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Abstract: Sow productivity, that is, the number of weaned piglets per sow per year, depends on their
health status. The gut microbiota is considered a crucial factor in the health of pigs and may affect
sow productivity. In the present study, we aimed to investigate the relationship between productivity
and the fecal microbiotas of sows in different farms. Feces of sows were collected from 18 farms
(10 samples/farm). A total of 90 fecal samples of high-reproductive performance farms were labeled
as group H, and 90 fecal samples from low-reproductive performance farms were labeled as group L.
Fecal microbiotas were analyzed by 16S rRNA metagenomics, and the organic acids and putrefactive
metabolites of the microbiotas were measured. β-diversity was significantly different between groups
H and L (p < 0.01), and the relative abundances of 43 bacterial genera, including short-chain fatty
acid-producing and fiber-degrading bacteria such as Ruminococcus, Fibrobacter and Butyricicoccus,
significantly differed between groups (p < 0.05). In addition, the concentrations of acetate, propionate
and n-butyrate were significantly higher in group H than in group L (p < 0.05). In conclusion,
sow productivity in farms was likely associated with the compositions of the fecal microbiotas.

Keywords: sow productivity; fecal microbiota; gut microbiota; short-chain fatty acid; fiber degrading; farm

1. Introduction

The number of piglets produced per sow in a year depends on the sow’s reproductive
performance [1]. In addition, the number of weaned piglets per sow in a year, a major productivity
parameter, is defined by several factors such as the number of piglets born alive, the number of
surviving piglets during suckling, as well as the days of recurrence to estrus and the pregnancy rate of
the sow [1]. Therefore, “the number of weaned pigs/sow/year” is also considered a major parameter to
evaluate farm productivity [2]. During lactation, the loss of body condition in sows induces a delay
in the recurrence to estrus, and subsequent decreases in the pregnancy rate and the litter size [3].
Moreover, increases in stress in prepartum sows cause lower maternal endogenous hormone levels and
negatively affect the farrowing performance, mostly due to prolonged birth intervals [4]. Therefore,
the health conditions of sows directly affect their reproductive performance.

The gut microbiotas are the bacterial populations that reside in the intestinal tract of the host.
The number of bacteria in the gut microbiotas of mammals is estimated to be approximately 1014 [5,6],
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which maintain a relatively stable crosstalk with their complex ecosystem. The gut microbiota exerts
certain beneficial effects on the host. For example, bacteria in the gut microbiota produce beneficial
metabolites such as short-chain fatty acids (SCFAs) that control the proliferation and differentiation of
epithelial cells, develop and maintain the homoeostasis of the immune system, and protect the host
from pathogens [7,8]. Nonetheless, given the opportunity, some bacteria in the microbiota and their
metabolites can adversely affect the host [9–11]. In other words, the bacteria in the gut microbiota can
be both beneficial and harmful to the host.

The gut microbiota of the pig can also be regarded as a crucial factor in the pig’s health, as it affects
the function of the intestinal barrier, the development of the immune system, and the efficiency by
which feed is used [12]. Previous work has shown that growing pigs with high-feed efficiency exhibit
specific bacterial compositions of their gut microbiotas [13–15]. This evidence seems to suggest that the
gut microbiotas in growing pigs are associated with their growth performance by promoting healthy
intestinal environments. In addition, previous studies showed that status of the gut microbiotas of sows
is associated with their reproductive performance [16,17]. However, those studies were carried out in
one single farm, focusing solely on finding differences in the productive performance of individual
pigs, not between pig farms.

In general, pigs in commercial farms are not managed individually, but per pen, house or farm [18].
Farmers and veterinarians only act and respond when an adverse event in a given pig unit occurs
to prevent pathogen infections or changes in the feeding strategy, water quality and stress care [19].
Therefore, we theorized that the indigenous gut microbiotas of sows within a farm would be similar,
and hence, more closely associated with sow productivity within the respective farm than with
individual pigs.

In the present study, we aimed to investigate the relationship between sow productivity and the
fecal microbiota of pigs in different farms. We also investigated the relation between sow productivity
and the metabolites in the gut microbiota such as SCFAs, phenol, indole, skatole and para-cresol,
because we also theorized that these metabolites may affect the health of sows. To the best of our
knowledge, this is the first work to study the relationship between the fecal microbiotas of sows and
sow productivity at a farm level. For practical purposes, in the present study, the number of pigs
produced per sow/year, that is, the breeding ability of sows, was defined as “sow productivity”.

2. Materials and Methods

2.1. Animals and Sampling

Pigs from 18 commercial swine farms were used in the present study. These farms were included
in the database survey of PigINFO 2017. PigINFO is a benchmarking system operated by the
Japanese Association of Swine Veterinarians (JASV) and the Agri-Food Business Innovation Center
of National Agriculture and Food Research Organization [20]. In 2017, 162 farms were included
in the database. Of all farms, 18 farms were selected, as per breeding lines (L ×W or W × L) and
reproductive performance (the mean number of piglets weaned per sow/year). Nine farms were
from the top tier (top 25% of farms) and 9 from the lowest tier (bottom 25%) of the reproductive
performance range. We obtained the consent and fecal samples of 10 sows/farm from the owners of
the 18 farms. All experimental procedures were followed in accordance with the guidelines issued
by the Ministry of Education, Culture, Sports, Science and Technology-Japan and Science Council
of Japan. The experiments were exempted from ethic evaluations because all animals used were
commercially raised and reared in a conventional swine farms under the supervision of the local
veterinary and the samples were collected on site. Fecal samples were collected fresh from 10 healthy
multiparous sows (2nd–5th parity) with fresh feces and used as the fecal samples. Feces during or
immediately after defecation was collected by a sterilized fecal collection tube (80.623; SARSTEDT,
Tokyo, Japan). When feces fell down onto the ground, the portion that did not touch the ground was
carefully chosen and collected. The fecal samples were stored at −80 ◦C until further use. Ninety fecal
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samples from the high-reproductive performing farms were labeled as the high-performance group
(group H), and the remaining 90 fecal samples were labeled as the low-performance group (group L).
The seven reproductive performances parameters used in the present study are shown in Table 1.

Table 1. Parameters of reproductive performance in high- and low-reproductive performance groups.

Parameters of Reproductive
Performance Group H (n = 9) Group L (n = 9) Welch’s t-Test p Values

Number of piglets weaned/sow/year 27.69 ± 0.33 19.33 ± 0.62 5.3 × 10−8

Farrowing rate 0.89 ± 0.01 0.80 ± 0.02 2.7 × 10−3

Farrowing/sow/year 2.41 ± 0.02 2.21 ± 0.02 4.3 × 10−6

Number of piglets born/litter 14.68 ± 0.43 11.48 ± 0.30 2.4 × 10−5

Number of piglets born alive/litter 13.27 ± 0.33 10.24 ± 0.32 6.9 × 10−6

Number of stillbirths/litters 1.42 ± 0.14 1.23 ± 0.17 0.42
Pre-weaning mortality 0.13 ± 0.02 0.15 ± 0.02 0.53

Farrowing rate: Farrowing of inseminated sows. Parameters with significant differences between groups H and L
are shown in bold (p < 0.05). Mean ± SE is shown.

2.2. Analysis of the Fecal Microbiota by 16S rRNA Metagenomics

Extraction of bacterial DNA from fecal samples, library preparation and deep sequencing by
MiSeq (Illumina, Tokyo, Japan) were carried out exactly as described by Inoue et al. [21]. The obtained
sequence data were analyzed as per the protocol reported by Inoue et al. [21].

2.3. Measurement of the Concentrations of Organic Acids in Fecal Samples

The number of samples with measurable organic acid concentrations were 87 in group H and
88 in group L, because the volumes of three samples in group H and two in group L did not suffice
for measurement.

The concentrations of fecal organic acids such as succinate, lactate, formate, acetate, propionate,
iso-butyrate, n-butyrate, iso-valerate and n-valerate were measured by ion-exclusion, high-performance
liquid chromatography. The procedure was the same as that described elsewhere [22].

2.4. Measurement of the Concentrations of Putrefactive Metabolites in Fecal Samples

Similar to those for organic acid measurement, the number of samples with measurable putrefactive
metabolite concentrations were 76 in group H and 87 in group L, because the volumes of 14 samples in
group H and three in group L did not suffice for measurement.

The concentrations of fecal putrefactive metabolites such as phenol, indole, skatole,
para-ethylphenol and para-cresol were measured by gas chromatography-mass spectrometry.
The procedure was the same as that described elsewhere [23].

2.5. Statistical Analysis

The differences in the parameters of reproductive performances between groups H and L were
analyzed by the Welch’s t-test, using Excel software statcel2 (OMS Publishing, Saitama, Japan).
In addition, the number of piglets weaned per sow/year were correlated with other reproductive
performances by the Spearman’s rank correlation test, using Excel software statcel2.

Alpha-(α-) diversity Chao1 (richness) and Shannon (evenness) indices were calculated with the R
phyloseq package. Chao1 and Shannon indices between groups H and L were statistically compared
with Mann–Whitney’s U-test, using Excel software statcel2.

Beta-(β-)diversity was estimated using UniFrac distances and tested by a principal coordinate
analysis (PCoA), using the R phyloseq package. The UniFrac distance between groups H and
L was statistically analyzed by permutational multivariate analysis of variance (PERMANOVA),
using QIIME1.9.1. The relative abundances (%) of all detected bacterial genera between groups H
and L were calculated and statistically compared with the Welch’s t-test, and adjusted for the false
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discovery rate with the Storey’s method using STAMP software (statistical analysis of taxonomic and
functional profiles) [24].

The concentrations of organic acids and putrefactive metabolites between groups H and L were
statistically compared with the Wilcoxon rank sum test, using R 4.0.0.

Chao1 and Shannon indices between 18 farms were also analyzed by one-way analysis of variance
(ANOVA), using Excel software statcel2. The UniFrac distances between 18 farms and between
9 farms in each group were statistically analyzed by permutational multivariate analysis of variance
(PERMANOVA), using QIIME1.9.1.

Differences between the means were considered significant if p < 0.05 and, in the case of the
relative abundances of bacterial genera, if p < 0.05 and q < 0.1. Values are expressed as the means ± the
standard errors.

3. Results

3.1. Reproductive Parameters

Five parameters of reproductive performance, including farrowing rate (farrowing of inseminated
sows), were significantly different between groups (p < 0.01, Table 1). However, neither the number of
stillbirths per litter nor pre-weaning mortality were significantly different between groups.

When correlations between the number of pigs weaned per sow/year and six parameters of
reproductive performance were analyzed, four parameters showed positive correlations (p < 0.01,
Table 2). Nonetheless, neither the number of stillbirths per litter nor pre-weaning mortality were
correlated with the number of piglets weaned per sow/year.

Table 2. Correlation analysis of the number of piglets weaned per sow per year and six reproductive
performance parameters.

Parameters of Reproductive Performance
Correlation with the Number of Piglets Weaned Per Sow Per Year

Correlation Rate p-Value

Farrowing rate 0.71 3.37 × 10−3

Farrowing/sow/year 0.75 2.04 × 10−3

Number of piglets born/litter 0.88 2.93 × 10−4

Number of piglets born alive/litter 0.88 2.75 × 10−4

Number of stillbirths/litter 0.18 0.47
Pre-weaning mortality −0.18 0.45

Parameters with significant correlation between groups H and L are shown in bold (p < 0.05).

3.2. Comparison of the Fecal Microbiotas of High- and Low-Reproductive Performance Groups

The sequence data have been deposited in the DDBJ Sequence Read Archive (DRA) under accession
number DRA010825 (available from 1/Nov/2020). α-diversity of both Chao1 (richness) and Shannon
(evenness) indices did not significantly differ between groups (Figure 1). β-diversity was significantly
different between groups (p < 0.01, Figure 2). The relative abundances of 43 bacterial genera were
significantly different between groups (p < 0.05, q < 0.1, Table 3). Among genera of which taxonomy
was classified and detected to be higher than 0.1%, Treponema, Ruminococcus, Collinsella, Fibrobacter,
Phascolarctobacterium, Rummeliibacillus, Butyricicoccus, Bulleidia, Oribacterium, Blautia, Sphaerochaeta and
Peptococcus, were detected to be more abundant in group H than in group L. By contrast, genera
Streptococcus, CF231, Parabacteroides and Campylobacter were found to be more abundant in group L
than in group H.



Microorganisms 2020, 8, 1469 5 of 12

Microorganisms 2020, 8, x FOR PEER REVIEW 5 of 13 

 

L. By contrast, genera Streptococcus, CF231, Parabacteroides and Campylobacter were found to be more 
abundant in group L than in group H. 

 

Figure 1. Chao1 (A) and Shannon (B) indices of the fecal microbiotas in high- and low-reproductive 
performance groups. Panel A: Chao1 index; Panel B: Shannon index. 

 

Figure 2. Principal coordinate analysis (PCoA) based on weighted UniFrac (A) and unweighted 
UniFrac (B) distances generated from the abundances of the fecal microbiotas. The PERMANOVA 
analysis indicated that the composition of the fecal microbiotas differed between groups H and L (P < 
0.01. 

  

Figure 1. Chao1 (A) and Shannon (B) indices of the fecal microbiotas in high- and low-reproductive
performance groups. Panel A: Chao1 index; Panel B: Shannon index.

Microorganisms 2020, 8, x FOR PEER REVIEW 5 of 13 

 

L. By contrast, genera Streptococcus, CF231, Parabacteroides and Campylobacter were found to be more 
abundant in group L than in group H. 

 

Figure 1. Chao1 (A) and Shannon (B) indices of the fecal microbiotas in high- and low-reproductive 
performance groups. Panel A: Chao1 index; Panel B: Shannon index. 

 

Figure 2. Principal coordinate analysis (PCoA) based on weighted UniFrac (A) and unweighted 
UniFrac (B) distances generated from the abundances of the fecal microbiotas. The PERMANOVA 
analysis indicated that the composition of the fecal microbiotas differed between groups H and L (P < 
0.01. 

  

Figure 2. Principal coordinate analysis (PCoA) based on weighted UniFrac (A) and unweighted UniFrac
(B) distances generated from the abundances of the fecal microbiotas. The PERMANOVA analysis
indicated that the composition of the fecal microbiotas differed between groups H and L (p < 0.01).
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Table 3. Relative abundances of 43 bacterial genera that significantly differed between high- and low-reproductive performance groups.

Phylum Class Order Family Genus Group H Group L

Firmicutes Clostridia Clostridiales Unclassified Unclassified 5.81 ± 0.25 6.79 ± 0.33
Spirochaetes Spirochaetes Spirochaetales Spirochaetaceae Treponema 4.79 ± 0.31 3.59 ± 0.24

Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus 3.76 ± 0.19 3.10 ± 0.16
Planctomycetes Planctomycetia Pirellulales Pirellulaceae Unclassified 1.92 ± 0.17 3.01 ± 0.35
Verrucomicrobia Verruco-5 WCHB1-41 RFP12 Unclassified 0.87 ± 0.07 0.62 ± 0.05
Actinobacteria Coriobacteriia Coriobacteriales Coriobacteriaceae Unclassified 0.76 ± 0.04 0.62 ± 0.03

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus 0.68 ± 0.14 1.99 ± 0.28
Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter 0.57 ± 0.07 0.37 ± 0.04
Bacteroidetes Bacteroidia Bacteroidales [Paraprevotellaceae] CF231 0.54 ± 0.05 0.73 ± 0.07
Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae Parabacteroides 0.50 ± 0.04 0.67 ± 0.04

Firmicutes Bacilli Bacillales Planococcaceae Rummeliibacillus 0.49 ± 0.18 0.03 ± 0.01
Firmicutes Clostridia Clostridiales Veillonellaceae Phascolarctobacterium 0.49 ± 0.03 0.36 ± 0.02
Firmicutes Clostridia Clostridiales Ruminococcaceae Butyricicoccus 0.44 ± 0.03 0.30 ± 0.03
Firmicutes Erysipelotrichi Erysipelotrichales Erysipelotrichaceae Bulleidia 0.39 ± 0.04 0.24 ± 0.02
Firmicutes Clostridia Clostridiales Lachnospiraceae Oribacterium 0.32 ± 0.05 0.16 ± 0.03
Firmicutes Clostridia Clostridiales Lachnospiraceae Blautia 0.27 ± 0.03 0.17 ± 0.01

Spirochaetes Spirochaetes Sphaerochaetales Sphaerochaetaceae Sphaerochaeta 0.19 ± 0.01 0.10 ± 0.01
Bacteroidetes Bacteroidia Bacteroidales RF16 Unclassified 0.18 ± 0.02 0.08 ± 0.01

Actinobacteria Coriobacteriia Coriobacteriales Coriobacteriaceae Collinsella 0.17 ± 0.02 0.06 ± 0.01
Firmicutes Clostridia Clostridiales Peptococcaceae Peptococcus 0.13 ± 0.01 0.10 ± 0.01

Proteobacteria Epsilonproteobacteria Campylobacterales Campylobacteraceae Campylobacter 0.08 ± 0.01 0.16 ± 0.04
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Oxalobacter 0.07 ± 0.01 0.03 ± 0.00
Lentisphaerae [Lentisphaeria] Z20 R4-45B Unclassified 0.07 ± 0.01 0.02 ± 0.00

Tenericutes Mollicutes Anaeroplasmatales Anaeroplasmataceae Anaeroplasma 0.05 ± 0.01 0.03 ± 0.00
Verrucomicrobia Verruco-5 WCHB1-41 Unclassified Unclassified 0.05 ± 0.01 0.02 ± 0.00

Firmicutes Erysipelotrichi Erysipelotrichales Erysipelotrichaceae RFN20 0.04 ± 0.00 0.03 ± 0.00
Synergistetes Synergistia Synergistales Synergistaceae Synergistes 0.03 ± 0.01 0.01 ± 0.00

Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira 0.02 ± 0.01 0.01 ± 0.00
Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus 0.02 ± 0.01 0.01 ± 0.00
Firmicutes Clostridia Clostridiales Eubacteriaceae Anaerofustis 0.02 ± 0.00 0.02 ± 0.00

Verrucomicrobia Verruco-5 WCHB1-41 WCHB1-25 Unclassified 0.02 ± 0.00 0.01 ± 0.00
Proteobacteria Alphaproteobacteria RF32 Unclassified Unclassified 0.02 ± 0.00 0.01 ± 0.00

Tenericutes RF3 ML615J-28 Unclassified Unclassified 0.01 ± 0.00 0.01 ± 0.00
Elusimicrobia Elusimicrobia Elusimicrobiales Elusimicrobiaceae Unclassified 0.01 ± 0.00 <0.01
Lentisphaerae [Lentisphaeria] Victivallales Victivallaceae Unclassified 0.01 ± 0.00 <0.01

Firmicutes Bacilli Lactobacillales Leuconostocaceae Weissella 0.01 ± 0.00 0.03 ± 0.01
Firmicutes Erysipelotrichi Erysipelotrichales Erysipelotrichaceae Asteroleplasma 0.01 ± 0.00 <0.01

Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Unclassified <0.01 <0.01
Firmicutes Clostridia Clostridiales Ruminococcaceae Anaerofilum <0.01 0.02 ± 0.00

Deferribacteres Deferribacteres Deferribacterales Deferribacteraceae Mucispirillum <0.01 0.01 ± 0.00
Firmicutes Bacilli Lactobacillales Leuconostocaceae Leuconostoc <0.01 0.02 ± 0.01

Fusobacteria Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacterium <0.01 0.06 ± 0.03
Firmicutes Clostridia Clostridiales [Tissierellaceae] Parvimonas <0.01 <0.01

The relative abundances of 43 bacterial genera were significantly different between groups H and L (p < 0.05, q < 0.1). Thirty bacterial genera whose names were identified are shown in
bold. Mean ± SE is shown.
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3.3. Metabolites of the Microbiota in Feces

The concentrations of microbial metabolites in the fecal samples of sows are shown in Table 4.
The concentrations of acetate, propionate and n-butyrate were significantly higher in group H than
in group L (p < 0.05). However, the concentrations other organic acids did not significantly differ
between groups

Table 4. Organic acid concentrations in fecal samples of high- and low-reproductive performance groups.

Organic Acids (µmol/g
of Wet Feces) Group H (n = 87) Group L (n = 88) Wilcoxon Rank Sum

Test p Values

Lactate 0.13 ± 0.05 0.24 ± 0.05 0.20
Formate 0.02 ± 0.02 0.01 ± 0.01 0.99
Acetate 86.53 ± 2.43 81.00 ± 2.73 0.04

Propionate 37.49 ± 1.27 33.28 ± 1.61 0.01
iso-Butyrate 0.13 ± 0.14 0.24 ± 0.16 0.36
n-Butyrate 16.11 ± 0.79 14.48 ± 0.96 0.045
iso-Valerate 0.13 ± 0.22 0.24 ± 0.24 0.38
n-Valerate 0.13 ± 0.17 0.24 ± 0.21 0.93

No sample had a detectable concentration of succinate. The concentrations of organic acids that significant differed
between groups H and L are shown in bold letters (p < 0.05). Mean ± SE is shown.

The concentrations of putrefactive metabolites are shown in Table 5. No significant differences in
putrefactive metabolites were detected between groups.

Table 5. Putrefactive metabolites concentrations in fecal samples of high- and low-reproductive
performance groups.

Putrefactive Metabolites
(µmol/g of Wet Feces) Group H (n = 76) Group L (n = 87) Wilcoxon Rank Sum

Test p Values

phenol 52.67 ± 4.34 51.56 ± 2.79 0.77
para-cresol 62.95 ± 5.08 61.32 ± 3.32 0.81

indole 2.32 ± 0.21 2.30 ± 0.19 0.95
para-ethylphenol 0.19 ± 0.03 0.18 ± 0.03 0.68

skatole 9.54 ± 0.88 10.97 ± 0.81 0.13

No significant differences in the concentrations of putrefactive metabolites were observed between groups H and L
(p > 0.1). Mean ± SE is shown.

4. Discussion

To maintain a stable management of swine farms, the reproductive performance of sows needs to
be taken into consideration. Recently, Shao et al. [16] suggested that the microbial populations in the
gut were clearly affected by the reproductive performance of sows in a single farm. Shao et al. [16]
divided their sows into high-reproductive and low-reproductive groups according to their litter sizes,
while in the present work, we used the parameter “number of weaned pigs per sow per year” to define
sow productivity and hence divide the farms. We confirmed this parameter properly correlated with
the other reproductive parameters (p < 0.05, Table 2), and therefore, was robust enough to evaluate the
reproductive performance of sows in a farm.

In the present work, the fecal microbiotas of sows markedly differed between the high- and
low-reproductive performance farms. While differences were clearly obtained by the β-diversity
analysis (Figure 2), based on both unweighted and weighted UniFrac distances, no differences were
found for the α-diversity in the experimental groups (Figure 1). According to Shao et al. [16],
not only β-diversity but also α-diversity differed between high- and low-performance sows. Therefore,
there seemed to be a discrepancy between the α-diversity index in the present study and that
of Shao et al. [16]. When we compared the α-diversity index of the farms studied in the present
work, Chao1 and Shannon indices differed, regardless of the reproductive performance (Figure S1).
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Hence, we believe that the comparison of α-diversity indices may be inadequate if the gut microbiotas
are linked to the reproductive performance of sows in farms. Nonetheless, in the present study,
the β-diversity index was clearly different between high- and low-performance groups, whether
a single farm [16] or several farms were studied. Therefore, we concluded that the β-diversity,
not α-diversity, is a crucial factor to evaluate the effect of gut microbiotas on the reproductive
performance of sows.

According to the relative abundance at the genus level (Table 3), 43 bacterial genera (p < 0.05)
were significantly different between the high- and low-performance groups. When observing
the taxonomically classified genera whose abundances were higher than 0.1%, the abundances
of Treponema, Ruminococcus, Collinsella, Fibrobacter, Phascolarctobacterium, Rummeliibacillus, Butyricicoccus,
Bulleidia, Oribacterium, Blautia, Sphaerochaeta and Peptococcus were higher in group H than in group
L. Shao et al. [16] reported that the feces of high-reproductive performance sows contained high
abundances of genera Colinsella, Fibrobacter, Phascolarctobacterium, and Sphaerochaeta, which align with
the results from the present work. In addition, most of the genera with high relative abundances in
group H were SCFA-producing and/or fiber-degrading bacteria, which have been associated with high
feed efficiency and good health of pigs. For example, Butyricicoccus, Blautia, Bulleidia and Oribacterium
are known to produce beneficial SCFAs (acetate and n-butyrate) which putatively contribute to the
health of pigs [25–28]. Separately, Fibrobacter and Ruminococcus are known to degrade dietary fiber
and produce SCFAs [29,30], and have been found to be abundant in the feces of sows fed a diet
high in crude fiber and to improve the farrowing performance of sows [31]. The concentrations of
acetate, propionate and n-butyrate were significantly higher in group H than in group L (p < 0.05),
which further substantiate the aforementioned evidence of the presence of high SCFA-producing
microbiota in group H.

SCFA produced in the large intestine are rapidly absorbed from the mucosa and used as metabolic
energy [8,32]. Furthermore, SCFAs, n-butyrate in particular, support major functions of the epithelial
cells, such as water and mineral absorption [33] and mucus production [34] in the large intestine.
This energy supply from the large intestine may well contribute to the health of sows and subsequently
help improve their reproductivity. SCFAs also contribute to the regulation of the mucosal immunity,
including the production of regulatory T cells [35]. A recent report suggested that acetate produced in
the large intestine may exert an anxiolytic effect on the host [36], which may have contributed to better
reproductivity of sows in group H.

In contrast, group L had only four genera, namely Streptococcus, CF231, Parabacteroides and
Campylobacter, whose abundances were higher than in group H (Table 3). It has been reported that the
abundance of Streptococcus spp. is low in the feces of pigs with high-feed efficiency [15]. Similarly,
Shao et al. [16] also reported that the abundance of Streptococcus was low in sows with high reproductive
performance. Streptococcus suis is a major swine pathogen that causes a decrease in performance and
an increase in mortality [37,38]. However, detailed analysis of OTUs (operational taxonomy units)
belonging to genera Streptococcus suggested that abundance of Streptococcus luteciae was different
between groups H and L. The role of S. luteciae in the swine industry is currently not clear but it is
possible that S. luteciae affects the health of sows. Genus CF231 belonging to the phylum Bacteroidetes is
high in the colonic digesta of pigs with high feed efficiency, but the biological functions of CF231 remain
unclear as it is yet to be cultured in vitro [39]. Genus Parabacteroides is abundant in the feces of growing
pigs with low body weights, and Oh et al. [40] reported that Parabacteroides had a negative correlation
with body weight and average daily gain. Lin et al. [41] also reported that reduction of Parabacteroides
in the colon may help enhance the health of the intestine. Genus Campylobacter spp. is known to
play a role in the aggravation of diarrhea and thus, is relatively abundant in piglets suffering from
diarrhea [42,43]. In addition, De Rodas et al. [44] reported that Campylobacter was negatively correlated
with body weight in growing pigs. Therefore, a high abundance of these four potentially harmful
genera may adversely affect the productivity of sows.
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No differences were found in the concentrations of putrefactive metabolites in feces between sow
groups (Table 5). Putrefactive metabolites are produced by intestinal bacteria that degrade proteins,
and a part of these metabolites enter the bloodstream from the large intestine [45]. Thus, we theorized
that given the lack of differences, putrefactive metabolites were not deeply associated with the
reproductivity of sows.

It is worth noting that the compositions of the gut microbiotas seemed to be unique in sows of
each farm. α-diversity of both Chao1 and Shannon indices significantly differed between the 18 farms
(p < 0.01, Figure S1). UniFrac distances of the microbiotas in the feces between the 18 farms were
also significantly different (p < 0.01). When we analyzed the UniFrac distance between nine farms
in either group H or L, the fecal microbiotas were also significantly different (p < 0.01, Figure S2).
Moreover, UniFac distance (both weighted and unweighted) of fecal microbiotas in sows within same
farm (intra-farm distance) was significantly lower than the distance against fecal microbiota of sows in
different farms (inter-farm distance) in most of the farms (Figure S3). The gut microbiota is thought
to exist within a relatively stable ecosystem, but this may be changed by pathogens, drugs, food
and stress [46]. In addition, the gut microbiota of pigs in farms may be changed by factors of the
surrounding environment such as temperature, overcrowded areas and housing system [47,48]. In a
recent report, it has also been suggested that these factors can affect the gut microbiota of sows even
between farms of the same production company and contiguous locations [49]. Our results seem to be
in agreement with the existing evidence, as we showed that the indigenous fecal microbiota differed
not only between individual pigs but also between farms.

Because the fecal samples were collected from commercial farms, the diet (feed) of sows is not
normalized in this study. This might be considered as a limiting factor of this study as the difference
in feed could affect the composition of fecal microbiota. However, we have confirmed sows in all
farms were given at least a complete feed mixture and most of the farms used commercially available
feed. Additionally, one farm in H group and two farms in L group used feed from same company.
Therefore, we believe difference in feed may not a decisive factor of difference in fecal microbiota
observed between H and L groups, although it should contribute at least partly to the uniqueness of
fecal microbiota in each farm.

5. Conclusions

In conclusion, our results suggested that the compositions of the fecal microbiotas were associated
with sow productivity even at a farm level. The PCoA analysis showed that the fecal microbiotas were
markedly different between high- and low-reproductive performance farms. Finally, SCFA-producing
and/or fiber-degrading bacteria and accordingly, fecal SCFAs, were detected more abundantly in
high-reproductive performance farms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/10/1469/s1.
Figure S1: Chao1 (A) and Shannon (B) indices of the fecal microbiotas of sows in 18 farms. Panel A: Chao1 index;
Panel B: Shannon index. The one-way analysis of variance (ANOVA) indicated that Chao1 and Shannon indices
were of the indigenous microbiotas of sows in the farms (p < 0.05); Figure S2: Principal coordinate analysis
(PCoA) based on weighted UniFrac distances generated from the fecal microbiotas of sows in 9 farms for group H
(A), and 9 farms for group L (B). Ellipses were drawn to show non-statistical differences between the 9 farms
in each group. The PERMANOVA analysis indicated that the compositions of the fecal microbiotas of sows
differed between 9 farms in each group, as per the weighted UniFrac (p < 0.01). Figure S3: The weighted (A)
and unweighted (B) UniFrac distance of fecal micobiotas in sows within the farm (intra-farm) and the distance
against the sows different other farms in group H or L (inter-farm). The shaded, white and black boxes show the
intra-farm distance, inter-farm distance (H group) and inter-farm distance (L group) respectively. The difference
in UniFrac distance in each farm was analyzed by one-way ANOVA followed by Tukey post-hoc test (* p < 0.05,
** p < 0.01).
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