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Dietary zinc oxide (ZnQO) at pharmacological level has been widely used to prevent
and treat diarrhea in weaning piglets. Despite its importance for promoting animal
health and performance, the influence of microbiome profiles in intestinal tracts by ZnO
needs to be comprehensively investigated. In this study, we conducted a comparative
microbial community analysis in the ileum and colon of piglets fed by either control
diet, high ZnO (3,000 mg/kg) supplement or antibiotics (300 mg/kg chlortetracycline
and 60 mg/kg colistin sulfate) supplement. Our results showed that both high
dietary ZnO and in-feed antibiotics supplementations significantly increased 5 phyla
of Spirochaetes, Tenericutes, Euryarchaeota, Verrucomicrobia, TM7, and reduced 1
phyla of Chlamydiae in ileal digesta. The relative abundance of opportunistic pathogens
Campylobacterales were decreased while Enterobacteriales were increased in ZnO or
antibiotics-supplemented group when compared to the control. In the colon, the phyla
Euryarchaeota, the genus Methanobrevibacter, and the species Methanobrevibacter
smithii were drastically increased by high dietary ZnO supplementation when compared
with other groups. The microbial functional prediction analysis showed that high dietary
ZnO and in-feed antibiotics had a higher abundance of transporter pathway enrichment
in the ileum when compared with the control. While in the colon high dietary ZnO
had a higher abundant enrichment of methane metabolism involving energy supply
when compared with other groups. Both high dietary ZnO and antibiotics increased
the microbiota diversity of ileal digesta while they decreased the microbiota diversity of
the colonic digesta. Collectively, these results suggested that dietary ZnO and in-feed
antibiotics supplementations presented similar effect on ileal microbiota, and mainly
affected the non-predominant microbiota.

Keywords: zinc oxide, weaned piglets, intestinal microbiome, ileum, colon

INTRODUCTION

The piglets at early weaning stage are subjected to nutritional, physiological, and psychological
stressors, leading to post-weaning diarrhea (PWD) and consequent growth retardation (Pluske
et al., 1997; Lalles et al., 2007). In-feed antibiotics are often necessary to alleviate the PWD.
However, in-feed antibiotics have been strictly regulated in the application of modern livestock
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industry due to the increase of antibiotic resistance and
its potential contaminations to human (Barton, 2000; Bach
Knudsen, 2001; Smith et al., 2002). Instead, dietary supplements
with zinc oxide (ZnO) will be more promising because it
contributes to better growth performance (Broom et al., 2006;
Namkung et al., 2006; Zhu et al., 2017), enhancement of intestinal
morphology and function, improvement in antioxidant capacity
as well as restorations of the mucosal barrier integrity in weaned
piglets (Sargeant et al., 2010; Zhu et al., 2017). The underlying
mechanism of high ZnO on the regulation of intestinal health
in weaned piglets may have an impact on the gut microbiome.
However, the effects of high ZnO on the intestinal microbiome
are somewhat controversial (Hojberg et al., 2005; Vahjen et al.,
2010; Pieper et al, 2012; Starke et al, 2014). For instance,
high ZnO was assumed to reduce the incidence of diarrhea by
lowering the counts of pathogenic bacteria (Sales, 2013), while
some studies have showed that ZnO increased the population
of Enterobacteriales (Hojberg et al., 2005; Pieper et al., 2012).
Moreover, one previous study done by analyzing the 16S rRNA
sequencing showed that high dietary ZnO intake had a major
impact on the porcine ileal bacterial compositions (Vahjen
et al., 2010), where the lactic acid bacteria ratio was decreased
(Vahjen et al., 2011). However, another study by denaturing
gradient gel electrophoresis (DGGE) showed that high dietary
ZnO supplementation resulted in a significant increase in most
bacterial diversity in the ileum while no influence on lactic acid
bacteria was observed (Pieper et al., 2012).

The inconsistent findings on the impacts of dietary ZnO
affecting bacterial compositions were possibly caused by
(1) the doses and duration of ZnO supplemented to the
diets, (2) the different samples from various locations of
porcine gastrointestinal tracts (stomach, small intestine, or large
intestine), (3) the different methods (culturing, PCR, DGGE or
deep sequencing) used for analyzing changes in the microbial
community, and (4) the dynamic microbial community in
the gastrointestinal tracts (Vahjen et al., 2010, 2011; Pieper
et al., 2012; Sales, 2013; Starke et al., 2014). In order to
investigate how ZnO impacts the intestinal health in piglets,
we quantified the diversity of the bacterial community in the
ileal and colonic digesta. Moreover, because ZnO was utilized
as an alternative bactericide, we further compared bacterial
communities to antibiotics chlortetracycline and colistin sulfate
when they were provided in the diets for weaned piglets. The
microbial functions were further predicted to explain how dietary
high ZnO impacted the microbiota and improved intestinal
homeostasis for alleviating the weaning stress of piglets. Thus,
we hypothesized that dietary high ZnO might modulate the
microbiome of ileum and colon to further influence the intestinal
health of weaned piglets, and might partly exhibit similar effects
as in-feed antibiotics.

MATERIALS AND METHODS

Animals
The experimental protocols were approved by the Animal Care
and Use Committee of Guangdong Academy of Agricultural

Sciences, China. A total of ninety-six crossbred barrows
(Duroc x Landrace x Large White) weaned at 21-day-old, with
an initial body weight (BW) of 5.99 £ 0.04 kg, were used in
this study, as described in our recent study (Zhu et al.,, 2017).
Briefly, piglets were randomly allotted to three dietary treatment
groups: (1) control group (piglets were fed basal diet without
any in-feed antibiotics); (2) antibiotic group (piglets were fed the
basal diet with in-feed antibiotics of 300 mg/kg chlortetracycline
and 60 mg/kg colistin sulfate); and (3) ZnO group (piglets were
fed the basal diet with 3,000 mg/kg ZnO). Each group had
eight replicates (pens) with four piglets per replicate. The basal
diets (Supplementary Table S1) were formulated to meet nutrient
requirements for piglets reccommended by the National Research
Council (NRC, 2012). The zinc concentration in the basal diets
was 150 mg/kg, provided in the form of ZnSOy. The piglets were
housed on plastic slotted floors (1.8 m x 1.0 m per pen). The
experiment lasted for 28 days. The temperature was kept around
26°C and humidity was constantly maintained at 55%. Water
was provided to piglets ad libitum. The piglets were fed three
times per day (8:00 am, 12:00 pm, and 17:00 pm) during the
experiment.

Sampling and DNA Extraction

At the end of the experiment (day 28), one piglet per
replicate was randomly selected from four replicates per group
(n = 4) for slaughter to harvest the intestinal samples. Intestinal
contents were taken from the ileum and colon, shock-frozen
in liquid nitrogen and immediately stored at -80°C for further
experiments. Microbial genomic DNA was extracted from
200 mg of sample using QIAamp DNA stool minikit (Qiagen,
Germany) according to the manufacturer’s instructions. Purified
DNA isolation was confirmed by agarose gel electrophoresis and
quantified using a ND-2000C spectrophotometer (NanoDrop,
USA). Absorbance ratios at 260/280 nm and at 260/230 nm were
determined to quantify and assess the purity of DNA samples.

16S rRNA Genes Amplification and
Sequencing

2.5 microliter diluted DNA samples (5 ng/pL) were used
for 25 pL PCR reaction mixtures. A pair of 10 WL primers
with 1 @M concentrations of forward primer (341F
5'- CCTACGGGAGGCAGCAG-3') and the reverse primer
(806R 5- GGACTACHVGGGTWTCTAAT-3") with attaching
12 bp barcode sequences were used to amplify a region covering
the V3-V4 region of bacterial 16S rRNA genes (Weisburg et al.,
1991; Caporaso et al., 2011). The PCR conditions were as follows:
one pre-denaturation cycle at 95°C for 3 min, denaturation by
25 cycles of 95°C for 30 s, annealing at 55°C for 30 s, elongation
at 72°C for 30 s, and then a final extension at 72°C for 5 min
and holding at 4°C. The PCR amplicon products were purified
using agarose gel electrophoresis and were extracted to construct
the sequencing library. The libraries of amplicons were attached
to Illumina sequencing adapters using the NEBNext Ultra™
IT DNA Library Prep Kit for Illumina (E7645L), and then were
cleaned up using AMPure XP beads (Biomek, USA) followed by
quality control on an Agilent 2100 bioanalyzer (Agilent, USA).
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Then pooled libraries were pair-end sequenced on the Illumina
MiSeq platform with using 2 x 250 bp MiSeq reagent kit v2
(Illumina, USA).

Sequences Processing and

Bioinformatics Analysis

In order to obtain high quality sequences, the head or tail bases
whose qualities were lower than Q30 were trimmed, and sequence
lengths shorter than 100 bp were removed. The fastq-join
(v1.3.1) (Aronesty, 2013) was used to combine the paired-end
reads. The combined sequences were further filtered because of
ambiguous bases exceeding 6 bp, homopolymer runs exceeding
6 bp and primer mismatches exceeding 3 bp in QIIME (v1.8.0)
(Caporaso et al., 2010). The filtered sequences were uploaded
to QIIME to obtain OTU (Operational Taxonomic Units) that
each clustered OTU had 97% similarity level by using the
UCLUST method (uclust v1.2.22) (Edgar, 2010). Representative
sequences of OTUs were selected according to the maximum
length and were aligned to the Greengenes 16S rRNA gene
database (v13.8) (McDonald et al, 2012) by using the RDP
classifier (v.2.2) (Wang et al., 2007) to obtain the taxonomy
assignment. Relative abundance (%) of individual taxonomy was
estimated as a putative value of phylum, class, order, family,
and genus. The data was proceeded to analyze the alpha and
beta diversity. The alpha-diversity indices (Chaol, Shannon,
PD and observed species) were calculated based on a subset
of randomly selected sequences (5,000, 10,000, 15,000, 20,000,
25,000, and 30,000) from each sample. Beta-diversity of PCA
(principal components analysis) and weighted UniFrac-based
PCoA (principal coordinate analysis) were both calculated to
show the group differences. The beta-diversity statistical analyses
were tested using PERMANOVA (permutational multivariate
analysis of variance) based on Bray-Curtis dissimilarities and 999
permutations in the vegan package (v.2.3.2) (Oksanen et al., 2015)
in R software (v.3.2.0).

To obtain the strains level identification, the based alignment
method of the BLAST (Basic Local Alignment Search Tool)
algorithm (blast v2.2.25) was used to align all OTUs sequences
to the bacterial genome sequences that had been reported in
GenBank. Then the alignment results were parsed according to
the following criteria: (1) best hits; (2) screening the cutoff up to
97% identity and >200 bp aligned length or up to 90% identity
and >400 bp alignment.

Microbial Functional Predictions and

Statistical Analyses

Microbial functions were predicted by PICRUSt (Phylogenetic
Investigation of Communities by Reconstruction of Unobserved
States) (v1.1.0) (Langille et al., 2013). Based on the precalculated
GreenGenes (v13.5) database (Langille et al., 2013), PICRUSt was
performed on the abundance predictions of the KEGG (Kyoto
Encyclopedia of Genes and Genomes) orthologs and KEGG
pathways of bacterial communities. The functional differences
among groups were compared through the software STAMP
(Statistical Analysis of Metagenomic Profiles) (Parks et al,
2014). Two-sided Welch’s ¢-test and Benjamini-Hochberg FDR

correction were used in two-group analysis and ANOVA with
the Tukey-Kramer test and Benjamini-Hochberg correction were
chosen for multiple-group analysis. Statistical analysis of the ileal
and colonic taxonomy between two groups were conducted for
normal distribution by student t-test in Excel. Differences were
considered significant at P < 0.05. Heatmap diagrams and other
plotting were carried out in the R environment (v3.1.2)".

Sequence Data Accession Number

Raw paired-end reads per sample without barcode and primer
bases were submitted to the Sequence Read Archive of the NCBI
(accession number: SRP095386).

RESULTS

Characteristics of Bacterial Community

Libraries

An average of 37,083 and 34,729 high quality sequences per
sample were obtained in the ileal and colonic microbiota,
respectively (Supplementary Table S2). Further, these sequences
in the ileal and colonic contents were assigned to 5,251 and 7,395
OTUs (operational taxonomic units) based on a 97% sequence
similarity and at least five reads of total samples supported per
OTU (Supplementary Table S3).

Effects of ZnO and Antibiotics on
Bacterial Alpha- and Beta-Diversity of

the lleal and Colonic Microbiota

Alpha diversity was estimated by richness indices (observed
species and Chaol) and diversity indices (PD whole tree and
Shannon). In ileal samples, both microbial richness (revealed by
Chaol) and diversity (PD whole tree) in the ZnO or antibiotics-
treated group had significantly increased (P < 0.05), compared to
the control (non-treated) (Table 1 and Supplementary Figure S1).
Instead, in colonic contents, microbial richness (observed species
and Chaol) and diversity (PD whole tree) were significantly lower
(P < 0.05) in both the ZnO- or antibiotics-treated group than
that in control group (Table 1 and Supplementary Figure S1).
However, in both ileal and colonic contents, there was no
significant difference between ZnO and antibiotics-treatments
(P > 0.05), indicating they have sample bactericide effects
(Table 1 and Supplementary Figure S1).

The relationships between the community structures of the
piglet microbiota were investigated by using the PCA and PCoA.
The PCoA indicated that there was distinctly difference in
distribution of microbiota at the ileal and colonic contents, but
groups were not distinctly clustered separately along the principal
coordinate (Supplementary Figure S2). However, the distribution
of microbiota at either the ileum or colon within groups were
distinctly clustered separately based on PCA (Figure 1). The
relationships in gut microbiota between groups were calculated
by using PERMANOVA based on Bray-Curtis distance and
genus level, and the results showed that community composition
was not differed among the three groups (P > 0.05, Tables 2, 3).

'http://www.r-project.org
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TABLE 1 | Richness and diversity indices estimation of intestinal microbiota (based on 13,800 sequences per sample).

Groups Richness indices Diversity indices
Observed species Chao1 PD whole tree Shannon
ILEUM
Control (n = 4) 1713.50 + 98.66 2905.81 + 209.69 87.94 +£ 3.27 7.26 +£0.29
Antibiotics (n = 4) 1800.20 + 140.37 3521.36 + 258.69 100.65 + 5.46 6.82 £ 0.44
zinc oxide (ZnO) (n = 4) 1733.30 + 115.41 3277.46 + 150.33 96.74 + 6.51 6.83 £ 0.42
P.value (Antibiotics vs. Control) 0.42 0.02 0.01 0.19
P.value (ZnO vs. Control) 0.83 0.03 0.04 0.2
P.value (ZnO vs. Antibiotics) 0.55 0.21 0.46 0.96
COLON
Control (n = 4) 2703.35 + 75.76 4809.94 + 371.91 137.94 + 3.96 8.91 +0.21
Antibiotics (n = 4) 2452.23 + 102.21 4337.07 + 252.35 130.25 + 4.76 8.69 +£0.12
ZnO (n = 3) 2496.43 + 28.61 4586.71 + 241.31 131.94 £ 0.77 8.54 +£0.19
P.value (Antibiotics vs Control) 0.01 0.02 0.04 0.16
P.value (ZnO vs. Control) 0.01 0.04 0.01 0.08
P.value (ZnO vs. Antibiotics) 0.56 0.28 0.63 0.25
Significant p-values (< 0.05) are bolded.
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FIGURE 1 | Principal components analysis (PCA). (A) Scatterplot of bacterial composition in the ileal samples (n = 4). (B) Scatterplot of bacterial composition in
the colonic samples (n = 4).

Effects of ZnO Supplementation on the
Composition of the lleal and Colonic
Microbiota

After filtering the relative abundance of phyla lower than
0.05% in all groups, 11 and 13 phyla were identified in the
ileal and colonic microbiota of weaned piglets, respectively
(Figures 2A,B and Supplementary Tables S4, S5). Firmicutes
(81~90%), Proteobacteria (1-9%) and Bacteroidetes (1.7-2.4%)
were the most predominant phyla in the ileal contents,
together accounting for more than 91.5% of the total sequences
(Figure 2A and Supplementary Table S4). In the colon,
Firmicutes (72.80 & 7.60%) and Bacteroidetes (14.14 + 6.73%)

were the most predominant phyla, occupying more than
94% of the total sequences (Figure 2B and Supplementary
Table S5). A total of 7% and 4.8% of sequences could not be
assigned to a phylum in the ileum and colon, respectively,
indicating that there were some new bacteria members existing
in the piglet. However, there were no significant difference
detected in the most predominant phyla among the groups
in either the ileum or colon (Supplementary Tables S4, S5),
indicating that the ZnO and antibiotics supplementations
did not change the predominant bacteria taxa at the phyla.
However, when compared to the control, the proportion of
Spirochaetes, Tenericutes, Euryarchaeota, Verrucomicrobia, and
TM?7 in the ileal digesta were significantly increased while its
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relative abundance of Chlamydiae were significantly decreased
in the ZnO and antibiotics-supplemented groups (P < 0.05)
(Figure 2C). In colonic microbiota, the relative abundance of
Euryarchaeota in ZnO group was significantly higher than that
in the control or antibiotics group (Figure 2D).

In addition, after filtering the relative abundances lower
than 0.05% in all groups, a total of 16 and 19 classes
(Supplementary Tables S6, S7), 21 and 22 orders (Supplementary
Tables S8, S9), 31 and 36 families (Supplementary Tables S10,
S11), 43 and 43 genera (Supplementary Tables S12, S13) were
identified in the ileal and colonic microbiota, respectively.
High dietary ZnO level had a great effect on the order level
of ileal microbiota. Clostridiales (39~59%) and Lactobacillales
(24~44%) were found as the most predominant orders in the
control, antibiotics, and ZnO groups, respectively. Antibiotics
and ZnO supplementations both numerically increased the
relative abundance of Clostridiales and numerically decreased
the relative abundance of Lactobacillales (P > 0.05). Noteworthy
changes in ileal microbiota in several bacterial orders were found
in the ZnO group or antibiotics group. For example, the relative
abundance of seven bacterial orders including Enterobacteriales,
Spirochaetales, Erysipelotrichales, RF39, CW040, WCHBI1-41,
and Methanobacteriales in ZnO and antibiotics groups was
significantly higher than that in the control (P < 0.05)
(Figure 3A). It is worthy of highlighting that the relative
abundance of Enterobacteriales was at least 33 and 6 higher in
the ZnO and antibiotics group than the control (P < 0.05).
Instead, the relative abundance of Campylobacterales, Bacillales,
Chlamydiales, Pseudomonadales, and Actinomycetales decreased
in ZnO or antibiotics-treated group when compared to the
control (P < 0.05) (Figure 3B). Notably, the relative abundance
of Campylobacterales in the ZnO and antibiotics groups
showed 0.005- and 0.006-fold lower than that in the control
(P < 0.05). Similarly, in colonic microbiota, Clostridiales
(54~68%), Bacteroidales (9~19%) and Lactobacillales (3~13%)
were found as the most predominant orders in the control,

TABLE 2 | Pseudo F table of PERMANOVA analysis based on Bray-Curtis
dissimilarities (based on genus level).

Source of Sum of Degrees of Mean F R2  p.adjust
variance squares freedom square

lleum.Groups  0.34 2.00 0.17 1.28 0.22 0.32
Colon.Groups  0.35 2.00 0.17 157 0.28 0.08

TABLE 3 | Pseudo F table of pairwise comparisons of diet types using
PERMANOVA (based on genus level and n = 4 per group expectn = 3 in
colonic ZnO group).

Pairwise comparison Source of F R? p.value p.adjust
variance
Antibiotics vs. Control lleum.Groups 2.32 0.28 0.17 0.52
Zn0 vs. Control lleum.Groups 1.36 0.18 0.23 0.69
ZnO vs. Antibiotics lleum.Groups 0.39 0.06 0.62 1.00
Antibiotics vs. Control Colon.Groups 1.02 0.15 0.45 1.00
ZnQ vs. Control Colon.Groups 169 0.24 0.18 0.55
ZnO vs. Antibiotics Colon.Groups 2.19 0.30 0.07 0.22

antibiotics, and ZnO groups, respectively, but no significant
differences were observed in these predominant orders among
these treatments. However, high dietary ZnO significantly
increased 21- and 30-fold of Methanobacteriales when compared
with control or antibiotics group (P < 0.05) (Supplementary
Figure S3). It is worthy of highlighting that antibiotics-
treated group significantly increased the relative abundance of
Enterobacteriales when compared with control or ZnO group
(P < 0.05). Instead, ZnO-treated group numerically increased
the relative abundance of Enterobacteriales when compared with
control (Supplementary Figure S3).

On the genus level, Lactobacillus and Clostridium were the
most predominant genera in the ileal digesta, while Prevotella and
Lactobacillus were dominanted in the colonic digesta. Similarly,
to the predominant phyla and orders, there were no significant
differences in predominant genera between two groups. However,
most non-domain genera of ileal microbiota were affected by
ZnO and antibiotics treatments. The relative abundance of
genera including Phascolarctobacterium, CF231, Lachnospira,
Eubacterium, p-75-a5, Gallibacterium, Bulleidia, Anaerovibrio,
and Methanobrevibacter were significantly increased in high
dietary ZnO group or antibiotics group (P < 0.05) (Figure 3C).
Under the same conditions, a significant decrease in relative
abundance of genera, including Streptococcus, Aneurinibacillus,
Helicobacter, Flexispira, Oscillospira, Blautia, Chlamydia, Dorea,
Bacteroides, Pseudomonas, and Roseburia were found in ileum
(P < 0.05) (Figure 3D). In the colonic contents, the relative
abundance of Methanobrevibacter was significantly increased
more than 20-fold in ZnO-treated group when compared
with control or antibiotics group (P < 0.05) (Supplementary
Figure S3).

We further assessed differences in the total bacterial
community at strains level with adopting the blast algorithm of
aligning the assembled 16s rRNA sequences to the genome of
bacterial strains and parsed the alignment results with several
filtered settings (see Materials and Methods). A total of 260
and 210 bacterial strains were identified in the ileal and colonic
contents, respectively. The relative abundance (higher than
0.05%) of about 15 bacterial strains of ileal microbiota were
both increased in ZnO group or antibiotics group, such as 4
Clostridium strains, 2 Treponema strains, 1 Lactobacillus strains, 1
Eubacterium strains, 1 Methanobrevibacter strain, 1 Selenomonas
strain, and so on (Figure 4 and Supplementary Table S14).
Meanwhile, the relative abundance (higher than 0.05%) of about
22 bacterial strains in the ileal digesta were both reduced in
ZnO group or antibiotics group, such as 5 Helicobacter strains,
3 Ruminococcus strains, 3 Bacteroides strains, 2 Streptococcus
strains, 1 Chlamydia strains, 1 Pseudomonas strains, and so on
(Figure 4 and Supplementary Table S14). In the colonic digesta,
the relative abundance of Methanobrevibacter smithii strain was
significantly increased 20-fold in the ZnO group when compared
with control and antibiotics group (Supplementary Table S15).

Microbiota Function Prediction

In order to investigate the functional profiles among three groups,
we used a computational tool, PICRUSt. The ileal microbiota
in the ZnO group or antibiotics group both had higher
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enrichments of functions involved in transporters, fatty acid
and drug metabolism (Figure 5A). The abundance of predicted
microbial functions was almost no statistically difference between
ZnO group and antibiotics group in ileum. For the colonic
digesta, the ZnO group had higher abundance of microbiota
functions involved in energy and methane metabolism, and lower
abundance of functions in starch, sucrose, fructose as well as
mannose metabolism (Figure 5B).

We analyzed transporters pathway of the ileal microbiota
using the KO terms. Significant differences were observed
in ABC-2 type transporters, amino acid transporters, and
oligosaccharide transporters (Figure 6). The proportions of
ABC-2 type transporters, lipopolysaccharide export system
permease protein (IptF, IptG), lipooligosaccharide (LOS)
transport system permease protein (nodJ) ATP-binding protein
(nodI), capsular polysaccharide transport system permease
protein (E.P), and ATP-binding protein (CPSE.A), were
significantly decreased in the ZnO group or antibiotics group
(P < 0.05). Interestingly, the abundance of lipoprotein-releasing
system permease proteins (ABC.LPT.P) was significantly
increased in the ZnO group or antibiotics group (P < 0.05).
Within amino acid transporters, the abundance of glutamine
transport system permease protein (glnP) was greatly increased
sixfold (log2) in ZnO-treated group and threefold (log2) in
antibiotics group (P < 0.05). In regards to oligosaccharide
transporters, the abundance of alpha-glucoside transport system

permease protein (aglF) and substrate-binding protein (aglE)
was increased sixfold (log2) in the ZnO group or antibiotics
group (P < 0.05).

The KO terms enriched on methane metabolism pathway
of colonic microbiota were further analyzed (Supplementary
Figure S4). Most of methane metabolism related KO terms,
whose corresponding OTUs belonging to Methanobrevibacter
genus, were significantly increased by high dietary ZnO
supplementation. The methyl-coenzyme M reductase and
heterodisulfide reductase, participating in the key enzymes
related to methane production, ATP synthesis and energy storage,
were significantly increased in the ZnO group when compared
with the control group or antibiotics group. Coenzyme M (CoM)
was very important in methane metabolism. The abundance
of 2-phosphosulfolactate phosphatase (comB), sulfopyruvate
decarboxylase subunit alpha (comD), and subunit beta (comE)
that involved in coenzyme M biosynthesis were remarkably
increased in the ZnO group when compared with the other two
groups. These results implied that ZnO possibly stimulated the
methane production and energy supply.

DISCUSSION

In the present study, we provided an in-depth analysis of the
bacterial taxa compositions and compared the effects of the ZnO
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FIGURE 3 | The difference comparison of bacterial orders and genera between groups in the ileum. (A) The significant increase of orders. Seven orders
including Enterobacteriales, Spirochaetales, RF39, Erysipelotrichales, and so on were significantly increased by high zinc supplement or antibiotics supplement when
compared with control. (B) The significant decrease of orders. Five orders including Campylobacterales, Bacillales, Chlamydiales, Pseudomonadales, and
Actinomycetales were significantly reduced by high zinc supplement or antibiotics supplement when compared with control. (C) The significant increase of genera.
Genera including Phascolarctobacterium, CF231, Lachnospira, Eubacterium, and so on were significantly increased by high zinc supplement or antibiotics
supplement when compared with control. (D) The significant decrease of genera. Genera including Helicobacter, Streptococcus, Aneurinibacillus, Flexispira, and so
on were significantly reduced by high zinc supplement or antibiotics supplement when compared with control. Statistics were conducted as a t-test between two
groups (n = 4 per group); asterisk (*) indicates P < 0.05 and double asterisk (**) for P < 0.01.
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FIGURE 4 | The difference comparison of strains between groups in the ileum. About 15 bacterial strains of ileal microbiota were both increased in ZnO
group or antibiotics group, such as 4 Clostridium strains, 2 Treponema strains, 1 Lactobacillus strain, 1 Eubacterium strain, 1 Methanobrevibacter strain, 1
Selenomonas strain, and so on. Meanwhile, about 22 bacterial strains of ileal microbiota were both reduced in ZnO group or antibiotics group, such as 5
Helicobacter strains, 3 Ruminococcus strains, 3 Bacteroides strains, 2 Streptococcus strains, 1 Chlamydia strain, 1 Pseudomonas strain, and so on. Statistics were
conducted by ANOVA with Tukey—-Kramer test and Benjamini-Hochberg correction among three groups (n = 4), and the P-value lower than 0.05 and the relative
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and antibiotics supplements on microbial community structures
in the ileum and colon of weaned piglets. Our results showed
the piglets fed the diets supplemented with high ZnO had similar
microbiome profiles in the ileal and colonic digesta compared to
those in the antibiotics group.

Our discoveries here showed that both high dietary ZnO and
in-feed antibiotics significantly increased the microbiota diversity
of the ileal digesta while they decreased the microbiota diversity
of the colonic digesta (Table 1). The antibiotic colistin sulfate has
been shown to increase the diversity of the cecum microbiota in
weaned pigs (Ye et al., 2015). Starke et al. (2014) showed that the
total bacterial diversity was significantly increased in the small
intestinal microbiota of piglets which were fed the high zinc diet.
On the other hand, another study showed that that antibiotics
decreased the microbial richness and diversity of fecal bacterial
communities, and decreased the incidence of diarrhea of piglets
(Wang et al., 2012). Furthermore, pharmacological doses of ZnO
have been shown to have an effect on regulation of the microbial
compositions by reducing the microbial richness in the jejunum
and feces (Shen et al., 2014), or the ileal digesta (Namkung et al.,
2006) of weaned piglets. Accordingly, our results showed that
the bacterial richness was significantly higher in the ileal digesta
while it was significantly lower in the colon digesta than that
in control, due to the dietary supplement of ZnO or antibiotics
(Table 1).

ZnO has a low solubility in the large intestine due to high
pH, which generally leads to no effect on colonic microbiota
(Pieper et al., 2012; Starke et al., 2014). Remarkably, we observed
that the relative abundance of Euryarchaeota in the ileal and
colonic contents were both increased by high dietary ZnO
(up to 20-fold) compared to the control. Euryarchaeota, a
phylum of the Archaea, includes some methanogens which
are often found in intestines (Horz and Conrads, 2010).
Methanobrevibacter smithii is the predominant archaeon in the
human gut, playing an important role in the efficient digestion
of polysaccharides by consuming the end products of bacterial
fermentation; meanwhile, it is a methanogen converting the
hydrogen and carbon dioxide into methane with the yield of
energy (Armougom et al,, 2009). The relative abundance of
Spirochaetes was increased by high dietary ZnO or antibiotics.
A previous study has identified a positive correlation between
swine weight and the abundance of the family Spirochaetaceae
(Unno et al, 2015). Similarly, the increased proportion of
Spirochaetaceae by dietary high ZnO supplementation observed
in this study may be linked to our early observation that
dietary high ZnO improved BW of weaned piglets (Zhu et al,,
2017). Furthermore, the percentages of Verrucomicrobia were
significant higher in ZnO group or antibiotics group in the
ileum. This is in agreement with the previous reports that
broad-spectrum antibiotic treatment increased the high-level
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FIGURE 5 | Predicted microbial function comparison. (A) Comparing ileal microbial function between zinc oxide (ZnO) (n = 4), antibiotics (n = 4), and control
(n = 4) groups. High zinc or antibiotics supplement both significantly increased the function enrichment of transporters, fatty acid metabolism, and drug metabolism.
(B) Comparing colonic microbial function between ZnO (n = 3), antibiotics (1 = 4), and control (n = 4). High zinc supplement significantly increased the function
enrichment of methane metabolism when compared with control or antibiotics. Statistics were conducted by two-sided Welch’s t-test and Benjamini-Hochberg FDR
correction between two groups, and the P-value of different functions lower than 0.05 were shown.

colonization of Verrucomicrobia in the human gut (Dubourg
et al., 2013). Chlamydiae, were obligate intracellular pathogens
(Wyrick, 2000) and susceptible to antibiotic treatment (Gupta,
2011). We observed ZnO reduced the population of Chlamydiae
phylum, Chlamydiales order, Chlamydia genus, and Chlamydia
trachomatis showing that ZnO can repress Chlamydiae as an
antimicrobial agent.

On the order level, high ZnO and antibiotics dramatically
increased the relative abundances of Enterobacteriales, while
significantly decreased Campylobacterales and Pseudomonadales,
all belonging to gram-negative phylum Proteobacteria. Many
previous studies showed that there was a trend with an increase
in Enterobacteriales in the ileum when high dietary ZnO
was fed to piglets (Hojberg et al., 2005; Vahjen et al., 2010,
2011; Starke et al., 2014). Particularly, the in-feed antibiotics
ASP250 (chlortetracycline, sulfamethazine and penicillin)

supplementation affected the microbiome structure at different
gut locations, with notable increases in E. coli populations
in the ileum (Looft et al, 2014). The increased diversity of
the Enterobacteriales may act beneficial and promote the
competition for diarrhoegenic strains of coliforms during the
first week after weaning to combat E. coli induced diarrhea in
piglets (Katouli et al., 1999; Starke et al., 2014). In this study, we
observed ZnO numberically increased non-pathogenic E. coli,
such as E. coli K-12, maybe it cause the colonization competition
of coliforms. Some Campylobacterales were opportunistic
pathogens causing a life-threatening gastrointestinal disease (Xie
et al., 2011). For example, Helicobacter pylori within the order
Campylobacterales infects up to 50% of the human population
and strongly associates with peptic ulcers, chronic gastritis,
duodenitis, and stomach cancer (Yamaoka, 2008). It has been
reported that Campylobacter jejuni was extremely sensitive
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to ZnO nanoparticles and could not be recovery (Xie et al,
2011). Similarly, we showed that high ZnO and antibiotics
can effectively reduce the counts of Helicobacter genus, such
as Helicobacter pylori. That means Helicobacters are not only
susceptible to antibiotics, but also susceptible to high dietary
ZnO supplementation.

With respect to metabolic pathways, the enrichment of
“methane metabolism pathways” was remarkably increased in
colon. For example, two key enzymes, methyl-coenzyme M
reductase (Mcr) and heterodisulfide reductase (Hdr), involved in
methane production, and ATP synthesis (Samuel et al., 2007),
were significantly increased by ZnO addition. Both Mcrand Hdr
enzymes require zinc ion as the cofactors (Tallant et al., 2001;
Hamann et al., 2007), which may be provided by dietary ZnO;
thus, ZnO probably confers to the activity of zinc-contained
enzymes. Further study is warranted to elucidate the related
mechanism.

“The transporter pathway” including lipopolysaccharide
(LPS) export system permease protein, LOS transport system
permease protein, and capsular polysaccharide transport system
permease protein were significantly decreased in ZnO or
antibiotics group. ABC transporter complex IptBFG is involved
in the translocation of LPS from the inner membrane to
the outer membrane (Narita and Tokuda, 2009). LOS are
glycolipids found in the outer membrane of the Gram-negative

bacteria. LOS, together with LPS, plays a central role in
maintaining the integrity and functionality of the outer
membrane of cell envelope (Moran et al, 1996). ZnO or
antibiotics may reduce the exportation of LPS and LOS,
and thereby lead to the outer membrane without structural
integrity. For example, ZnO nanoparticles disrupted the cell
morphology, membrane integrity, and cause oxidative stress
in Campylobacter (Xie et al., 2011). Capsular polysaccharides as
virulence factor contributes adherence of pathogens to epithelial
surfaces (Lesinski and Westerink, 2001). Dietary high ZnO
reduced the incidence of LPS-induced bacterial translocation
from the small intestine of young pigs (Huang et al., 1999).
Interestingly, the abundance of glutamine transport system
permease protein and alpha-glucoside transport system permease
protein were significantly increased in high dietary ZnO and
antibiotics groups. Previous studies showed that glutamine
transport system permease protein mutants were unable to
transport L-glutamine, indicating their important roles in the
L-glutamine uptake system (Masters and Hong, 1981; Nohno
et al, 1986; Pistolesi and Tjandra, 2012). The increase of
glutamine transport system permease protein could be due to
high abundance of E. coli strains, which carry a high affinity,
binding protein dependent L-glutamine uptake system with
glnH, glnP, and gInQ encode proteins (Berger et al., 1974). Higher
abundant of glnP due to supplements of ZnO or antibiotics may
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increase the absorption of L-glutamine and provide the nitrogen
source to E. coli.

In summary, dietary high ZnO modulated the gut microbial
diversity and altered the microbial community in the ileum
and colon of weaned piglets, and showed comparable effects
to in-feed antibiotics, especially affected the population
of non-predominant microbiota in the ileal digesta. The
understanding on effects of high ZnO on intestinal bacterial
communities may provide insights into future application of the
alternative strategy for treating diarrhea in piglets.

AUTHOR CONTRIBUTIONS

The authors’ contributions are as follows: Z] and ZC designed
the research. HL, RE, QZ, and JX conducted the research. TY and
LG analyzed the data. SC, CZ, and TY wrote the manuscript. All
authors read and approved the final version of the manuscript.

REFERENCES

Armougom, F., Henry, M., Vialettes, B., Raccah, D., and Raoult, D. (2009).
Monitoring bacterial community of human gut microbiota reveals an increase
in Lactobacillus in obese patients and methanogens in anorexic patients. PLoS
ONE 4:€7125. doi: 10.1371/journal.pone.0007125

Aronesty, E. (2013). Comparison of sequencing utility programs. Open Bioinform.
J. 7, 1-8. doi: 10.2174/1875036201307010001

Bach Knudsen, K. E. (2001). Development of antibiotic resistance and options
to replace antimicrobials in animal diets. Proc. Nutr. Soc. 60, 291-299.
doi: 10.1079/pns2001109

Barton, M. D. (2000). Antibiotic use in animal feed and its impact on human health.
Nutr. Res. Rev. 13, 279-299. doi: 10.1079/095442200108729106

Berger, E. A., Weiner, J. H.,, and Heppel, L. A. (1974). The purification and
properties of the glutamine-binding protein and the crystine-binding protein
from Escherichia coli-1. Methods Enzymol. 32, 422-427. doi: 10.1016/0076-
6879(74)32041-1

Broom, L. J., Miller, H. M, Kerr, K. G., and Knapp, J. S. (2006). Effects of zinc oxide
and Enterococcus faecium SF68 dietary supplementation on the performance,
intestinal microbiota and immune status of weaned piglets. Res. Vet. Sci. 80,
45-54. doi: 10.1016/j.rvsc.2005.04.004

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335-336. doi: 10.1038/
nmeth.f.303

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A,
Turnbaugh, P. J., et al. (2011). Global patterns of 16S rRNA diversity at a depth
of millions of sequences per sample. Proc. Natl. Acad. Sci. U.S.A. 108(Suppl. 1),
4516-4522. doi: 10.1073/pnas.1000080107

Dubourg, G., Lagier, J. C., Armougom, F., Robert, C., Audoly, G., Papazian, L., et al.
(2013). High-level colonisation of the human gut by Verrucomicrobia following
broad-spectrum antibiotic treatment. Int. J. Antimicrob. Agents 41, 149-155.
doi: 10.1016/j.jjantimicag.2012.10.012

Edgar, R. C. (2010). Search and clustering orders of magnitude faster
than BLAST. Bioinformatics 26, 2460-2461. doi: 10.1093/bioinformatics/
btq461

Gupta, R. S. (2011). Origin of diderm (Gram-negative) bacteria: antibiotic selection
pressure rather than endosymbiosis likely led to the evolution of bacterial cells
with two membranes. Antonie Van Leeuwenhoek 100, 171-182. doi: 10.1007/
$10482-011-9616-8

Hamann, N., Mander, G. J., Shokes, J. E., Scott, R. A., Bennati, M., and
Hedderich, R. (2007). A cysteine-rich CCG domain contains a novel [4Fe-4S]
cluster binding motif as deduced from studies with subunit B of heterodisulfide
reductase from Methanothermobacter ~marburgensis. Biochemistry 46,
12875-12885. doi: 10.1021/bi700679u

ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial supports
provided by the National Natural Science Foundation of China
(31501967), the Hundred Outstanding Talents Training Program
at Guangdong Province, China, the Science and Technology
Program of Guangdong Province, China (2016B070701013),
the Science and Technology Program of Guangzhou, China
(201607020035), and the Presidential Foundation of the
Guangdong Academy of Agricultural Sciences, China (201427;
201612).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2017.00825/full#supplementary-material

Hojberg, O., Canibe, N., Poulsen, H. D., Hedemann, M. S., and Jensen, B. B.
(2005). Influence of dietary zinc oxide and copper sulfate on the gastrointestinal
ecosystem in newly weaned piglets. Appl. Environ. Microbiol. 71, 2267-2277.
doi: 10.1128/aem.71.5.2267-2277.2005

Horz, H. P., and Conrads, G. (2010). The discussion goes on: what is the role of
Euryarchaeota in humans? Archaea 2010:967271. doi: 10.1155/2010/967271

Huang, S. X., McFall, M., Cegielski, A. C., and Kirkwood, R. N. (1999). Effect of
dietary zinc supplementation on Escherichia coli septicemia in weaned pigs.
Swine Health Prod. 7,109-111.

Katouli, M., Melin, L., Jensen-Waern, M., Wallgren, P., and Mollby, R. (1999). The
effect of zinc oxide supplementation on the stability of the intestinal flora with
special reference to composition of coliforms in weaned pigs. J. Appl. Microbiol.
87, 564-573. doi: 10.1046/j.1365-2672.1999.00853.x

Lallés, J. P., Bosi, P., Smidt, H., and Strokes, C. R. (2007). Weaning — a
challenge to gut physiologists. Livest. Sci. 108, 82-93. doi: 10.1016/}.livsci.2007.
01.091

Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes,
J. A, et al. (2013). Predictive functional profiling of microbial communities
using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814-821.
doi: 10.1038/nbt.2676

Lesinski, G. B., and Westerink, M. A. (2001). Vaccines against polysaccharide
antigens. Curr. Drug Targets Infect. Disord. 1, 325-334. doi: 10.2174/
1568005014605964

Looft, T., Allen, H. K., Cantarel, B. L., Levine, U. Y., Bayles, D. O., Alt, D. P.,
et al. (2014). Bacteria, phages and pigs: the effects of in-feed antibiotics on the
microbiome at different gut locations. ISME J. 8, 1566—1576. doi: 10.1038/isme;.
2014.12

Masters, P. S., and Hong, J. S. (1981). Genetics of the glutamine transport system
in Escherichia coli. ]. Bacteriol. 147, 805-819.

McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., De Santis, T. Z.,
Probs, A., et al. (2012). An improved Greengenes taxonomy with explicit ranks
for ecological and evolutionary analyses of bacteria and archaea. ISME J. 6,
610-618. doi: 10.1038/isme;j.2011.139

Moran, A. P, Prendergast, M. M., and Appelmelk, B. J. (1996). Molecular mimicry
of host structures by bacterial lipopolysaccharides and its contribution to
disease. FEMS Immunol. Med. Microbiol. 16,105-115. doi: 10.1111/j.1574-695x.
1996.tb00127.x

Namkung, H., Gong, J., Yu, H, and de Lange, C. F. M. (2006). Effect of
pharmacological intakes of zinc and copper on growth performance, circulating
cytokines and gut microbiota of newly weaned piglets challenged with coliform
lipopolysaccharides. Can. J. Anim. Sci. 86, 511-522. doi: 10.4141/a05-075

Narita, S., and Tokuda, H. (2009). Biochemical characterization of an ABC
transporter LptBFGC complex required for the outer membrane sorting of
lipopolysaccharides. FEBS Lett. 583, 2160-2164. doi: 10.1016/j.febslet.2009.
05.051

Frontiers in Microbiology | www.frontiersin.org

May 2017 | Volume 8 | Article 825


http://journal.frontiersin.org/article/10.3389/fmicb.2017.00825/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fmicb.2017.00825/full#supplementary-material
https://doi.org/10.1371/journal.pone.0007125
https://doi.org/10.2174/1875036201307010001
https://doi.org/10.1079/pns2001109
https://doi.org/10.1079/095442200108729106
https://doi.org/10.1016/0076-6879(74)32041-1
https://doi.org/10.1016/0076-6879(74)32041-1
https://doi.org/10.1016/j.rvsc.2005.04.004
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1016/j.ijantimicag.2012.10.012
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1007/s10482-011-9616-8
https://doi.org/10.1007/s10482-011-9616-8
https://doi.org/10.1021/bi700679u
https://doi.org/10.1128/aem.71.5.2267-2277.2005
https://doi.org/10.1155/2010/967271
https://doi.org/10.1046/j.1365-2672.1999.00853.x
https://doi.org/10.1016/j.livsci.2007.01.091
https://doi.org/10.1016/j.livsci.2007.01.091
https://doi.org/10.1038/nbt.2676
https://doi.org/10.2174/1568005014605964
https://doi.org/10.2174/1568005014605964
https://doi.org/10.1038/ismej.2014.12
https://doi.org/10.1038/ismej.2014.12
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1111/j.1574-695x.1996.tb00127.x
https://doi.org/10.1111/j.1574-695x.1996.tb00127.x
https://doi.org/10.4141/a05-075
https://doi.org/10.1016/j.febslet.2009.05.051
https://doi.org/10.1016/j.febslet.2009.05.051
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Yu et al.

Microbiome of lleum and Colon in Weaned Piglets

Nohno, T., Saito, T., and Hong, J. S. (1986). Cloning and complete nucleotide
sequence of the Escherichia coli glutamine permease operon (gInHPQ). Mol.
Gen. Genet. 205, 260-269. doi: 10.1007/bf00430437

NRC (2012). Nutrient Requirements of Swine. Washington, DC: National Academic
Press.

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., and O’Hara,
R. B. (2015). Vegan: Community Ecology. Available at: http://cran.r-project.org/
package=vegan

Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP:
statistical analysis of taxonomic and functional proflies. Bioinformatics 30,
3123-3124. doi: 10.1093/bioinformatics/btu494

Pieper, R., Vahjen, W., Neumann, K., Van Kessel, A. G., and Zentek, J. (2012). Dose-
dependent effects of dietary zinc oxide on bacterial communities and metabolic
profiles in the ileum of weaned pigs. J. Anim. Physiol. Anim. Nutr. 96, 825-833.
doi: 10.1111/§.1439-0396.2011.01231.x

Pistolesi, S., and Tjandra, N. (2012). Temperature dependence of molecular
interactions involved in defining stability of glutamine binding protein and its
complex with L-glutamine. Biochemistry 51, 643-652. doi: 10.1021/bi201494h

Pluske, J. R., Hampson, D. J., and Williams, I. H. (1997). Factors influencing the
structure and function of the small intestine in the weaned pig: a review. Livest.
Prod. Sci. 51, 215-236. doi: 10.1016/s0301-6226(97)00057-2

Sales, J. (2013). Effects of pharmacological concentrations of dietary zinc oxide
on growth of post-weaning pigs: a meta-analysis. Biol. Trace Elem. Res. 152,
343-349. doi: 10.1007/s12011-013-9638-3

Samuel, B. S., Hansen, E. E., Manchester, J. K., Coutinho, P. M., Henrissat, B.,
Fulton, R, et al. (2007). Genomic and metabolic adaptations of
Methanobrevibacter smithii to the human gut. Proc. Natl. Acad. Sci. U.S.A. 104,
10643-10648. doi: 10.1073/pnas.0704189104

Sargeant, H. R., McDowall, K. J., Miller, H. M., and Shaw, M. A. (2010).
Dietary zinc oxide affects the expression of genes associated with
inflammation: transcriptome analysis in piglets challenged with ETEC
K88. Vet. Immunol. Immunopathol. 137, 120-129. doi: 10.1016/j.vetimm.2015.
05.001

Shen, J. H,, Chen, Y., Wang, Z. S., Zhou, A. G., He, M., Mao, L., et al. (2014). Coated
zinc oxide improves intestinal immunity function and regulates microbiota
composition in weaned piglets. Br. J. Nutr. 111, 2123-2134. doi: 10.1017/
s0007114514000300

Smith, D. L., Harris, A. D., Johnson, J. A, Silbergeld, E. K., and Morris, J. G.
Jr. (2002). Animal antibiotic use has an early but important impact on the
emergence of antibiotic resistance in human commensal bacteria. Proc. Natl.
Acad. Sci. U.S.A. 99, 6434-6439. doi: 10.1073/pnas.082188899

Starke, I. C., Pieper, R., Neumann, K., Zentek, J., and Vahjen, W. (2014). The impact
of high dietary zinc oxide on the development of the intestinal microbiota in
weaned piglets. FEMS Microbiol. Ecol. 87, 416-427. doi: 10.1111/1574-6941.
12233

Tallant, T. C., Paul, L, and Krzycki, J. A. (2001). The MtsA subunit
of the methylthiol: coenzyme M methyltransferase of Methanosarcina
barkeri catalyses both half-reactions of corrinoid-dependent dimethyl sulfide:

coenzyme M methyl transfer. J. Biol. Chem. 276, 4485-4493. doi: 10.1074/jbc.
m007514200

Unno, T., Kim, J. M., Guevarra, R. B., and Nguyen, S. G. (2015). Effects of antibiotic
growth promoter and characterization of ecological succession in swine gut
microbiota. J. Microbiol. Biotechnol. 25, 431-438. doi: 10.4014/jmb.1408.08063

Vahjen, W., Pieper, R., and Zentek, J. (2010). Bar-coded pyrosequencing of 16S
rRNA gene amplicons reveals changes in ileal porcine bacterial communities
due to high dietary zinc intake. Appl. Environ. Microbiol. 76, 6689-6691.
doi: 10.1128/aem.03075-09

Vahjen, W., Pieper, R, and Zentek, J. (2011). Increased dietary zinc oxide changes
the bacterial core and enterobacterial composition in the ileum of piglets.
J. Anim. Sci. 89, 2430-2439. doi: 10.2527/jas.2010-3270

Wang, H. F., Wang, J. L., Wang, C., Zhang, W. M., Liu, J. X,, and Dai, B. (2012).
Effect of bamboo vinegar as an antibiotic alternative on growth performance
and fecal bacterial communities of weaned piglets. Livest. Sci. 144, 173-180.
doi: 10.1016/j.livsci.2011.11.015

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 78, 5261-5267. doi: 10.1128/aem.00062-07

Weisburg, W. G., Barns, S. M., Pelletier, D. A., and Lane, D. J. (1991). 16S
ribosomal DNA amplification for phylogenetic study. J. Bacteriol. 173, 697-703.
doi: 10.1128/jb.173.2.697-703.1991

Wryrick, P. (2000). Intracellular survival by Chlamydia. Cell. Microbiol. 2, 275-282.
doi: 10.1046/j.1462-5822.2000.00059.x

Xie, Y., He, Y., Irwin, P. L., Jin, T., and Shi, X. (2011). Antibacterial activity and
mechanism of action of zinc oxide nanoparticles against Campylobacter jejuni.
Appl. Environ. Microbiol. 77, 2325-2331. doi: 10.1128/aem.02149-10

Yamaoka, Y. (2008). Helicobacter pylori: Molecular Genetics and Cellular Biology.
Poole: Caister Academic Press.

Ye, G., Qiu, Y., He, X., Zhao, L., Shi, F, Lv, C, et al. (2015). Effect of two
macrocephala flavored powder supplementation on intestinal morphology and
intestinal microbiota in weaning pigs. Int. J. Clin. Exp. Med. 8, 1504-1514.

Zhu, C,, Lv, H.,, Chen, Z., Wang, L., Wu, X,, Zhang, W., et al. (2017). Dietary
zinc oxide modulates antioxidant capacity, small intestine development, and
jejunal gene expression in weaned piglets. Biol. Trace Elem. Res. 175, 331-338.
doi: 10.1007/s12011-016-0767-3

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Yu, Zhu, Chen, Gao, Lv, Feng, Zhu, Xu, Chen and Jiang. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org

12

May 2017 | Volume 8 | Article 825


https://doi.org/10.1007/bf00430437
http://cran.r-project.org/package=vegan
http://cran.r-project.org/package=vegan
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1111/j.1439-0396.2011.01231.x
https://doi.org/10.1021/bi201494h
https://doi.org/10.1016/s0301-6226(97)00057-2
https://doi.org/10.1007/s12011-013-9638-3
https://doi.org/10.1073/pnas.0704189104
https://doi.org/10.1016/j.vetimm.2015.05.001
https://doi.org/10.1016/j.vetimm.2015.05.001
https://doi.org/10.1017/s0007114514000300
https://doi.org/10.1017/s0007114514000300
https://doi.org/10.1073/pnas.082188899
https://doi.org/10.1111/1574-6941.12233
https://doi.org/10.1111/1574-6941.12233
https://doi.org/10.1074/jbc.m007514200
https://doi.org/10.1074/jbc.m007514200
https://doi.org/10.4014/jmb.1408.08063
https://doi.org/10.1128/aem.03075-09
https://doi.org/10.2527/jas.2010-3270
https://doi.org/10.1016/j.livsci.2011.11.015
https://doi.org/10.1128/aem.00062-07
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.1046/j.1462-5822.2000.00059.x
https://doi.org/10.1128/aem.02149-10
https://doi.org/10.1007/s12011-016-0767-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

	Dietary High Zinc Oxide Modulates the Microbiome of Ileum and Colon in Weaned Piglets
	Introduction
	Materials And Methods
	Animals
	Sampling and DNA Extraction
	16S rRNA Genes Amplification and Sequencing
	Sequences Processing and Bioinformatics Analysis
	Microbial Functional Predictions and Statistical Analyses
	Sequence Data Accession Number

	Results
	Characteristics of Bacterial Community Libraries
	Effects of ZnO and Antibiotics on Bacterial Alpha- and Beta-Diversity of the Ileal and Colonic Microbiota
	Effects of ZnO Supplementation on the Composition of the Ileal and Colonic Microbiota
	Microbiota Function Prediction

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


