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Increased dietary zinc oxide changes the bacterial core  
and enterobacterial composition in the ileum of piglets1

W. Vahjen,2 R. Pieper, and J. Zentek

Institute of Animal Nutrition, Department of Veterinary Medicine, Freie Universität Berlin,  
14195 Berlin, Germany

ABSTRACT: This study was conducted to investi-
gate the effects of increased dietary ZnO on the bacte-
rial core and enterobacterial composition in the small 
intestine of piglets that were fed diets containing a to-
tal of 124 or 3,042 mg of Zn per kilogram of diet, re-
spectively. Zinc was supplemented to the basal diet as 
ZnO. Bacterial 16S rRNA genes of ileal DNA extracts 
were PCR-amplified with 2 bar-coded primer sets and 
sequenced by 454 pyrosequencing. The bacterial core 
species were calculated from the relative abundances of 
reads present in 5 of 6 samples per group and at a mini-
mum of 5 sequences per sample. The reference database 
SILVA was used to assign sequence reads at an align-
ment minimum of 200 bases and 100% identity. Lactic 
acid bacteria dominated the bacterial core, but showed 
diverse responses to dietary ZnO. Of the dominant Lac-
tobacillus spp., Lactobacillus reuteri was reduced due 
to increased dietary ZnO (44.7 vs. 17.9%; P = 0.042), 
but L. amylovorus was not influenced. However, the 
changes of relative abundances of other lactic acid bac-

teria were more noteworthy; Weissella cibaria (10.7 vs. 
23.0%; P = 0.006), W. confusa (10.0 vs. 22.4%; P = 
0.037), Leuconostoc citreum (6.5 vs. 14.8%; P = 0.009), 
Streptococcus equinus (0.14 vs. 1.0%; P = 0.044), and 
S. lutetiensis (0.01 vs. 0.11%; P = 0.016) increased in 
relative abundance. Nonlactic acid bacteria that were 
influenced by increased dietary ZnO included the strict 
anaerobic species, Sarcina ventriculi, which showed a 
strong numerical decrease in relative abundance (14.6 
vs. 5.1%). Species of the Enterobacteriaceae increased 
their relative abundance, as well as species diversity, in 
the high dietary ZnO experimental group. Bacterial di-
versity indices were increased due to increased dietary 
ZnO (P < 0.05), which was traced back to the increase 
of sequences from subdominant species. Increased di-
etary ZnO led to an increase of less prominent species 
and, thus, had a major impact on the bacterial com-
position and diversity in piglets. This effect may help 
to stabilize the intestinal microbiota in the sensitive 
postweaning period.
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INTRODUCTION

In the last decades, many research efforts focused on 
ZnO for diarrhea prophylaxis in piglets (Holm, 1988; 
Holmgren, 1994; Poulsen, 1995; Carlson et al., 2008), 
and increased doses of ZnO have been suggested as a 
feed additive for weaning piglets (Hollis et al., 2005). 
However, the mode of action of ZnO is yet not fully 
understood. In addition to its effects on the host, in-
creased dietary Zn affects the diversity of the intestinal 
microbial community. For instance, lactobacilli colony 
counts were reduced, but coliform colony counts in-

creased using 2,500 mg·kg−1 of dietary Zn from ZnO 
in a study with piglets (Højberg et al., 2005). This is 
in agreement with a challenge study with postweaning 
piglets, in which an increased shedding of the inocu-
lated pathogenic Escherichia coli strain was reported 
(Mores et al., 1998). Reduced anaerobic and lactic acid 
bacteria colony counts, but no effect on E. coli, were 
also described in piglets (Broom et al., 2006). Thus, 
the frequently observed reduction of postweaning diar-
rhea in piglets fed Zn-supplemented diets may not be 
related to a general reduction of E. coli (Fairbrother et 
al., 2005) and the impact of Zn on the diversity of the 
coliform community could be more important (Katouli 
et al., 1999). Because bacterial communities are in in-
timate contact with host tissues and induce different 
host reactions, knowledge of modulatory effects of ZnO 
on intestinal bacteria is a critical step to gain further 
insight in the mode of action of ZnO on pig health dur-
ing the critical weaning period.
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Recently, deep sequencing has changed the prospect 
of studying bacterial communities by parallel sequenc-
ing of relatively long bacterial nucleic acid sequences 
(Gill et al., 2006; Snyder et al., 2009). Combined with 
the technique of introducing nucleotide bar codes dur-
ing PCR amplification, many samples can be processed 
at a relatively low cost per sequence (Armougom and 
Raoult, 2008; Hamady et al., 2008). Deep sequencing 
is therefore a promising tool to study the influence of 
nutritional factors on intestinal microbial communities 
and functionalities. The current study was conducted 
to evaluate the impact of ZnO on the small intestinal 
bacterial core composition in weaned piglets using deep 
sequencing technology.

MATERIALS AND METHODS

The study was approved by the German Tier-
schutzgesetz and the local state office of occupational 
health and technical safety (Landesamt für Gesundheit 
und Soziales, Berlin; LaGeSo Reg. Nr. 0096/2006).

Animals and Housing

Piglets were housed in groups of 2 in flat-deck cages, 
which were constructed of stainless steel to prevent un-
controlled Zn intake. The whole trial was conducted in 
3 separate successive runs and 1 animal per pen was 
used in each run to determine the bacterial core compo-
sition in the ileum. A total of 12 piglets (German Land-
race × Piétrain) weaned at 28 d with an average BW 
of 7.0 ± 0.7, 4.6 ± 0.5, and 6.8 ± 0.8 kg for trial runs 
1 to 3, respectively, were used for this study. Feed and 
water were offered ad libitum. The light (15 h light/9 h 
darkness) and temperature (25°C) were kept constant 
during the experimental periods. Piglets were on their 
respective diets for 12 to 14 d before sampling. Body 
weight of the piglets at euthanasia was 10 to 12 kg.

Diets

Diets were based on a standard starter feed mixture. 
The composition of the basal diet is shown in Table 
1. Analytical grade ZnO (Sigma Aldrich, Deisenhofen, 
Germany) was added to the diets. The analyzed dietary 
Zn concentration in the control group (low dietary Zn) 
was 124 mg/kg feed, whereas the treatment group (high 
dietary Zn) contained 3,042 mg/kg feed.

Sampling

The piglets were euthanized 3 h after the last meal. 
Piglets were anesthetized (Xylazin and Ketamine hy-
drochloride) followed by intracardial injection of em-
butramide. The gastrointestinal tracts were opened im-
mediately, and the content of the ileum was collected, 
homogenized, deep frozen in liquid nitrogen, and stored 

at −80°C. After thawing, 1-g samples were taken for 
further analysis.

DNA Extraction

Two extraction procedures were used to maximize 
cell lysis of the diverse bacterial cells present in the 
ileum of piglets. First, total nucleic acids of the ileum 
(1 g) were extracted by using a guanidinisothiosulfate 
(4 M) containing lysis buffer at 90°C for 2 × 5 min., 
2 × 1 min bead beating with acid-washed glass beads 
(diameter, 0.3 to 0.5 mm) and subsequent phenol/chlo-
roform extraction and isopropanol precipitation. Crude 
extracts were purified to PCR-grade DNA with com-
mercial silica gel spin columns (NucleoSpinKit Tissue, 
Machery-Nagel, Dueren, Germany). The amount of 
DNA was measured by fluorescence using SYBR Green 
I and calf thymus DNA as reference DNA.

Second, total nucleic acids were extracted using a 
commercial kit (Qiagen Stool kit, Qiagen, Hilden, Ger-
many) from 200 mg of ileal chyme in triplicate accord-
ing to the instructions of the manufacturer, except an 
increase in temperature during the lysis step to 90°C. 
Purified DNA was then pooled per sample, and the 
amount of DNA was measured as described before.

Table 1. Composition (as-fed basis) and results of 
proximate chemical analysis of the basal diet 

Item Diet

Ingredient, g/kg  
 Thermally treated cereals1 250.0
 Wheat 280.0
 Soybean meal 220.0
 Triticale 100.0
 Whey powder 50.0
 Soybean oil 38.0
 Limestone 17.4
 Monocalcium phosphate 17.4
 Wheat bran 14.0
 Trace mineral-vitamin premix2 12.0
 l-Lys·HCl 1.1
 Trp 0.1
Chemical analysis, g/kg  
 DM 913
 CP 200
 Crude ash 68.4
 Crude fat 58.9
 Ca 12.4
 Total P 8.8
 Na 1.8

1Cereals: 50% wheat, 25% barley, and 25% maize (Optigrain; 
Deutsche Tiernahrung Cremer GmbH & Co. KG, Düsseldorf, Ger-
many).

2Provided per kilogram of diet: 7,200 IU of vitamin A; 1,440 IU of vi-
tamin D3; 96 mg of vitamin E; 1.2 mg of vitamin K3; 3.0 mg of vitamin 
B1; 3.0 mg of vitamin B2; 4.8 mg of vitamin B6; 24 mg of vitamin B12; 
30 mg of nicotinic acid; 0.30 mg of biotin; 66 mg of Ca pantothenate; 
1.2 mg of folic acid; 960 mg of choline chloride; 60 mg of Fe as FeCO3; 
72 mg of Mn as MnO; 12 mg of Cu as CuSO4·5 H2O; 0.54 mg of I as 
Ca(IO3)2; 0.36 mg of Co as CoSO4·7 H2O; 0.42 mg of Se as Na2SeO3·5 
H2O; 1.56 g of Na as NaCl; 0.66 g of Mg as MgO.
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Preparation of Sequencing PCR Amplicons

The DNA samples were diluted to 100 ng/μL, and 1 
μL was used for 25-μL PCR reaction mix. Two primer 
sets at 0.3 μM were used to amplify 2 regions of bacte-
rial 16S rRNA genes. Primers were tagged with unique 
hexamer nucleotides to sort PCR products after se-
quencing (Table 2). A commercial master mix kit (Hot-
StarTaq Plus Master Mix, Qiagen) with added SYBR 
green during cycle number optimization was used for 
PCR amplification under the following cycling condi-
tions: 1 × 15 min at 95°C, 32 × (for 8f-534r) or 35 × 
(for 968f-1401r) 15 s at 95°C, 30 s at 55°C, 30 s at 72°C, 
and 1 × 1 min at 20°C. Optimal amplification condi-
tions were defined for each primer combination by the 
cycle number, at which the real-time PCR amplification 
curve entered a plateau with no further increase of total 
fluorescence. Cycling was performed on a thermocycler 
(Mx3000P; Stratagene, Amsterdam, the Netherlands). 
The PCR products were removed immediately after the 
last cycle and stored at −20°C until further analysis.

Pyrosequencing Procedures

The PCR products were purified to remove unbound 
primer and salt using a commercial kit (Qiaquick nu-
cleotide removal kit, Qiagen), and the amount of DNA 
was determined and equimolar dilutions of all samples 
were combined into 1 master sample per trial group. 
Pyrosequencing was performed by AGOWA (Berlin, 
Germany) on a genome sequencer (Roche Genome Se-
quencer FLX system using a Titanium series PicoTi-
terPlate, Roche Diagnostics GmbH, Mannheim, Ger-
many).

Processing and Phylogenetic Assignment  
of Sequence Reads

Sequence reads were sorted according to sample tags 
and primer combination, resulting in 24 single data 
files. After removal of sample tags and primer sequenc-
es, data files were uploaded to a server (MG-RAST; 
Meyer et al., 2008) and processed by its SEED software 
tool (Overbeek et al., 2005).

The phylogenetic profile of each sample was com-
puted with the following variables: maximum value of 
1 × 10−5, minimum percentage identity of 100%, and 
minimum alignment length of 200 bases. The SILVA 
reference database (Pruesse et al., 2007) was used for 
species identification. Sequence reads that were aligned 
as environmental isolates by the SILVA reference data-
bases were checked again using the BLAST algorithm 
for their presence in known bacterial species and as-
signed to the respective species when the sequences 
could be aligned with a 100% similarity at a minimum 
of 200 bases (Lactobacillus crispatus, L. vaginalis, and 
Arcobacter butzleri in Table 3, and Morganella morganii 
and Citrobacter murliniae in Table 4).

For statistical interpretation, the next step in the 
analysis was the deletion of all data with less than 5 
identical sequence reads per sample to increase confi-
dence of sequence reads and reduce bias by possible se-
quencing errors (Huse et al., 2007; Kunin et al., 2010). 
Also, sequence reads that only occurred in 1 sample 
were deleted to focus on the common bacterial species.

As the pyrosequencing results arose from 4 indepen-
dent PCR amplifications for each sample (2 primer 
combinations with 2 extraction procedures), 4 sets of 
sequences were present. These data sets were merged 
by taking into account only relative abundances from 
the primer combination or extraction procedure that 

Table 2. Sample tag PCR primer sequences 

Item Sequence (5′ to 3′)

F-968–1 ACACACGAACGCGAAGAACCTTAC
F-968–2 ACATGCGAACGCGAAGAACCTTAC
F-968–3 ACGTACGAACGCGAAGAACCTTAC
F-968–4 AGCAGCGAACGCGAAGAACCTTAC
F-968–5 TGCGCGGAACGCGAAGAACCTTAC
F-968–6 TGTGTGGAACGCGAAGAACCTTAC
F-968–7 GCGTCTGAACGCGAAGAACCTTAC
F-968–8 GTCTCTGAACGCGAAGAACCTTAC
F-968–9 GCTGCTGAACGCGAAGAACCTTAC
F-968–10 GACGCTGAACGCGAAGAACCTTAC
F-968–11 GTGACTGAACGCGAAGAACCTTAC
F-968–12 GATGATGAACGCGAAGAACCTTAC
R-1401–1 ACACACGCGTGTGTACAAGACCC
R-1401–2 ACATGCGCGTGTGTACAAGACCC
R-1401–3 ACGTACGCGTGTGTACAAGACCC
R-1401–4 AGCAGCGCGTGTGTACAAGACCC
R-1401–5 TGCGCGGCGTGTGTACAAGACCC
R-1401–6 TGTGTGGCGTGTGTACAAGACCC
R-1401–7 GCGTCTGCGTGTGTACAAGACCC
R-1401–8 GTCTCTGCGTGTGTACAAGACCC
R-1401–9 GCTGCTGCGTGTGTACAAGACCC
R-1401–10 GACGCTGCGTGTGTACAAGACCC
R-1401–11 GTGACTGCGTGTGTACAAGACCC
R-1401–12 GATGATGCGTGTGTACAAGACCC
8 F-1 TGACACAGAGTTTGATCCTGGCTCAG
8 F-2 TGATGCAGAGTTTGATCCTGGCTCAG
8 F-3 TGCATCAGAGTTTGATCCTGGCTCAG
8 F-4 CTCTGTAGAGTTTGATCCTGGCTCAG
8 F-5 CGATGTAGAGTTTGATCCTGGCTCAG
8 F-6 GTAGCTAGAGTTTGATCCTGGCTCAG
8 F-7 GAGTATAGAGTTTGATCCTGGCTCAG
8 F-8 GTATATAGAGTTTGATCCTGGCTCAG
8 F-9 GTCGATAGAGTTTGATCCTGGCTCAG
8 F-10 GCAGATAGAGTTTGATCCTGGCTCAG
8 F-11 GTGCATAGAGTTTGATCCTGGCTCAG
8 F-12 CGTCGTAGAGTTTGATCCTGGCTCAG
534r-1 TGACACATTACCGCGGCTGCTGG
534r-2 TGATGCATTACCGCGGCTGCTGG
534r-3 TGCATCATTACCGCGGCTGCTGG
534r-4 CTCTGTATTACCGCGGCTGCTGG
534r-5 CGATGTATTACCGCGGCTGCTGG
534r-6 GTAGCTATTACCGCGGCTGCTGG
534r-7 GAGTATATTACCGCGGCTGCTGG
534r-8 GTATATATTACCGCGGCTGCTGG
534r-9 GTCGATATTACCGCGGCTGCTGG
534r-10 GCAGATATTACCGCGGCTGCTGG
534r-11 GTGCATATTACCGCGGCTGCTGG
534r-12 CGTCGTATTACCGCGGCTGCTGG
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yielded the greater relative abundance for a specific se-
quence assignment in a sample. The remaining sequence 
reads were used to calculate the relative contribution of 
specifically assigned sequences to total sequence reads 
in a sample. These values were then used for further 
statistical analysis. The bacterial core was constructed 
of species that were present in at least 5 of 6 samples 
in each trial group.

Phylogenetic Tree of the Bacterial Core  
and Ecological Indices

Full-length sequences of the members of the bacterial 
core were used to construct a phylogenetic tree. The 
tree was calculated using the ARB software (Ludwig 
et al., 2004) based on 1,000 bootstrap trees. The sum 
of sequence reads for each species in both experimental 
groups was then used to calculate the relative abun-
dance of the species and shown as pie charts under the 
respective species name.

Several bacterial diversity indices were calculated 
(Kwak and Peterson, 2007). Richness is defined as the 
number of species in a sample (in this instance, spe-

cies of the bacterial core), and the greater the rich-
ness value, the more species are present. The Shannon 
index was used to calculate the qualitative diversity 
of the bacterial core in a sample using the equation 
−∑[Pi ln (Pi)], where Pi is the abundance of a species 
i relative to the total number of species and ln is the 
natural logarithm; the greater the Shannon index, the 
greater the diversity in the sample. Evenness estimates 
the similarity of species abundance, which was used to 
estimate evenness of the bacterial core species by the 
equation: H/ln(S), where H is Shannon index and S is 
richness. An evenness of 1 indicates identical propor-
tions of each species in a sample. Finally, the Simpson 
index of diversity defines the probability that 2 ran-
domly picked species in a habitat belong to different 
species [(1 − ∑(Pi

2)] and is therefore a quantitative 
indicator for species diversity in a sample. A diversity 
of 1 would indicate infinite diversity.

Deposition of Nucleic Acid Sequences

The metagenomic data are available under public 
metagenomes (Meyer et al., 2008). The individual files 

Table 3. Influence of increased dietary zinc oxide on the bacterial core species (%) in 
the ileum of piglets (n = 6 per experimental group) 

Item

Treatment1

Control High ZnO

Lactobacillus reuteri 44.7 ± 26.9x 17.9 ± 13.2y

Weissella cibaria 10.7 ± 7.6x 23.0 ± 3.2y

Weissella confusa 10.0 ± 9.0a 22.4 ± 12.2b

Leuconostoc citreum 6.5 ± 5.1a 14.8 ± 3.8b

Sarcina ventriculi 14.6 ± 24.6 5.1 ± 9.0
Lactobacillus amylovorus 9.6 ± 9.1 11.6 ± 11.2
Microbacterium sp. SKJH23 1.8 ± 3.1 1.6 ± 1.3
Streptococcus equinus 0.14 ± 0.16x 1.0 ± 0.87y

Lactococcus lactis 0.24 ± 0.32 0.49 ± 0.60
Streptococcus gallolyticus 0.43 ± 0.72 0.21 ± 0.14
Lactobacillus salivarius 0.09 ± 0.11 0.37 ± 0.63
Uncultured Microbacterium sp. 0.23 ± 0.15 0.33 ± 0.26
Uncultured Lactobacillus sp. 0.22 ± 0.29 0.15 ± 0.04
Lactobacillus johnsonii 0.13 ± 0.13 0.04 ± 0.05
Streptococcus suis 0.05 ± 0.09 0.15 ± 0.12
Lactobacillus helveticus 0.12 ± 0.11y 0.02 ± 0.05x

Aerococcus sp. zf93I 0.03 ± 0.05a 0.12 ± 0.07b

Rhodococcus sp. djl62 0.01 ± 0.02x 0.12 ± 0.16y

Streptococcus lutetiensis 0.01 ± 0.03x 0.11 ± 0.07y

Neisseria canis n.d.2 0.11 ± 0.15
Lactococcus plantarum 0.04 ± 0.07 0.11 ± 0.14
Lactobacillus crispatus 0.07 ± 0.09 0.04 ± 0.05
Lactobacillus vaginalis 0.04 ± 0.07 0.09 ± 0.08
Arcobacter butzleri 0.02 ± 0.06 0.08 ± 0.10
Actinomyces denticolens 0.06 ± 0.06 0.07 ± 0.06
Staphylococcus haemolyticus n.d. 0.07 ± 0.06
Acidovorax sp. OS6 n.d. 0.05 ± 0.06
Bacillus cereus n.d. 0.04 ± 0.05

a,bWithin a row, means without a common superscript differ (ANOVA, P < 0.05).
x,yWithin a row, means without a common superscript differ (Kruskal-Wallis test, P < 0.05).
1Control treatment with 124 mg·kg−1 of zinc from ZnO; high ZnO treatment with 3,042 mg·kg−1 of zinc from 

ZnO.
2n.d. = not detected.
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are named 1–8f-1 to 1–8f-12, 1–968f-1 to 1–968f-12, and 
2–8f-1 to 2–8f-12, and 2–968f-1 to 2–968f-12, respective-
ly. In the file names, “1-” denotes sequences generated 
by DNA extraction procedure I, “2-” denotes sequences 
generated by DNA extraction procedure II, 8f and 968f 
are the respective upstream primer used in the PCR, 
and “-1” to “-12” stand for individual samples (1 to 6 = 
low dietary Zn, and 7 to 12 = high dietary Zn).

Statistical Analysis

Arithmetic means and SD were calculated for all. 
The piglet was used the experimental unit; piglets were 
selected from different pens and 3 different successive 
trial periods. A t-test was used with the SPSS software 
(15.0, IBM, Somers, NY) to determine statistically sig-
nificant differences at the P ≤ 0.05 level after testing 
for normality by the Shapiro-Wilk test and homoge-
neity of variances. Data that failed homogeneity tests 
were compared with the nonparametric Kruskal-Wallis 
test to determine their asymptotic significance at the P 
≤ 0.05 level. Differences in the total number of entero-

bacterial species detected in the 2 experimental groups 
were tested with the Pearson’s χ2 test.

RESULTS

The SILVA reference database assigned a total of 127 
bacterial species with 5 or more sequence reads and in 
more than 1 sample from a total of 50,715 sequences 
(4,226 ± 1,367 sequences per sample). Table 3 shows 
the distribution of bacterial core species in the ileum 
of piglets fed 2 different amounts of ZnO, and Figure 1 
shows a graphical display of the phylogenetic diversity 
of the bacterial core, as well as the relative abundance 
of each species in the experimental groups. The bacte-
rial core represented species detected in 5 of 6 samples 
per experimental group and included a total of 28 spe-
cies. The low dietary ZnO experimental group showed 
24 of 28 species, compared with 28 species present in 
the high dietary ZnO experimental group.

Lactobacillus reuteri was the dominating species in 
both experimental groups. The strongest numerical 
impact of high dietary ZnO supplementation was ob-

Table 4. Influence of increased dietary zinc oxide on the relative abundance (%)1 of 
Enterobacteriaceae in the ileum of piglets (n = 6 per experimental group) 

Item

Treatment2

Control n3 High ZnO n

Citrobacter freundii 0.091 ± 0.051 4 0.063 ± 0.076 6
Citrobacter gillenii n.d.4 0 0.043 ± 0.017 3
Citrobacter murliniae 0.034 ± 0.007 3 0.094 ± 0.081 3
Citrobacter sp. F1–4 n.d. 0 0.033 ± 0.003 3
Citrobacter sp. F3–1 n.d. 0 0.031 1
Citrobacter werkmanii n.d. 0 0.028 1
Enterobacter cloacae 0.026 1 n.d. 0
Enterobacter hormaechei 0.053 1 0.031 1
Enterobacter sp. 638 0.035 1 0.059 ± 0.004 3
Enterobacter sp. IMD1260 0.134 1 0.031 1
Enterobacter sp. pptphilum 0.026 1 0.031 1
Enterobacter sp. TUT1390 0.026 1 n.d. 0
Erwinia chrysanthemi n.d. 0 0.033 ± 0.003 3
Erwinia rhapontici 0.024 1 n.d. 0
Escherichia coli 0.126 ± 0.094 2 0.676 ± 0.727 4
Klebsiella granulomatis n.d. 0 2.893 1
Klebsiella oxytoca 0.111 ± 0.110 3 0.265 ± 0.209 3
Klebsiella pneumoniae 0.294 ± 0.304 6 0.916 ± 2.296 6
Klebsiella sp. HF13 n.d. 0 0.826 1
Klebsiella sp. LB-2 n.d. 0 0.059 1
Morganella morganii 0.053 1 0.031 1
Pantoea agglomerans n.d. 0 0.100 ± 0.096 3
Pantoea sp. Co9941 n.d. 0 0.033 ± 0.003 2
Pantoea sp. TNT6 n.d. 0 0.029 ± 0.002 2
Proteus mirabilis 0.134 1 n.d. 0
Salmonella enterica n.d. 0 0.031 1
Serratia grimesii n.d. 0 0.571 1
Shigella flexneri 0.134 1 0.258 ± 0.220 2
Uncultured Citrobacter sp. n.d. 0 0.031 1

1× 10−3.
2Control treatment with 124 mg·kg−1 of Zn from ZnO; high ZnO treatment with 3,042 mg·kg−1 of Zn from 

ZnO.
3Number of animals in which the species was detected.
4n.d. = not detected.
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served in a decrease of Sarcina ventriculi, as well as 
in increases of Weissella cibaria (P = 0.006) and W. 
confusa (P = 0.037). Other increases because of greater 
ZnO supplementation occurred for lactic acid bacteria 
such as Leuconostoc citreum (P = 0.009), Streptococcus 
equinus (P = 0.044), S. lutetiensis (P = 0.016), Aerococ-

cus sp. zf93I (P = 0.046), and L. helveticus (P = 0.049). 
Species of the actinobacteria group also displayed in-
creases (Rhodococcus sp. djl62, P = 0.049). Four species 
were only detected in the high dietary ZnO experimen-
tal group (N. canis, Staphylococcus haemolyticus, Ac-
idovorax sp. OS6, and Bacillus cereus).

Figure 1. Phylogenetic tree of the bacterial core species in the ileum of piglets fed diets as influenced by increased dietary zinc oxide (gray = 
control, and black = high dietary ZnO experimental group). The tree was calculated based on 1,000 bootstrap trees using ARB software (Ludwig 
et al., 2004). Bacillus subtilis was used to root the tree. The scale bar represents the evolutionary distance.
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The relative abundance of Enterobacteriaceae is 
shown in Table 4. A total of 31 enterobacterial se-
quence reads was detected (17 in the low dietary ZnO 
experimental group, and 25 in the high dietary ZnO ex-
perimental group). According to the Pearson’s χ2 test, 
the total number of enterobacterial species detected in 
all piglets of each group was less in the control group 
than in the high dietary ZnO group (χ2 value: 72.7; P 
< 0.001).

Klebsiella spp., Citrobacter spp., and Escherichia coli 
were the most prominent genera, but many species 
could only be detected in 1 of 12 piglets. Pantoea spp. 
were only detected in the high dietary ZnO group. No 
differences were observed due to increased individual 
variations between piglets, but the high dietary ZnO 
group generally displayed numerically greater abun-
dances than the low dietary ZnO group.

Richness, Shannon, and Simpson indices as well as 
evenness are shown in Table 5. Richness (P = 0.009), 
Shannon (P = 0.037), and Simpson (P = 0.025) indices 
were all increased due to increased dietary ZnO intake, 
whereas the evenness was only numerically increased.

DISCUSSION

The current study investigated the influence of di-
etary ZnO on the bacterial core composition in the il-
eum of piglets. A pyrosequencing approach employing a 
bar code technique and restrictive analysis of sequence 
reads was chosen to apply statistical evaluation of mul-
tiple deep sequencing data, as well as to gain greater 
accuracy of assigning results at the species level. Fur-
thermore, to enhance the recovery of the bacterial di-
versity in ileal samples, 2 different DNA extraction 
procedures and 2 primer combinations were used. It is 
known that extraction procedures (Morita et al., 2007; 
Nechvatal et al., 2008; Salonen et al., 2010), as well 
as primer combinations (Schmalenberger et al., 2001; 
Baker et al., 2003; Sipos et al., 2007), can have effects 
on the quality of PCR results.

Zinc is an essential nutrient with diverse regulatory, 
metabolic, and structural functions. Direct effects of 
pharmacological Zn doses on the piglet include altered 
expression of genes responsible for glutathione metabo-
lism and apoptosis (Wang et al., 2009), enhanced gastric 
ghrelin secretion, which increases feed intake (Yin et 
al., 2009) or increased production of digestive enzymes 
(Hedemann et al., 2006). Indirect effects on the animal 
include modifications of the gastrointestinal bacterial 
composition and their metabolic activity (Mores et al., 
1998; Højberg et al., 2005; Broom et al., 2006).

As expected, lactic acid bacteria (LAB) dominated 
the bacterial core in the ileum. The dominance of LAB 
in the porcine intestine has been shown in many studies 
(Sghir et al., 1998; Hill et al., 2005; Dowd et al., 2008; 
Pieper et al., 2008). In this study, their dominance was 
mainly due to Lactobacillus and Weissella species, more 
specifically L. reuteri, W. confusa, and W. cibaria. Oth-
er LAB such as enterococci and streptococci were less 

prominent than Leuconostoc spp. The increased rela-
tive abundance of Weissella spp. and Leuconostoc spp. 
has not been documented in piglets. These genera form 
a separate group (“leuconostoc-like” LAB) and largely 
differ in their metabolic potential from lactobacilli (Sal-
minen et al., 2004). The key physiological features of 
the leuconostoc-like LAB are the exclusive production 
of l-lactate (some Weissella strains produce l- and l-
lactate) and generation of CO2 from glucose; however, 
fructose is preferred over glucose during growth. Fur-
thermore, all leuconostoc-like LAB produce dextran 
from sucrose.

The dominating L. reuteri was influenced by greater 
ZnO supplementation, whereas the second most domi-
nant L. amylovorus was not affected. Other lactobacilli, 
like L. salivarius, L. johnsonii, or L. helveticus, seemed 
to trade places in rank. The species specific response 
to ZnO supplementation may indicate different toler-
ance mechanisms against greater Zn inclusion; however, 
it could also be a result of interspecies competition. 
Considering the drastic increase in abundance of Weis-
sella spp. and Leuconostoc spp., bacteriocin production 
may also have played a role. Like many other LAB, 
both genera are known to produce bacteriocins active 
against other LAB (Papathanasopoulos et al., 1997; 
Srionnual et al., 2007).

Sequences of the Clostridiales order in the bacterial 
core mainly consisted of Sarcina ventriculi, an acid-
tolerant strict anaerobic species, found in the intestinal 
tract of piglets and other mammals (Crowther, 1971; 
Vatn et al., 2000; Thanantong et al., 2006). This spe-
cies seemed to be very sensitive against ZnO or indirect 
modifications induced by increased dietary ZnO. The 
fact that S. ventriculi has also been found in the stom-
ach of horses (Husted et al., 2010), lambs, dogs (Vatn 
et al., 2000), and free-living Colobus monkeys (Owaki 
et al., 1974), together with its ability to grow at low 
pH, indicates that this species may be autochthonous 
to the stomach of mammals.

An interesting result was observed for Enterobac-
teriaceae. Although not statistically significant, most 
detected species increased numerically in relative abun-

Table 5. Influence of increased dietary zinc oxide on 
the bacterial diversity in the ileum of piglets (n = 6 per 
trial group) 

Item

Treatment1

Control High ZnO

Richness 15.67 ± 3.14x 21.33 ± 3.50y

Shannon 1.35 ± 0.42x 1.77 ± 0.21y

Evenness 0.49 ± 0.13 0.58 ± 0.06
Simpson 0.62 ± 0.19a 0.79 ± 0.05b

a,bWithin a row, means without a common superscript differ (ANO-
VA, P < 0.05).

x,yWithin a row, means without a common superscript differ (Krus-
kal-Wallis test, P < 0.05).

1Control treatment with 124 mg·kg−1 of Zn from ZnO; High ZnO 
treatment with 3,042 mg·kg−1 of Zn from ZnO.
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dance because of increased dietary ZnO. It should be 
mentioned that sequence data were generated from a 
PCR using the same concentration of target DNA, and 
thus, some species with low relative abundance may 
have fallen below the detection limit because of the 
high abundance of a few dominant members. Never-
theless, enterobacteria seemingly gained colonization 
potential by increased dietary ZnO; substantially more 
enterobacterial species were detected in animals from 
the high dietary ZnO trial group. This is in agreement 
with a previous study by Højberg et al. (2005). Fur-
thermore, a survey of Canadian pig farms revealed an 
increased presence of an enteropathogenic E. coli strain 
in farms using dietary greater dietary ZnO (Amezcua 
et al., 2008). Also, an increase in enterobacterial diver-
sity was observed in a study with piglets (Katouli et al., 
1999). These results indicate that dietary ZnO causes 
an enhanced colonization with enterobacteria in the 
small intestine of piglets. Consequently, the frequently 
observed diarrhea-reducing effect of ZnO may not be 
related to direct reducing effects on pathogenic E. coli, 
but rather to an increase of the enterobacterial group, 
which would increase competition among enterobacte-
ria.

On the other hand, considering the assumed antago-
nistic nature of LAB against enterobacteria, it can be 
speculated that a dramatic decrease of the dominant L. 
reuteri in animals fed the high ZnO-supplemented diet 
may be another reason for an increased colonization 
with gram-negative enterobacteria. Strains of L. reuteri 
are known to produce the broad-spectrum bacteriocin 
Reuterin, which is active against gram-negative entero-
bacteria (Cleusix et al., 2007).

The antimicrobial activity of ZnO has been long used 
in dental medicine (Smith, 1991), and several mecha-
nisms for bacterial susceptibility and resistance against 
Zn have been suggested (Silver, 1996; Choudhury and 
Srivastava, 2001). For instance, gram-positive bacteria 
seem to rely on a P-type efflux ATPase (Nies and Sil-
ver, 1995) to expel Zn from their cells, whereas resis-
tance to Zn2+ in gram-negative bacteria is mediated 
by proton-cation antiporter proteins. Specific plasmid-
coded genes for resistance against heavy metals have 
been reported for both gram-positive and gram-nega-
tive bacteria present in the intestine (Nies, 1992; Silver 
and Walderhaug, 1992; Chen et al., 2008). There are no 
studies available on the inhibition of a range of gram-
positive bacteria, except for some studies on Bacillus 
cereus (Sawai et al., 1996) and Staphylococcus aureus 
(Aarestrup and Hasman, 2004), but there are many 
studies on gram-negative enteric bacteria (Choudhury 
and Srivastava, 2001). Combined with results from 
studies from feeding trials in piglets (Mores et al., 1998; 
Højberg et al., 2005; Broom et al., 2006), it seems that 
gram-positive bacteria are more susceptible to Zn than 
gram-negative bacteria. Furthermore, fecal E. coli iso-
lates showed increased minimal inhibitory concentra-
tion values for Zn in a study with cattle fed 30 or 300 
mg·kg−1 of dietary Zn, respectively (Jacob et al., 2010). 

Considering the increase of enterobacteria diversity in 
this study, a greater resistance to heavy metal ions may 
be expected for this bacterial group.

Zinc oxide is an amphoteric molecule and practically 
insoluble in water, but shows greater solubility at acid 
pH. The low pH in the stomach of piglets (pH 3.5 to 
4.5) transforms a considerable amount of insoluble ZnO 
into Zn ions (54% free Zn ions at 164 mg·kg−1 of di-
etary ZnO; Dintzis et al., 1995), and thus increased 
concentrations of free Zn ions may occur in the stom-
ach. As the stomach of piglets harbors large numbers of 
LAB, modifications of ileal LAB could originate in the 
stomach because of the antibacterial effect of increased 
dietary ZnO.

The bacterial core of piglets in the low or high dietary 
ZnO experimental group differed both quantitatively 
and qualitatively. The bacterial core of the high di-
etary ZnO experimental group displayed more species, 
indicating a greater bacterial diversity. This was also 
reflected in the greater ecological diversity indices and 
may be a direct result of the reduction of dominant spe-
cies such as L. reuteri and S. ventriculi, allowing more 
different species to gain colonization capacity. Finally, 
although changes in the ileal composition occurred, the 
dominance of LAB remained. Quantitatively, none of 
the other species exceeded 1% of total sequence reads 
except for the strict anaerobic S. ventriculi. Most nota-
bly, Weissella spp., Streptococcus spp., and Leuconostoc 
spp. seemed to quantitatively replace L. reuteri as a 
major player in the ileum.

In conclusion, the dietary supplementation of ZnO in 
pharmacological concentrations modified the ileal bac-
terial composition at the species level, most notably for 
dominating LAB. The differential response of closely 
related lactobacilli indicates different susceptibilities to 
a greater concentration of ZnO among genetically rela-
tively closely related phylotypes. An increase of entero-
bacteria because of increased dietary ZnO may point 
to an increased colonization potential of this bacterial 
group. This could lead to an increased competition 
among enterobacteria and, consequently, reduce the oc-
currence of pathogenic E. coli strains, which are the 
main factor for postweaning diarrhea.
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