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Low-birth-weight (LBW) piglets are at a high-risk for postnatal growth failure, mortality,
and metabolic disorders later in life. Early-life microbial exposure is a potentially effective
intervention strategy for modulating the health and metabolism of the host. Yet, it
has not been well elucidated whether the gut microbiota development in LBW piglets
is different from their normal littermates and its possible association with metabolite
profiles. In the current study, 16S rRNA gene sequencing and metabolomics was
used to investigate differences in the fecal microbiota and metabolites between LBW
and normal piglets during early-life, including day 3 (D3), 7 (D7), 14 (D14), 21 (D21,
before weaning), and 35 (D35, after birth). Compared to their normal littermates, LBW
piglets harbored low proportions of Faecalibacterium on D3, Flavonifractor on D7,
Lactobacillus, Streptococcus, and Prevotella on D21, as well as Howardella on D21
and D35. However, the abundance of Campylobacter on D7 and D21, Prevotella
on D14 and D35, Oscillibacter and Moryella on D14 and D21, and Bacteroides on
D21 was significantly higher in LBW piglets when compared with normal piglets. The
results of the metabolomics analysis suggested that LBW significantly affected fecal
metabolites involved in fatty acid metabolism (e.g., linoleic acid, α-linolenic acid, and
arachidonic acid), amino acid metabolism (e.g., valine, phenylalanine, and glutamic
acid), as well as bile acid biosynthesis (e.g., glycocholic acid, 25-hydroxycholesterol, and
chenodeoxycholic acid). Spearman correlation analysis revealed a significant negative
association between Campylobacter and N1-acetylspermine on D7, Moryella and
linoleic acid on D14, Prevotella and chenodeoxycholic acid on D21, and Howardella
and phenylalanine on D35, respectively. Collectively, LBW piglets have a different gut
bacterial community structure when compared with normal-birth-weight (NBW) piglets
during early-life, especially from 7 to 21 days of age. Also, a distinctive metabolic

Frontiers in Microbiology | www.frontiersin.org 1 September 2018 | Volume 9 | Article 1798

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2018.01798
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2018.01798
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2018.01798&domain=pdf&date_stamp=2018-09-07
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01798/full
http://loop.frontiersin.org/people/599432/overview
http://loop.frontiersin.org/people/599460/overview
http://loop.frontiersin.org/people/599504/overview
http://loop.frontiersin.org/people/599506/overview
http://loop.frontiersin.org/people/553942/overview
http://loop.frontiersin.org/people/110604/overview
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01798 September 6, 2018 Time: 17:19 # 2

Li et al. LBW Affects Gut Microbiota Colonization

status in LBW piglets might be partly associated with the altered intestinal microbiota.
These findings may further elucidate the factors potentially associated with the impaired
growth and development of LBW piglets and facilitate the development of nutritional
interventions.

Keywords: low-birth-weight, fecal metabolites, microbiota, metabolite, piglet

INTRODUCTION

Genetic selection for high-prolific sows has substantially
increased litter size over the last few decades (Yuan et al., 2015).
However, larger litters are closely correlated with an increasing
prevalence of LBW piglets (Quesnel et al., 2008) due to IUGR
(Wu et al., 2006). Piglets with a birth weight of less than 1.1 kg
are defined as LBW, which accounts for 15–25% of neonatal
piglets (Li et al., 2017; Wang et al., 2017). LBW piglets are more
prone to neonatal deaths, postnatal growth restriction, as well
as poor carcass quality (Wu et al., 2006; Berard et al., 2008). In
addition, long-term dysfunctions in vital organs are observed in
LBW piglets, especially the impaired development of the GIT
(Wang et al., 2008, 2014; Li et al., 2017).

The GIT in mammals harbors a large microbial community
(Rooks and Garrett, 2016). The early-life development of the
gut microbiota is believed to be paramount for the early-stage
maturation of gut barrier function, the innate immune system,
and the health of the host (Matamoros et al., 2013; Kabat et al.,
2014). The gut microbiota in neonates is extremely turbulent,
and it is shaped by many environmental factors, including host
genetics (Goodrich et al., 2014), delivery mode (Wang et al.,
2013), dietary change (Li et al., 2012; Bian et al., 2016), and
feeding environment (Inman et al., 2010; Schokker et al., 2014).
A dysbiosis in the gut microbial community of neonates not only
results in a higher risk of diseases but also causes short- and long-
lasting adverse effects on health (Foxx-Orenstein and Chey, 2012;
Saavedra and Dattilo, 2012).

Many studies have reported the early-life development of the
gut microbiota in newborn piglets born with NBW (Frese et al.,
2015; Bian et al., 2016; Hu et al., 2016; Chen et al., 2017; Mu
et al., 2017), while few studies have focused on the gut bacterial
succession in LBW piglets during early-life. Previous studies
have shown that counts of adherent bacteria via a traditional
colony-counting method were greater in the intestinal mucosa
of 2- to 5-day-old piglets with IUGR, when compared with the
normal ones (D’Inca et al., 2010, 2011). However, these studies
did not characterize the taxonomic composition of the bacterial
community or assess its dynamic changes during the early-life
of piglets. Therefore, differences in the gut microbiota of LBW

Abbreviations: ADG, average daily gain; FDR, false discovery rate; FXR,
farnesoid X receptor; GIT, gastrointestinal tract; GLM, general linear model;
GPBAR1, G-protein-coupled bile acid receptor 1; HESI, heated electrospray
ionization; IUGR, intrauterine growth restriction; LBW, low-birth-weight; LDA,
linear discriminant analysis; LEfSe, linear discriminant analysis effect size; NBW,
normal-birth-weight; OPLS-DA, orthogonal partial least squares discriminant
analysis; OTUs, operational taxonomic units; PCoA, principal coordinates analysis;
PERMANOVA, permutational multivariate analysis of variance; SCFAs, short-
chain fatty acids; SEM, standard error of the mean; UPLC-MS, ultrahigh
performance liquid chromatography-mass spectroscopy.

and NBW piglets in the early stages after birth need to be further
studied.

One of the mechanisms through which the gut microbiota
indirectly impacts host physiology is the production of microbial
metabolites and modulation of host immunity (Rooks and
Garrett, 2016; Turroni et al., 2018). Metabolic disorders caused
by the gut microbiota are often associated with disease such as
insulin resistance, diabetes, and inflammation (Zmora et al., 2017;
Turroni et al., 2018). For example, metabolomic alterations were
observed in the small intestine of 21-day-old piglets suffering
from IUGR (He et al., 2011). To our knowledge, information
about the changes in intestinal microbiota-related metabolites in
LBW piglets is not available.

We hypothesized that the gut microbiota development
and metabolism in LBW piglets were different from their
normal littermates during early-life. Therefore, the present
study was designed to investigate differences in the gut
microbiota composition and fecal metabolome between LBW
and NBW piglets during early-life, including the preweaning
and postweaning period. Possible associations between microbes
and metabolites were also revealed. The results of this
study will help to further understand the negative effects
on growth performance in LBW piglets and facilitate the
exploration of new therapeutic biomarkers for newborns
with LBW.

MATERIALS AND METHODS

Ethics Statement
All experimental protocols were carried out with the approval
of the China Agricultural University Animal Care and Use
Committee (CAU20170114-1, Beijing, China).

Animal Management and Fecal Sampling
In this study, a total of 30 multiparous sows (Yorkshire;
2∼4 parities) were selected and raised individually in a
commercial pig breeding farm in Sichuan province, China.
During the entire experimental period, sows were fed the same
commercial feed and water was provided ad libitum from
nipple drinkers. Thirty litters of piglets (Landrace × Yorkshire)
were spontaneously delivered from sows after 113∼114 days
of gestation. At birth, 1 LBW piglet (0.75∼0.95 kg) and 1
NBW piglet (1.35∼1.55 kg) were obtained from each of the
thirty litters (each litter with 12∼14 piglets). No cross-fostering
was used in this study. From day 3 to 5 after birth, piglets
started to receive commercial creep feed and drinking water
ad libitum. All the piglets were weaned at 21 days of age
and transferred into the nursery pens with free access to
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commercial weaning diet and water. None of the piglets were
administered with antibiotics or other drugs throughout this
experiment.

Body weights of all newborn piglets were recorded
immediately after delivery. On day 3 (D3), 7 (D7), 14 (D14),
21 (D21, before weaning), and 35 (D35, after birth), piglets
(6 LBW and 6 NBW piglets) from each of the six litters were
weighed individually after 2∼4 h of fasting and then sacrificed
after anesthesia for sample collection. To avoid contamination,
fresh feces were collected from the terminal rectum of each
piglet. A total of 60 fecal samples from the rectum were
collected on ice, immediately frozen in liquid nitrogen, and
then stored at −80◦C until microbiome and metabolome
analysis.

DNA Extraction, 16S rRNA Gene
Amplification and Sequencing
Total metagenomic DNA was extracted from 200 mg of
each fecal specimen by using the QIAamp R© Fast DNA
Stool Mini Kit (Qiagen Ltd., Germany) in accordance
with manufacturer’s instructions. The V3-V4 region
of the 16S rRNA gene was amplified with universal
primers 341F (ACTCCTACGGGAGGCAGCAG) and 806R
(GGACTACHVGGGTWTCTAAT), as described by Hong
et al. (2016). The amplified products were detected using
agarose gel electrophoresis (2% agarose), recovered by AxyPrep
DNA Gel Recovery Kit (Axygen Biosciences, Union City, CA,
United States), and then quantified by Qubit 2.0 Fluorometer
(Thermo Fisher Scientific, Waltham, MA, United States) to pool
into equimolar amounts. Amplicon libraries were sequenced on
the Illumina HiSeq 2500 platform (Illumina, San Diego, CA,
United States) for paired-end reads of 250 bp. All the raw data
involved in the present study were deposited in NCBI Sequence
Read Archive (SRA) under accession number SRP137635.

Analysis of Sequencing Data
The raw paired-end reads were assembled into longer sequences
and quality filtered by PANDAseq (version 2.9) to remove
the low-quality reads with a length of <220 nucleotides (nt)
or >500 nt, an average quality score of <20, and sequences
containing >3 nitrogenous bases (Masella et al., 2012). The
high-quality sequences were clustered into OTUs with a
97% similarity using UPARSE (version 7.0) (Edgar, 2013) in
QIIME (version 1.8) (Caporaso et al., 2010), and the chimeric
sequences were removed using UCHIME (Edgar et al., 2011).
Taxonomy was assigned to OTUs using the RDP classifier1

(Bacci et al., 2015) against the SILVA 16S rRNA gene database
(Release1282) (Pruesse et al., 2007), with a confidence threshold
of 70%.

The Shannon diversity index and the number of OTUs per
sample were calculated by the MOTHUR program (version
v.1.30.13) (Schloss et al., 2009). Bar plots and heat maps were
generated with the “vegan” package in R (version 3.3.1). For beta

1http://rdp.cme.msu.edu/
2http://www.arb-silva.de
3http://www.mothur.org

diversity analysis, PCoA was performed based on Bray–Curtis
distances using QIIME (version 1.8).

Fecal Metabolite Extraction and
UPLC-MS Analysis
A total of 60 fecal samples were analyzed in the UPLC-MS
platform according to the protocol described in a previous study
(Cao et al., 2016). In brief, each fecal sample (∼100 mg) was
mixed with 400 µL MeOH:ACN (1:1, v/v, 4◦C), followed by
centrifugation at 15, 000 × g for 10 min. The supernatant
was transferred to another 1.5 mL centrifuge tube and dried in
a vacuum concentrator (Concentrator plus, Eppendorf). Next,
the dried extracts were separately redissolved with 200 µL
MeOH:H2O (4:1, v/v, 4◦C), and then centrifuged at 15, 000 × g
for 10 min. The final supernatant was filtered through a 0.22 µm
sterile membrane and proceeded using a UPLC-HRMS system
(UPLC, ACQUITYUPLC H-Class Bio, Waters; MS, Q-Exactive,
Thermo Scientific), equipped with a HESI source under the
standard procedures.

Metabolomics Data Processing
Raw data processing and further data analysis were conducted
according to a previous publication (Cao et al., 2016). In brief,
SIEVE 2.1 software (Thermo Fisher Scientific, NJ, United States)
was applied for peak alignment, background exclusion, and
component extraction of raw data. Component extraction was
achieved between retention times 0.5 and 16 min, with intensity
threshold at 500,000, minimum scan at 9, and signal-to-noise
ratio of 10. OPLS-DA was generated using SIMCA-P 13 software
(Umetrics, Umea, Sweden) after data were scaled to Pareto
variance. Compounds with a criterion of CV <20%, fold change
>1.5, and P < 0.05 were filtered as differential metabolites
between two groups, using EXCEL for further identification.
The identification of these candidate metabolites was carried
out using the Human Metabolome Database4 and METLIN5

based on the exact masses of molecular ions. The MS/MS
spectra database was used to match fragment ion spectra of
the candidate compounds. Similarly, MS/MS spectra were also
compared with theoretical fragmentation patterns with mass
tolerance at 5 ppm using XcaliburTM (Thermo Fisher Scientific,
NJ, United States). The impacts of birth weight on metabolic
pathways and metabolite set enrichment analysis (MSEA) were
analyzed using MetaboAnalyst 4.06 (Chong et al., 2018).

Statistical Analysis
The difference in growth performance between LBW and NBW
piglets at different time-points was tested using the GLM (SPSS
20.0). Both age and birth weight were considered as fixed factors,
and means were separated and adjusted using Duncan’s multiple
test. P-values below 0.05 were considered statistically significant.
The difference in the alpha diversity between LBW and NBW
piglets at each time-point was tested using Mann–Whitney U-test
(SPSS 20.0), and P-values were adjusted with FDR (below 5%)

4http://www.hmdb.ca
5http://metlin.scripps.edu
6http://www.metaboanalyst.ca
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as described by Benjamini and Hochberg (1995). The corrected
P-values below 0.05 were regarded as statistically significant. To
compare the difference in the gut microbiota structure between
LBW and NBW piglets at different time-points, PERMANOVA
(1, 000 Monte Carlo permutations) was performed based on
Bray–Curtis distances with the Adonis function available in the
package “vegan” in R (version 3.3.1) (Anderson and Walsh,
2013). Linear discriminant analysis (LDA) effect size (LEfSe)
analysis was used to identify the differential genera between
LBW and NBW groups. Only genera with an average relative
abundance greater than 0.01% were considered. Correlations
between different metabolites and bacterial communities were
assessed by Spearman’s correlation analysis using the “pheatmap”
package in R (version 3.3.1). Data were expressed as mean
values.

RESULTS

Effects of Birth Weight on Growth
Performance in Piglets
Low-birth-weight piglets continuously showed a significantly
lower body weight (P < 0.001) than NBW piglets during
the whole experimental period (Supplementary Table S1). At
D35, the body weight of LBW piglets was 17% lower than
that of the normal ones. Furthermore, from D3 to D21, LBW
piglets had a lower ADG when compared with NBW piglets
(P < 0.001).

Summary of 16S rRNA Gene Profiles and
Alpha Diversities Across All the Samples
A total of 3, 136, 875 high-quality 16S rRNA gene sequences were
generated from sixty fecal samples. We randomly subsampled
all the samples to 30, 996 sequences to avoid bias caused by
different sequencing depth. Based on 97% sequence similarity,

1, 076 OTUs were identified and then assigned to 17 phyla, 32
classes, 54 orders, 89 families, and 264 genera.

The difference in gut bacterial diversity and richness between
LBW and NBW piglets is shown in Figure 1. Birth weight had
no significant influence on fecal bacterial richness and diversity
(number of OTUs and Shannon diversity index) at any tested
time-point (Figures 1A,B).

Age-Induced Changes in the Gut
Microbiota of Piglets From Preweaning
to Postweaning Period
The overall bacterial composition of the piglet gut varied
significantly by age, irrespective of birth weight (Figure 2
and Supplementary Figure S1). A PCoA plot of the Bray–
Curtis distances confirmed that samples clustered primarily
in an age-dependent manner along the PC1 axis (Figure 3).
A PERMANOVA of these distances also showed that the gut
microbiota structure was strongly affected by age (R2 = 0.382,
P = 0.001). At the phylum level (Supplementary Figure S1),
Bacteroidetes was predominant at all time-points, with the
mean relative abundance ranging from 42.0–51.9%. The relative
abundance of Firmicutes was lower on D3 (16.8%) when
compared to D7 (36.1%). Fusobacteria and Proteobacteria
were the dominant phyla on D3 but the levels decreased
on D7. Furthermore, Fusobacteria was nearly undetectable on
D21 and D35. At the genus level (Figure 2), Bacteroides,
Fusobacterium, and Escherichia-Shigella were the main bacterial
genera in the fecal samples from D3 to D7. In contrast,
Prevotella, Phascolarctobacterium, Prevotellaceae NK3B3E group
and Alloprevotella were dominant in the gut from D14 to
D35. Lactobacillus had a lower relative abundance on D3
(1.6%) but was predominant at other ages, with the highest
value on D7 (18.7%). The relative abundances of the top
50 most abundant genera are shown in Supplementary
Figure S2.

FIGURE 1 | Alpha diversity of the gut bacterial community of LBW and NBW piglets at each sampling time. (A) Number of OTUs and (B) Shannon diversity index of
LBW and NBW piglets at each time-point. Data are shown as mean ± SEM. n = 6 per group. LBW, low-birth-weight; NBW, normal-birth-weight.
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FIGURE 2 | Abundant genera in the gut microbiota of LBW and NBW piglets. Only genera with average relative abundance greater than 5% were shown. Data are
shown as means in each group, n = 6 per group. L, low-birth-weight; N, normal-birth-weight.

FIGURE 3 | Principal coordinates analysis (PCoA, Bray–Curtis distance) plot of the gut microbial community structure by sampling time and birth weight status. n = 6
per group. L, low-birth-weight; N, normal-birth-weight.
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Differences in the Gut Microbiota
Between LBW and NBW Piglets During
Early-Life
We visualized the Bray–Curtis distances using PCoA and
statistically with PERMANOVA to evaluate the effect of
birth weight status on the bacterial community structure.
The PCoA plot revealed distinct separation of the bacterial
community structure by birth weight on D7, D14, and D21
(Supplementary Figures S3B,C,D), which was confirmed by
PERMANOVA (D7, R2 = 0.182, P = 0.009; D14, R2 = 0.169,
P = 0.012; D21, R2 = 0.157, P = 0.017). However, the microbial
community structure was relatively similar between LBW and
NBW piglets on D3 (Supplementary Figure S3A; R2 = 0.145,
P = 0.084) or D35 (Supplementary Figure S3E; R2 = 0.116,
P = 0.077).

Significant differences in the relative abundance of phyla and
genera in the fecal microbiota between LBW and NBW piglets
at a certain age were further identified using the Mann–Whitney
U-test and LEfSe analysis (Figure 4, Supplementary Figure S4,
and Supplementary Table S2). As the most dominant phylum,
the relative abundance of the Bacteroidetes between LBW and
NBW piglets was not significantly different at any time-point
(P > 0.05, Supplementary Figure S4B). Compared with the
NBW group, the relative abundance of the phylum Firmicutes
was significantly lower (P < 0.05, Supplementary Figure S4A)
in LBW piglets on D3 (mean, 11.9% vs. 21.7%) and D7 (mean,
25.9% vs. 46.2%). In contrast, the relative abundance of the
phylum Fusobacteria (and the genus Fusobacterium) in LBW
piglets was relatively high on D3 and D7, but the difference
was not statistically significant (P > 0.05, Supplementary
Figures S4C,G).

Results of LEfSe at the genus level revealed that one taxon
on D3 was significantly impacted by birth weight, followed by
three taxa on D7, eleven taxa on D14, seventeen taxa on D21,
and six taxa on D35 (Figure 4 and Supplementary Table S2).
For example, on D3, LBW piglets showed a dramatically lower
relative abundance of the genus Faecalibacterium (0.001% vs.
0.018%, P < 0.05) than NBW piglets. On D7, the relative
abundances of the genus Campylobacter (0.074% vs. 0.001%,
P < 0.05) and Ruminococcaceae UCG-005 (0.059% vs. 0.003%,
P < 0.05) were higher in LBW piglets, while a lower relative
abundance of Flavonifractor (0.063% vs. 0.314%, P < 0.05)
was observed in NBW piglets. A lower proportion of the
genus Escherichia-Shigella (0.956% vs. 6.577%, P < 0.05) was
observed in LBW piglets on D14 but a higher abundance
of Moryella on D14 (0.020% vs. 0.000%, P < 0.05) and
D21 (0.059% vs. 0.014%, P < 0.05) was seen in NBW
piglets. On D21, an increased relative abundance of the genus
Bacteroides (9.160% vs. 3.923%, P < 0.05) was observed for LBW
piglets. Meanwhile, the relative abundance of Campylobacter
(0.326% vs. 0.048%, P < 0.05) increased again as that on
D7. Additionally, LBW piglets had a lower proportion of
the genus Howardella, both on D21 (0.008% vs. 0.051%,
P < 0.05) and D35 (0.012% vs. 0.055%, P < 0.05), when
compared with NBW piglets. As the predominant genus, the
proportion of the genus Lactobacillus was continuously lower

in LBW piglets than in NBW piglets from D7 to D35, with
a significant decrease on D21 (0.790% vs. 6.316%, P < 0.05,
Supplementary Figure S4D). Compared to NBW piglets, the
relative abundance of the genus Prevotella was significantly
higher on D14 (26.343% vs. 7.276%, P < 0.05) and D35
(26.948% vs. 16.736%, P < 0.05) but significantly lower on D21
(8.342% vs. 19.499%, P < 0.05) in LBW piglets (Supplementary
Figure S4F). The proportion of the genus Streptococcus was low
in the LBW group during the suckling period (Supplementary
Figure S4H), with a significant decline on D21 (0.087% vs.
0.243%, P < 0.05).

Differences in Fecal Metabolite Profiles
Between LBW and NBW Piglets During
Early-Life
The fecal metabolic profiles were analyzed by UPLC-MS.
Differences in the metabolite profiles of LBW and NBW piglets
at each time-point were revealed by OPLS-DA (Figure 5).
A total of 46 differentially abundant metabolites were identified
and annotated across the whole experimental period. These
metabolites, which include amino acids, organic acids,
fatty acids, and lipids, are involved in multiple biological
pathways (Supplementary Table S3). Compared with the
NBW group, LBW piglets had higher concentrations of
glycocholic acid, L-valine, and vanilpyruvic acid on D3.
On D7, nine compounds (linoleic acid, α-linolenic acid,
palmitic acid, indoleacetic acid, α-dimorphecolic acid,
cyclohexane undecanoic acid, 5,8-tetradecadienoic acid,
3-oxododecanoic acid, and cyclohexanecarboxylic acid)
were significantly enriched, whereas the amounts of three
metabolites (N1-acetylspermine, N-undecanoylglycine,
and N-acetylcadaverine) were significantly declined in
LBW piglets. It was noted that the concentrations of
indoleacetic acid and α-dimorphecolic acid in the LBW
group had a 7- and 6-fold increase, respectively. On D14,
the production of ten metabolites (oleic acid, linoleic
acid, kynurenic acid, indoleacetic acid, 2-phenylacetamide,
deoxycholic acid, tetracosahexaenoic acid, myristoleic acid,
3-oxotetradecanoic acid, and cyclohexanecarboxylic acid)
was downregulated in LBW piglets when compared with
their NBW littermates. On D21, increased amounts of seven
metabolites (25-hydroxycholesterol, chenodeoxycholic acid,
arachidonic acid, stearoylcarnitine, zymosterol intermediate 2,
docosahexaenoic acid, and desaminotyrosine) were observed
in the LBW group, while three metabolites (desmosterol,
phenylalanylphenylalanine, and 3-oxohexadecanoic acid)
were reduced. In addition, on D35, LBW piglets had higher
concentrations of etiocholanedione, 3-hydroxyhippuric acid, and
L-phenylalanine. In contrast, lower values of eight metabolites
(palmitic acid, L-glutamic acid, succinic acid, 3β,7α-dihydroxy-
5-cholestenoate, allolithocholic acid, N-acetylneuraminic acid,
hypogeic acid, and N-acetylserine) were found in LBW piglets.
Further metabolite enrichment analysis indicated that LBW had
a significant impact on fatty acid metabolism and biosynthesis,
bile acid biosynthesis, and amino acid metabolism in piglets
(Figure 6).
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FIGURE 4 | Differentially abundant genera between LBW and NBW piglets by sampling time. Histograms of a linear discriminant analysis (LDA) score (threshold ≥2)
on D3 (A), D7 (B), D14 (C), D21 (D), and D35 (E) are plotted. n = 6 per group. L, low-birth-weight; N, normal-birth-weight.
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FIGURE 5 | Orthogonal partial least squares discriminant analysis (OPLS-DA) plot of fecal metabolites between LBW and NBW piglets on D3 (A), D7 (B), D14 (C),
D21 (D), and D35 (E). n = 6 per group. L, low-birth-weight; N, normal-birth-weight.
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FIGURE 6 | Metabolic pathway enrichment analysis. Overview of metabolites that were enriched in LBW piglets compared to the NBW ones. n = 6 per group.

Correlations Between the Fecal
Microbial Composition and Metabolite
Profiles
A Spearman’s correlation matrix was generated to explore
the correlation between the bacterial genera and candidate
compounds that were significantly affected by birth weight. As
shown in Figure 7, significant associations could be identified
between the gut microbiota and the altered metabolite profiles
from D7 to D35. On D7 (Figure 7A), the correlation analysis
revealed that the genus Flavonifractor was positively correlated
with N-undecanoylglycine (R = 0.79, P < 0.05). The genus
Ruminococcaceae UCG-005 was negatively associated with N1-
Acetylspermine (R = −0.83, P < 0.05). The genus Campylobacter,
having an increased abundance in LBW piglets, was positively

correlated with indoleacetic acid (R = 0.73, P < 0.05) and
negatively associated with N1-acetylspermine (R = −0.62,
P < 0.05) and N-acetylcadaverine (R = −0.90, P < 0.05). On
D14 (Figure 7B), 2-phenylacetamide was positively correlated
with the genus Escherichia-Shigella (R = 0.74, P < 0.05)
and negatively associated with the genera Intestinimonas
(R = −0.63, P < 0.05) and Faecalibacterium (R = −0.85,
P < 0.05). Oleic acid and cyclohexanecarboxylic acid were
negatively associated with the same nine genera (R < −0.58,
P < 0.05). These nine genera included Anaerofilum, Prevotella,
Ruminiclostridium, Prevotellaceae UCG-003, Faecalibacterium,
Alloprevotella, Oscillibacter, Oscillospira, Intestinimonas.
Myristoleic acid was negatively associated with eight genera
(R < −0.62, P < 0.05). Linoleic acid had negative associations
with four genera (R < −0.57, P < 0.05), deoxycholic acid
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FIGURE 7 | Spearman correlation analysis between genera and metabolite concentrations affected by birth weight on D7 (A), D14 (B), D21 (C), and D35 (D).
Asterisks indicate significant correlations between LBW and NBW piglets. Cells are colored based upon the Spearman correlation coefficient between the
significantly altered genera and metabolites; the red represents a significantly positive correlation (P < 0.05), the blue represents a significantly negative correlation
(P < 0.05), and the white represents no significant correlation (P > 0.05). n = 6 per group.

with five genera (R < −0.57, P < 0.05), kynurenic acid with
the genus Ruminiclostridium (R = −0.71, P < 0.05), and
tetracosahexaenoic acid with three genera (R < −0.59, P < 0.05).
On D21 (Figure 7C), ten genera (6 positive and 4 negative) were
significantly correlated with chenodeoxycholic acid (P < 0.05);

six genera (3 positive and 3 negative) were associated with
3-oxohexadecanoic acid (P < 0.05); five genera (3 positive and 2
negative) were associated with docosahexaenoic acid (P < 0.05);
and three and four genera were positively associated with
stearoylcarnitine and arachidonic acid, respectively (R > 0.58,
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P < 0.05). Similarly, desaminotyrosine, zymosterol intermediate
2, desmosterol, and phenylalanylphenylalanine were significantly
correlated with six genera (4 positive and 2 negative), four
genera (3 positive and 1 negative), one genera (negative), and
two genera (1 positive and 1 negative), respectively (P < 0.05).
For 35-day-old piglets (Figure 7D), the genus Ruminococcaceae
UCG-004 showed a negative correlation with 3-hydroxyhippuric
acid (R = −0.59, P < 0.05) but a positive correlation with
N-acetylneuraminic acid (R = 0.60, P < 0.05). The genus
Hungatella presented negative associations with hypogeic acid
and N-acetylneuraminic acid (R < −0.57, P < 0.05). The genera
Howardella and Butyricicoccus showed negative associations
with L-phenylalanine (R < −0.67, P < 0.05), whereas positive
connections with succinic acid and N-acetylneuraminic acid
(R > 0.59, P < 0.05).

DISCUSSION

Low-birth-weight piglets are strongly associated with high rates
of postnatal mortality, reduced growth rates, and poor carcass
quality (Wu et al., 2006; Berends et al., 2013). In the current
study, we confirmed that LBW piglets had continuously poor
growth performance during early-life, which was consistent
with previous findings (Wang et al., 2010; Douglas et al.,
2014; Hu et al., 2015). In addition, we systematically identified
differentially abundant bacterial genera and metabolites between
LBW and NBW piglets, from birth through the postweaning
period, using a microbiota-metabolome analysis. Our findings
showed that the dynamic establishment of the gut microbiota
was strongly affected by age, and LBW was associated with
alterations in the gut microbial community and fecal metabolome
of piglets during the suckling and weaning period. Furthermore,
associations existed between the differentially abundant genera
and metabolites in the LBW and NBW groups.

Establishment of the Gut Microbial
Community in Newborn Piglets
In the present study, Firmicutes and Bacteroidetes were the
two most predominant phyla in piglet gut microbiota, which
was consistent with previous studies in piglets (Bian et al.,
2016; Hu et al., 2016; Chen et al., 2017) and human infants
(Backhed et al., 2015; Kostic et al., 2015). Fusobacteria was
dominant on D3 but disappeared after weaning, which was
also observed in other studies (Bian et al., 2016; Chen et al.,
2017). Proteobacteria, which include a wide variety of pathogenic
bacteria, also showed a significant decline with age, and this
observation was in agreement with previous studies (Zhao et al.,
2015; Bian et al., 2016; Hu et al., 2016; Chen et al., 2017).
These results suggested that potential pathogens might be mainly
present in the newborn GIT, and therefore make newborns
more susceptible to disease. At the genus level, the relative
abundance of Fusobacterium sharply reduced from the suckling
to weaning period as reported in other studies (Chen et al., 2017).
Lactobacillus was predominant in the gut microbiota of piglets
from D7 to D35 in our study, which was in accordance with
studies carried out by Bian et al. (2016) and Mach et al. (2015).

Bacterial richness and diversity increased over time, and this
finding was in accordance with other studies in piglets (Frese
et al., 2015; Mach et al., 2015; Bian et al., 2016; Chen et al., 2017)
and human infants (Matamoros et al., 2013; Backhed et al., 2015;
Hill et al., 2017).

Differences in the Gut Microbiota
Between LBW and NBW Piglets During
Early-Life
Evidence has shown that bacterial establishment in the gut can
be altered in premature infants born with LBW during early-life
(Fanca-Berthon et al., 2010; Arboleya et al., 2012a,b). Studies in
piglets have reported greater counts of adherent bacteria in the
intestinal mucosa of 2- to 5-day-old piglets with IUGR (D’Inca
et al., 2010, 2011). In the current study, no clear separation
was observed in the gut microbial community structure of LBW
and NBW piglets on D3. Immediately after birth, neonates
experience a transition from an intrauterine environment to an
external environment. The fetus is in a relatively sterile aquatic
environment during pregnancy and depends mainly on the
umbilical vein for parenteral nutrition. Immediately after birth,
the neonate begins enteral nutrition by suckling maternal milk
and the GIT is colonized with microbes. Therefore, rapid changes
in environment and nutrition during the early postnatal period
may lead to high intraindividual variability in the gut microbiota
of piglets, and these changes explain the lack of significant
differences between the LBW and NBW piglets on D3. Our results
revealed that the bacterial community structure of LBW and
NBW piglets showed significant separation on D7, D14, and D21,
but not on D35. Impaired development of the GIT (Wang et al.,
2010) and insufficient milk intake (Quesnel et al., 2012) in LBW
piglets, might be the two factors that explain the subsequent
dissimilarity in the structure of the gut microbiota between the
two groups. After weaning, the large changes in the environment
and diet may result in a similar microbial community structure
for both LBW and NBW piglets.

Furthermore, our findings demonstrated that birth weight
affected specific bacterial taxa at all time-points, especially from
D7 to D21. This suggests that the suckling period may be the
critical developmental period for the gut microbiota and have
long-lasting impacts on health and metabolism. A lower relative
abundance of Firmicutes was harbored by LBW piglets on D3
and D7, which was in agreement with the fact that the relative
abundance of Firmicutes decreased in the placenta from LBW
infants (Zheng et al., 2015). Also, in the present study, LBW
piglets had a lower abundance of Lactobacillus and Streptococcus
but a higher abundance of Fusobacterium, which was consistent
with previous studies in LBW infants (Arboleya et al., 2012a;
Zheng et al., 2015) and rodents (Wang et al., 2016). LBW piglets
are well recognized as being more susceptible to GIT defects
and various diseases (Li et al., 2017; Wang et al., 2017). Some
Fusobacterium spp. are pathogenic in pigs (De Witte et al.,
2017), whereas Lactobacillus spp. are widely used as probiotics to
improve health and disease resistance (Naito et al., 2011; Wang
et al., 2012), and Streptococcus spp. are commensal members in
the gut of newborns (Matamoros et al., 2013). Thus, the observed
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alterations in the members of these genera may partly explain
the high morbidity of LBW piglets. Additionally, the relative
abundances of Faecalibacterium on D3 and Prevotella on D21
were significantly decreased in the LBW group when compared
with the NBW group. Prevotella spp. are important acetate-
producing bacteria (Ivarsson et al., 2014) and Faecalibacterium
include many key butyrate-producing species (Benus et al., 2010),
and these SCFAs improve intestinal barrier function and reduce
inflammation in the gut (Liu et al., 2018; Turroni et al., 2018). It
has been reported that 50% of butyrate-producing bacteria are
able to produce butyrate from acetate (Barcenilla et al., 2000).
The decline of these SCFA-producers might reflect an attenuated
capacity to metabolize dietary fiber in LBW piglets.

Campylobacter spp., some of which are associated with
diarrhea in piglets, were more abundant in LBW piglets than
in NBW piglets on D7 and D21 (Yang et al., 2017). Also, LBW
piglets had higher levels of Moryella and Oscillibacter on D14
and D21 when compared with the NBW group in our study.
A recent study reported that adult mice with obesity had a higher
relative abundance of Moryella (Sung et al., 2017). Similarly,
Duca et al. (2014) found that the abundance of Oscillibacter was
significantly higher in obese-prone rats when compared with
obese-resistant rats. Low-birth-weight neonates have a higher
risk for developing adult obesity (Li et al., 2017); therefore,
whether Moryella and Oscillibacter are associated with obesity
in the long-term in LBW neonates needs further investigation.
In our study, LBW piglets had a higher proportion of Prevotella
on D14 and D35 but a lower proportion of Escherichia-Shigella
on D14 when compared with NBW littermates. However, similar
results were also observed in 10-day-old piglets suffering from
diarrhea (Yang et al., 2017). Escherichia spp., which include
many opportunistic pathogens, have been shown to be negatively
correlated with Prevotella in healthy children (Kang et al., 2013),
diarrheic children (Pop et al., 2014), and healthy piglets (Yang
et al., 2017). However, both our observations and the studies
carried out by Yang et al. (2017) showed that no significant
correlation existed between these two genera in diarrheic piglets.
The Escherichia-Shigella spp. detected in the present study may
not be pathogenic as diarrhea was not observed in either the LBW
or NBW piglets.

Changes in Metabolism Between LBW
and NBW Piglets During Early-Life
In addition to alterations in the fecal microbiota of LBW piglets
when compared to their NBW littermates, LBW also disrupted
the metabolic status of neonatal piglets. Our metabolome data
revealed that the discriminating metabolites in differentiating
LBW and NBW piglets were mainly found on D7, D14, D21,
and D35. At these time-points, 12, 10, 10, and 11, differential
compounds in feces were identified, respectively. Similar to the
observations in the bacterial community, only minor differences
in metabolites were found in 3-day-old piglets, of which only
three metabolites were identified.

The altered concentrations of 14 fatty acids in the feces of LBW
piglets suggest a potential dysfunction in fatty acid biosynthesis
and metabolism. Unsaturated and saturated fatty acids are used

by the host for synthesizing triglycerides which can promote
lipogenesis (Miyazaki et al., 2001). There is evidence that the
levels of some metabolites associated with lipogenesis changed
in neonatal piglets (He et al., 2011), fetal pigs (Lin et al., 2012),
and human infants (Leduc et al., 2011) suffering from IUGR.
It has been reported that LBW neonates have a higher risk for
developing adult metabolic and cardiovascular disorders due to
abnormal fat storage and lipid metabolism (Wu et al., 2006; Li
et al., 2017). Thus, the observed alterations in these fatty acids
may be an important factor in the development of metabolic
diseases later in life in LBW neonates.

The concentrations of several amino acids in the feces of LBW
piglets, such as L-valine, L-glutamic acid, and L-phenylalanine,
were significantly different from that of NBW piglets. Amino
acids serve as essential precursors to protein biosynthesis (Wu,
2009), and the alterations in amino acid composition indicate
that body growth and development might be suppressed in LBW
neonates due to the abnormality in intestinal protein synthesis
(Wang et al., 2010). Specifically, we observed decreased levels of
L-glutamic acid in LBW piglets on D35. Reduced concentrations
of glutamine or glutamate have been reported in the small
intestine of LBW piglets (He et al., 2011), umbilical plasma
from LBW infants (Favretto et al., 2012; Ivorra et al., 2012),
and fetal pigs (Lin et al., 2012). Glutamine plays a critical role
in maintaining multiple important functions, such as nutrient
metabolism, immune response, and intestinal integrity, as well
as the synthesis of other bioactive compounds (Wu et al., 2007;
Wu, 2010). Therefore, glutamine or glutamate supplementation
in LBW piglets may be an effective way to improve growth
and maintain gut health (Vaughn et al., 2003; Wu et al., 2011;
Yuan et al., 2015). Another interesting observation in the present
study is that the feces of LBW piglets have higher levels of L-
phenylalanine and L-valine. However, previous studies revealed
decreased levels of these two amino acids in the jejunum or
umbilical plasma of LBW neonates (He et al., 2011; Favretto
et al., 2012; Lin et al., 2012). These contradictory findings might
have resulted from the differences in the intestinal region being
sampled. Valine and phenylalanine are two indispensable amino
acids for piglets and must be supplied in the diet (Lei et al., 2012;
Rezaei et al., 2013); therefore, their enrichment in feces might
indicate a lower bioavailability in the intestine of LBW piglets.

Additionally, we report, for first time, that birth weight status
significantly alters the concentrations of several metabolites
associated with bile acid biosynthesis, such as glycocholic acid,
deoxycholic acid, 25-hydroxycholesterol, chenodeoxycholic acid,
3β,7α-dihydroxy-5-cholestenoate, and allolithocholic acid. Bile
acids are signaling molecules essential for the absorption and
metabolism of dietary lipids and fat-soluble vitamins (Chiang,
2009). Bile acids also interact with the intestinal microbiota
(Wang et al., 2002) by regulating FXR and G protein-coupled
bile acid receptor 1 (GPBAR1) signaling, which in turn maintain
intestinal homeostasis (Fiorucci and Distrutti, 2015). Primary
bile acids are derived from cholesterol in the liver and are
converted to secondary bile acids by the intestinal microbiota
(Ridlon et al., 2006). In the present study, we found that LBW
piglets had higher levels of primary bile acids (glycocholic
acid, 25-hydroxycholesterol, and chenodeoxycholic acid)
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but lower levels of secondary bile acids (deoxycholic acid). These
findings might suggest a decreased conversion rate of bile acids
from the primary to the secondary form in the intestine of LBW
piglets. Also, bile acids might act as an opportunistic mediator
for interventions in obesity and diabetes (Fiorucci and Distrutti,
2015). Disruptions in bile acid metabolism of LBW piglets might
have a long-term adverse effect on their physiological behavior
and health during postnatal life.

Diet and host physiological status have direct influences
on host metabolism (He et al., 2011; Maier et al., 2017).
Moreover, there is increasing evidence that a part of these
impacts is regulated by the intestinal microbiota as many
gut microbes are capable of producing bioactive molecules
that affect host metabolism (Fiorucci and Distrutti, 2015). In
the current study, Spearman’s correlation analysis revealed an
association between the abundance of specific bacterial genera
and metabolites that were significantly influenced by birth
weight. The characterization of metabolic alterations modulated
by the intestinal microbiota has been used to understand the
molecular mechanisms of host health and disease development
in humans and animals (Arrieta et al., 2015; Shi et al., 2015;
Sun et al., 2016; Turroni et al., 2018). Altogether, the disruption
of gut microbial composition and metabolic homeostasis could
be a major underlying factor that induces stunted growth and
development of LBW piglets.

CONCLUSION

In summary, the present study revealed differences in the gut
microbiota and metabolic status between LBW and NBW piglets
during the suckling and weaning period. Firstly, birth weight
status strongly affected the gut bacterial composition of piglets
from 7 to 21 days of age but had no obvious impact on D3 because
of larger individual variations. This finding implies that the
suckling period might be the critical period for modulating the
gut microbiota in LBW piglets and interventions beginning from
D7 might be more effective. Secondly, LBW piglets had altered
concentrations of metabolites involved in multiple biochemical
processes, including fatty acid metabolism, bile acid biosynthesis,
and amino acid metabolism. Moreover, these metabolic changes
in LBW piglets might be partly modulated by the intestinal
microbiota as there were associations between the abundance

of specific bacterial genera and metabolites affected by birth
weight. Collectively, these findings provide new directions in
identifying the key factors affecting the early development of
LBW piglets and formulating the corresponding nutritional
intervention.
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