enrichment of Bacteroidales, but with a major
depletion of members from class Bacilli including Lactobacillales and
class Clostridia including Clostridiales (Figure 3A).

Bacterial metagenome function prediction based on 16S
rDNA
PICRUSt was used to predict metagenomic functions from the phy-
logenetic profiles observed. The resulting biological pathways were
analyzed and displayed through LEfSe with an LDA score ≥2.0
identifying significantly abundant bacteria within each comparison
(Supplementary Figure 4). Biological pathways were organized in
functional categories, including Metabolism, Genetic Information, En-
vironmental Information, Cellular, Organ Systems, and Human Dis-
eases, to compare the functional enrichment in each treatment group. A
total of 110 biological pathways were predicted for samples taken from
pigs fed the control (68), cocoa powder (13), and cocoa powder + LGG
diets (29) after 4 wk of dietary intervention (Supplementary Table 7).
Metabolism was the predominant functional category in pigs fed the
control (46%), cocoa powder (38%), and cocoa powder + LGG diets
(76%) at week 4; however, the distribution of metabolic pathways was
different among treatment groups (Figure 4). In samples from pigs fed
the control diet, there was a predominance of metabolism pathways as-
sociated with cofactors and vitamins (19%), glycan biosynthesis (19%),
amino acids (16%), energy (13%), biosynthesis of other metabolites

(10%), carbohydrates (7%), and lipids (6%). In samples derived from
pigs fed cocoa powder, energy metabolism (50%), cofactors and vita-
mins (33%), and terpenoids and polyketide (17%) pathways were pre-
dominant. Samples from pigs fed cocoa powder+ LGG also expressed a
diversified metabolism with amino acids (29%), cofactors and vitamins
(19%), energy metabolism (19%), biosynthesis of other metabolites
(9%), nonproteinogenic amino acids (9%), carbohydrates (5%), lipids
(5%), and glycan biosynthesis (5%) pathways after 4 wk of treatment
(Figure 4).

Discussion

The data generated from this work demonstrate that a 4-wk dietary
treatment with cocoa powder alone or in combination with LGG probi-
otic had an impact on the composition and function of the fecal micro-
biota of healthy pigs. Results from 16S rDNA sequence analyses have
shown that bacterial gut communities are similar among omnivorous
mammals (26). Similarities at the phylum level between bacteria in the
pig and human gut include the presence of Firmicutes and members of
the Bacteroidetes as the most abundant bacteria in the gastrointestinal
tract with some differences in the relative abundance of certain phy-
lotypes. However, recent metagenomic data showed the intestinal mi-
crobiomes of pigs and humans are similar from a functional perspec-
tive in spite of the differences in microbial community structure (27).
Our previous data showed that consumption of cocoa-derived flavanols
increased colonicmicrobial metabolites derived from cocoa flavanols in
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FIGURE 4 Distribution of PICRUSt predicted metabolic pathways. Pie charts summarize predicted metabolic pathway enrichment in
response to diets supplemented with fiber control (A), cocoa powder (B), and cocoa powder + LGG (C) for 4 wk. LGG, Lactobacillus
rhamnosus; PICRUSt, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States.

most swine bio-fluids and tissues, increased the abundance of fecal Bi-
fidobacterium and Lactobacillus species, and reduced inflammation (6).
In the current study, we fed pigs an amount of cocoa powder with LGG
(used at a dose of 1 × 1010 CFU/d) equivalent to a controlled human
clinical study (13) compared to pigs fed cocoa powder and LGG alone
to evaluate the prebiotic effect of cocoa powder on the gut microbiome
composition and function. These dietary treatments were compared to
pigs fed a control diet containing a similar amount of fiber compared
to the cocoa powder and maltodextrin equivalent to the vehicle used in
the LGG supplement.

Analysis of the gut microbiota structure done by PCR amplification
of the first 2 variable regions of the 16S rDNA using a multi-tag se-
quencing protocol (22) identified diet-induced changes in abundance of
bacteria in the fecal microbiome from the phylum to the species
level. Phylogenetic structure studies of microbial communities
in populations exposed to different environments have used the

Bacteroides:Firmicutes (B:F) phylum ratio to describe the impact of
dietary habits and their association with host inflammatory markers
and metabolic risks (28, 29). Dietary treatment with control, cocoa
powder alone, or in combination with LGG increased the B:F ratio,
due to a significant reduction in bacterial taxa within Firmicutes and
a concomitant increase in Bacteroidetes. Similar shifts in major phyla
have been described in other swine studies with pigs fed cocoa husk
meal (7) or diets supplemented with fiber consisting of non-starch
polysaccharide fractions (30). The phylum-level profiles we observed
are also similar to the profiles of healthy humans with a high B:F ratio
as opposed to altered profiles observed in gut dysbiosis, specifically
those seen in obesity, IBS-diarrhea subtype, IBD, and traveler’s diarrhea
with a lower B:F ratio (31–34). These observations suggest that diets
supplemented with cocoa powder or an equivalent amount of fiber have
the potential to modulate the B:F ratio and improve energy balance
(31). A lower B:F ratio has been observed in Brachyspira-induced
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diarrhea relative to sham-treated pigs or those that do not develop
clinical disease following inoculation with Brachyspira (35). Whether a
cocoa powder alone or cocoa + LGG-induced increase in B:F ratio can
reduce the risk of infection with other pathogens in pigs will have to be
determined.

Regarding diversity analysis of fecal microbiota, the unweighted
Unifrac analysis indicated that clustering and PCoA could not com-
pletely discriminate the effect among diets as there was a partial overlap
of samples from baseline and week 4 of pigs fed cocoa powder with
and without LGG and control diets. However, differences in the level of
diversity and bacterial species composition within the community were
seen in pigs fed cocoa powder combined with LGG, suggesting a possi-
ble symbiotic effect. It has been suggested that a higher level of diversity
and bacterial species composition of the microbiota is observed in
healthy individuals as opposed to those suffering from dysbiosis of the
intestinal microbiota commonly associated with inflammation of the
lower gastrointestinal tract (36, 37). Cocoa powder supplementation
alone induced an overall enrichment of Bacteroidales, Bifidobacteri-
ales, and Tenericutes in fecal samples from pigs, with a corresponding
reduction in Clostridiaceae and Streptococcaceae and maintenance
of Lachnospiraceae, including the Roseburia and Dorea, that together
with Lactobacillus and Bifidobacterium were similarly stimulated by
prebiotics fed to lean human subjects (38). The Lachnospiraceae is one
of the most abundant families found in the mammalian gut and has
been associated with gut health, purportedly due to a higher produc-
tion of butyrate by Roseburia that provides an important and beneficial
energy source for intestinal epithelial cells (39). Feeding cocoa
powder increased Bacteroidales-Prevotellaceae, a family of
polysaccharide-fermenting bacteria that produce SCFAs linked to
improved glycemic control. Bifidobacteriales-Bifidobacteriaceae have
been shown to have a consistent anti-obesity effect in humans, and
members from the phylum Tenericutes have an increased abun-
dance in healthy humans relative to individuals with metabolic
syndrome (40). Specifically, Anaeroplasmataceae (within the phylum
Tenericutes) was increased in pigs fed cocoa powder and cocoa pow-
der + LGG. Their abundance has been correlated with better fiber
digestibility (41) and negatively correlated with various atherosclerosis
biomarkers in a mouse model (42). Therefore, our study provides
new evidence supporting the enhancement of beneficial microbial
populations in response to a diet with cocoa powder, as has been
previously described with other phenolic compounds (43, 44). Di-
ets with cocoa powder only, but not the other diets, promoted the
enrichment of inherent Lactobacillaceae species in the gut of pigs
(Figure 2D); while pigs fed diets containing LGG independently
increased abundance of L. rhamnosus LGG relative to pigs fed the
control or cocoa powder diets alone (P < 0.05) (Supplementary
Figure 2). Feeding LGG along with cocoa powder increased the di-
versity and abundance of more species from the order Bacteroidales,
including Porphyromonadaceae and Rikenellaceae; order Flavobacteri-
ales, including Flavobacteriaceae; order Sphingobacteriales, including
Sphingobacteriaceae and Cytophagaceae; and Spirochaetaceae, with a
depletion in the abundance of Lactobacillaceae independent of feeding
LGG.

Firmicutes are themost abundant phylum in pre-weaning pigs, shift-
ing gradually to Bacteroidetes after weaning (45). The decreased abun-
dance in Firmicutes was over-represented in fecal samples from pigs

fed the control diet by a reduction in the order Lactobacillales, including
the family Streptococcaceae, and order Clostridiales (Figure 3), while
the reduction in Firmicutes in pigs fed cocoa powder included a similar
reduction in Streptococcaceae, but maintenance of Clostridiales such as
Lachnospiraceae and Eubacteriaceae.

The composition of the fecal microbiota in pigs is also likely to be
shaped by environmental factors such as pen location, stress, antibi-
otic use, or seasonal effects (46). In the current experiment, all pigs
showed a similar composition of bacteria at the phylum level when ini-
tially divided into treatment groups; however, multinomial microbiota
and LEfSe analysis indicated that pigs initially allocated to the LGG-
fed group had 7% and 5% more Streptococcaceae abundance relative
to those allocated to the control and cocoa powder-fed groups, respec-
tively, that was reflected in a change in Bacillales, one of the most abun-
dant classes, at week 0. The Streptococcus genus is composed mostly of
facultative anaerobes with several pathogenic species that may impact
animal health (47). Even though pigs fed LGG did not present any clini-
cal sign of disease during the study, this group was excluded from LEfSe
analysis because this initial bias in microbiota composition could have
affected the analysis ofmetagenomics differences due to the initial abun-
dance in Streptococcaceae or explain the lack of response observed after
dietary treatment with LGG.

The results of the predicted metagenome analysis in fecal sam-
ples from pigs fed the control or cocoa powder + LGG diets after 4
wk showed a diverse profile with enriched metabolism for cofactors
and vitamins and amino acids, while those fed cocoa powder were
more specialized in energy metabolism. The functional and micro-
bial abundance data identified a more diverse taxonomy and enriched
metabolic profile that appeared to coincide with greater weight gain
in pigs fed cocoa powder + LGG. Fecal samples from pigs fed the
control diet showed differences in bacterial abundance and metabolic
function but no impact on diversity or weight gain. The diversity of
the microbiota and weight gain was only affected when cocoa pow-
der was combined with LGG. These observations indicated that LGG
may enhance the beneficial effect of flavanols coming from cocoa pow-
der by increasing diversity through microbial-derived SCFA produc-
tion or by suppressing inflammation (48). Increased weight gain has
been associated with other lactobacilli species in pigs (49). Our results
suggest that pigs fed cocoa powder + LGG had significantly higher
diversity in their fecal microbiome and predicted metabolic function.
Based on these results, we infer that feeding cocoa powder + LGG
could provide an advantage to a host with reduced microbial diver-
sity in the event of dysbiosis. The clinical significance of these find-
ings will have to be validated further under diet- or pathogen-induced
dysbiosis.

Assessing the impact of feeding cocoa powder in the diet on fecal
microbial composition and metabolic activity in pigs is relevant to hu-
mans because of the comparable physiology and metabolic processing
of polyphenols. The results from this study demonstrated a prebiotic ef-
fect of cocoa powder on endogenous Bifidobacteriaceae and Lactobacil-
laceae and increased abundance of saccharolytic butyrate-producing
bacteria likeRoseburia (50). Fermentation of polysaccharides by colonic
microorganisms that produce SCFAs such as acetate, propionate, and
butyrate has important implications in intestinal epithelial permeability
(51, 52). Production of butyrate has been shown to decrease the pH and
to prevent growth of pathogenic organisms that compromise gut health
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(53). A reduction in Roseburia has been recently reported to contribute
to the dysbiosis of ulcerative colitis patients (54). In addition, analyses
of themetagenome revealed that functional genes related to energy pro-
duction and conversion were increased in pigs fed cocoa powder, sug-
gesting a more efficient capture of energy from the diet.

From a health perspective, the intake of cocoa powder either alone
or in combination with LGG could be an effective approach to promote
the growth of butyrogenic-type bacteria, while competitively exclud-
ing non-desirable bacteria. Future experiments to evaluate the specific
effects of cocoa powder under intestinal dysbiosis or longitudinal as-
sessments would determine the resilience of dietary-induced changes
in microbiota and delineate mechanisms of action. Overall, our data in-
dicate that cocoa powder selectively promoted the growth of butyro-
genic bacteria like Roseburia and probiotic species from the Lactobacil-
laceae or Bifidobacteriaceae families known to positively influence host
metabolism and promote health.
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