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Abstract

Microbial population in the gastrointestinal tract plays a central role in health and nutrient
digestion. The objective of the present study was to investigate the relationships between
microbiota and apparent digestibility coefficients with respect to age and diet. Pigs from
Large-White, Duroc or Pietrain breeds were raised under the same housing conditions and
fed alternately a low-fiber (LF) and a high-fiber diet (HF) during 4 successive 3-week peri-
ods. Data collection for digestibility measurements was achieved during the last week of
each period. At the end of each period, fecal microbiota was collected for 16S rRNA gene
sequencing. The microbiota remained stable across periods whereas digestibility of energy,
crude proteins and cell wall components increased. The microbiota was resilient to diet
effect and pigs fed the LF diet were discriminated to those fed the HF diet using 31 predicting
OTUs with a mean classification error-rate of 3.9%. Clostridiaceae and Turicibacter were
negatively correlated whereas Lactobacillus was positively correlated with protein and
energy digestibility coefficients in the LF group. In addition, Lachnospiraceae and Prevotella
were negatively correlated with cell wall component digestibility. In contrast, no significant
correlation was found between microbiota composition and digestibility coefficients when
pigs were fed the HF diet. Interestingly, it was also no longer possible to distinguish animals
from different breeds once the animals were fed a HF diet, so that the microbiota could only
trace the breed origin in the first period and in the LF group. In our experimental conditions,
3 weeks of adaptation to a new diet seems to be sufficient to observe resilience in growing
pigs’ microbiota. We demonstrated that fecal microbiota can be used to classify pigs accord-
ing to their dietary treatment. Some bacteria are favorable or unfavorable to digestibility.
This suggests that manipulations of bacterial populations can improve digestibility and feed
efficiency.

Introduction

Microbial population in the gastrointestinal tract plays a central role in health and nutrient
digestion of the host. A major function of gut microbiota is to break down indigestible
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carbohydrates into short-chain fatty acids (SCFAs), particularly acetate, propionate and buty-
rate. These SCFAs are an important energy source for the host. In growing pigs, energy pro-
duced from hindgut fermentation of dietary fiber represents 7 to 18% of the total available
energy absorbed by the pig [1]. In addition, the positive effect of microbiota on gut health sta-
tus [2] can be related to the physiological effects of SCFAs [3]. According to Cornick et al. [4],
butyrate is a potent inhibitor of inflammation, tumor growth and also stimulates mucus pro-
duction and secretion with subsequent positive effects on gut health.

The gut microbiota composition changes according to factors related to the animal such as
age [5, 6], health status [7, 8] or growth performances even though 1% of the genes of the gut
microbiota are shared between all the pigs [9]. According to Ramayo-Caldas et al. [10], micro-
bial clusters dominated either by Prevotella or Ruminococcus genera allow to discriminate pigs
with high or low average daily gain. Environmental factors can also lead to gut microbiota
modifications through feeding management or sanitary status of the farm [11], in-feed antibi-
otics [12] or diet composition. Dietary fiber content seems to be a major driver of gut micro-
biota composition [13]. Numerous studies have already focused on the relationship between
dietary fiber and pig gut microbiota [8, 14, 15]: addition of resistant starch increases total bac-
terial counts and stimulates healthy gut-associated butyrate-producing Faecalibacterium
prausnitzii growth in the colon [15] even though the impact of repeated changes in fiber con-
tent in the pig diets has not been evaluated yet.

In growing pigs, the nutrient digestibility increases with the age [16], is affected by the
breeds [17] and is mainly influenced by dietary management. The digestibility of energy line-
arly decreases by about 0.8% for each extra percentage of neutral detergent fiber dietary con-
tent [18-20]. According to these authors, this detrimental effect of dietary fiber is smaller in
adult sows when compared to growing pigs. It appears that factors influencing the microbiota
composition also affect nutrient digestibility. However, little is known regarding the subse-
quent consequences of changes in gut microbiota nutrient digestion and metabolism in swine.
Data about pig gut microbiota and fiber digestibility remain scarce, but 11 bacterial genera
were positively correlated with apparent crude fiber digestibility in Chinese pigs fed low die-
tary fiber [21].

The objectives of the present study were to investigate the effects of dietary fiber content on
gut microbiota composition and nutrient digestibility in pigs at different ages and to evaluate
the relationships between digestibility and microbiota composition. Pigs originated from 3 dif-
ferent breeds and farms to obtain robust findings.

Material and methods

This study was conducted in accordance with the French legislation on animal experimenta-
tion and ethics, and this research was authorized by the French Ministry of Agriculture to con-
duct experiments on living animals at the INRA facilities in Saint Gilles, France (agreement
2015091517437619).

Animals and experimental design

A total of 22 Duroc, 20 Large White and 21 Pietrain castrated pigs were used in the study con-
ducted in 2 successive replicates. Each breed originates from a different farm (Large-White
pigs originated from the experimental facility of INRA, St Gilles, France. Pietrain pigs came
from EARL Lucien Geffrelot, Lamballe, France. Duroc pigs came from EARL Maguer, Elliant,
France) and the animals were transferred to our experimental facilities at 20 days of age. All
three breeds were raised in our facilities under the same conditions until the start of the experi-
mental period at 11 weeks of age and 29 kg, 35 kg and 37.2 kg mean live body weight (BW) for
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Fig 1. Experimental design and changes in the dietary treatments according to the experimental period. LF and HF are for low and high fiber diets,
respectively. Each one-week feces collection period (dashed squared) was preceded by 2 weeks of adaptation to the experimental diet. Feces samples for
microbiota (Mi) analysis were collected on the last day of collection period, and body weights (BW) were recorded at the beginning and at the end of
the feces collection period.

https://doi.org/10.1371/journal.pone.0206159.g001

Duroc, Large White and Pietrain pigs, respectively. Total tract digestibility measurements
were conducted over four consecutive 3-week periods (Fig 1). During each collection period,
pigs were housed individually in digestibility cages for a 7-d collection of feces following 14-d
of adaptation to the dietary treatment (collection started at 13, 16, 19 and 22 weeks of age). In
the 10 first days of adaptation, pigs were housed individually in metal slatted cages (77 x 125
cm). Four days before the starting of the collection period pigs were moved to metabolic slatted
cages (52 x 117 cm). The control low-fiber diet (“LF diet”) contained 2.8% of crude fiber and
was formulated with cereals (corn, barley and wheat) and soybean meal. The increase in die-
tary fiber content in the high fiber diet (“HF diet”) was obtained by a partial substitution of
corn and soybean meal by wheat bran, rapeseed meal, and soya hulls (Table 1). This substitu-
tion introduced different types of fibers in order to be close to the situations encountered in
pig diet in commercial conditions. The ratio digestible lysine/net energy was kept at 0.86% for
both diets; amino acids/lysine ratios were similar between diets as well as the digestible phos-
phorus and the calcium/digestible phosphorus ratio. Pigs received alternately LF and HF diets
during the four 3-weeks periods, starting by LF diet for half of the animals (each breed equally
represented) and HF diet for the others (Fig 1). During the adaptation and the collection peri-
ods, fresh diets were offered twice a day as pellets at feeding scale close to the ad libitum level.
The negligible restriction allowed to homogenize feed intake between pigs within a same breed
and to limit feed refusals and spillage that may generate subsequent errors in digestibility mea-
surements. However, it slightly reduced the growth performance compared to the expected
ones in pigs fed ad libitum. Feed allowance was constant over each 7 days of the collection
period and increased between two collection periods in order to adjust to the feeding scale for
spontaneous change in voluntary feed intake with BW. Pigs had free access to water. The space
allowance in the cage was adjusted each period to optimize the comfort of the animal and the
quality of the excreta total collection. Room temperature was set to 24°C.

Measurements

Cumulated feed intake and cumulated potential refusals or spillage over each 7-d collection
period were recorded, and the dry matter (DM) of proposed weekly feed and refusals were
measured. At the end of each replicate, the 4 feed samples were pooled for further chemical
analyses. The BW was measured at the beginning and the end of each collection period. Feces
were daily and totally collected once a day, cumulated during the whole collection period and
stored at 4°C [18, 22]. At the end of each collection period, feces were weighed, homogenized
and three separate samples were prepared, one for freeze drying and further chemical analyses
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Table 1. Composition of the experimental diets’.

LF HF
Ingredients, %
Corn 34.58 17.77
Barley 17.77 17.77
Wheat 17.77 17.77
Soybean meal 15.74 9.18
Rapeseed meal 1.97
Wheat bran 2.50 15.00
Soybean hulls - 10.00
Sugar beet pulp - 5.00
Cane molasses 1.03 0.68
Corn starch 4.25 -
Sunflower oil 1.00 -
L-Lysine HCL 0.33 0.25
L-Threonine 0.15 0.10
L-Tryptophan 0.03 0.01
DL-Methionine 0.08 0.03
Sodium chloride 0.45 0.45
Calcium carbonate 0.82 0.62
Dicalcium phosphate 1.20 1.11
Minerals and vitamins 0.50 0.50
Indigestible markers 1.80 1.80
Digestible Lysine / Net energy 0.86 0.86
Analyzed chemical composition, % 2
Ash 4.9 5.6
Crude protein 14.4 14.4
Crude fat 3.7 2.7
Crude fiber 2.8 7.7
Neutral detergent fiber 10 20
Acid detergent fiber 3.4 9.5
Acid detergent lignin 0.7 1.4
Gross energy (MJ/kg) 16 16

! LF: low-fiber diet; HF: High-fiber diet.

2 Chemical compositions were adjusted for a dry matter content of 88%

https://doi.org/10.1371/journal.pone.0206159.t001

and the others for immediate DM determinations. At the end of the 7 d-collection period,

fecal samples were collected aseptically from individual pigs in plastic bags. Fecal samples were
thoroughly homogenized and 2 aliquots were frozen with liquid nitrogen until transferring

them within 10 minutes to a freezer to be stored at -80°C until analyses.

Chemical analysis and DNA sequencing

Pooled samples of feed and the individual fecal samples were analyzed for DM, ash (incinera-
tion at 550°C), nitrogen (N; Dumas method), Weende crude fiber (CF) and gross energy (IKA
adiabatic calorimeter) using the methods of AOAC [23]. Cell wall fractions [Neutral Detergent

Fiber (NDF), Acid Detergent Fiber (ADF) and Acid Detergent Lignin (ADL)] were deter-

mined according to the method of Van Soest et al. [24]. Feed samples was also characterized
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for their fat content using petroleum extraction with prior acid hydrolysis according to AOAC
[23].

Microbial DNA was extracted using beat-beating with the Zymo kit from 50 mg of feces
sample according to a method described previously [14]. The V3-V4 region of the 16S rRNA
gene was amplified using F460 and R460 primers (F460: CTTTCCCTACACGACGCTCTTCCGA
TCTACGGRAGGCAGCAG, R460: GGAGTTCAGACGTGTGCTCTTCCGATCTTACCAGGGTATC
TAATCCT) and 30 cycles of PCR with an annealing temperature of 65°C. Homemade 6-bases
index was incorporated during a second PCR to perform multiplexing. Resulting libraries
were pooled by 2 x 250 bp paired-end sequencing on Illumina MiSeq platform according to
the manufacturer instructions. Sequences were then paired and cleaned internally in the
GeT-PlaGE platform (Toulouse, France) for length, homopolymers and undetermined nucleo-
tides. The quality of the sequences was controlled by adding 4 mock samples of known compo-
sition to the run. The quality of the run was checked internally using PhiX, and then each pair-
end sequences were assigned to its sample with the help of the previously integrated index.
Then proportion of the species was checked after assembly using the FLASH software with at
least 10bp overlap and at most 10% mismatch.

Chimeras were removed from the sequences dataset before to be clustered de novo into
Operational Taxonomic Units (OTUs) using VSEARCH [25] with a threshold of 0.97 similar-
ity. A table of relative abundance of each OTU in each sample was created. Usearch9.2.64_i86-
linux32 was then used for taxonomic assignation based on SILVA database [26].

Calculations and statistical analysis

Related to the pigs’ performance, the average daily BW gain (ADG) was calculated as the dif-
ference between the final and the initial BW of each collection period. The daily feed intake
was calculated by the difference between feed allowance and feed refusal. The average daily
feed intake (ADFI) was the average value from all the duration of collection period. Feed con-
version ratio (FCR) was calculated as the ratio between ADFI and ADG and standardized for
the dry matter content.

Hemicellulose and cellulose contents in feed and feces were calculated as the difference
between NDF and ADF contents, and between ADF and ADL contents, respectively. Apparent
digestibility coefficients of organic matter (OM), energy, N, hemicellulose, cellulose and lignin
were calculated for each pig and each period [27].

Statistical analysis was run under R 3.3.2 except for ANOVA models for which SAS (version
9.4, SAS Inst. Inc., Cary, NC) was used. A summary of the pipeline analysis is shown in S1 Fig.

Performances traits and digestibility coefficients were analyzed using the mixed model of
SAS including the effects of breed (n = 3), diet (n = 2), period (n = 4) and interactions. The
effects of breed, diet and collection period were considered as fixed effects. The REPEATED
statement was included in the model for accounting for within-pig covariability of repeated
measurements made on the same experimental unit during the four consecutive collection
periods. Differences between means were assessed through the statistical test of Tukey’s least
significant difference.

Phyla abundance among diets, breeds and periods was analyzed through chi-squared tests.
Diversity of the microbiota was described using the Simpson and the Shannon indexes (vegan
R package) on the dataset previously rarefied to 5,000 sequences per sample. Samples under
5,000 sequences have been taken out of statistical analyses. The effects of diet, breed and period
on these indexes were analyzed by ANOVA. The mixed model of SAS included the fixed
effects of breed, diet and period. The REPEATED statement was included in the model to
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account for within-pig covariability of repeated measurements during the four consecutive
collection periods.

The effects of the different factors on OTUs were assessed with generalized linear models
(glm) using edgeR package in R. This method takes care of multiple factors by fitting glm with
the design matrix of the experiment. The dispersion of the OTU abundance is estimated with
accuracy, since all sources of variation are accounted for. For example, to extract differentially
abundant OTUs between diets, the glm model took into account the variation related to the
replicate, breed and period factors. The p-values were then adjusted with false discovery rate
(FDR) method. The significance threshold of the adjusted p-value was 0.05. Unfortunately,
GLM models from edgeR do not take into account the repeated measures.

The proportions of the explained variance by diet, breed, period or repetition factors are
evaluated through the Bioconductor R pvca package.

A Sparse Partial Least Square Discriminant Analysis (sPLS-DA) from MixOmics R package
was performed. This method enables to assess the minimal number of OTUs required to pre-
dict the group the animals belonged to according to their diet, breed and period. The multi-
level parameter in sPLS-DA function is added to take into account the repeated measures for
every animal. The OTU table was normalized through Total Sum Scaling (TSS) and Centered
Log Ratio (CLR) transformation. Error-rate of the model and stability of the discriminant
OTUs was evaluated by M-fold cross-validation in sPLS-DA analysis with 10 folds and
repeated 10 times. The OTUs were considered stable if selected in more than 90% of the cross-
validation tests.

Pearson correlations between energy, N, cellulose and hemicellulose digestibility coeffi-
cients and the OTUs were calculated and p-values were adjusted with FDR method for
accounting for multiple tests. The correlation was considered significant when the associated
p-value was under 0.05.

Results
Animal performance and digestibility coefficients

At the end of the experiment, data from 243 collection periods were available. Three animals
died before the end of the trial and one collection period was missing for 4 pigs due to sickness.
Data related to animal performance and digestibility coefficients are presented in Table 2.
From the analysis of variance, the effect of the repetition was significant (P < 0.05) only for the
mean BW. These data were not discussed and are only indicative.

The digestibility increased linearly over time (Table 2 and Fig 2). From the first to the fourth
collection periods the digestibility of OM, energy and N reached 3.7, 3.8 and 6.6% improve-
ment, respectively, whereas NDF, hemicellulose, cellulose and lignin digestibility coefficients
reached 19.5, 16.6, 25.0 and 14.8% improvement, respectively. In Pietrain and Large White
breeds, the digestibility of NDF and hemicellulose significantly increased (P < 0.05) from the
first to the third collection periods but remained stable thereafter. In contrast, Duroc pigs had
stable digestibility coefficients during the first two collection periods and increased linearly
during the third and the fourth periods. The digestibility of OM, energy, N, cellulose and lignin
(ADL) tended to follow the same evolution as NDF and hemicellulose. This leaded to a signifi-
cant interaction between breed and period for the digestibility of NDF, cellulose and hemicel-
lulose (P < 0.05). No interaction between breed and diet has been observed (P > 0.07).

The digestibility of OM, energy, N and lignin were 5 to 10% higher in the LF diet (88.3%,
86.5%, 86.0% and 56.5% vs 80.6%, 78.3%, 76.1% and 43.8%, respectively) (Table 2). In contrast,
the digestibility of NDF, cellulose and hemicellulose were 5 to 10% higher in the HF diet
(60.3%, 60.1% and 63.2% vs 56.5%, 58.8% and 50.9%, respectively in LF diet).
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Table 2. Effect of diet, breed and period on growing and feeding performances in growing pigs’.

Diet Breed Period RSD? p-values®
LF HF DU Lw PI 1 2 3 4 Diet Breed | Period | DxB DxP BxP

n 123 120 80 79 84 64 59 60 60
BW (kg) 545 | 548 | 50.1° | 554" | 582° | 35.8% | 486" | 61.0° | 74.3¢ 3.0 0.337 | <0.001 | <0.001 | 0.924 0.006 0.734
ADFI (g/d) 1414 | 1405 | 1367° | 1465° | 1397° | 1242° | 1371° | 1462° | 1573¢ 349 0.355 | <0.001 | <0.001 | 0.979 0.967 | <0.001
ADG (g/d) 673 | 570 595 621 649 613 | 669° | 560" | 647° 136 <0.001 0.231 0.001 | 0.034 0.191 | <0.001
FCR 2.56 | 3.18 2.94 2.94 2.73 2.41° | 2.68°° | 3.40° | 3.00™ 1.06 | <0.001 0.670 | <0.001 | 0.709 0.312 0.025
Digestibility coefficients (%)
OM 88.3 | 80.6 84.5 84.3 84.8 82.8" | 84.1° | 85.4° | 85.9° 1.7 <0.001 0.211 | <0.001 | 0.240 | <0.001 0.061
Energy 86.5 | 78.3 82.4 82.2 82.7 80.7° | 82.1° | 833° | 83.8° 1.8 <0.001 0.223 | <0.001 | 0.336 | <0.001 0.073
N 86.0 | 76.1 80.7* | 80.8%" | 81.8" 78.2° | 80.9° | 82.1° | 83.4¢ 2.5 <0.001 0.014 | <0.001 | 0.572 0.424 0.089
Cell wall

NDF 56.5 | 60.3 58.4 57.6 59.1 52.8" | 56.9° | 61.1° | 63.1° 5.3 <0.001 0.101 | <0.001 | 0.172 0.049 0.002

Hemicellulose | 58.8 | 60.1 59.5 58.9 60.0 542° | 584" | 62.4° | 63.2° 4.7 0.002 0.206 | <0.001 | 0.072 0.816 | <0.001

Cellulose 50.9 | 63.2 57.1 56.0 57.8 50.7° | 54.7° | 59.5° | 63.4° 7.8 <0.001 0.272 | <0.001 | 0.094 0.002 0.029

Lignin 43.8 | 56.5 50.3 49.2 51.2 46.7° | 50.7°° | 50.2° | 53.6° 7.0 <0.001 0.143 | <0.001 | 0.104 0.022 0.095

' LF and HF = low and high fiber diets, respectively. DU, LW, PI for Duroc, Large-White, and Pietrain breed, respectively. n = number of observations, BW = mean live
body weight during the collection period, ADFI = average daily feed intake, ADG = average daily gain, OM = organic matter, N = nitrogen, NDF = neutral detergent
fiber, hemicellulose: calculated as the difference between neutral detergent fiber and acid detergent fiber, cellulose: calculated as the difference between acid detergent
fiber and acid detergent lignin, lignin: acid detergent lignin.

? Residual Standard Deviation

3 From the ANOVA with diet effect (D, n = 2), breed effect (B, n = 3), period effect (P, n = 4), and interactions. Least square means within one column for the different
breeds and periods with the same letter exponent do not differ (P < 0.05).

https://doi.org/10.1371/journal.pone.0206159.1002

Microbial data

A total of 243 feces samples have been collected over the four periods. Among them 229 sam-
ples reached more than 5 000 sequences per sample and were kept for further analyses. Maxi-
mum number of sequences per sample was 46,827, with an average value of 18,934 + 10,686.
The sequences clustering generated 2,780 OTUs, essentially Firmicutes (68.3% of total
sequences) and Bacteroidetes (23.4%) (S2 Fig).

Diversity indexes were independent from the period, the breed and the diet (53 Fig). How-
ever, regarding the variance of the gut microbiota composition, 21%, 1.5% and 32% of the total
variance was explained by the effects of the period, the breed and the diet, respectively.

We did not observe a constant shift in the microbiota composition over periods within
each dietary treatments as shown by the absence of differentially expressed OTU over time
based on the GLM analysis or our inability to discriminate microbial communities between
periods (above 50% error-rate) (S4 Fig).

Pigs fed the LF diet during the first collection period could be divided into three distin-
guished breeds by using the OTU abundance table (Fig 3). A total of 200 OTUs were selected
to minimize the misclassification error-rate (i.e., 13.9%). This misclassification error-rate was
based on the comparison, for each pig, between the actual breed and the predicted breed
obtained from the sPLS-DA model. For the others collection periods, microbiota composition
failed to identify separations between breeds (Fig 4), suggesting that exposure to the HF diet
abolishes the difference between breeds.

Irrespective to the breed and the period, microbiota composition was significantly influ-
enced by dietary treatment: 1,641 out of 2,041 OTUs were differentially abundant between LF
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Fig 2. Evolution of digestibility coefficient of energy across periods 1 to 4 for the low-fiber (orange) or high-fiber (darkblue)
diets in Duroc (A), Large-White (<) and Pietrain (@) pigs.

https://doi.org/10.1371/journal.pone.0206159.g002

and HF diets. Unsurprisingly considering the numerous OTUs impacted, sPLS-DA discrimi-
nated the LF and HF diets with 3.9% error-rate (Fig 5) and 31 OTUs were used for the separa-
tion. The diet prediction was not altered by the previous diet or previous switches of diets
showing the resilience of the biomarkers. When pigs switched from the LF to the HF diet or
conversely, the abundance of the 31 OTUs used as predictors increased or decreased drastically
(Fig 6). The 31 predictors have been selected among all OTUs independently of their rarity.
Ranking all 2,041 OTUs according to their mean abundance, from frequent OTUs to rare
ones, the 6 biomarkers abundant in the HF diet ranged from rank 3 to 1,906 and the 25 OTUs
abundant in the LF diet ranged from rank 92 to 1,866. Among the 6 biomarkers abundant in
the LF diet were 2 Treponema, 1 Acidaminobacter and 2 unclassified OTUs from Bacteroidia
class. As for these 6 OTUs, the 25 biomarkers abundant in the HF diet belonged to the same
phyla (12 Bacteroidetes, 8 Spirochaetes and 6 Firmicutes). At family level, 4 OTUs were Prevo-
tellaceae, 4 Clostridiaceae, 1 Clostridium (sensu stricto genus), 4 Spirochaetaceae (1 Treponema
and 3 unclassified genera), 1 Peptostreptococcaceae (Clostridium XI genus) and 13 were unclas-
sified (S1 Table).
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X-variate 2: 8% expl. var
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Fig 3. Score plot of two-component sPLS-DA model showing feces samples clustering according to the breed with

percentage of variance captured for each principal component (A: Duroc, 0: Large-White, O: Pietrain) for the

animals fed low-fiber diet during period 1. According to the cross-validation permutation test, the misclassification
error-rate was 14%.

https://doi.org/10.1371/journal.pone.0206159.9003

Relationships between digestibility and microbiota

According to the influence of dietary fiber content on gut microbiota composition, correla-
tions between OTU abundance and digestibility of energy, N and cell wall components were
calculated within each dietary treatment.

In the LF diet, 83 and 65 OTUs were significantly correlated (P < 0.05) with the digestibility
coefficient of N and energy, respectively, and 49 and 37 OTUs were correlated with the digest-
ibility coefficients of cellulose and hemicellulose, respectively (Fig 7 and S3 Table). Each OTU
was either positively or negatively correlated with one or more digestibility coefficient. The sig-
nificant correlation coefficients ranged from 0.29 to 0.36 in positive correlations (0.31 on aver-
age) and from -0.29 to -0.45 in negative correlations (-0.34 on average). In HF diet, no OTU
were found to be significantly correlated with digestibility coefficients (S5 Fig).

Clostridiaceae 1 (Clostridium sensu stricto and unclassified at genus level), Erysipelotricha-
ceae (Turicibacter) and Peptostreptococcaceae (Clostridium XI) were negatively correlated with
energy and N digestibility coefficient whereas Lachnospiraceae (Blautia, Coprococcus and
Dorea genera) were negatively correlated with the digestibility of energy, cellulose or hemicel-
lulose. Two OTUs belonging to Clostridiales Incertae Sedis XIII and 4 Streptococcus were
negatively correlated with cell wall components digestibility. Ruminococcaceae negatively cor-
related with cellulose, hemicellulose, N and energy digestibility.

Prevotellaceae (mainly Prevotella genus) were negatively correlated with the digestibility of
cell wall components except for 6 unclassified Prevotellaceae which were positively correlated
with energy and N digestibility.

Lactobacillaceae were positively correlated with N, energy, cellulose and hemicellulose
digestibility except one negatively correlated with cellulose digestibility. The only genus repre-
sented in this family was Lactobacillus.
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Fig 4. Discrimination of the breed through sPLS-DA across periods 1 to 4 for the low-fiber (orange) or high-fiber
(darkblue) diets. T-test resulting in p-value < 0.01: ***; p-value < 0.001: ***.

https://doi.org/10.1371/journal.pone.0206159.9004

Discussion

Most bacteria in the pig gut in the current experiment (88%) were Firmicutes and Bacteroidetes
in agreement with previous studies [9, 28]. Proteobacteria, Spirochaetes and Synergistetes were
also present in matured pig feces microbiota but in smaller amount (< 8% each), as previously
shown [29]. The gut microbiota in our experiment were dominated by Ruminococcus and
Treponema suggesting that the pigs belonged to the same enterotype [10] and that the analysis
methods designed to identify correlations within homogenous groups were relevant.

During the first period of our experiment, the microbiota of the Large White, Duroc and
Pietrain animals differed when fed the LF diet. It should be noted that the animals from each
breed originate from a different farm but were housed from weaning onwards in the same con-
ditions. Because of a possible confusion between the farm origin and the breed, no conclusion
can be made regarding the impact of breed on the microbiota. However the observed differ-
ences in microbiota according to the breed/origin emphasized variability in the animals of our
experiment. Then further conclusions about the relationships between microbiota and digest-
ibility are robust with respect to the origin or the breed of the pigs.
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Fig 5. Score plot of two-component sPLS-DA model showing feces sample clustering according to the diet with
percentage of variance captured for each principal component (A: Low-fiber diet, o: High-fiber diet). According to
the cross-validation permutation test, the misclassification error rate was 3.9%.

https://doi.org/10.1371/journal.pone.0206159.g005

The increase of digestibility in aging animals was not linked to the
microbiota

According to our results, the digestive utilization of energy, N, OM and cell wall components
linearly increased over time. This linear increase is in agreement with published values: energy
digestibility increases by 0.9 point per 10 kg BW [27]. In our study, the energy digestibility
increased by 0.6, 0.8 and 1.0 point in Duroc, Large White and Pietrain pigs, respectively. These
lower results compare to the previous ones on Large White growing pigs [27] might be due to
the lower daily feed intake in our experiment.

Regarding the microbiota composition, the effects of aging were not as clear as the effect of
diet. This might be due to the period alternation with different diets. In addition, diversity
indexes and microbiota composition remain generally stable after 3 months of age in growing
pigs [5]. As a consequence, the lack of change in microbiota composition with the age might
reflect the stability of microbiota composition in 3 to 5 months old pigs. Since the improve-
ment of energy, N or cell wall components digestibility over time seemed unrelated to micro-
bial changes in the hindgut, other factors were likely to be responsible. For example the transit
rate changes during the pig growth [30, 31] which could cause the digestibility improvement
with time.

Robust effect of the diet on digestibility and microbiota

In the present study, fibers decreased the energy and OM digestibility as observed previously
[19]. The present study shows a 0.8% reduction of energy digestibility for each 1% increase in
NDF content, which is in agreement with the 1% reduction that was previously reported in
growing pigs [20].

Fibers also decreased the digestibility of N which may be due to mechanical erosion of the
gut epithelium. This erosion led to more endogenic secretion mainly constituted with proteins
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792: dark blue, OTU 689: red, OTU 1940: green) are extracted from the sPLS-DA analysis using the contribution on
the first principal component.

https://doi.org/10.1371/journal.pone.0206159.9006

[32] and thus increased the N losses in feces. Furthermore, a previous study [15] observed an
increase in bacterial counts with high-fiber diet possibly resulting in an increase of ureic N
released in the gut [33] and therefore intensifying fecal N losses and decreasing its digestibility.
Because insoluble fibers as wheat bran or soya hulls kept water in their matrix [34], nutrients
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like proteins were trapped and became less available for enzyme activity [35]. In addition,
fibers mechanically acted on gut wall through the increase of the volume to digest [36, 37]
resulting in an increase of colon motility [38] and a decrease of the transit time [39]. The
exceeding proteins in the digesta, their lower availability and the decrease of transit time
increased the loss of N in the feces, participating to the decrease of the apparent digestibility of
N as in our study.

Replacing part of the feed by ingredients containing fibers also had a strong impact on gut
microbes. About 80% of the OTUs were differentially abundant between diets irrespective to
the period or the breed. The impacts of dietary fiber addition on microbiota composition have
been extensively described in pigs [8, 40, 41] or in humans [42-44]. The most likely mecha-
nism is the production of SCFAs [45, 46], which have been shown to exert multiple beneficial
effects on host energy metabolism and on the health in the small intestine. As an example, pro-
liferation of the epithelial cells and cell turnover were stimulated by fermentations products
[47, 48], related to an improved digestibility of cell wall components.

The microbial biomarkers used to discriminate pigs fed LF to those fed HF diets in our
experiment belonged to Bacteroidia, Clostridia and Spirochaetia classes, Prevotellaceae, Clostri-
diaceae and Spirochaetaceae families. These results are in agreement with data published in
pigs [14] or in humans [43, 49]. A stimulation of the glucose metabolism induced by the inges-
tion of fiber rich diet by humans led to an increased Prevotella abundance [50]. In addition,
previous studies correlated Clostridium sp. to the gut motility [51, 52] which is triggered by
fiber ingestion. The third family mainly represented among our predictors was Spirochaeta-
ceae. Treponema as a member of this family present pectinolytic functions [53] suggesting that
its abundance may be highly affected by modifications in the dietary fiber content.
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Resilience of the microbial biomarkers to diet perturbations

In the present study, a three-week adaptation period to a given diet was sufficient to stabilize
the relative abundance of the microbial biomarkers of the diet suggesting a resilience of the
corresponding bacterial populations. Similarly, it has been demonstrated that an equilibrium
of the structural and functional composition of the microbiome is reached three weeks after a
dietary change in pigs [54]. In addition, previous study analyzed the gut microbiota in mice
fed alternately a fiber rich diet followed by a low-fiber diet. The initial microbiota abundance
partially recovered in a third period when the mice were fed the first fiber rich diet again [55],
showing the resilience of part of the microbiota. According to Camody et al. [56], in mice,
microbial response to a diet perturbation takes only few days to reach a new stable state and
most changes in the gut microbiota are reversible. The speed of response of the pig gut micro-
biota to a challenged diet remains to be determined, especially when the pigs have been previ-
ously exposed to the same challenged diet.

Correlation between digestibility and microbiota

In our experimental conditions, correlations between microbiota and digestibility of N,
energy, cellulose and hemicellulose were generally low and rarely significant. Indeed, only 142
OTUs out of 2,041 were significantly correlated with digestibility coefficients with a maximum
absolute correlation value reaching 0.45. Caution should be used in interpreting results of cor-
relation analysis because a significant correlation does not necessarily imply causation. These
correlation values were generally smaller than those previously reported by Niu et al. [21]. This
discrepancy could be explained first by differences in the method used for assessing gut micro-
biota composition. Niu et al. [21] calculated their correlations at the taxonomical levels phy-
lum, class, order, family and genus using only OTUs with full bacterial taxonomy assignation
whereas our calculations were realized at OTU level and used every OTU abundance, with or
without taxonomy assignation. The inter-individual variability is generally much higher for
OTUs than for higher taxonomic levels, possibly leading to lower correlations values at OTU
level. Comparing our correlations with every OTU grouped by taxonomical levels and those
from Niu et al. [21], Treponema genus is positively correlated to cellulose digestibility in both
studies but no other correspondence has been found at higher taxonomical level.

Furthermore the contribution of microbiota in nutrient digestion might be limited in grow-
ing pigs assuming that the largest amount of energy is digested in the foregut. The energy
digested in the hindgut represents only 7 to 18% depending on the dietary fiber content and
composition [1]. At the same time, the biggest fraction being fermented in the hindgut (non-
starch polysaccharides) by the microbiota accounts for 50 to 77% of energy disappearance for
the hindgut of the pig. In addition, the relation between microbiota composition and energy
harvest is disputed [57, 58]. Surprisingly however significant correlations were detected in the
LF diet rather than in the HF diet in which microbial fermentation was expected to play a
larger role.

In the LF diet, we reported significant correlations between microbiota composition and
digestibility coefficients of N, energy, cellulose and hemicellulose and these correlations were
robust because they were independent of the period, the breed and the farm origin of the ani-
mals. The correlated OTUs belonged to 9 bacterial families. Any discussion about the func-
tional impact of microbes on digestibility is more relevant at the OTU level rather than using
inferring from higher taxonomic affiliations. Indeed, among the OTUs significantly correlated
with digestibility coefficients, the OTUs belonging to 7 families over 9 were either positively or
negatively correlated with digestibility coefficients. For example the correlated OTUs belong-
ing to Clostridiaceae were all negatively correlated with energy and N digestibility. However,
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Lactobacillaceae and Prevotellaceae families were represented by both positively and negatively
correlated OTUs. Therefore it is not possible to conclude about the impact of a whole family
on digestibility and the relationships between microbiota and digestibility should be described
at OTU level.

Surprisingly, OTUs belonging to Clostridiaceae family were not associated with cell wall
components digestibility in our study even though they have been previously positively corre-
lated with apparent crude fiber digestibility [21] and tends to be associated to dietary fiber
metabolism [59]. Intriguingly, OTUs belonging to the Ruminococcaceae and to the Lachnospir-
aceae families were negatively correlated with cell wall component digestibility in our study
although they possess genes coding for proteins (xylanases, cellulases) to degrade a wide vari-
ety of polysaccharides [60] and may have protection properties against diseases, as their abun-
dance are higher in healthy gut of piglets compared to sick ones [61]. Therefore their negative
impact on cell wall components digestibility was not backed up by the literature.

Our study revealed that the cell wall components digestibility was negatively correlated
with OTUs belonging to Prevotella. The fermentation abilities of Prevotella genus cannot be
inferred because Prevotella (albensis, brevis, bryantii and ruminicola) poorly ferment hemicel-
lulose [62] but Prevotella copri abundance was linked to an improved capacity to ferment com-
plex polysaccharides [50]. Prevotella were also related to chronical inflammatory diseases,
mainly studied in humans [63, 64]. But this cannot be generalized to all Prevotellaceae since
OTUs from Prevotellaceae family were found in higher abundance in healthy piglets compared
to diarrheic ones [61]. Therefore, some Prevotellaceae may have a positive impact in gut health
which could explain the positive correlation between energy and N digestibility and undefined
Prevotellaceae in our study.

As previously reported by Vigors et al. [65], our study highlighted a positive link between
the abundance of OTUs belonging to Lactobacillaceae and digestibility of N and energy. Some
bacteria belonging to Lactobacillaceae family seems to improve the nutrient digestibility
through the fermentation. As an illustration, Lactobacillus fermentum supplementation was
related to an improved apparent digestibility of crude protein in weaned pigs [66]. Likewise, a
Lactobacillus acidophilus supplementation increased linearly the apparent digestibility of N,
possibly through the stimulation of the hindgut fermentation [67]. Such a stimulation could be
primarily due to the exopolysaccharides produced by Lactobacillus [68]. However, Lactobacil-
laceae are also known to improve the health of the small intestine in humans as in animals [69,
70] as a probiotic. As a consequence, the positive effect of Lactobacillaceae on the ability to
digest feed could also be partly due to an indirect effect on gut health.

Surprisingly, no significant correlation was reported between OTU abundance and digest-
ibility coefficients in the HF diet. According to Martens et al. [71] several bacteria have the
ability to metabolize the same dietary fiber substrates. Thus, when a dietary perturbation
occurs, different bacterial strains may compete for the substrate and some will expand at the
expense of others [44, 72]. No similar reaction in microbiota composition can be observed
among the pigs fed a challenged HF diet which prevent from seeing significant correlations
between digestibility coefficients and microbiota composition in the HF diet. This assumption
is purely speculative and requires further analyses. However the digestion might be improved
by providing specific enzymes in the feed according to the challenged diets.

Conclusion

In growing-finishing pigs, microbiota composition can be used to discriminate with accuracy
the animals according to their dietary treatment using 31 bacterial biomarkers. Even though
global fecal microbiota composition remained stable across time, our study revealed that three
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weeks of adaptation to a new diet are sufficient to observe the resilience of these biomarkers.
Furthermore, in case of LF diet, protein and energy digestibility coefficients were positively
correlated with OTUs belonging to Lactobacillus whereas OTUs belonging to Clostridiaceae,
Lachnospiraceae and Prevotella were negatively correlated with nutrients and cell wall compo-
nents digestibility. This suggests beneficial or detrimental properties of these bacteria in pig
digestion; however their underlying biological functions remain to be determined.

Supporting information

S1 Fig. Pipeline of analyses applied on the digestibility coefficients (DC) and the opera-
tional taxonomic units (OTUs): Pearson correlation, variance analysis (ANOVA), global
linear model (glm) and sparse partial least square discriminant analysis (sSPLS-DA).
(TIF)

S2 Fig. No significant variation in microbiota composition at a phylum level between diets
(LF: Low-fiber diet; HF: High-fiber diet), breeds (DU: Duroc; LW: Large-White; PI: Pie-
train) and periods (per1 to per4) in Khi tests.

(TIF)

$3 Fig. No significant differences between diets (LF: Low-fiber diet; HF: High-fiber diet),
breeds (Pietrain, LW: Large-White, Duroc) or periods (periods 1 to 4) in terms of diversity
according to the observed abundance (Observed index), the Shannon or the Simpson
indexes.

(TIF)

$4 Fig. Score plot of two-component sPLS-DA model showing feces samples clustering
according to the period with percentage of variance captured for each principal compo-
nent (A: Period 1, 0: Period 2, O: Period 3, +: Period 4) for the animals fed low-fiber diet
or high-fiber diet. According to the cross-validation permutation test, the misclassification

error-rates are respectively 52% and 51%.
(TIF)

S5 Fig. Repartition of the OTUs according to the absolute value of their correlation with
N, energy, cellulose and hemicellulose digestibility coefficients (figures a, b, c and d,
respectively) in high-fiber diet (HF) or in low-fiber diet (LF). The significant correlations
are represented in blue.

(TIF)

S1 Table. Contribution and taxonomy of the predictive OTUs of high-fiber (HF) vs low-
fiber (LF) diet in sPLS-DA.
(CSV)

$2 Table. Contribution and taxonomy of the predictive OTUs of breed/farm in sPLS-DA
in period 1 for pigs fed low-fiber diet.
(CSV)

S3 Table. Pearson correlations and taxonomy of the OTUs correlated with the digestibility
coefficients of energy, N, cellulose and hemicellulose.
(CSV)

$4 Table. Phenotypic dataset.
(CSV)

PLOS ONE | https://doi.org/10.1371/journal.pone.0206159 October 24, 2018 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206159.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206159.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206159.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206159.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206159.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206159.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206159.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206159.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206159.s009
https://doi.org/10.1371/journal.pone.0206159

®PLOS | one

Dietary fiber content, nutrient digestibility and microbiota composition in pigs

Acknowledgments

The authors want to thank A. Berrée, A. Chauvin, M. Genissel, ]. Georges, G. Guillemois, E.
Janvier, F. Legouevec, M.-H. Lohat, V. Piedvache, J.-F. Rouaud for animal care and sample col-
lection, Y. Jaguelin, and A. Marchais for lab analyses, B. Gabinaud for the DNA extractions
and the GeT genomic platform for 16S RNA sequencing.

Author Contributions

Conceptualization: Olivier Zemb, David Renaudeau.
Data curation: Mathilde Le Sciellour.

Formal analysis: Mathilde Le Sciellour.

Funding acquisition: David Renaudeau.
Investigation: Etienne Labussiére.

Project administration: Etienne Labussiére, Olivier Zemb, David Renaudeau.
Resources: Etienne Labussiére, Olivier Zemb.
Software: Mathilde Le Sciellour.

Supervision: David Renaudeau.

Validation: Mathilde Le Sciellour.

Visualization: Mathilde Le Sciellour.

Writing - original draft: Mathilde Le Sciellour.

Writing - review & editing: Mathilde Le Sciellour, Etienne Labussiere, Olivier Zemb, David
Renaudeau.

References

1. Anguita M, Canibe N, Pérez JF, Jensen BB. Influence of the amount of dietary fiber on the available
energy from hindgut fermentation in growing pigs: Use of cannulated pigs and in vitro fermentation.
Journal of animal science. 2006; 84(10):2766—2778. https://doi.org/10.2527/jas.2005-212 PMID:
16971578

2. JhaR, Berrocoso JD. Review: Dietary fiber utilization and its effects on physiological functions and gut
health of swine. Animal. 2015; 9(9):1441-1452. https://doi.org/10.1017/S1751731115000919 PMID:
25997437

Muller V. Bacterial Fermentation. eLS: John Wiley & Sons, Ltd; 2001.

4. Cornick S, Tawiah A, Chadee K. Roles and regulation of the mucus barrier in the gut. Tissue Barriers.
2015; 3(1-2):€982426. https://doi.org/10.4161/21688370.2014.982426 PMID: 25838985

5. ZhaoW,WangY, Liu S, Huang J, Zhai Z, He C, et al. The Dynamic Distribution of Porcine Microbiota
across Different Ages and Gastrointestinal Tract Segments. PLoS One. 2015; 10(2):e0117441. https://
doi.org/10.1371/journal.pone.0117441 PMID: 25688558

6. Mach N, Berri M, Estellé J, Levenez F, Lemonnier G, Denis C, et al. Early-life establishment of the
swine gut microbiome and impact on host phenotypes. Environmental Microbiology Reports. 2015;
7(8):554-569. https://doi.org/10.1111/1758-2229.12285 PMID: 25727666

7. Pedersen R, Andersen AD, Mglbak L, Stagsted J, Boye M. Changes in the gut microbiota of cloned and
non-cloned control pigs during development of obesity: gut microbiota during development of obesity in
cloned pigs. BMC Microbiology. 2013; 13(1):30.

8. Durmic Z, Pethick DW, Pluske JR, Hampson DJ. Changes in bacterial populations in the colon of pigs
fed different sources of dietary fibre, and the development of swine dysentery after experimental infec-
tion. Journal of Applied Microbiology. 1998; 85(3):574-582. PMID: 9750287

9. Xiaol, Estellé J, Kiilerich P, Ramayo-Caldas Y, Xia Z, Feng Q, et al. A reference gene catalogue of the
pig gut microbiome. Nature microbiology. 2016; 1(12):16161.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206159 October 24, 2018 17/20


https://doi.org/10.2527/jas.2005-212
http://www.ncbi.nlm.nih.gov/pubmed/16971578
https://doi.org/10.1017/S1751731115000919
http://www.ncbi.nlm.nih.gov/pubmed/25997437
https://doi.org/10.4161/21688370.2014.982426
http://www.ncbi.nlm.nih.gov/pubmed/25838985
https://doi.org/10.1371/journal.pone.0117441
https://doi.org/10.1371/journal.pone.0117441
http://www.ncbi.nlm.nih.gov/pubmed/25688558
https://doi.org/10.1111/1758-2229.12285
http://www.ncbi.nlm.nih.gov/pubmed/25727666
http://www.ncbi.nlm.nih.gov/pubmed/9750287
https://doi.org/10.1371/journal.pone.0206159

®PLOS | one

Dietary fiber content, nutrient digestibility and microbiota composition in pigs

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.
24.

25.

26.

27.

28.

29.

30.

Ramayo-Caldas Y, Mach N, Lepage P, Levenez F, Denis C, Lemonnier G, et al. Phylogenetic network
analysis applied to pig gut microbiota identifies an ecosystem structure linked with growth traits. ISME
J. 2016; 10(12):2973-2977. hitps://doi.org/10.1038/isme}.2016.77 PMID: 27177190

Le Floc’h N, Knudsen C, Gidenne T, Montagne L, Merlot E, Zemb O. Impact of feed restriction on
health, digestion and faecal microbiota of growing pigs housed in good or poor hygiene conditions. Ani-
mal. 2014; 8(10):1632-1642. https://doi.org/10.1017/S1751731114001608 PMID: 24963640

Holman DB, Chénier MR. Temporal changes and the effect of subtherapeutic concentrations of antibiot-
ics in the gut microbiota of swine. FEMS Microbiology Ecology. 2014; 90(3):599-608. https://doi.org/10.
1111/1574-6941.12419 PMID: 25187398

Heinritz SN, Weiss E, Eklund M, Aumiller T, Louis S, Rings A, et al. Intestinal Microbiota and Microbial
Metabolites Are Changed in a Pig Model Fed a High-Fat/Low-Fiber or a Low-Fat/High-Fiber Diet. PLoS
One. 2016; 11(4):e0154329. https://doi.org/10.1371/journal.pone.0154329 PMID: 27100182

Verschuren LMG, Calus MPL, Jansman AJM, Bergsma R, Knol EF, Gilbert H, et al. Fecal microbial
composition associated with variation in feed efficiency in pigs depends on diet and sex. Journal of ani-
mal science. 2018; 96(4):1405-1418. https://doi.org/10.1093/jas/sky060 PMID: 29669075

Haenen D, Zhang J, Souza da Silva C, Bosch G, van der Meer IM, van Arkel J, et al. A Diet Highin
Resistant Starch Modulates Microbiota Composition, SCFA Concentrations, and Gene Expression in
Pig Intestine. The Journal of Nutrition. 2013; 143(3):274-283. https://doi.org/10.3945/jn.112.169672
PMID: 23325922

Kil DY, Kim BG, Stein HH. Feed Energy Evaluation for Growing Pigs. Asian-Australasian Journal of Ani-
mal Sciences. 2013; 26(9):1205-1217. https://doi.org/10.5713/ajas.2013.r.02 PMID: 25049902

Zhao J, Wang Q, Liu L, Chen Y, Jin A, Liu G, et al. Comparative digestibility of nutrients and amino
acids in high-fiber diets fed to crossbred barrows of Duroc boars crossed with BerkshirexJiaxing and
LandracexYorkshire. Asian-Australas J Anim Sci. 2018; 31(5):721-728. https://doi.org/10.5713/ajas.
17.0344 PMID: 28920415

Le Goff G, Noblet J. Comparative total tract digestibility of dietary energy and nutrients in growing pigs
and adult sows. Journal of animal science. 2001; 79(9):2418-2427. PMID: 11583429

Wilfart A, Montagne L, Simmins PH, van Milgen J, Noblet J. Sites of nutrient digestion in growing pigs:
Effect of dietary fiber. Journal of animal science. 2007; 85(4):976—983. https://doi.org/10.2527/jas.
2006-431 PMID: 17121971

Le Gall M, Warpechowski M, Jaguelin-Peyraud Y, Noblet J. Influence of dietary fibre level and pelleting
on the digestibility of energy and nutrients in growing pigs and adult sows. Animal. 2009; 3(3):352-359.
https://doi.org/10.1017/S1751731108003728 PMID: 22444305

Niu Q, Li P,Hao S, Zhang Y, Kim SW, Li H, et al. Dynamic Distribution of the Gut Microbiota and the
Relationship with Apparent Crude Fiber Digestibility and Growth Stages in Pigs. Sci Rep. 2015; 5:9938.
https://doi.org/10.1038/srep09938 PMID: 25898122

Noblet J, Shi XS, Dubois S. Metabolic utilization of dietary energy and nutrients for maintenance energy
requirements in sows: basis for a net energy system. British Journal of Nutrition. 1993; 70(2):407—419.
PMID: 8260468

Chem. AOA, editor. Official methods of analysis. Whashington, DC.1990.

Van Soest PJ, Wine RH. Use of detergent in the analysis of fibrous feed. IV—Determination of plant cell
walls constituents. J. Assoc. Agric. Chem. 1967; 50:50-55.

Rognes T, Flouri T, Nichols B, Quince C, Mahé F. VSEARCH: a versatile open source tool for metage-
nomics. Peerd. 2016; 4:62584. https://doi.org/10.7717/peer|.2584 PMID: 27781170

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools. Nucleic Acids Research. 2013;
41(D1):D590-D596.

Noblet J, Gilbert H, Jaguelin-Peyraud Y, Lebrun T. Evidence of genetic variability for digestive efficiency
in the growing pig fed a fibrous diet. Animal. 2013; 7(8):1259-1264. https://doi.org/10.1017/
S1751731113000463 PMID: 23521854

Holman DB, Brunelle BW, Trachsel J, Allen HK. Meta-analysis To Define a Core Microbiota in the
Swine Gut. mSystems. 2017; 2(3):e00004—17. https://doi.org/10.1128/mSystems.00004-17 PMID:
28567446

Looft T, Allen HK, Cantarel BL, Levine UY, Bayles DO, Alt DP, et al. Bacteria, phages and pigs: the
effects of in-feed antibiotics on the microbiome at different gut locations. ISME J. 2014; 8(8):1566—
1576. https://doi.org/10.1038/ismej.2014.12 PMID: 24522263

Noblet J, Shi XS. Effect of body weight on digestive utilization of energy and nutrients of ingredients and
diets in pigs. Livestock Production Science. 1994; 37(3):323-338.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206159 October 24, 2018 18/20


https://doi.org/10.1038/ismej.2016.77
http://www.ncbi.nlm.nih.gov/pubmed/27177190
https://doi.org/10.1017/S1751731114001608
http://www.ncbi.nlm.nih.gov/pubmed/24963640
https://doi.org/10.1111/1574-6941.12419
https://doi.org/10.1111/1574-6941.12419
http://www.ncbi.nlm.nih.gov/pubmed/25187398
https://doi.org/10.1371/journal.pone.0154329
http://www.ncbi.nlm.nih.gov/pubmed/27100182
https://doi.org/10.1093/jas/sky060
http://www.ncbi.nlm.nih.gov/pubmed/29669075
https://doi.org/10.3945/jn.112.169672
http://www.ncbi.nlm.nih.gov/pubmed/23325922
https://doi.org/10.5713/ajas.2013.r.02
http://www.ncbi.nlm.nih.gov/pubmed/25049902
https://doi.org/10.5713/ajas.17.0344
https://doi.org/10.5713/ajas.17.0344
http://www.ncbi.nlm.nih.gov/pubmed/28920415
http://www.ncbi.nlm.nih.gov/pubmed/11583429
https://doi.org/10.2527/jas.2006-431
https://doi.org/10.2527/jas.2006-431
http://www.ncbi.nlm.nih.gov/pubmed/17121971
https://doi.org/10.1017/S1751731108003728
http://www.ncbi.nlm.nih.gov/pubmed/22444305
https://doi.org/10.1038/srep09938
http://www.ncbi.nlm.nih.gov/pubmed/25898122
http://www.ncbi.nlm.nih.gov/pubmed/8260468
https://doi.org/10.7717/peerj.2584
http://www.ncbi.nlm.nih.gov/pubmed/27781170
https://doi.org/10.1017/S1751731113000463
https://doi.org/10.1017/S1751731113000463
http://www.ncbi.nlm.nih.gov/pubmed/23521854
https://doi.org/10.1128/mSystems.00004-17
http://www.ncbi.nlm.nih.gov/pubmed/28567446
https://doi.org/10.1038/ismej.2014.12
http://www.ncbi.nlm.nih.gov/pubmed/24522263
https://doi.org/10.1371/journal.pone.0206159

®PLOS | one

Dietary fiber content, nutrient digestibility and microbiota composition in pigs

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Grieshop CM, Reese DE, Fahey GCJ. Nonstarch polysaccharides and oligosaccharides in swine nutri-
tion. In: Lewis AJ,Southern LL, editors. Swine Nutrition. Boca Raton, FL: CRC Press; 2001. p. 107.

Montagne L, Crévieu-Gabriel |, Toullec R, Lalles JP. Influence of Dietary Protein Level and Source on
the Course of Protein Digestion Along the Small Intestine of the Veal Calf. Journal of Dairy Science.
2003; 86(3):934-943. https://doi.org/10.3168/jds.S0022-0302(03)73676-5 PMID: 12703630

Neis EPJG, Dejong CHC, Rensen SS. The Role of Microbial Amino Acid Metabolism in Host Metabo-
lism. Nutrients. 2015; 7(4):2930—-2946. https://doi.org/10.3390/nu7042930 PMID: 25894657

Bach Knudsen KE. The nutritional significance of “dietary fibre” analysis. Animal Feed Science and
Technology. 2001; 90(1):3-20.

Theander O, Westerlund E, Aman P, Graham H. Plant cell walls and monogastric diets. Animal Feed
Science and Technology. 1989; 23(1):205-225.

Stanogias G, Pearce GR. The digestion of fibre by pigs: 3. Effects of the amount and type of fibre on
physical characteristics of segments of the gastrointestinal tract. British Journal of Nutrition. 1985;
53(3):537-548. PMID: 2998447

Rijnen MM, Verstegen MW, Heetkamp MJ, Haaksma J, Schrama JW. Effects of dietary fermentable
carbohydrates on energy metabolism in group-housed sows. Journal of animal science. 2001;
79(1):148—154. PMID: 11204695

Le Goff G, van Milgen J, Noblet J. Influence of dietary fibre on digestive utilization and rate of passage
in growing pigs, finishing pigs and adult sows. Animal Science. 2002; 74(3):503-515.

Spiller GA, Story JA, Wong LG, Nunes JD, Alton M, Petro MS, et al. Effect of Increasing Levels of Hard
Wheat Fiber on Fecal Weight, Minerals and Steroids and Gastrointestinal Transit Time in Healthy
Young Women. The Journal of Nutrition. 1986; 116(5):778-785. https://doi.org/10.1093/jn/116.5.778
PMID: 3009750

Ngoc TTB, Hong TTT, Len NT, Lindberg JE. Effect of Fibre Level and Fibre Source on Gut Morphology
and Micro-environment in Local (Mong Cai) and Exotic (LandracexYorkshire) Pigs. Asian-Australasian
Journal of Animal Sciences. 2012; 25(12):1726—1733. https://doi.org/10.5713/ajas.2012.12305 PMID:
25049538

Heinritz SN, Weiss E, Eklund M, Aumiller T, Heyer CME, Messner S, et al. Impact of a High-Fat or High-
Fiber Diet on Intestinal Microbiota and Metabolic Markers in a Pig Model. Nutrients. 2016; 8(5):317.

Walker AW, Ince J, Duncan SH, Webster LM, Holtrop G, Ze X, et al. Dominant and diet-responsive
groups of bacteria within the human colonic microbiota. ISME J. 2011; 5(2):220-230. https://doi.org/10.
1038/ismej.2010.118 PMID: 20686513

Wu GD, Chen J, Hoffmann C, Bittinger K, Chen Y-Y, Keilbaugh SA, et al. Linking Long-Term Dietary
Patterns with Gut Microbial Enterotypes. Science. 2011; 334(6052):105—108. https://doi.org/10.1126/
science.1208344 PMID: 21885731

Chung WSF, Walker AW, Louis P, Parkhill J, Vermeiren J, Bosscher D, et al. Modulation of the human
gut microbiota by dietary fibres occurs at the species level. BMC Biology. 2016; 14(1):3.

Scott K, Duncan SH, Flint H. Dietary fibre and the gut microbiota. Nutrition bulletin. 2008; 33(3):201—
211.

Simpson HL, Campbell BJ. Review article: dietary fibre—microbiota interactions. Alimentary Pharmacol-
ogy & Therapeutics. 2015; 42(2):158—-179.

Park J-h, Kotani T, Konno T, Setiawan J, Kitamura Y, Imada S, et al. Promotion of Intestinal Epithelial
Cell Turnover by Commensal Bacteria: Role of Short-Chain Fatty Acids. PLoS One. 2016; 11(5):
e0156334. https://doi.org/10.1371/journal.pone.0156334 PMID: 27232601

Corréa-Oliveira R, Fachi JL, Vieira A, Sato FT, Vinolo MAR. Regulation of immune cell function by
short-chain fatty acids. Clinical & Translational Immunology. 2016; 5(4):e73.

Gorvitovskaia A, Holmes SP, Huse SM. Interpreting Prevotella and Bacteroides as biomarkers of diet
and lifestyle. Microbiome. 2016; 4:15. https://doi.org/10.1186/s40168-016-0160-7 PMID: 27068581

Kovatcheva-Datchary P, Nilsson A, Akrami R, Lee Ying S, De Vadder F, Arora T, et al. Dietary Fiber-
Induced Improvement in Glucose Metabolism Is Associated with Increased Abundance of Prevotella.
Cell Metabolism. 2015; 22(6):971-982. https://doi.org/10.1016/j.cmet.2015.10.001 PMID: 26552345

Mignon-Grasteau S, Narcy A, Rideau N, Chantry-Darmon C, Boscher M-Y, Sellier N, et al. Impact of
Selection for Digestive Efficiency on Microbiota Composition in the Chicken. PLoS One. 2015; 10(8):
e€0135488. https://doi.org/10.1371/journal.pone.0135488 PMID: 26267269

Kashyap PC, Marcobal A, Ursell LK, Larauche M, Duboc H, Earle KA, et al. Complex Interactions
Among Diet, Gastrointestinal Transit, and Gut Microbiota in Humanized Mice. Gastroenterology. 2013;
144(5):967-977. https://doi.org/10.1053/j.gastro.2013.01.047 PMID: 23380084

PLOS ONE | https://doi.org/10.1371/journal.pone.0206159 October 24, 2018 19/20


https://doi.org/10.3168/jds.S0022-0302(03)73676-5
http://www.ncbi.nlm.nih.gov/pubmed/12703630
https://doi.org/10.3390/nu7042930
http://www.ncbi.nlm.nih.gov/pubmed/25894657
http://www.ncbi.nlm.nih.gov/pubmed/2998447
http://www.ncbi.nlm.nih.gov/pubmed/11204695
https://doi.org/10.1093/jn/116.5.778
http://www.ncbi.nlm.nih.gov/pubmed/3009750
https://doi.org/10.5713/ajas.2012.12305
http://www.ncbi.nlm.nih.gov/pubmed/25049538
https://doi.org/10.1038/ismej.2010.118
https://doi.org/10.1038/ismej.2010.118
http://www.ncbi.nlm.nih.gov/pubmed/20686513
https://doi.org/10.1126/science.1208344
https://doi.org/10.1126/science.1208344
http://www.ncbi.nlm.nih.gov/pubmed/21885731
https://doi.org/10.1371/journal.pone.0156334
http://www.ncbi.nlm.nih.gov/pubmed/27232601
https://doi.org/10.1186/s40168-016-0160-7
http://www.ncbi.nlm.nih.gov/pubmed/27068581
https://doi.org/10.1016/j.cmet.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26552345
https://doi.org/10.1371/journal.pone.0135488
http://www.ncbi.nlm.nih.gov/pubmed/26267269
https://doi.org/10.1053/j.gastro.2013.01.047
http://www.ncbi.nlm.nih.gov/pubmed/23380084
https://doi.org/10.1371/journal.pone.0206159

®PLOS | one

Dietary fiber content, nutrient digestibility and microbiota composition in pigs

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Liu J, Wang J-K, Zhu W, Pu Y-Y, Guan L-L, Liu J-X. Monitoring the rumen pectinolytic bacteria Trepo-
nema saccharophilum using real-time PCR. FEMS Microbiology Ecology. 2013; 87(3):576-585. https://
doi.org/10.1111/1574-6941.12246 PMID: 24289046

Tilocca B, Burbach K, Heyer CME, Hoelzle LE, Mosenthin R, Stefanski V, et al. Dietary changes in nutri-
tional studies shape the structural and functional composition of the pigs’ fecal microbiome—from days
to weeks. Microbiome. 2017; 5(1):144. https://doi.org/10.1186/s40168-017-0362-7 PMID: 29078812

Sonnenburg ED, Smits SA, Tikhonov M, Higginbottom SK, Wingreen NS, Sonnenburg JL. Diet-induced
extinctions in the gut microbiota compound over generations. Nature. 2016; 529(7585):212-215.
https://doi.org/10.1038/nature 16504 PMID: 26762459

Carmody RN, Gerber GK, Luevano JM, Gatti DM, Somes L, Svenson KL, et al. Diet dominates host
genotype in shaping the murine gut microbiota. Cell Host & Microbe. 2015; 17(1):72-84.

Dalby MJ, Ross AW, Walker AW, Morgan PJ. Dietary Uncoupling of Gut Microbiota and Energy Har-
vesting from Obesity and Glucose Tolerance in Mice. Cell Reports. 2017; 21(6):1521-1533. https:/doi.
org/10.1016/j.celrep.2017.10.056 PMID: 29117558

Murphy EF, Cotter PD, Healy S, Marques TM, O’Sullivan O, Fouhy F, et al. Composition and energy
harvesting capacity of the gut microbiota: relationship to diet, obesity and time in mouse models. Gut.
2010; 59(12):1635—-1642. https://doi.org/10.1136/gut.2010.215665 PMID: 20926643

Varel VH, Richardson AJ, Stewart CS. Degradation of barley straw, ryegrass, and alfalfa cell walls by
Clostridium longisporum and Ruminococcus albus. Appl Environ Microbiol. 1989; 55(12):3080—4.
PMID: 2619305

Biddle A, Stewart L, Blanchard J, Leschine S. Untangling the Genetic Basis of Fibrolytic Specialization
by Lachnospiraceae and Ruminococcaceae in Diverse Gut Communities. Diversity. 2013; 5(3):627.

Dou S, Gadonna-Widehem P, Rome V, Hamoudi D, Rhazi L, Lakhal L, et al. Characterisation of Early-
Life Fecal Microbiota in Susceptible and Healthy Pigs to Post-Weaning Diarrhoea. PLoS One. 2017;
12(1):e0169851. https://doi.org/10.1371/journal.pone.0169851 PMID: 28072880

Emerson EL, Weimer PJ. Fermentation of model hemicelluloses by Prevotella strains and Butyrivibrio
fibrisolvens in pure culture and in ruminal enrichment cultures. Applied Microbiology and Biotechnology.
2017;101(10):4269—-4278. https://doi.org/10.1007/s00253-017-8150-7 PMID: 28180916

Larsen JM. The immune response to Prevotella bacteria in chronic inflammatory disease. Immunology.
2017; 151(4):363-374. https://doi.org/10.1111/imm.12760 PMID: 28542929

Scher JU, Sczesnak A, Longman RS, Segata N, Ubeda C, Bielski C, et al. Expansion of intestinal Pre-
votella copri correlates with enhanced susceptibility to arthritis. eLife. 2013; 2:e01202. https://doi.org/
10.7554/eLife.01202 PMID: 24192039

Vigors S, O’Doherty JV, Kelly AK, O’'Shea CJ, Sweeney T. The Effect of Divergence in Feed Efficiency
on the Intestinal Microbiota and the Intestinal Immune Response in Both Unchallenged and Lipopoly-
saccharide Challenged lleal and Colonic Explants. PLoS One. 2016; 11(2):e0148145. https://doi.org/
10.1371/journal.pone.0148145 PMID: 26840831

Yu HF, Wang AN, Li XJ, Qiao SY. Effect of viable Lactobacillus fermentum on the growth performance,
nutrient digestibility and immunity of weaned pigs. Journal of Animal and Feed Sciences. 2008;
17(1):61-69.

Lan R, Koo J, Kim |. Effects of Lactobacillus acidophilus supplementation on growth performance, nutri-
ent digestibility, fecal microbial and noxious gas emission in weaning pigs. Journal of the Science of
Food and Agriculture. 2017; 97(4):1310—-1315. https://doi.org/10.1002/jsfa.7866 PMID: 27342084

Le MHA, Galle S, Yang Y, Landero JL, Beltranena E, Ganzle MG, et al. Effects of feeding fermented
wheat with Lactobacillus reuteri on gut morphology, intestinal fermentation, nutrient digestibility, and
growth performance in weaned pigs. Journal of animal science. 2016; 94(11):4677-4687. https://doi.
org/10.2527/jas.2016-0693 PMID: 27898943

Dowarah R, Verma AK, Agarwal N. The use of Lactobacillus as an alternative of antibiotic growth pro-
moters in pigs: A review. Animal Nutrition. 2017; 3(1):1-6. https://doi.org/10.1016/j.aninu.2016.11.002
PMID: 29767055

Hou C, Zeng X, Yang F, Liu H, Qiao S. Study and use of the probiotic Lactobacillus reuteri in pigs: a
review. Journal of Animal Science and Biotechnology. 2015; 6(1):14. https://doi.org/10.1186/s40104-
015-0014-3 PMID: 25954504

Martens EC, Lowe EC, Chiang H, Pudlo NA, Wu M, McNulty NP, et al. Recognition and Degradation of
Plant Cell Wall Polysaccharides by Two Human Gut Symbionts. PLOS Biology. 2011; 9(12):e1001221.
https://doi.org/10.1371/journal.pbio.1001221 PMID: 22205877

Rolhion N, Chassaing B. When pathogenic bacteria meet the intestinal microbiota. Philosophical Trans-
actions of the Royal Society B: Biological Sciences. 2016; 371(1707):20150504.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206159 October 24, 2018 20/20


https://doi.org/10.1111/1574-6941.12246
https://doi.org/10.1111/1574-6941.12246
http://www.ncbi.nlm.nih.gov/pubmed/24289046
https://doi.org/10.1186/s40168-017-0362-7
http://www.ncbi.nlm.nih.gov/pubmed/29078812
https://doi.org/10.1038/nature16504
http://www.ncbi.nlm.nih.gov/pubmed/26762459
https://doi.org/10.1016/j.celrep.2017.10.056
https://doi.org/10.1016/j.celrep.2017.10.056
http://www.ncbi.nlm.nih.gov/pubmed/29117558
https://doi.org/10.1136/gut.2010.215665
http://www.ncbi.nlm.nih.gov/pubmed/20926643
http://www.ncbi.nlm.nih.gov/pubmed/2619305
https://doi.org/10.1371/journal.pone.0169851
http://www.ncbi.nlm.nih.gov/pubmed/28072880
https://doi.org/10.1007/s00253-017-8150-7
http://www.ncbi.nlm.nih.gov/pubmed/28180916
https://doi.org/10.1111/imm.12760
http://www.ncbi.nlm.nih.gov/pubmed/28542929
https://doi.org/10.7554/eLife.01202
https://doi.org/10.7554/eLife.01202
http://www.ncbi.nlm.nih.gov/pubmed/24192039
https://doi.org/10.1371/journal.pone.0148145
https://doi.org/10.1371/journal.pone.0148145
http://www.ncbi.nlm.nih.gov/pubmed/26840831
https://doi.org/10.1002/jsfa.7866
http://www.ncbi.nlm.nih.gov/pubmed/27342084
https://doi.org/10.2527/jas.2016-0693
https://doi.org/10.2527/jas.2016-0693
http://www.ncbi.nlm.nih.gov/pubmed/27898943
https://doi.org/10.1016/j.aninu.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29767055
https://doi.org/10.1186/s40104-015-0014-3
https://doi.org/10.1186/s40104-015-0014-3
http://www.ncbi.nlm.nih.gov/pubmed/25954504
https://doi.org/10.1371/journal.pbio.1001221
http://www.ncbi.nlm.nih.gov/pubmed/22205877
https://doi.org/10.1371/journal.pone.0206159

