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Abstract

Weaning is a critical period for piglets, in which unbalanced gut microbiota and/or pathogen

colonisation can contribute to diseases that interfere with animal performance. Tannins are

natural compounds that could be used as functional ingredients to improve gut health in pig

farming thanks to their antibacterial, antioxidant, and antidiarrhoeal properties. In this study,

a mixture of quebracho and chestnut tannins (1.25%) was evaluated for its efficacy in reduc-

ing the negative weaning effects on piglet growth. Microbiota composition was assessed by

Illumina MiSeq 16S rRNA gene sequencing of DNA extracted from stools at the end of the

trial. Sequence analysis revealed an increase in the genera Shuttleworthia, Pseudobutyrivi-

brio, Peptococcus, Anaerostipes, and Solobacterium in the tannin-supplemented group.

Conversely, this dietary intervention reduced the abundance of the genera Syntrophococ-

cus, Atopobium, Mitsuokella, Sharpea, and Prevotella. The populations of butyrate-produc-

ing bacteria were modulated by tannin, and higher butyrate concentrations in stools were

detected in the tannin-fed pigs. Co-occurrence analysis revealed that the operational taxo-

nomic units (OTUs) belonging to the families Veillonellaceae, Lachnospiraceae, and Corio-

bacteriaceae occupied the central part of the network in both the control and the tannin-fed

animals. Instead, in the tannin group, the OTUs belonging to the families Acidaminococca-

ceae, Alcaligenaceae, and Spirochaetaceae characterised its network, whereas Family XIII

Incertae Sedis occupied a more central position than in the control group. Conversely, the

presence of Desulfovibrionaceae characterised the network of the control group, and this

family was not present in the network of the tannin group. Moreover, the prediction of meta-

bolic pathways revealed that the gut microbiome of the tannin group possessed an

enhanced potential for carbohydrate transport and metabolism, as well as a lower abun-

dance of pathways related to cell wall/membrane/envelope biogenesis and inorganic ion
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transport. In conclusion, the tested tannins seem to modulate the gut microbiota, favouring

groups of butyrate-producing bacteria.

Introduction

Tannins are natural polyphenolic compounds that are widely distributed in plants, mostly in

the wood of several tree species. Because of their heterogeneous composition and chemical

properties, tannins are divided into five categories, namely gallotannins, ellagitannins, com-

plex tannins, phlorotannins and condensed tannins [1]. The need to reduce the use of antibiot-

ics as a prophylaxis mean to treat post-weaning diarrhoea prompted researchers to search for

alternatives. Tannins could represent a natural alternative to antibiotics, and their biological

activities make them suitable for that purpose [2]. Tannins from chestnut (Castanea vesca) are

frequently used as feed supplements for pigs, whereas quebracho (Schinopsis lorentzii) tannins

or mixtures of both have been evaluated in other animal species, such as poultry, sheep, rab-

bits, and cows [3–6]. Tannins from chestnut are defined as hydrolysable, while those from que-

bracho are categorised as condensed. This classification is based on their sensitivity to

hydrolysis, the type of monomer unit or the degree of polymer condensation [7].

Traditionally, tannins were regarded as anti-nutritional factors in monogastric and rumi-

nant farm animals responsible for reduced feed digestibility and worse animal performance

[8,9]. Thereafter, some studies have shown that tannins can be used in ruminants and mono-

gastrics, particularly in pigs, without any detrimental effects on animal growth. Chestnut tan-

nins significantly improved feed efficiency and growth performance when supplemented in

the diet of weaned piglets [10]. Galassi et al. [11] also reached the same conclusion using chest-

nut tannins as a dietary supplement in heavy pigs since no anti-nutritional effects were

observed. However, animals might not find tannin-containing feed palatable due to its astrin-

gent taste. Thus, it is crucial to establish the correct percentage of tannins to add to the diet in

order to avoid a reduction in feed intake. Notably, in monogastric animals, as compared with

ruminants, the dosage can be reduced and still have positive effects. Apart from these applica-

tion problems, tannins are recognised to have antimicrobial, antioxidant, and antidiarrhoeal

properties [12–16]. These properties can be extremely useful in the weaning of piglets, which

represents a critical period in the animal’s life. Indeed, several types of stress can be caused by

the removal of piglets from their mother, the sudden change in their diet, and the crowding of

the farm environment. All these factors can contribute to the development of diarrhoea and a

slowdown in growth. In particular, diarrhoea can be due to an unbalanced gut microbiota

caused by the introduction of solid feed [17] or the colonisation of pathogenic agents [18–20].

Indeed, encouraging results have been obtained using chestnut tannins to prevent diarrhoea in

piglets infected with an Escherichia coli ETEC strain. The feed supplementation reduced the

incidence and severity of diarrhoea with no negative effects on animal performance [21].

Chestnut tannins were also used as an alternative to zinc oxide in weaning piglets, resulting in

improved animal health and a reduction in diarrhoea by means of multifactorial mechanisms

of action [22]. In the same study, the authors reported increased levels of butyrate and propio-

nate in the colon as a consequence of a higher amount of indigested carbohydrates reaching

the distal gut.

Concerning the effect of tannins on the gut microbiota, very few data are available in the lit-

erature. Classical microbiological techniques have been used to investigate several groups of

bacteria that are considered important for animal health [10]. We found only one study that
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considered tannins extracted from grapes, showing that the supplemented diet increased the

abundance of Lachnospiraceae, Clostridiales, Lactobacillus, and Ruminococcacceae [23]. These

groups of bacteria are recognised as major producers of short-chain fatty acids (SCFAs) in the

human and animal guts. In particular, Lachnospiraceae and Clostridiales include the most

important producers of butyric acid [24–26]. Butyrate plays an important role in the health of

piglets during weaning, reducing intestinal inflammation and favouring the adaptation of the

intestine to the change in diet [27]. Moreover, a reduction in butyrate-producing bacteria can

promote the growth of pathogenic bacteria, such as Salmonella [28]. Thus, an increase in buty-

rate in the gut of weaning piglets could be an important factor in mediating the positive effects

of tannins on animal health.

In a recent study, we evaluated tannins derived from chestnut and quebracho trees were

evaluated for their capability to affect growth performance, blood metabolic profile, and faecal

nitrogen concentration in post-weaned piglets [29]. Not surprisingly, we observed a higher

fecal nitrogen excretion in tannin-fed piglets consistently with the known tannin property to

form less digestible complexes with dietary proteins [30]. However, the performance of treated

animals was comparable with that of controls, despite a very high dose of tannins adminis-

tered. This result, in addition to the lower serum urea concentration detected in tannin-fed

piglets, suggested a putative role of the gut microbiota in improving protein digestion and

nitrogen utilization thereby supporting overall animal health. Therefore, in the present study

we sought to highlight microbial changes occurring in the gut of weaned piglets that could mit-

igate the adverse effects of tannins on feed utilisation.

Materials and methods

Animals and sample collection

The present study was undertaken as part of an investigation of the effects of tannins on piglet

gut microbiota composition and performance. A detailed description of the experimental ani-

mals, study design, and dietary treatments can be found in our previous study [29]. The trial

was conducted in agreement with the Italian regulations on animal experimentation and ethics

(DL 26/2014) and with the European regulation (Dir. 2010/6). Moreover, the trial was

approved by the Animal Welfare Body of the University of Milan (number 31/2019). Briefly, a

total of 120 weaned piglets (28 ± 2 days age; 50% female and 50% male), were allotted in ran-

domized complete block design into two experimental groups: control group (CTR) and treat-

ment group (TAN). There were 60 pigs per treatment with 6 replicate pens and 10 pigs per

pen. The groups were homogeneous in terms of gender, weight and litter. After one week of

adaptation (considered day 0, piglets were 35 days old), during which all animals received the

same basal diet, the experimental diets were distributed ad libitum to all animals for 40 days.

Experimental diets (Plurimix, Fabermatica, CR, Italy) were formulated according to animal

requirements for the post-weaning phase (Ferraroni Mangimi SpA, Bonemerse, Italy). The

two diets were isoenergetic and isoproteic and differed for the inclusion of 1.25% of tannin

extract (contain 75 g of tannin/100 g of dry matter; Ch/Qu; Silvafeed Nutri P/ENC for Swine,

Silvateam, Italy) from chestnut and quebracho trees in the treatment group. Both diets fulfilled

the National Research Council (2012) [31] requirements for post-weaned piglets (S1 Table).

Twelve piglets (2 piglets per pen) were randomly selected from each of the two dietary groups.

During the entire experimental period, mortality was registered, and the incidence of diarrhea

was calculated based on the number of piglets with clinical sign of diarrhea. Stools were indi-

vidually collected from rectal ampulla at the end of the trial, which corresponded to day 40 of

the dietary intervention (75-day-old piglets). Samples were immediately frozen in dry ice and

then transferred to the laboratory for further analysis.
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Gas chromatographic analysis of faecal short-chain fatty acids

The extraction of short-chain fatty acids (SCFAs) was carried out starting with a sample of 3 g

resuspended in 9 ml of distilled water by stirring. The suspension was centrifuged at 2000 rpm

for 15 min, and then 2 ml of the obtained supernatant was added to 1 ml of a pivalic acid solu-

tion (internal standard, 1 g L-1 in distilled water) and 1 ml of a 0.12 M oxalic acid solution.

After mixing, the suspension was centrifuged at 2000 rpm, and the resulting upper phase was

microfiltered in vials.

Gas chromatographic analysis was carried out in a Shimadzu 2025 gas chromatograph

equipped with an AOC-20i auto-sampler (Shimadzu Srl, Milan, Italy), FID detector, using a 30

m x 0.250 mm x 0.25 μm DB-FFAP capillary column (Agilent Technologies, Inc. Santa Clara,

CA, USA). The temperatures of the injector and detector were 200 and 220 ˚C, respectively.

The injection (1 μl of the sample) was carried out in split mode. The analysis was performed at

a constant flow of carrier gas using the following cycle of temperature. The initial temperature

of 60 ˚C was held for 5 min; the temperature was then raised to 160 ˚C at 5 ˚C min-1 and finally

to 190 ˚C at 10 ˚C min-1, and this last temperature was held for 7 min.

Data acquisition and processing were performed using the LabSolutions Lite software

(v5.82, Shimadzu Srl, Milan, Italy). SCFA identification was based on the retention time of an

external standard, while pivalic acid was used as an internal standard.

Bacterial DNA extraction, V3-V4 region amplification, and sequencing

Bacterial genomic DNA was extracted from 50 mg (wet weight) faecal samples using the Fas-

tDNA™ SPIN Kit for Soil (MP Biomedicals, Switzerland) following the manufacturer’s instruc-

tions. Quantification of the extracted DNA was carried out by a Qubit HS dsDNA

fluorescence assay (Life Technologies, Carlsbad, CA, USA), and the quality check was per-

formed using agarose gel electrophoresis. Amplification of the V3-V4 regions of the bacterial

16S rRNA gene was obtained using the primers 343F and 802R following the already described

procedures [32]. The PCR products were checked by agarose gel electrophoresis and quanti-

fied using the Qubit HS dsDNA fluorescence assay (Life Technologies, Carlsbad, CA, USA) in

order to prepare a pool of amplicons in which the PCR products of each sample were present

in equimolar concentrations. The pool was then purified using a DNA Clean & Concentra-

tor™-5 Kit (Zymo Research, Irvine, CA, USA).

Fasteris SA (Geneva, Switzerland) performed the sequencing of amplicons using Illumina’s

MiSeq v3 platform in 2 x 300 bp mode.

Trimmomatic version 0.32 (http://www.usadellab.org/cms/index.php?page=trimmomatic)

was used for quality filtering of raw reads (quality score� 30) by sliding window trimming

(window size: 4 base, quality: 15) and by dropping reads below a specified length (60 bases)

[33]. Overlapped reads were mapped against the SILVA database (Version SSUR-

ef_NR99_115_tax_silva_DNA.fasta) using Burrows-Wheeler Alignment Tool version 0.7.5a

(http://bio-bwa.sourceforge.net/). The package SAM tools was used to merge alignments and

compute the number of reads mapped onto each OTU [34]. The data of the 16S rRNA gene

sequences are available at the European Nucleotide Archive (ENA) (https://www.ebi.ac.uk) for

tannin samples (accession numbers ERS5141801-ERS5141812) and control group samples

(accession numbers ERS5141296-ERS5141307).

Statistical analysis

Statistical analysis of the microbiota data was performed using the MicrobiomeAnalyst tool

[35,36]. This tool allowed the calculation of alpha diversity based on the Chao 1, observed spe-

cies, Simpson, and Shannon metrics. Significant differences between these indices were
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calculated using a t-test. Beta diversity across samples was calculated using the Bray–Curtis

index and the PERMANOVA statistical methods. The EdgeR algorithm with an adjusted p-

value cut-off, false discovery rate (FDR), of 0.05 was used to identify significant differences in

taxa abundance of faecal bacteria between the two dietary groups. Concerning the prediction

of the functional profiles of the bacterial communities across the two dietary groups, the opera-

tional taxonomic unit (OTU) table was uploaded in the MicrobiomeAnalyst software using the

Marker Data Profiling option. The aim was to generate a Kyoto Encyclopedia of Genes and

Genomes (KEGG) ontology (KO) assignment table using the Tax4Fun source in order to fur-

ther analyse the data in the shotgun data profiling option. The differential relative abundance

of genes across the two dietary groups was analysed using the EdgeR and Random Forest algo-

rithms. Moreover, clusters of orthologous groups (COGs) of proteins were analysed using the

same algorithms to identify the significant differences in COGs between the two dietary

groups. Network analysis of faecal microbiota was performed using SparCC correlation coeffi-

cients as implemented in the R package SpiecEasi v1.1.0 [37] and visualised using qgraph

v1.6.5 [38]. GraphPad Prism v8 (GraphPad Software, San Diego, CA, USA) was used to per-

form t-test and Spearman’s correlation analyses on the SCFA and serum urea data. For each

genus, we examined the effect of the relative abundance on the recorded body weight. We fit-

ted linear models separately for control and tannin-fed groups using body weight as response

variable and the relative abundance of the focal genus as regressor. Further, the covariance

between control and tannin-fed groups was evaluated including the interaction between rela-

tive abundance and group (control and tannin-fed animals) to the model. Analyses were car-

ried out using R v4.0.2 [39].

Results and discussion

Microbiota composition and community diversity associated with tannin

supplementation

A total of 2,694,143 reads were obtained after the filtering procedure, with an average sequence

number for each sample of 112,255. As shown in the principal coordinate analysis (PCoA)

ordination plot (Fig 1A), the tannin and control groups did not cluster separately, although

PERMANOVA analysis indicated significant differences between the gut microbiota of piglets

(R2 = 0.24, p< 0.001). To investigate the modification of the gut microbiota composition due

to tannin supplementation, the alpha diversity of bacterial communities was calculated. The

Chao 1 index did not differ between the control group (291.89 ± 41.8) and the tannin group

(318.47 ± 23.0) (p = 0.06) (data not shown), whereas the observed species index was signifi-

cantly higher in the tannin group (303.58 ± 23.1 vs. 269.83 ± 43.14, p = 0.03) (Fig 1B). The

Shannon and Simpson indices, both reflecting the species richness and evenness, were signifi-

cant higher in the tannin-supplemented animals (4.09 ± 0.21 vs. 3.56 ± 0.46, p = 0.02;

0.96 ± 0.01 vs. 0.93 ± 0.03, p = 0.001) (Fig 1C and 1D). In general, biologically diverse commu-

nities are thought to have high stability and resistance in the face of several disturbances and

environmental changes [40].

Regarding the gut microbiota composition at the phylum level (Fig 2A), a significant

increase in Cyanobacteria and Spirochaetae (FDR < 0.001 and FDR = 0.012, respectively) was

detected in stools collected from the tannin-supplemented animals, whereas Bacteroidetes and

Actinobacteria (FDR = 0.002 and FDR = 0.02, respectively) were reduced (Fig 3A and S2

Table). So far, no data on piglet gut microbiota modulation associated with tannins are avail-

able in the literature; a reduction in the faecal levels of Bacterioidetes was detected in chickens

fed on a diet enriched with chestnut tannins [41]. Moreover, at the family level, several differ-

ences were found between the two dietary groups of animals, as shown in Fig 2B. Tannin
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supplementation strongly increased the relative abundance of Peptococcaceae and Clostridia-
ceae, whereas a reduction was observed in the relative abundance of Prevotellaceae and Eubac-
teriaceae. The microbiota of tannin-fed piglets had fewer sequences from Coriobacteriaceae,
Desulfovibrionaceae, Veillonellaceae, Rikenellaceae, and Deferribacteraceae, whereas it was

enriched in Spirochaetaceae and Peptostreptococcaceae (Fig 3B and S2 Table).

At the genus level, many significant differences (FDR<0.05) were found between the two

dietary groups (Fig 2C). Therefore, only the most significant ones were taken into consider-

ation, namely those showing an FDR<0.0001. In the tannin-supplemented animals, the

Fig 1. (A) Principal coordinate analysis (PCoA) plot based on Bray–Curtis distances of the intestinal microbial communities of weaning piglets fed on a

diet with tannin (TAN) and the control group receiving a basal diet (CTR). (B) Observed species index (p = 0.03), (C) Shannon index (p = 0.02), and (D)

Simpson index (p = 0.001). The index values are graphically presented by box plots, each of which represents the interquartile range, whereas the line inside

the box represents the median.

https://doi.org/10.1371/journal.pone.0250874.g001
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Fig 2. Relative abundances of phyla (A), families (B), and genera (C) observed in the tannin-supplemented group

(TAN) compared with those of the control group (CTR). Only the top taxa are represented in the graphs.

https://doi.org/10.1371/journal.pone.0250874.g002
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genera Shuttleworthia, Pseudobutyrivibrio, Peptococcus, Anaerostipes, and Solobacterium were

significantly increased. Conversely, the genera Syntrophococcus, Atopobium, Mitsuokella, Shar-
pea, and Prevotella were significantly decreased in samples collected from the tannin-supple-

mented group of animals (Fig 3C and S3 Table).

Given the high number of statistically significant different taxa between the two dietary

groups, a random forest analysis was performed to identify the bacterial populations that were

important in differentiating the tannin-fed versus control animals. Random forest analysis

revealed that Peptococcaceae, an unidentified member of the human gut metagenome, and Pre-
votellaceae were the most discriminant taxa at the family level, while Peptococcus, Solobacter-
ium, Syntrophococcus, Pseudobutyrivibrio, and Prevotella had the highest importance scores at

the genus level (Fig 4). Previous studies reported that Peptococcus was more abundant in pigs

showing high performance, suggesting a positive correlation with body weight [42–44]. On the

other hand, in piglets, a higher risk of post-weaning diarrhoea has been associated with an

increase in the intestinal levels of Prevotella concurrently with a decrease in non-pathogenic

Fig 3. Relative abundance of fecal bacterial populations at phylum (A), family (B) and genus (C) levels in tannin-fed (TAN) and control (CTR)

piglets. Only taxa with a mean relative abundance higher than 0.002% are shown. p value significance levels were reported as � p� 0.05; �� p� 0.01; ���

p� 0.001.

https://doi.org/10.1371/journal.pone.0250874.g003
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Escherichia coli and beneficial Firmicutes [45,46]. According to our results, tannins could con-

tribute to preventing an increase in Prevotella in the gut. In our experimental animals, we

observed transient signs of diarrhoea after seven days of treatment; the highest incidence was

detected at 14–28 days with slightly lower percentages in tannin-fed piglets vs controls, though

such differences were not significant [29]. Other populations that were modulated by tannin

included genera such as Butyrivibrio, Pseudobutyrivibrio, Oscillospira, and Oscillibacter. The

genus Butyrivibrio has been detected only in animals showing high performance, suggesting

that the high efficiency of this bacterial genus in degrading complex carbohydrates could posi-

tively impact animal feed conversion [47]. Regarding Oscillibacter, this genus was correlated

Fig 4. The most discriminant genera between the control- and tannin-sample sequences as sorted by Random Forest analysis using the mean decrease in

accuracy.

https://doi.org/10.1371/journal.pone.0250874.g004
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with a higher weight gain [47]. The genus Oscillospira, on the other hand, was positively associ-

ated with harder stools [48], whereas its decrease in human gut microbiota was correlated with

an inflammatory status [49]. Both properties could have positive implications during the

weaning period, so the potential impact of these bacterial populations on pig gut function and

physiology warrants further investigation. Moreover, Solobacterium was increased in the tan-

nin group, although it has been described as being associated with low feed intake in piglets

[47]. Nevertheless, increased levels of this genus, together with other anaerobic bacteria, were

correlated with positive effects in new-born piglets treated with antibiotics [50]. To measure

the relationship between bacterial relative abundance and animal body weight for both control

and tannin-fed groups, we fitted linear models to observed data. Mucispirillum was the only

genus for which a significant interaction between the relative proportion and the experimental

group was recorded (p = 0.01). The interaction effect in Butyrivibrio and Oscillospira tended to

significance (p ~ 0.07). Notably, Mucispirillum showed significant association (R = 0.88,

p = 0.00017) only within the tannin-fed group indicating that its reduction was related to a

lower animal body weight. Mucispirillum is an inhabitant of the intestine of rodents and other

animals, including pigs. It is considered an immunogenic commensal bacterium able to adhere

to the intestinal mucus and to interact with the host immune system [51].

We used the Spearman’s rank correlation coefficient to measure the association between

plasma urea, nitrogen excretion and fecal bacterial genera. Correlation analysis revealed posi-

tive correlations between Oscillospira (r = 0.74, p = 0.00004), Faecalibacterium (r = 0.64,

p = 0.0008), Peptococcus (r = 0.69, p = 0.0002), Anaerostipes (r = 0.61, p = 0.0016), Solobacter-
ium (r = 0.53, p = 0.007) and nitrogen excretion. This parameter showed negative correlations

with Syntrophococcus (r = -0.59, p = 0.002), Prevotella (r = -0.54, p = 0.007), Mitsuokella (r =

-0.51, p = 0.01). The fundamental role of intestinal nitrogen in driving the interaction between

the host and the gut microbiome has been already established [52]. Based on a predictive

model analysis, nitrogen availability was reported to exert a primary control in the assembly of

gut microbial communities by limiting microbial competition for carbon sources [52]. In addi-

tion, a negative correlation was found between urea and Anaerostipes (r = -0.779; p<0.0001),

Pseudobutyrivibrio (r = -0.687; p = 0.0002), Faecalibacterium (r = -0.500; p = 0.013), Oscillibac-
ter (r = -0.436; p = 0.033), Oscillospira (r = -0.522; p = 0.009), Shuttleworthia (r = -0.484;

p = 0.017) and Solobacterium (r = -0.543; p = 0.006). All these taxa increased in tannin-fed pig-

lets as compared with controls. Conversely, positive correlations were detected between this

blood parameter and genera that were less abundant in tannin-fed animals, i.e. Atopobium
(0.685; p = 0.0002), Syntrophococcus (r = 0.580; p = 0.003), Acidaminococcus (r = 0.471;

p = 0.02), Howardella (r = 0.545; p = 0.006), Megamonas (r = 0.410; p = 0.046) and Mega-
sphaera (r = 0.520; p = 0.009). Remarkably, a number of studies have reported that lower

serum urea concentration is linked to a more efficient utilization of protein/nitrogen by ani-

mals [53,54]. Although correlation does not imply causation, the association between this

marker and fecal bacterial taxa found in this the present study suggests a potential involvement

of tannin-driven microbial population shifts in whole-animal nitrogen balance in piglets.

Short chain fatty acids content in stools

The determination of SCFAs in piglet stools revealed a significant increase in butyrate propor-

tion in the tannin group (12.88 ± 3.11) as compared with the control group (9.93 ± 2.41,

p = 0.018). In addition, a significant decrease in valerate (2.69 ± 0.62 vs. 3.51 ± 1.09, p = 0.044)

was also detected in the tannin-fed animals (Fig 5). The total concentration of SCFA was simi-

lar (p = 0.1413) in both groups of experimental piglets (CTR 0.0723 mmol/g±0.014; TAN

0.082 mmol/g±0.017).
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The importance of butyrate for the host’s gut health is well established, and its positive role

in the intestinal mucosa and immune responses has been described in weaning piglets [27].

Results of the Spearman’s correlation analysis indicated that there was a significant positive

association between butyrate and Pseudobutyrivibrio (r = 0.669, p = 0.0003), Atopobium (r =

-0.527, p = 0.008), and Anaerostipes (r = 0.509, p = 0.011). As concerns valerate, it can be pro-

duced by the degradation of lactate, as shown for some strains of Megasphaera elsdenii in pigs

[55], but small amounts of this chain fatty acid can be formed by protein and amino acid deg-

radation by other intestinal bacteria [53]. Based on our correlation results, fecal valerate con-

tent displayed a weak positive association with the levels of Megasphaera (r = 0.44, p = 0.031)

and Desulfovibrio (r = 0.44 p = 0.034). Megasphaera showed the same positive correlation in

the proximal colon of pigs fed a trans-glycosylated starch diet [56]. Overall, valerate has been

poorly investigated, but it has been described as an alternative source of energy for colonocytes

in pigs [54].

Co-occurrence networks of the intestinal microbiota of control and tannin

group animals

To explore the dynamics of gut bacterial interactions across diets, a bacterial community net-

work analysis was performed for each group of animals (Fig 6A and 6B). Only significant cor-

relations (p< 0.05) are shown.

In the network of the control group, Desulfovibrionaceae, Veillonellaceae, Lachnospiraceae,
Prevotellaceae, Succinivibrionaceae, Erysipelotrichaceae, and Family XIII Incertae Sedis were

positively correlated with each other. The strongest correlations were found between Veillonel-
laceae and Prevotellaceae (SparCC = 0.86), between Succinivibrionaceae and Desulfovibriona-
ceae (SparCC = 0.81), and between Succinivibrionaceae and Family XIII Incertae Sedis

(SparCC = 0.78). Conversely, Christensenellaceae showed strong negative correlations with

Lachnospiraceae (SparCC = −0.89) and Prevotellaceae (SparCC = −0.94). At the edge of the

network, Family XIII Incertae Sedis was negatively correlated with Peptostreptococcaceae

Fig 5. Proportion of short-chain fatty acids in control (CTR) and tannin-fed (TAN) piglets. The � indicates a p

value�0.05.

https://doi.org/10.1371/journal.pone.0250874.g005
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Fig 6. SparCC co-occurrence network analysis at the family level of the control (A) and the tannin (B) group

microbiota. The node size represents the relative abundance of families. Lines represent correlations between the

nodes they connect. The green colour of an edge indicates positive correlations, whereas the red colour denotes

negative correlations. The colour intensity and line thickness indicate the correlation magnitude. Only significant

correlations (p< 0.05) are shown.

https://doi.org/10.1371/journal.pone.0250874.g006
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(SparCC = −0.74), Ruminococcaceae (SparCC = −0.96), and Campylobacteriaceae (SparCC =

−0.95).

In the tannin group samples, the families Veillonellaceae, Lachnospiraceae, and Coriobacter-
iaceae occupy the central part of the network, as for the previous group. Moreover, the Spiro-
chaetaceae family, which characterised the network of the tannin group, showed strong

positive correlations with Christensenellaceae (SparCC = 0.88) and Rikenellaceae
(SparCC = 0.87). The presence of Acidaminococcaceae and Alcaligenaceae characterised the

co-occurrence network of the tannin group. Veillonellaceae showed strong positive correla-

tions with both Acidaminococcaceae (SparCC = 0.85) and Alcaligenaceae (SparCC = 0.80).

Finally, Family XIII Incertae Sedis was not present in the central part of the tannin group

network and did not display any significant correlations with other families.

These findings confirmed that tannin supplementation influenced both the composition of

the gut microbiota of piglets and the interactions between different bacterial groups, mainly

hydrogen-consuming populations such as Desulfovibrio. This decrease could be due to a par-

ticular sensitivity of this genus to tannins and/or its derivative compounds, as well as to a dif-

ferent hydrogen balance in the gut environment.

Functional prediction

The COG functional category profiles were analysed to identify significant differences between

the two groups of samples (Fig 7 and S4 Table). More specifically, a significant reduction in

genes involved in lipopolysaccharide (LPS) biosynthesis (i.e. K00912, K00677, K02527,

K00748, and K03272) was found in the tannin group. LPSs are components of the outer mem-

brane of Gram-negative bacteria that are often associated with inflammation. They are able to

induce inflammation by activating the host’s immune cells [57], although LPSs seem to play a

role in facilitating the host’s tolerance of gut microbiota [58]. The reduction in LPS genes in

our samples could be due to a decrease in Gram-negative bacteria numbers, such as Bacteroi-
detes and particularly Prevotella, following the supplementation of tannins. These results could

suggest a reduction in components capable of inducing immune responses, and, consequently,

of affecting the inflammation status in piglets fed with tannins. Further analysis is required in

order to confirm this hypothesis.

Moreover, in the tannin group samples, the genes encoding for enzymes associated with

propanoate (i.e. K00169, K00170, K00172, and K01026) and butanoate (K00248, K14534,

K00169, K00170, K04072, K00172, and K00171) metabolism were enriched. In particular, the

enriched genes of the butanoate pathway were genes encoding for enzymes involved in carbo-

hydrate fermentation. Conversely, genes involved in the butyrate conversion from succinate

were less represented in the tannin group. For instance, one genus that was decreased in the

tannin-supplemented group was Prevotella, a highly efficient fibre degrader producing succi-

nate. Moreover, in the same group of samples, a reduction in genes encoding for phospho-

transbutyrylase and butyrate kinase was detected, while genes encoding for butyryl-CoA:

acetate-CoA transferase were enriched. Three of the genes that were enriched in the tannin

samples encoded for common oxidoreductases in both the butanoate and the propanoate

pathway. Overall, the outcome of the in silico analysis indicates a different balance of meta-

bolic activities in the gut microbiota of animals fed on tannins, as a result of the modulation of

bacterial populations that produce butyrate via different metabolic routes. Indeed, Acidamino-
coccus, Megasphaera, Pseudoramibacter, and Roseburia showed a statistically significant reduc-

tion, whereas Shuttleworthia, Anaerostipes, Faecalibacterium, Pseudobutyrivibrio, Butyrivibrio,

Oscillibacter, and Oscillospira were increased in the tannin group [25,49,59,60]. Therefore, the

species-specific functionalities and the intra-species diversity can explain the modulation of
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butyrate metabolism. Notably, the dietary regulation of the metabolic pathways underlying

butyrate production in tannin-fed piglets seems to result in an overall positive balance, as indi-

cated by the higher production yield of butyric acid in the tannin group as described above.

Moreover, our analysis revealed a significant increase in carbohydrate metabolism that has

been associated with low feed efficient pigs [47,61].

Conclusion

As far as we know, this is the first investigation of the effects of quebracho and chestnut tan-

nins on the gut microbiota of weaned piglets. In this study, tannin supplementation caused

changes in the composition of the gut microbiota and specifically modulated the populations

of butyrate-producing bacteria. The major limitation of this work is that the animals involved

in the trial did not show any clear health problems, so we could not evaluate the tannins’

potential capability to prevent diseases associated with weaning. The next step could therefore

be testing the tannin mixture in artificially infected piglets.
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Inhibition of Lipopolysaccharide- and Lipoprotein-Induced Inflammation by Antitoxin Peptide Pep19-

2.5. Front Immunol. 2018; 9: 1704. https://doi.org/10.3389/fimmu.2018.01704 PMID: 30093904

58. d’Hennezel E, Abubucker S, Murphy LO, Cullen TW. Total Lipopolysaccharide from the Human Gut

Microbiome Silences Toll-Like Receptor Signaling. mSystems. 2017; 2(6):e00046–17. https://doi.org/

10.1128/mSystems.00046-17 PMID: 29152585

59. Rivière A, Selak M, Lantin D, Leroy F, De Vuyst L. Bifidobacteria and butyrate-producing colon bacteria:

Importance and strategies for their stimulation in the human gut. Front Microbiol. 2016; 7: 979. https://

doi.org/10.3389/fmicb.2016.00979 PMID: 27446020

60. Kopečný J, Zorec M, Mrázek J, Kobayashi Y, Marinšek-Logar R. Butyrivibrio hungatei sp. nov. and

Pseudobutyrivibrio xylanivorans sp. nov., butyrate-producing bacteria from the rumen. Int J Syst Evol

Microbiol. 2003; 53: 201–209. https://doi.org/10.1099/ijs.0.02345-0 PMID: 12656174

61. Deutscher J, Francke C, Postma PW. How Phosphotransferase System-Related Protein Phosphoryla-

tion Regulates Carbohydrate Metabolism in Bacteria. Microbiol Mol Biol Rev. 2006; 70: 939–1031.

https://doi.org/10.1128/MMBR.00024-06 PMID: 17158705

PLOS ONE A mixture of tannins drives butyrate-producing bacteria shift in the gut microbiota of weaned piglets

PLOS ONE | https://doi.org/10.1371/journal.pone.0250874 April 29, 2021 18 / 18

https://doi.org/10.1016/j.cmet.2016.10.021
http://www.ncbi.nlm.nih.gov/pubmed/27889387
https://doi.org/10.1038/nutd.2014.23
https://doi.org/10.1038/nutd.2014.23
http://www.ncbi.nlm.nih.gov/pubmed/24979150
https://doi.org/10.1093/jn/129.5.1002
http://www.ncbi.nlm.nih.gov/pubmed/10222392
https://doi.org/10.1128/AEM.70.10.5810-5817.2004
https://doi.org/10.1128/AEM.70.10.5810-5817.2004
http://www.ncbi.nlm.nih.gov/pubmed/15466518
https://doi.org/10.3389/fmicb.2018.00224
http://www.ncbi.nlm.nih.gov/pubmed/29487593
https://doi.org/10.3389/fimmu.2018.01704
http://www.ncbi.nlm.nih.gov/pubmed/30093904
https://doi.org/10.1128/mSystems.00046-17
https://doi.org/10.1128/mSystems.00046-17
http://www.ncbi.nlm.nih.gov/pubmed/29152585
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.3389/fmicb.2016.00979
http://www.ncbi.nlm.nih.gov/pubmed/27446020
https://doi.org/10.1099/ijs.0.02345-0
http://www.ncbi.nlm.nih.gov/pubmed/12656174
https://doi.org/10.1128/MMBR.00024-06
http://www.ncbi.nlm.nih.gov/pubmed/17158705
https://doi.org/10.1371/journal.pone.0250874

