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Abstract

In this study, the effect of the dietary supplementation with a novel source of
tannins on the gut microbiome of pigs was evaluated. Tannins from different
sources are used in pigs as an alternative to antimicrobials and to zinc and copper
supplementations. This is the first report on the effects of tannins extracted from
tara (Cesalpina spinosa) on the pig gut microbiome. Twenty male finishing pigs
were sampled and assigned randomly to the treatment (tannin supplementation)
and control groups: rectum swabs were used for 16S rRNA-gene sequencing of
the gut microbiota. Based on the gut microbiota composition as a whole the
two groups were clearly distinguishable, as shown by Bray-Curtis dissimilarities
and by the high accuracy of prediction (0.854) from the OTU-count table with a
Random Forest classification model. On the other hand, other typical indicators
of microbial diversity, like alpha diversity indices, and the F:B ratio, were not
significantly different between treatment and controls, likely because of the small
sample size. In conclusion, the dietary supplementation with tannins from tara
extracts appears to significantly alter the overall gut microbiome of finisihing
pigs, although it is still unclear how this reverberates at the level of specific
microbiome diversity indicators.
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Introduction

Natural extracts are increasingly adopted as a valuable alternative to antimicrobials
and growth-promoting additives (like zinc and copper) in livestock farming Kumar
et al (2014). These diverse bioactive compounds, such as phytosterols, glucosinolates,
carotenoids and polyphenols, have shown antioxidant, anti-inflammatory and antibac-
terial effects in farm animals (Huang et al (2018); Dell’Anno et al (2020); Perricone
et al (2020); Sotira et al (2020)). Tannins are the largest class of polyphenol com-
pounds from plant extracts, especially among those used in poultry and pig farming,
and can be classified into the hydrolysable and condensed subgroups (Jansman (1993);
Caprarulo et al (2020)).

Poultry and swine nutrition are the most important sectors in which tannins have
been used: firstly, adopting tannin-rich feedstuff and, more recently, using tannin
extracts from different plants. Several commercial products are available containing
tannins extracted from the European chestnut tree (Castanea sativa) and the Amer-
ican quebracho (Schinopsis spp.). Tannins extracted from these plants have been
employed in intensive swine farms at different physiological stages (post-weaning and
growing/finishing phases) to enhance growth, modulate the intestinal microbiota and
decrease the incidence of diarrhoea - particularly during post-weaning Girard et al
(2019); Girard and Bee (2020). However, the effectiveness of tannin supplementation
in weaned and finishers seems to be highly related not only to the dose administered to
the animals but also to the duration of supplementation, the presence of other sources
of tannins in the basal diet, the feed regimen adopted (ad libitum vs restricted), the
tannin form (hydrolysable or condensed) and the potential synergistic or antagonistic
effects with other supplements Caprarulo et al (2020).

These and other aspects of tannin dietary supplementation in pigs still require
further investigation to be fully clarified. In particular, there are currently few studies
on the in vivo modulation of the pig’s microbiota by tannins, especially in post-weaning
and finishing pigs, as the intestinal populations studied so far are mostly restricted to
the main pathogens in weaned piglets Biagi et al (2010); Girard et al (2018); Girard
and Bee (2020). Additionally, tannins extracted from plants other than chestnut and
quebracho, such as Tara (Caesalpinia spinosa), were investigated only in ruminants
for their effects on fatty acids composition and microbiological quality of the lamb
meat Biondi et al (2019); Valenti et al (2021). To our knowledge, no results have been
so far reported in monogastric animals —specifically in pigs— and on their effects on
the gut microbiome.

Therefore, the aim of the present study was to evaluate the effect of the dietary
administration of tannins extracted from tara (Caesalpinia spinosa) on the pig gut
microbiota composition. This will help elucidate the following: i) the effect of dietary
supplementation with tannins on the growth performance and gut microbiome of fin-
ishing pigs; ii) the evaluation of hydrolysable tannins extracted from an additional
plant source, tara; iii) a better understanding of the effect of tannin administration
on the pig gut microbiome. Results show that tannins from tara extracts do alter the
pig gut microbiome, but to a different extent depending on the different aspects of the
microbiome.



Methods

Animals, experimental design, diet and sampling

The experimental trial was approved by the animal welfare committee (OPBA) of
the University of Catania (protocol n. 286946). In a commercial farm, twenty cas-
trated male pigs (crossbred PIC x Piétrain) were selected for their body weight (BW:
63.2 +3.29 kg) and age (125 +5d). The barrows were then transferred to the Univer-
sity facilities and allocated to individual pens with concrete floor and bedding with
wheat straw. Each pen was equipped with water nipples and feeders. The farrows were
randomly assigned to two experimental treatments (10 pigs/treatment) and fed ad libi-
tum with a commercial concentrate without supplementation (control group, CTRL)
or supplemented with 11.5gkg™! of tannin extract (tannin-treated group, TREAT)
from tara ( Cesalpinia spinosa). The amount of extract to add was calculated to obtain
a supplementation level of 10gkg ™" of total tannins as tara extract contained 86.9%
of total tannins according to the method of Makkar et al. Makkar et al (1993). The
commercial extract (“Tannino T80”®)) was purchased from Silvateam (San Michele
Mondovi, Cuneo, Italy). The basal diet was composed of (as-fed basis) maize (42%),
barley (20%), wheat bran (15.2%), soybean meal (13.4%), fava bean (7.4%) and min-
eral and vitamin premix (2%). All the ingredients of the basal diet were ground, mixed
thoroughly and pelleted (temperature of 40 °C). Tannin extract was added before mix-
ing and pelleting. Barrows always had free access to fresh water and their respective
diets. The amount of offered and refused feeds was recorded in order to calculate the
dry matter intake. Individual body weight was measured on a fortnightly basis to esti-
mate the average daily gain (ADG) and feed conversion ratio. After the 55 days of the
feeding trial, individual feces samples were collected directly from the rectum using
sterile swabs, immediately inserted into the sterile swab tubes and kept on ice until
arrival in the laboratory, where samples were stored at —80 °C before 16S rRNA-gene
sequencing.

Table 1 Growth performance of pigs in the two experimental
groups: body weight (BW) at the end of experiment (day 55),
average DMI (dry matter intake), ADG (average daily gain)
and FCR (feed conversion ratio). S.e.m.: standard error of the
mean. p-values refer to the between-group differences.

Dietary treatment

CTRL TREAT s.e.m. p-value

Final BW (kg) 116 120 22 0.248
DMI (g/d) 2862 3018 551  0.161
ADG (g/d) 956 1025 305  0.268
FCR (DMI/ADG) 3.00 2.99  0.065  0.909
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Sequencing

DNA was extracted from 20 rectal swab samples (10 pigs each from the control and
treated groups) using a QIAmp DNA Stool kit (Qiagen, Hilden, Germany), follow-
ing the manufacturer’s protocol with minor modifications. The rectal swabs were
dissolved in 1 mL Buffer ASL and shaken at 1000 rpm (Mixing Block MB-102, CaR-
libiotech S.r.l. Rome, Italy), continuously until the stool samples were homogenized.
DNA quality and quantity were assessed using a NanoDrop ND-1000 spectrophotome-
ter (NanoDrop Technologies, Wilmington, DE, USA). The isolated DNA was then
stored at —20 °C until use. Bacterial DNA was amplified using the primers described
in literature Caporaso et al (2011) which target the V3-V4 hypervariable regions of
the 16S rRNA gene. All PCR amplifications were performed in 25 pL volumes per
sample. A total of 12.5nL of KAPA HIFI Master Mix 2x (Kapa Biosystems, Inc.,
MA, USA) and 0.2 pL of each primer (100 uM) were added to 2 pL of genomic DNA
(5ng/uL). Blank controls (no DNA template added to the reaction) were also per-
formed. A first amplification step was performed in an Applied Biosystem 2700 thermal
cycler (ThermoFisher Scientific). Samples were denatured at 95 °C for 3 min, followed
by 25 cycles with a denaturing step at 98 °C for 30s, annealing at 56 °C for 1min
and extension at 72 °C for 1 min, with a final extension at 72 °C for 7 min. Amplicons
were cleaned with Agencourt AMPure XP (Beckman, Coulter Brea, CA, USA) and
libraries were prepared following the 16S Metagenomic Sequencing Library Prepara-
tion Protocol (Illumina, San Diego, CA, USA). The libraries obtained were quantified
by Real Time PCR with KAPA Library Quantification Kits (Kapa Biosystems, Inc.,
MA, USA), pooled in equimolar proportion and sequenced in one MiSeq (Illumina)
run with 2x250-base paired-end reads.

Bioinformatics processing

Demultiplexed paired-end reads from 16S rRNA-gene sequencing were joined into sin-
gle reads using the C++ program SeqPrep John (2011). After joining, reads were filtered
for quality based on: i) maximum three consecutive low-quality base calls (Phred < 19)
allowed; ii) fraction of consecutive high-quality base calls (Phred > 19) in a read over
total read length > 0.75; iii) no “N”-labeled bases (missing/uncalled) allowed. Reads
that did not match all the above criteria were filtered out. All remaining reads were
combined in a single FASTA file for the identification and quantification of OTUs
(operational taxonomic units). Reads were aligned against the SILVA closed reference
sequence collection release 132, with 97% cluster identity Yilmaz et al (2014), apply-
ing the CD-HIT clustering algorithm Li and Godzik (2006). A pre-defined taxonomy
map of reference sequences to taxonomies was then used for taxonomic identification
along the main taxa ranks down to the genus level (domain, phylum, class, order, fam-
ily, genus). By counting the abundance of each OTU, the OTU table was created and
then grouped at each phylogenetic level. OTUs with total counts < 10 in < 2 sam-
ples were filtered out. All of the above steps were performed with the QIIME v.1.9
open-source bioinformatics pipeline for microbiome analysis Caporaso et al (2010).
The command lines and parameters used to process 16S rRNA-gene sequence data
were adapted from Biscarini et al. 2018, S1 Appendix Biscarini et al (2018).



Microbial diversity

The microbial diversity of the pig microbiota was assessed within (alpha-diversity)
and across (beta-diversity) samples. Besides the number of observed OTUs directly
counted from the OTU table, within-sample microbial richness and diversity were
estimated using the following indices: Chaol and ACE (abundance-based coverage esti-
mator) for richness, Shannon, Simpson and Fisher’s alpha for diversity Chao (1984);
Chao and Lee (1992); Chao et al (1993); Shannon (1948); Simpson (1949); Fisher
et al (1943), as well as Simpson E and Pielou’s J (Shannon’s evenness) for even-
ness Smith and Wilson (1996). Across-sample gut microbiota diversity was quantified
by calculating Bray-Curtis distances Bray and Curtis (1957) from OTU counts nor-
malized for uneven sequencing depth by cumulative sum scaling (CSS, Paulson et al
(2013)). Among groups (control and treated) and pairwise distances were evaluated
non-parametrically using the permutational analysis of the variance approach (PER-
MANOVA: 999 permutations) Anderson (2001). The details of the calculation of the
mentioned alpha- and beta-diversity indices can be found in Biscarini et al. 2018, S2
Appendix Biscarini et al (2018).

Table 2 Alpha diversity indices in pigs treated with tannins (feed
supplementation) and controls. p-values come from the original dataset (p.value)
and from 1000 bootstrapping replicates of the data (boot_pval). The column
boot_diff_pct reports the average bootstrapped difference between the tannin and
control groups expressed as percentage of the average index value.

metric CTRL TREAT p.value boot_diff pct boot_pval
chaol 976.4 992.0 0.8706 5.448 0.5127
ace 960.6 993.7 0.7122 5.036 0.4862
fisher_alpha 447.5 465.6 0.6458 4.924 0.4568
observed_otus 759.7 803.2 0.4274 4.757 0.4165
shannon 9.243 9.348 0.3417 0.845 0.3737
simpson 0.998 0.998 0.2898 0.013 0.3428
equitability 0.969 0.970 0.4784 0.089 0.4079
simpson_e 0.685 0.690 0.6967 0.944 0.4779

Statistical analysis
Comparison between experimental groups

The gut microbiota has been sampled once, after 55 days from the beginning of the
supplementation experiment. We therefore had one single microbiota measurement per
pig, and each pig belonged to either the control or treated group. The linear model used
to analyse between-group (treatments) differences in terms of alpha diversity indices,
OTU counts and F:B (Firmicutes to Bacteroidetes) ratio had the following form:

Yij = p+ treatment; + e;; (1)

where y;; is the alpha diversity index value (or OTU counts or F:B ratio) for record

i belonging to treatment j; u is the intercept, treatment; is the systematic effect of
treatment and e;; is the residual.
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For the alpha diversity indices, a bootstrapping analysis was conducted: for each
index, the 20 values of the two groups (10 Ctrl and 10 Treat) were resampled
with replacement and the comparison between treated and control pigs was reeval-
uated on the resampled data. This procedure was replicated 1000 times, leading to
1000 bootstrapped results (CTRL-TREAT differences, estimated treatment coeffi-
cients and p-values from equation 1). From bootstrapped replicates of the analysis,
besides p-values also the estimated treatment coefficients and the percent differences
between tretment and control were obtained. Percent differences were calculated as:
% difference = w, where Tindex is the average value (across groups) for

Tindex

each alpha diversity index.

Random Forest predictions

A random forest (RF Breiman (2001)) model for binary classification was developed
to predict the experimental group (treated vs control) based on CSS-normalized OTU
counts (at the genus level). A 5-fold cross-validation scheme was used to fine-tune the
hyperparameters “minimum size of terminal nodes” (in the range [2,5]) and “number
of variables randomly sampled in each tree” (around y/m, where m is the number of
variables —microbial taxa— in the data). As for the total number of trees in the RF
model, the default value of 500 was chosen. The Gini index (G = Zle Pk (1 — Prmk)s
where p,i. is the proportion of samples in the my, belonging to class k) was used to
decide on splits (the smaller, the better: if all p,,;’s are close to zero or one then G
is small, indicating node purity: the node mainly contains samples of the same class).
From the final RF model after hyperparameter-tuning, classifications were obtained
by majority vote over the B = 500 classification trees:

B
faval) = 35 S 1) = [0/1) 2
b=1

where ; is the vector of normalised OTU counts for sample (pig) 7, and f,(x;) is the
prediction (control/treated) from the classification tree built on the by, bootstrapped
data sample.

From the final model in equation 2, variable (OTU) importance was obtained based
on the amount that the Gini index is reduced due to splits over a variable (averaged
over all B trees). A large value indicates an OTU which is important for the accuracy
of classification. More in detail, once the RF model (equation 2) was fitted (using OOB
observations to decide on splits), the reduction of the Gini index value around each
variable was recorded: each variable was used as splitting criterion in some nodes in
each tree, and the Gini reduction over such nodes was summed up and then averaged
over the number of trees in the RF model. Variable importance was then rescaled
between 0 and 100.

Software and data & code availability

The R environment for statistical programming R Core Team (2023) was used for data
handling and statistical analysis. Specifically, the R packages tidymodels Kuhn and
Wickham (2020) and ranger Wright and Ziegler (2017) were used for bootstrapping



analysis and for the Random Forest model. 16S rRNA-gene sequencing data have been
deposited in the European Nucleotide Archive (ENA) of the European Bioinformatics
Institute (EBI) with project number PRJEB65759.

Results and Discussion

This paper evaluated the effect of tannin extracts, derived from tara (Caesalpina
spinosa), a new hydrolysable source of tannins, on the performance and gut micro-
biome of finishing pigs. The results of the experiment are hereby presented, structured
per topic, and discussed along the way.

Animal performance

Table 1 reports the pigs’ growth performance at the end of the experiment (day 55) in
terms of final body weight (BW), average dry matter intake (DMI), average daily gain
(ADG) and feed conversion ratio (FCR = DMI/ADG). BW, DMI and ADG increased
in the Tann group, while the FCR remained unchanged, although these differences
were not statistically significant, which can be linked to the relatively small sample
size of this experiment. However, also previous studies failed to report a significant
impact of dietary tannin supplementation on the growth performance of pigs (e.g.
Chinese gallnut extracts as replacement for antibiotics Wang et al (2020)). In a review
on the dietary supplementation with chestnut and quebracho tannins in pigs, mostly
no or mildly positive (increased BW, ADG, FCR) effects on growth performance were
detected Caprarulo et al (2021).

Hydrolyzed tannins -when fed in large amounts- are traditionally considered to
have anti-nutritional effects in monogastric animals, and can potentially reduce growth
performance Huang et al (2018). Nevertheless, in this study no adverse or negative
effects of tara extracts on growth were observed. On the other hand, dietary supple-
mentation with tannins at different concentrations has been reported to show positive
health effects in terms antioxidant, anti-inflammatory and antibacterial activity, espe-
cially at weaning and post-weaning, by modulating the gut microbiota and leading to
a decreased incidence of diarrhea Caprarulo et al (2021).

Gut microbiome profiling

From 16S rRNA-gene sequencing, a total of 885393 high quality reads were found in
the pigs’ gut microbiota (average 44 269.65 reads per sample). After quality filtering,
19 7326 reads were removed, leaving 688 067 reads for the further analyses (34 403.35
reads per sample, on average). Filtering out OTUs with less than 10 total counts in
less than 2 samples left 1528 OTUs available for downstream analysis.

As reported in Table 2, the alpha diversity (which reflects the within-sample micro-
bial diversity) was analysed in the control and treated groups using eight diversity
indices. The average alpha diversity was consistently a tad higher in the treated group
(Figure 1, panel A), but not significantly so: none of the p-values from the linear model
(equation 1) were below 0.05, which was confirmed from bootstrapping. Figure 1 shows
that: i) the distribution of the percent differences between treatment and control is
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Fig. 1 alpha diversity results from bootstrapping analysis (1,000 replicates) for the eight diversity
indices considered: A) density distribution of index values in the two experimental groups (CTRL:
pink; TREAT: blue); B) histogram distribution of CTRL-TREAT percentage difference; C) histogram
distribution of estimated treatment (tannin supplementation) coefficients from the linear model; D)
histogram distribution of p-values from the liner model.

squashed towards zero (panel B); ii) the treatment coefficient from the linear model
is distributed around zero, implying lack of effect (panel C); iii) the distribution of
p-values is flat in [0, 1], indicating absence of significant differences.

The non-metric multidimensional scaling plot of pairwise Bray-Curtis distances
(Figure 2: 2D plot, left; 3D plot, right) showed clear separation of the treated and
control clusters, which turned out to be statistically significant from PERMANOVA
(p-value = 0.004482). This means that from beta diversity treated samples were easily
distinguishable from controls.

Gut microbiota composition

The gut microbiota from the pigs included in this experiment was further investi-
gated in terms of the relative abundance of bacterial taxa. In both the control and
tannin groups, most of the reads belonged to the Firmicutes (49.8% and 50.3%) and
Bacteroidetes (30.2% and 31.4%) phyla (Figure 3, left). At the phylum level, the pig
gut microbiome also contained Spirochaetes, Proteobacteria and Cyanobacteria, which
accounted for about 10% of the total microbiome in both experimental groups.
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Fig. 2 beta diversity: 2D (left) and 3D (right) plots of pairwise Bray-Curtis distances, based on the
OTU counts from the pig gut microbiota, between the treated (tannin supplementation) and control
groups.

The median Firmicutes-to-Bacteroidetes (F:B) ratio from normalised counts was
higher in the tannin-treated group compared to controls (1.67 vs 1.62), but not signif-
icantly so (p-value = 0.626) (Figure 3, right). The F:B ratio is known to play a role in
adipogenesis and the fat metabolism: it has been found to be associated with blood
and tissue fat content and obesity in humans (Turnbaugh et al (2006); Indiani et al
(2018)), and to be correlated with milk-fat yield in Holstein cows Jami et al (2014).
The F:B ratio is also considered to be involved in maintaining the normal intestinal
homeostasis in humans as well as in animals Stojanov et al (2020). Polyphenols (like
tannins) have a stronger action against Firmicutes than against Bacteroidetes in the
gut microbiome, thereby altering the F:B ratio: eating food with high polyphenols
content can potentially reduce body weight in obese people Rastmanesh (2011).

Table 2 reports the 73 OTUs from the pig gut microbiota which, from model 1,
were significantly different (p-value < 0.01) between treated (feed supplementation
with tannins) and control pigs. Of these, 27 OTUs showed a FDR (False Discov-
ery Rate Benjamini and Hochberg (1995)) for the treated-control difference < 5%
OTUs. Some of the microbial taxonomies found to differ between tannin-treated and
control pigs have been previously reported in literature. For example, in the present
study Lachnospiraceae NK4A136 group, Prevotella 1, Prevotellaceae NK3B31 group,
Ruminiclostridium 6, Ruminiclostridium 9 and Ruminococcus 1 have been found to
be consistently more abundant in the tannin group compared to the control group,
similarly to a previous work Choy et al (2014) where tannins extracted from grapes
increased the abundance of Lachnospiraceae, Clostridiales and Ruminococcacceae. Also
in Tretola et al. (2019 Tretola et al (2019)) tannin supplementation resulted in a
greater proportion of the family Ruminococcaceae in the pig gut microbiota. These
bacterial taxa have been recognised as major producers of short-chain fatty acids
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(SCFAs) in the human and animal gut microbiota. Lachnospiraceae and Ruminococ-
cus are major butyrate and propionate producers and are known to be modulated by
polyphenols Choy et al (2014).

In our experiment, dietary supplemetation with tannins showed no effect on the
order Lactobacillales, unlike other studies that found reduced or increased abundance
of lactobacilli depending on the type of tannin feed supplementation (Choy et al (2014);
Tretola et al (2019)). Lactic acid bacteria are generally considered to be protective
against gastroenteric pathogens such as Clostridium difficile, Campylobacter jejuni,
Helicobacter pylori and rotavirus Tretola et al (2019). Contrary to Miragoli et al.
(2021 Miragoli et al (2021)), that found a reduction of Prevotella levels after feeding
pigs during the weaning period with a mixture of quebracho and chestnut, an increment
of Prevotellaceae was observed with the use of tara tannins in this work.

control E control E tannin
0.00
°
°
° °
hvl 1.81 °
" phylum
8 B Firmicutes
c [ Bacteroidetes °
@© [l Spirochaetes
-g =58 Proteobacteria o
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°
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°
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Fig. 3 phylum relative abundance (left) and F:B ratio (right) in the pig gut microbiota of the treated
(tannin supplementation) and control groups.

Random Forest ’omic prediction of experimental groups

After fine-tuning of the hyperparameters, the final RF model (equation 2) used 37
randomly selected variables in each tree and a minimum of two observations in ter-
minal nodes. The RF prediction of the experimental group (TREAT/CTRL) based
on the gut microbiome data showed a remarkable predictive ability, despite the small
sample size: the error rate measured on the OOB (out-of-bag) observations was 0.146

10



(accuracy: 0.854). Given the high prediction accuracy (especially if we factor in that
N = 20), OTUs relevant for the prediction can be considered to be microbial taxa that
discriminate the gut microbiota with and without dietary tannin-supplementation.
Important variables (OTUs) were obtained from the reduction of the Gini index value
(the splitting criterion). The top 20 OTUs from the RF model are reported in figure 4,
alongside with their abundance in the two groups: these matched perfectly (100%
match) with the significant OTUs (p-value < 0.01) from Table 2, and had a 70%
match (14 out of 20) when FDR < 0.05 was considered.

(KM244838.1.1490) Clostridium sp. CAG:306 = L] -
(HQ716402.1.1453) Mollicutes RF39_ uncultured bacterium = (] -
(HQ716135.1.1365) Clostridium sp. K4410.MGS-306 = L] -
(EF406647.1.1503) Gastranaerophilales_ uncultured bacterium - L] -
(AB506368.1.1519) Mollicutes RF39_ uncultured bacterium - () -
(EU622724.1.1470) WCHB1-41_ uncultured bacterium - (] -
(DQ777950.1.1527) WCHB1-41_ uncultured rumen bacterium = L -
(CYYA01000009.1176.2688) WCHB1-41_ uncultured rumen bacterium = L] - counts
(JQ799168.1.1502) Gastranaerophilales_ uncultured rumen bacterium = L] - |
(AF371914.1.1431) Mollicutes RF39_ uncultured rumen bacterium = L] - ! 7.5
(AF371873.1.1468) Gastranaerophilales_ uncultured bacterium = ° . 5.0
(HQ780941.1.1457) WCHB1-41_ uncultured rumen bacterium = (] - 2.5
(AF371875.1.1469) Gastranaerophilales_ uncultured bacterium - L] _‘ . 0.0
(DQ394606.1.1563) Gastranaerophilales_ uncultured bacterium- @ -
(EU622767.1.1466) Candidatus Melainabacteria bacterium MEL.A1- @ .
(AB746647.1.1559) Candidatus Gastranaerophilales bacterium Zag_111- @ -
(CBEW010000180.8693.10203) Gastranaerophilales_ uncultured bacterium=- @ -
(AB506345.1.1524) Mollicutes RF39_ uncultured Firmicutes bacterium=- @ -
(CDYT01032079.210.1720) WCHB1-41_ uncultured bacterium=- @ - i
(KC163095.1.1526) Gastranaerophilales_ uncultured rumen bacterium- @ -

20 4o 60 80 100 iR TREAT
Importance labels

Fig. 4 variable importance plot from the Random Forest predictive model (top 20 variables are
presented). Normalized counts in the control (CTRL) and tannin-treatment (TREAT) groups are
reported alongside. Importance on the x-axis is rescaled in [0, 100]

Conclusion

This is the first report of the effects of tannins from tara (Caesalpina spinosa) on the
pig gut microbiome. Tara is an additional source of hydrolysable tannins as a feed
supplement for the basal diet of pigs, whose effect on the gut microbiome has not
yet been investigated. Results show that tara tannins have a relevant effect on the
composition of the gut microbiota in pigs, as shown by the clear clustering of samples
based on the microbiome data and by the high prediction accuracy of the random
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Table 3 OTUs from the pig gut microbiota which are significantly different between treated (feed supplementation with
tannins) and control pigs. Average counts in the two groups are reported alongside the p-values from analysis of variance.

Significance was called at p-value < 0.01. FDR: false-discovery rate.

taxon control tannin p.value FDR
Erysipelotrichaceae_uncultured_uncultured Solobacterium sp. 0.244  1.456 0.008462 4e—4
Lachnospiraceae_Coprococcus 2_uncultured rumen bacterium 0.822  2.400 0.001037 0.001
Ruminococcaceae_Ruminococcaceae UCG-014_uncultured rumen bacterium 0.000 1.118 0.005559 0.004
Ruminococcaceae_Ruminococcaceae UCG-008_uncultured bacterium 0.901 2.734 0.001114 0.016
Prevotellaceae_Prevotella 9_uncultured bacterium 3.210  5.877 0.000591 0.017
Anaeroplasmataceae_Anaeroplasma_uncultured bacterium 0.833  2.992 0.000719 0.017
Lachnospiraceae_Lachnospiraceae NK3A20 group_uncultured bacterium 1.465 0.000 0.000756 0.017
Candidatus Gastranaerophilales bacterium Zag_111 1.768  4.495 0.002451 0.017
Lachnospiraceae_Lachnospiraceae NK4A136 group_uncultured bacterium 1.555 2.866 0.005190 0.017
Prevotellaceae_Prevotellaceae NK3B31 group-_uncultured bacterium 4.008  6.263 0.003798 0.019
Lachnospiraceae_Lachnospiraceae FCS020 group-uncultured bacterium 1.005 2.400 0.005693 0.019
Ruminococcaceae_Ruminiclostridium 9_uncultured bacterium 0.000 1.388 0.000078 0.025
Lachnospiraceae_Lachnospira_Lachnospira pectinoschiza 0.170  1.098 0.004110 0.029
Ruminococcaceae_Ruminococcaceae UCG-010_uncultured bacterium 5.220  2.014 0.004824 0.029
Ruminococcaceae_Ruminococcaceae UCG-010_metagenome 2.374 0.864 0.009467 0.029
uncultured bacterium 0.486  2.346 0.000308 0.029
Clostridium sp. CAG:306 0.328  2.142 0.000102 0.030
Ruminococcaceae_Ruminococcus 1_uncultured bacterium 0.000  1.160 0.000137 0.030
Lachnospiraceae_Lachnospiraceae NK4A136 group_uncultured bacterium 0.520  2.782 0.000480 0.030
Lachnospiraceae_Agathobacter_uncultured rumen bacterium 1.303  2.732 0.001662 0.030
Lachnospiraceae_[Ruminococcus] torques group_uncultured bacterium 0.255 2.151 0.001837 0.030
Erysipelotrichaceae_Turicibacter_Turicibacter sp. H121 1.674  3.465 0.006508 0.030
Lachnospiraceae_Lachnospiraceae UCG-004_uncultured bacterium 0.108 1.164 0.002447 0.032
Prevotellaceae_Prevotellaceae NK3B31 group_uncultured bacterium 4.710  6.855 0.007890 0.038
Lachnospiraceae_Marvinbryantia_uncultured bacterium 0.423  2.086 0.000380 0.039
Family XIII_Family XIII AD3011 group-uncultured bacterium 0.407  1.638 0.004650 0.042
Prevotellaceae_Prevotellaceae NK3B31 group_uncultured bacterium 2.372  4.288 0.008202 0.043
Rikenellaceae_dgA-11 gut group-uncultured Bacteroidales bacterium 7.125  5.284 0.000961 0.052
Spirochaetaceae_Treponema 2_uncultured bacterium 9.352  5.042 0.008830 0.052
Lachnospiraceae_Agathobacter_Eubacterium ramulus 0.319  2.328 0.000002 0.053
Ruminococcaceae_Ruminococcaceae UCG-014_uncultured rumen bacterium 0.876  3.967 0.000042 0.053
Family XIII_Family XIIT UCG-001_uncultured Anaerovorax sp. 0.434  2.245 0.000273 0.053
Lachnospiraceae_[Eubacterium]| xylanophilum group_uncultured bacterium 2.902  4.840 0.004542 0.056
Ruminococcaceae_Ruminococcaceae UCG-014_uncultured bacterium 0.000 1.577 0.000385 0.063
Ruminococcaceac_Ruminococcaceae UCG-002_uncultured bacterium 5.547  3.190 0.008073 0.073
Clostridium sp. K4410.MGS-306 0.722  2.339 0.002009 0.078
Prevotellaceae_Prevotellaceae NK3B31 group_uncultured bacterium 1.743  3.822 0.009553 0.083
Bacteroidales RF16 group-uncultured bacterium 3.165  7.413 0.000431 0.086
Prevotellaceae_Prevotella 1_uncultured bacterium 4.513  7.902 0.002127 0.094
Lachnospiraceae_[Eubacterium] xylanophilum group_uncultured bacterium 1.634  3.237 0.009995 0.094
Ruminococcaceae_Subdoligranulum_uncultured Faecalibacterium sp. 2.588  5.971 0.000000 0.095
Lachnospiraceae_Anaerostipes_uncultured bacterium 1.273  3.044 0.008009 0.096
Ruminococcaceae_Faecalibacterium_uncultured bacterium 1.887  3.604 0.005124 0.120
Lachnospiraceae_[Eubacterium]| xylanophilum group_uncultured bacterium 1.825  3.998 0.000413 0.132
Ruminococcaceae_Ruminiclostridium 6_uncultured bacterium 1.105 2.898 0.000637 0.140
Lachnospiraceae_[Eubacterium]| xylanophilum group-metagenome 2.874  5.183 0.000244 0.151
Spirochaetaceae_Treponema 2_uncultured rumen bacterium 3.129  7.735 0.000367 0.151
Ruminococcaceae_Ruminococcaceae UCG-014_uncultured bacterium 3.129  5.045 0.001096 0.153
Prevotellaceae_Prevotellaceae NK3B31 group_uncultured bacterium 2.568  5.848 0.001413 0.153
Ruminococcaceae_Ruminococcus 2_uncultured Ruminococcaceae bacterium 1.183  3.189 0.005639 0.153
Prevotellaceae_Prevotella 1_uncultured rumen bacterium 0.558  1.599 0.006565 0.153
Ruminococcaceae_Ruminococcaceae UCG-010_uncultured bacterium 1.731  0.523 0.008434 0.153
Spirochaetaceae_Treponema 2_Treponema saccharophilum DSM 2985 2.825  7.243 0.000094 0.158
Lachnospiraceae_Lachnospiraceae NK3A20 group_Lachnospiraceae bacterium DJF_VP52 1.529  0.000 0.001219 0.158
uncultured bacterium 12 0.000 1.132 0.003388 0.158
Lachnospiraceae_Lachnospiraceae NK4B4 group_uncultured bacterium 0.566  1.949 0.008631 0.158
Pirellulaceae_p-1088-ab gut group-uncultured bacterium 4.333  1.607 0.000200 0.173
Corynebacteriaceae_Corynebacterium_Corynebacterium kutscheri 1.541  0.245 0.000979 0.173
uncultured bacterium 1.397  3.302 0.009477 0.185
Ruminococcaceae_Ruminococcaceae UCG-001_uncultured bacterium 0.103  3.163 0.000058 0.194
Ruminococcaceae_Ruminococcaceae UCG-002_gut metagenome 5.162  3.212 0.000091 0.194
Lachnospiraceae_Butyrivibrio_uncultured organism 0.108  2.859 0.000135 0.194
Ruminococcaceae_Ruminococcus 1_uncultured bacterium 0.000 1.588 0.000280 0.194
Ruminococcaceae_Ruminococcus 1_uncultured bacterium 0.639  2.629 0.000392 0.194
Prevotellaceae_Prevotella 1_uncultured rumen bacterium 1.318  3.082 0.002548 0.194
Rikenellaceae_Rikenellaceae RC9 gut group_uncultured bacterium 1.995 3.961 0.005785 0.194
uncultured rumen bacterium 0.117  0.845 0.007145 0.194
Ruminococcaceae_Ruminococcaceae NK4A214 group_uncultured bacterium 4.252  2.875 0.008648 0.194
Muribaculaceae_uncultured bacterium 0.515 4.470 0.000007 0.196
Ruminococcaceae_Ruminococcus 2_uncultured bacterium 0.094 1.109 0.002651 0.203
Ruminococcaceae_Oscillibacter_uncultured bacterium 2.378  3.873 0.004969 0.203
Lachnospiraceae_Lachnospiraceae UCG-004_uncultured organism 0.227  0.981 0.007989 0.203
Prevotellaceae_Prevotella 2_uncultured bacterium 3.276  5.476 0.005150 0.207




forest model. It is remarkable that these results have been obtained already with the
relatively small sample size of this pilot study. Overall, general properties of the gut
microbiome (beta diversity, predictive model) have been clearly affected by the dietary
tara supplementation, while specific properties have apparently remained unaltered
(e.g. alpha diversity indices). This again is probably related to the small size of this
study which, though sufficient to uncover broad properties of the microbiome, is not
enough to detect finer-grained aspects like differences in specific diversity indices or
taxa.

Although the overall effect of tara tannins on the pig gut microbiome is unques-
tionble, less clear is whether this effect is beneficial or not. The higher F:B ratio may
point to positive effects on the fat metabolism (e.g. leaner pig meat), while the lack of
effect on lactobacilli may hint at the absence of a negative repercussion of tara extracts
on this beneficial class of microbial taxa. Both effects are however not significant, and
additional research is needed to elucidate this further.
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