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ABSTRACT It is generally accepted that domestic
ducks are valuable protein sources for humans. The
gastrointestinal ecosystem contains enormous and
complicated microbes that have a profound effect on the
nutrition, immunity, health, and production of domestic
ducks. To deeply understand the gastrointestinal micro-
bial composition of domestic ducks, we investigated the
microbiomes of 7 different gastrointestinal locations
(proventriculus, gizzard, duodenum, jejunum, ileum,
cecum, and rectum) and the short-chain fatty acids in 15
healthy muscovy ducks based on 16S rRNA gene
sequencing, qPCR, and gas chromatography. As a result,
1 029 735 sequences were identified into 35 phyla and 359
genera. Firmicutes, Proteobacteria, Bacteroidetes, Cya-
nobacteria, and Actinobacteria were the major phyla,
with Bacteroidetes being most abundant in the cecum.
The population of the total bacteria and the
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representatives of the Firmicutes, Bacteroidetes, and
Bacteroides groups increased from the proximal to the
distal part of the GIT. Bacteroides was the most
dominant group in the cecum. Acetate, propionate,
and butytrate, as well as gene copies of butyryl-CoA
including acetate-CoA transferase and butyrate ki-
nase, were significantly higher in cecum than in other
sections. Isobutyrate, valerate, and isovalerate were
only found in the cecum. The differences of microbial
composition and the short-chain fatty acids of their
metabolites among these 7 intestinal locations might
be correlated with differences in gut function. All
these results provide a reference for the duck gastro-
intestinal microbiome and a foundation for under-
standing the types of bacteria that promote health
and enhance growth performance and decrease in-
stances of disease in duck breeding.
Key words: duck, gastrointestine,
 microbiome, short-chain fatty acids
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INTRODUCTION

As valuable sources of nutritious meat and eggs, high-
quality liver fat, and feathers for humans, ducks are an
economically important waterfowl in Asia and Europe,
especially in China and France, and are now being raised
worldwide. Over 24.5 million ducks are reared each year
in the United States (Best et al., 2017). The health, dis-
ease, and productivity of ducks are closely associated
with the microbiome of their gastrointestinal tract
(GIT) (Vasaï et al., 2014a; Stanley et al., 2014; Dai
et al., 2018). Indeed, the GIT is colonized by a large
number of bacterial species, which have proved to play
a crucial role in feed digestion, immunomodulation,
pathogen exclusion, and endocrine activity (Corrigan
et al., 2015; Waite and Taylor, 2015; Best et al., 2017;
Li et al., 2017). In addition, the gastrointestinal
microbiome ferments and degrades the indigestible
carbohydrates to produce short-chain fatty acids
(SCFA) as an energy source for the host, the acetate,
propionate, and butyrate being the main metabolic
products of the microbiome in animals (Wong et al.,
2006; Waite and Taylor, 2014). Disturbances of the
GIT microbiome in poultry would lead to the increased
susceptibility to pathogens and infectious diseases,
which may inflict serious loss for farmers, and
potentially cause the contamination of the poultry
products by foodborne pathogens (Corrigan et al., 2015).
It is well known that avian intestinal contents are

significantly different from those of monogastric mam-
mals (P�erez de Rozas, 2004). However, most research

https://doi.org/10.1016/j.psj.2020.03.040
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ww_hi1018@163.com
mailto:ypxiaozj@hotmail.com
mailto:ypxiaozj@hotmail.com


MICROBIOME AND SCFA IN DUCK GUT 4017
is focused on the gut microbiome of galliformes, specif-
ically broiler chickens (Stanley et al., 2014; Xiao et al.,
2017) and turkeys (Scupham et al., 2008; Andreano
et al., 2017). Recently, some research works were
conducted regarding the duck microbiome. Vasaï et al.
(2014b) reported that Firmicutes and Bacteroidetes
were the dominant phyla in the ileum and cecum of
Pekin (Anser platyrhynchos) and Muscovy (Cairina
moschata) ducks (.80%), with the microbiome in cecum
consisting of w65 and w50% Bacteroidetes, respec-
tively. Besides, the the cecum in Shaoxing ducks is
composed of w33% Bacteroidetes and w20% Bacter-
oides (Zhao et al. 2019), and Cherry Valley duck’s cecum
was composed of w33.4% Bacteroidetes and w28.8%
Bacteroides (Dai et al., 2018). However, Best et al.
(2017) reported Bacteriodetes were absent from Pekin
duck’s cecal microbiome. Proteobacteria dominated,
ranging from 77 to 99% of the microbial population in
the cecum of Pekin duck’s on day 1, and the population
had shifted to the dominance by Firmicutes which
ranged from 81 to 98% on day 8. The dominance of Fir-
micutes then extended through the rest of the grow-out
period, making-up an average of 96% of the microbial
population.
Most of these studies have centered upon the micro-

biome in part of the GIT or feces, especially in the cecum
as the cecum is considered to be crucial in poultry health
and as a crucial pathogen reservoir (Qu et al., 2008;
Stanley et al., 2014; Vasaï et al., 2014a; Sun et al.,
2016; Best et al., 2017). However, little information is
available to elucidate the spatial variation of
gastrointestinal microbiota in duck. In this study, we
aim to perform a comprehensive assessment for the
spatial distribution of the microbial community by
high-throughput sequencing and SCFAs of their metab-
olites by gas chromatography in the GIT of common
ducks. As the proventriculus, gizzard, duodenum,
jejunum, ileum, cecum, and rectum are the main gastro-
intestinal sections of poultry (Pan and Yu, 2014; Yang
et al., 2018a), the microbial community and SCFAs
were investigated in these 7 different GIT sections of
ducks.
Table 1. Composition of the experimental di

Ingredient (%)

Corn 56.5
Soybean meal 20
Wheat 18
Soybean oil 1.85
Sodium carbonate 1.16
Dicalcium phosphate 0.64
Lysine 0.315
Methionine 0.235
Salt 0.24
Choline chloride 0.06
Vitamin and trace mineral premix1 1

1The amount supplied per kilogram of total d
vitamin E, 8.0 mg; vitamin K3, 1 mg; vitamin B1
vitamin B12, 0.2 mg; nicotinic acid, 60 mg; pantot
Cu, 20 mg; Mn, 30 mg; Zn, 60 mg; I, 0.45 mg; Se,
MATERIALS AND METHODS

Ducks and Sample Collection

A total of 2000 one-day-old muscovy (C. moschata)
ducks (Lanxi Hewang Breeding Duck Co. Ltd., Jinhua,
China) were raised in a rearing pen under the standard
commercial conditions. A commercial duck diet
(Table 1) was supplied ad libitum for 70 D, and then,
15 male ducks with a body weight of 4.126 0.26 kg close
to mean BW were selected and euthanized by cervical
dislocation. The GIT was removed from the carcasses
immediately, and the luminal contents of the proventric-
ulus, gizzard, duodenum, jejunum, ileum, cecum, and
rectum were collected. The contents were then frozen
immediately in liquid nitrogen and stored at280�C until
the isolation of microbial genomic DNA.

All animals involved in the experimental procedures
were approved by the Institutional Animal Care and
Use Committee of Zhejiang Academy of Agricultural
Sciences.
DNA Extraction, 16S rRNA Gene
Amplification and High-throughput
Sequencing

The microbial genomic DNA was extracted from
220 mg of luminal contents of each sample by using a
QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA)
according to the study by Vasaï et al. (2014a). DNA
were quantified by using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific, Waltham, MA)
and stored at280�C. The 16S rRNA genes of distinct re-
gions (16S V3-V4) were amplified using specific primers
(338 F ACTCCTACGGGAGGCAGCA; 806R
GGACTACHVGGGTWTCTAAT). With Phusion
High-Fidelity PCR Master Mix (New England Biolabs,
Ipswich, MA), PCRs were performed in triplicate using
a 20-mL reaction system that contained 5 mM of each
primer, 10 ng DNA template, 4 mL 1 ! FastPfu Buffer,
2.5 mM deoxyribonucleoside triphosphates, and 0.4 mL
FastPfu Polymerase. After visualizing on a 2% (w/v)
ets (as-fed basis).

Calculated nutrients levels (%)

Metabolizable energy, MJ/kg 11.58
Crude protein 16.5
Calcium 0.95
Phosphorus 0.52
Lysine 0.92
Methionine 0.49
Threonine 0.67
Tryptophan 0.21
Crude fiber 4.36

iet: vitamin A, 8,000IU; vitamin D3, 600IU;
, 3 mg; vitamin B2, 5 mg; vitamin B6, 2 mg;
henic acid, 18 mg; folic acid, l mg; Fe, 120 mg;
0.2 mg.
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agarose gel electrophoresis, 400- to 450-bp PCR prod-
ucts were chosen to purify using the Qiagen Gel Extrac-
tion Kit (Qiagen, Hilden, Germany). Then, the
sequencing libraries were generated by using the TruSeq
DNA PCR-Free Sample Preparation Kit (Illumina, San
Diego, CA) following manufacturer’s recommendations.
The library was sequenced on a Illumina HiSeq 2500
platform, and 250-bp paired-end reads were generated
after assessing on the Qubit@ 2.0 Fluorometer (Life
Technologies, Carlsbad, CA) and Agilent Bioanalyzer
2100 system.

Sequencing Data Analysis

The Quantitative Insights into Microbial Ecology
(QIIME) software package, V1.7.0 (Caporaso et al.,
2010a,b), was used to analyze 16S microbial
sequencing data. Paired-end reads were assigned to sam-
ples based on their unique barcode and truncated by cut-
ting off the barcode and primer sequences. Paired-end
reads were merged using FLASH (V1.2.7) (Magoc and
Salzberg, 2011). To obtain clean and effective tags, qual-
ity filtering on raw sequences was performed according
to the QIIME quality control process (Caporaso et al.,
2010a,b; Bokulich et al., 2013), and the reference
database (Gold database) was used to detect and
remove chimera by UCHIME algorithm (UCHIME
Algorithm) (Edgar et al., 2011; Haas et al., 2011).
Based on GreenGene Database and RDP classifier
(version 2.2), sequences with �97% identity were
assigned to the same operational taxonomic units
(OTU), and the representative sequence for each OTU
was screened. The PyNAST software (version 1.2,
http://pynast.sourceforge.net) was used to study the
differences between the dominant species in different
samples according to multiple sequence alignment
(Caporaso et al., 2010a,b). To analyze the complexity
of species composition within a sample, a-diversity
(Observed-species, Shannon, Simpson, Chao I,
abundance-base coverage estimator, Goods coverage)
was calculated and displayed by QIIME and R
software (version 2.15.3), respectively. The principal
coordinate analysis (PCoA) was used to evaluate the
differences of GIT microbial community.

The top 35 genera were selected to estimate the
correlations from compositional network based on
Table 2. Primers used in the present study.

Item Primer

Total bacteria fwd CGGYCCAGACT
rev TTACCGCGGCTG

Firmicutes FwdGGAGYATGTGG
rev AGCTGACGACAA

Bacteroidetes fwd GGARCATGTGG
rev AGCTGACGACAA

Bacteroides fwd GAGAGGAAGGT
rev CGCTACTTGGCT

Butyryl-CoA acetate-CoA
transferase

fwd AAGGATCTCGG
rev GAGGTCGTCICK

Butyrate kinase fwd TGCTGTWGTTG
rev GCAACIGCYTTT
the SparCC algorithm (Wang et al., 2019). The
network was presented by using the igraph package
in R, with edges connecting nodes. Clusters were
made based on the betweenness centrality calculated
with the GirvanNewman algorithm (Girvan and
Newman, 2002).

qPCR and Primers

The quantification of DNA by qPCR was per-
formed on the Bio-Rad CFX384 (Bio-Rad,
Singapore). Amplification and detection were run in
384-well plates using a SYBR Premix Ex Taq II
Kit (Takara Bio, Kusatsu, Shiga, Japan). All mea-
surements were done in triplicate in a 15-mL total re-
action mixture using 2 mL of 50-ng DNA sample. All
qPCR results were expressed as gene copies per g of
fresh luminal content. The primers used in this study
are listed in Table 2. A melting curve analysis was
carried out after amplification to confirm specificity
of the reaction. Quantification was done with the
standard curves made from known concentrations
of genomic bacterial DNA containing the respective
amplicon for each primer.

Measurement of SCFA

A total of 100 mg of luminal content of each gastroin-
testinal section was put into 1.5-mL centrifuge tubes and
then suspended in Milli-Q water with 9 volumes of
luminal content. After centrifugation at 12,000 rpm for
10 min, 0.5 mL of supernatant was mixed with 0.1 mL
of 25% (w/v) solution of crotonic acid (internal stan-
dard) and metaphosphoric acid. Finally, the mixture
was used to measure the concentrations of SCFAs by
capillary GC (GC-2010 plus; Shimadzu, Kyoto, Japan)
after filtering with a membrane filter.

Statistical Analysis

Statistics of the microbial diversity and relative abun-
dance, qPCR data, and SCFA concentration were deter-
mined by a one-way ANOVA in SPSS software, version
18.0 (IBM, Chicago, IL). Probability values, 0.05 were
considered significant. Results are presented as
mean 6 standard deviation.
s (5’/30) Reference

CCTACGGG
CTGGCA

Xu et al. (2017)

TTTAATTCGAAGCA
CCATGCAC

Xu et al. (2017)

TTTAATTCGATGAT
CCATGCAG

Xu et al. (2017)

CCCCCAC
GGTTCAG

Vasaï et al. (2014a)

IRTICAYWSIGARATG
RAAITYIGGRTGNGC

Xu et al. (2017)

GWAGAGGYGGA
TGATTTAATGCATGG

Xu et al. (2017)

http://pynast.sourceforge.net


Table 3. Overview of sequencing results of samples.

Item Proventriculus Gizzard Duodenum Jejunum Ileum Cecum Rectum

Sequencing
number

67,922 6 5,807a,b 68,534 6 7,053a,b 66,680 6 9,537b 70,271 6 6,687a 70,975 6 10,530a 66,350 6 6,766b 69,812 6 7,748a

OTU 903 6 177 787 6 174 767 6 135 812 6 178 843 6 225 857 6 122 739 6 117
Chao1 943 6 187a 825 6 184b 796 6 162b 847 6 184b 895 6 291a,b 909 6 144a,b 792 6 129b

ACE 948 6 189a 842 6 193a,b 816 6 158b 868 6 190a,b 917 6 304a 926 6 153a 810 6 127b

Shannon 5.82 6 0.50a 4.96 6 1.17b 4.65 6 1.61b 4.67 6 1.42b 4.23 6 1.39b 5.90 6 0.65a 40.46 6 0.96b

Simpson 0.94 6 0.03a 0.86 6 0.13a,b 0.80 6 0.22a,b 0.82 6 0.20a,b 0.77 6 0.19b 0.94 6 0.04a 0.83 6 0.12a,b

Good’s coverage 0.9948 0.9953 0.9955 0.9948 0.9944 0.9949 0.9952

Means in the same row with different superscript letters differ significantly (P , 0.05).
Abbreviations: ACE, abundance-base coverage estimator; OTU, operational taxonomic units.
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RESULTS

Global Sequencing Data

A total of 7,208,163 sequences were obtained from the
105 samples, with the number of sequences ranging from
41,335 to 85,571 per sample after filtering for quality.
The sequences were clustered into 511 to 1,400 OTUs
for each sample with 97% sequence similarity value
(Supplementary Table 1).
Microbial complexity in each gastrointestinal section

was estimated according to a-diversity indices
(Table 3). The shannon indice of the proventriculus
and cecum was higher than that of the gizzard, duo-
denum, jejunum, ileum, and rectum, which showed
that the gizzard and cecum had a higher diversity.
Good’s coverage was in a range from 0.9944 to 0.9955,
which indicates the identification of the majority of bac-
teria presented in each sample.
Microbial Community Composition and
Populations

All clean sequences were classified into 35 phyla,
among which Firmicutes, Proteobacteria, Bacteroidetes,
Figure 1. Spatial distribution of the top 10 phyla along the duck gastroint
Abbreviations: Ce, cecum; Du, duodenum; Gi, gizzard; Il, ileum; Je, jejunum
Cyanobacteria, Actinobacteria, and Fusobacteria were
the 6 dominant phyla (Figure 1). Firmicutes, Proteobac-
teria, and Bacteroidetes were predominant in the 7
gastrointestinal sections, which accounted for more
than 80% of the sequences. Bacteroidetes and Deferri-
bacteres were more abundant in the cecum than in other
gastrointestinal locations (Figure 2).

At the genus level, all sequences from 105 samples
were identified into 359 genera. The top 10 genera
were Staphylococcus, Candidatus Arthromitus, Strepto-
coccus, Enterococcus, Psychrobacter, SMB53, Carno-
bacterium, Lactobacillus, Bacteroides, and
Corynebacterium (Figure 3). Staphylococcus and Candi-
datus Arthromitus were most abundant in the jejunum
and ileum, respectively (Figure 4). Bacteroides was the
most dominant group in the cecum, accounting for
approximately 20%; however, this genus had a dramati-
cally lower presence in other sections (less than 8%). The
distribution of other dominant genera in the GIT of duck
is shown in Figure 5. It was observed that the relative
abundance of Faecalibacterium, Butyricicoccus, Bacter-
oides, Mucispirillum, and Desulfovibrio was also higher
in the cecum than in the other GIT sections.

A network analysis using the SparCC algorithm also
demostrated the interactions between genera, and 3 large
estinal sections. Phyla with abundance,1%were combined into “others”.
; Pr, proventriculus; Re, rectum.



Figure 2. The differential analysis of the 9 most abundant phyla in 7 gastrointestinal sections of ducks. Different letters represent significant dif-
ferences. Abbreviations: Ce, cecum; Du, duodenum; Gi, gizzard; Il, ileum; Je, jejunum; Pr, proventriculus; Re, rectum.

Figure 3. Spatial distribution of the top 10 genera along the duck gastrointestinal sections. Abbreviations: Ce, cecum; Du, duodenum; Gi, gizzard;
Il, ileum; Je, jejunum; Pr, proventriculus; Re, rectum.
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Figure 4. The differential analysis of the 10 most abundant genera in 7 gastrointestinal sections of ducks. Different letters represent significant
differences. Abbreviations: Ce, cecum; Du, duodenum; Gi, gizzard; Il, ileum; Je, jejunum; Pr, proventriculus; Re, rectum.
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clusters within the networkwere observed (Figure 6). It is
interesting that Bacteroides, Oscillospira, Butyricicoc-
cus, Faecalibacterium, Ruminococcus, Desulfovibrio,
and Eubacterium showed a high level of connectivity.
qPCR Data indicated a significant increase in total

bacteria and representatives of the Firmicutes and
Bacteroidetes including the Bacteroides group from
the proximal to the distal part of the GIT. The pop-
ulations of total bacteria and Firmicutes were the
highest in the cecum and rectum, while those of Bac-
teroidetes and Bacteroides were the highest in the
cecum (Table 4).



Figure 5. Hierarchically clustered heat map for 7 gastrointestinal sections of ducks. Rows indicate the 35 predominant bacterial genera. Abbrevi-
ations: Ce, cecum; Du, duodenum; Gi, gizzard; Il, ileum; Je, jejunum; Pr, proventriculus; Re, rectum.
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Similarity of Microbial Composition in
Different GIT Sections

The similarities and differences ofmicrobial community
composition in the 105 samples taken from the 7 gastroin-
testinal sections of 15 ducks are shown in the PCoA plot
(Figure 7); PC1 and PC2 accounted for 35.72 and
22.37% of the total variation, respectively. The microbial
community of the cecum formeda distinct cluster thatwas
separated from those of other gut sections. To understand
the similarity, richness, and diversity of the bacterial com-
munity in the GIT of ducks, the relative abundance of mi-
crobial composition was visualized with a hierarchically
clustered heat map (Figure 5). The microbial composition
of the cecum and rectum shared a cluster, while that of du-
odenum, jejunum, and ileum formed another cluster with



Figure 6. Network analysis of the interactions between genera. SparCC was used to calculate the relationships between bacterial taxa.
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proventriculus and gizzard. The hierarchical cluster of the
bacterial community in different GIT sections is consis-
tent with the anatomy of the GIT in ducks.
Evaluation of Common Anseriforme
Bacterial Pathogens

The 5 most common bacterial pathogens associated
with duck health include Riemerella anatipestifer,
Escherichia coli, Salmonella, Streptococcus, and Entero-
coccus. None of the assigned OTUs were classified into
Salmonella. Assignments to the genus level for
Table 4. The abundance of different bacterial groups and functional g

Item Proventriculus Gizzard Duodenum

Total bacteria 4.67 6 0.53a 4.39 6 0.39a 6.02 6 0.41
Firmicutes 5.07 6 0.57a,b 4.38 6 0.50a 5.89 6 0.24
Bacteroidetes 4.08 6 0.46a 4.12 6 0.28a 5.92 6 0.61
Bacteroides 3.99 6 0.47a 4.20 6 0.56a 5.23 6 0.20
Butyryl-CoA:acetate-CoA
transferase

2.54 6 0.16a 2.19 6 0.31a 3.66 6 0.43

Butyrate kinase 3.10 6 0.47a 1.99 6 0.15b 3.90 6 0.29

The abundance of bacterial groups was expressed as log10 16S rRNAgene cop
of total DNA/g of fresh feces.

Means in the same row with different superscript letters differ significantly
Riemerella, Escherichia, Streptococcus, and Entero-
coccus were present (Figures 4 and 8).
SCFAs in Different GIT Sections

The concentrations of SCFAs varied significantly in
the 7 sections of the GIT in ducks. Acetate existed in
all gastrointestinal sections; propionate and butyrate
were found in the ileum, cecum, and rectum; and isobu-
tyrate, valerate, and isovalerate were only observed in
the cecum (Table 5). In addition, the concentrations of
acetate, propionate, and butyrate in the cecum were
enes in different gastrointestinal sections of ducks.

Jejunum Ileum Cecum Rectum

b 7.08 6 0.44b,c 8.95 6 0.68c 11.89 6 0.82d 10.92 6 1.06d
b 6.64 6 0.59b 8.86 6 0.79c 11.05 6 0.61d 10.54 6 0.78d
b 5.78 6 0.73b 6.27 6 0.63b 9.40 6 0.83c 8.06 6 0.45d
b 5.54 6 0.59b 5.81 6 0.49b 9.25 6 0.67c 7.78 6 0.77d
b 3.57 6 0.19b 4.61 6 0.38b,c 6.69 6 0.70d 5.16 6 0.47c

a 3.81 6 0.46a 5.02 6 0.59c 6.36 6 0.51d 5.73 6 0.30c,d

ies/g of fresh feces, and functional genes were expressed as log10 gene copies

(P , 0.05).



Figure 7. Principal coordinates analysis (PCoA) of the difference for microbial community composition of 7 gastrointestinal sections in ducks with
weighted unifrac distance. The percentages present the relative contribution of the 2 principal coordinates (PC1-PC2). Abbreviations: Ce, cecum; Du,
duodenum; Gi, gizzard; Il, ileum; Je, jejunum; Pr, proventriculus; Re, rectum.
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significantly higher than those in other sections
(P , 0.05). Futhermore, the relative abundance of
butyryl-CoA acetate-CoA transferase and butyrate ki-
nase was higher in cecum (Table 4), as these 2 function
genes are involved in the regulation of butyrate-
producing metabolism of the microbiome.
DISCUSSION

As a popular dish for Chinese, ducks are widely
distributed in China because of its standing as the
largest duck producer and consumer in the world. Mean-
while, more than 24.5 million ducks are raised for con-
sumption each year in the United States (Best et al.,
2017). The rapid development of duck renders it an
important source for liver fat, meat, eggs, and feather
for humans (Vasaï et al., 2014a; Pan and Yu, 2014).
The comprehensive characterization of the microbial
community and SCFAs in the GIT of ducks is vital in
understanding the healthy state and in predicting the
variations in microbiome related to disease and feed
changes. Different gastrointestinal sections have
different microbial community structures and play
different roles in the health and growth of poultry (Lee
and Pang, 1992; Pan and Yu, 2014). Although the
microbial community of the duck GIT has already
been reported, previous studies have mainly focused on
the part of intestinal sections and feces (Sun et al.,
2016; Best et al., 2017; Dai et al., 2018; Wang et al.,
2018). In the present study, we have investigated the
microbial composition in the GIT of duck, including
the proventriculus, gizzard, duodenum, jejunum,
ileum, cecum, and rectum through 16S rRNA gene
sequencing.
Abundance-base coverage estimator and Chao1

indices indicated that the microbiome in the proventric-
ulus was the richest, while the microbiome in the rectum
was the poorest in ducks. Shannon and Simpson indices
suggested that the microbiome in the proventriculus and
cecum were the most diverse, while the microbiome in
the ileum and rectum were the least diverse. The com-
munity composition analysis showed different dominant
bacterial communities present in different gastrointes-
tinal sections, which was in accordance with our previous
results in chickens and geese (Xiao et al., 2017; Yang
et al., 2018a). The microbiome in the cecum was
notably different from that in the other
gastrointestinal sections by PCoA score plot. The
causal factors for these differences were that different
gut compartments possess different functions and
physiochemical characteristics (Stanley et al., 2014;
Nakao et al., 2015) and that each section is inhabited
by a specific microbial community (Dethlefsen et al.,
2007; Rinttil€a and Apajalahti, 2013).
In the present study, Firmicutes, Proteobacteria, Bac-

teroidetes, Cyanobacteria, and Actinobacteria were the
major phyla in the GIT of duck, which suggested that
the dominant phyla in the duck GIT are similar to those



Figure 8. The relative abundance of Riemerella, Escherichia, and
Campylobacter in 7 gastrointestinal sections of ducks.
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in other poultry, including turkeys, geese, and chickens
(Qu et al., 2008; Scupham et al., 2008; Waite and
Taylor, 2015; Xiao et al. 2017; Yang et al. 2018a).
Bacteroidetes in the cecum of duck was considerably
more abundant than that in other sections, which is
similar to the findings of several previous studies
(Vasaï et al., 2014a, 2014b; Wang et al., 2018).
However, Best et al. (2017) reported that Bacteriodetes
was absent in the Pekin duck’s cecal microbiome while
Proteobacteria dominated in early stages and then Fir-
micutes dominated from 8 D of age to the rest of the
grow-out period. Given that diet and genetics play a
fundamental role in determining the composition of
gastrointestinal microbiome, the discrepancy in these
studies might be due to the different diets or breeds of
ducks used in the experiments.

Distinct microorganisms reside in different gastroin-
testinal sections of animals (Xiao et al., 2017; Yang
et al., 2018a; Zhang et al., 2018). The relative
abundance of Lactobacillus, Staphylococcus,
Candidatus Arthromitus, Escherichia, and Rothia was
commonly higher in the proventriculus, gizzard, and
small intestine of duck, while Faecalibacterium,
Ruminococcus, Butyricicoccus, Bacteroides,
Mucispirillum, Desulfovibrio, Oscillospira,
[Eubacterium], and Blautia were enriched in the large
intestine, especially in cecum. In addition, the amounts
of total bacteria, Firmicutes, Bacteroidetes, and
Bacteroides measured by qPCR were found to be
increased from the proximal to the distal part of the
GIT in this study. Given that a strong pH gradient
and a huge oxygen gradient occur from the proximal
small intestine to the large intestine (Albenberg et al.,
2014), the bulk of bacterial growth presents itself in
the large intestine where host nutrient absorption is min-
imal, luminal pH is relatively neutral, and oxygen level is
in the submicromolar range (Wexler and Goodman,
2017).

The GIT are a complex ecosystem, where the sym-
biosis between the host and different resident micro-
organisms occurs. For example, Bacteroides was
dominant in the cecum and had a higher population
there than that in other sections of ducks. It has
been reported that Bacteroides could promote the
development of the immune system, play distinguish-
ing roles in immunomodulatory effects, and improve
the mucosal barrier function in animals (Wexler
and Goodman, 2017). The microbiome is also
involved in metabolic reactions, which produce the
microbial metabolism substrates, such as SCFA
(Nicholson et al., 2012; Yang et al., 2018a). The
concentrations of SCFAs were higher in cecum than
in the other sections in duck, which suggests that
the cecum is the core location of fiber fermentation.
In addition, the SCFAs’ production in the cecum
might be closely correlated with the microbial
community structure of duck. Bacteroides,
Faecalibacterium, Butyricicoccus, Ruminococcus,
Oscillospira, and mucispirillum were enriched in the
cecum and were closely connected to one another
based on the network analysis. It is well known
that these genera are the critical bacteria to
produce SCFAs (den Besten et al., 2013; Zhang
et al., 2015; Yang et al., 2018b). Futhermore, the
relative abundance of butyryl-CoA acetate-CoA
transferase and butyrate kinase was highest in the
cecum. The biosynthesis of butyrate occurs



Table 5. Concentrations of SCFAs in different gastrointestinal sections of ducks (mg/g).

Item Proventriculus Gizzard Duodenum Jejunum Ileum Cecum Rectum

Acetate 0.0176 6 0.0042a 0.0216 6 0.0076a 0.0281 6 0.0071a 0.0288 6 0.0151a 0.0767 6 0.1060b 0.9965 6 0.6369c 0.2216 6 0.1764a

Propionate — — — — 0.0158 6 0.0166 0.5907 6 0.3947 0.0183 6 0.0153
Butyrate — — — — 0.0122 6 0.0173 0.3323 6 0.3164 0.0162 6 0.0283
Isobutyrate — — — — — 0.0234 6 0.0124 —
Valerate — — — — — 0.0237 6 0.0191 —
Isovalerate — — — — — 0.0149 6 0.0080 —

Means in the same row with different superscript letters differ significantly (P , 0.05). “—“ Indicates that the SCFA is undetected in the GIT section.
Abbreviations: GIT, gastrointestinal tract; SCFA, short-chain fatty acid.
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commonly via the butyryl CoA:acetate CoA trans-
ferase pathway or via the butyrate kinase pathway
(Louis et al., 2004). This illustrates the cause of
more SCFAs present in the cecum than in the other
GIT sections from the aspect of SCFAs-producing
function genes in microbiomes.

The most common bacterial pathogens related to duck
health are R. anatipestifer, E. coli, Salmonella, Strepto-
coccus, and Enterococcus (Best et al., 2017). Riemerella
was observed in the contents of different GIT sections in
this study, similar to the result of the study by Dai et al.
(2018). Sequences of rDNA of nonserotypable R. anati-
pestifer-like strains isolated from the pharyngeal flora
of healthy Pekin ducks were found to be 99% identical
to those of R. anatipestifer (Ryll et al., 2008). Both
Enterococcus and Streptococcus appear to be part of
the microbiome of the duck GIT, comprising up to 15-
50% of the population (Vasaï et al., 2014a). The ducks
in this study harboring Riemerella, Enterococcus, and
Streptococcus were healthy, which highlights the differ-
ence between presence of a potential pathogen and an
actual instance of disease (Casadevall and Pirofski,
2014).

In conclusion, we characterized the microbial commu-
nity structure and SCFAs in 7 different gastrointestinal
locations of duck. We found that Firmicutes, Proteobac-
teria, Bacteroidetes, Cyanobacteria, and Actinobacteria
were the major phyla in the GIT of duck. The total bac-
teria and the representatives of the Firmicutes and Bac-
teroidetes group from the proximal to the distal of GIT
were increased. Bacteroides was the most dominant
group in the cecum. Acetate, propionate, and butytrate,
as well as gene copies of butyryl-CoA:acetate-CoA trans-
ferase and butyrate kinase, were significantly higher in
the cecum than in other sections. Isobutyrate, valerate,
and isovalerate were only found in the cecum. Collec-
tively, these findings could provide useful information
for the future study of the relationship between the
GITmicrobiome and domestic duck growth performance
and health.
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