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ABSTRACT We studied the microbial profiles of
the duodenum, jejunum, and ileum during different de-
velopmental stages in the duck using high-throughput
sequencing of the bacterial 16S rRNA gene. We also
investigated the differences in the microbiota in the
duodenum, jejunum, and ileum at different develop-
mental times. A correlation analysis was performed be-
tween the most abundant bacterial genera and the de-
velopment of the small intestine. An analysis of alpha
diversity indicated different species richness and bacte-
rial diversity in the different small intestinal segments
and at different development times. A beta diversity
analysis indicated differences in the bacterial commu-
nity compositions across time. In a weighted UniFrac
principal coordinates analysis, the samples clustered
into two categories, 2 to 4 wk and 6 to 10 wk, in
the duodenum, jejunum, and ileum. Our results show
that the small intestine is predominantly populated by
the phyla Firmicutes, Bacteroidetes, and Proteobacte-
ria throughout the developmental stages of the duck.

The duodenum, jejunum, and ileum shared most of
the bacterial phyla and genera present, although they
showed significant differences in their relative abun-
dances in the intestinal segments and developmental
stages. They shared different bacterial taxa during de-
velopment times and among different segments when
the intergroup differences were analyzed. The gen-
era Bacillus, Corynebacterium 1, Lactococcus, Sphin-
gomonas, and Haliangium correlated moderately posi-
tively with the increase in bodyweight and the lengths
and weights of the duodenum, jejunum, and ileum,
and these genera may be considered important markers
when assessing the heath of the intestinal microbiota
in ducks. This study provides a foundation upon which
to extend our knowledge of the diversity and compo-
sition of the duck microbiota and a basis for further
studies of the management of the small intestinal micro-
biota and improvements in the health and production
of ducks.
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INTRODUCTION

The integrity, function, and health of the animal gut
depend on many factors, including the animal’s envi-
ronment, feed, and gut microbiota. The gut microbiota
is important to the health and production of the bacte-
rial host. The symbiotic interactions between the host
and its gut microbes are fundamental to animal health
and production. It is increasingly recognized that the
gut microbiota plays an important role in a variety of
physiological processes, including metabolic homeosta-
sis (Shin et al., 2014; Chen et al., 2019; Lazar et al.,
2019), immune function (Ichinohe et al., 2011; Ivanov
and Littman, 2011; Kuss et al., 2011), and tissue de-
velopment (Diaz Heijtz et al., 2011). A better under-
standing of the animal gut microbiota and gut function
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will provide new opportunities for the improvement of
animal health and production.

The composition and distribution of the gut micro-
biota in different animals have been extensively in-
vestigated in recent years (Kim and Isaacson, 2015;
Ellegaard and Engel, 2019; Pourabedin and Zhao, 2017;
Tanca et al., 2017; Vatsos, 2017). Different animals
display significantly different microbiotal compositions
and diversity, even in different sections of the gut (Feng
et al., 2019). Less information is available on the micro-
biota in the small intestine than in the large intestine,
especially in poultry and waterfowl. The small intestine
includes the duodenum, jejunum, and ileum. The dif-
ferent sections of the small intestine perform different
functions, so we can infer that the microbes in the in-
testinal sections also differ. In humans, many kinds of
enzyme help to break down food in the duodenum, and
then most nutrients are absorbed in the jejunum. In the
ileum, Peyer’s lymph node is the hub of a large num-
ber of lymphatic processes in the intestinal tract. The
number of microbes in every 1 g of intestinal contents
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increases from the duodenum, to the jejunum, and the
ileum. Thus, among the small-intestinal segments in hu-
mans, the number of microbes is highest in the ileum
(El Aidy et al., 2015). The microbiota of the small intes-
tine may also have profound effects on various aspects of
the host’s physiology, including the immune, metabolic,
and endocrine functions, in different animals. To gain
further insight into the composition and function of
the gut microbiota, it is crucial to understand the
spatial variations in the microbiota across the small
intestine.

The intestinal microbiota is always complex and vari-
able, and is in a dynamic and delicate balance with host
(Guevarra et al., 2019). We speculated that the compo-
sition and diversity of the intestinal microbiota could
be affected by the different developmental stages of the
domestic duck, and may also differ among its intesti-
nal segments. With advances in the high-throughput
sequencing technology, both culture-independent and
-dependent microbial communities in the intestinal
tract can be studied, and 16S-rRNA-based next-
generation sequencing is a powerful tool with which to
investigate the biological and ecological roles of the in-
testinal microbiota in different animals.

In this study, we investigated the structural com-
position and the predicted functions of the microbial
communities in the intestinal segments (duodenum, je-
junum, and ileum) in the Gaoyou duck (Anas platyrhyn-
chos) at different developmental stages. Our results
show that the microbiota has a slightly different com-
position and high diversity among the duodenum, je-
junum, and ileum in different developmental periods.
These findings provide a new insight into the mem-
bership of the microbiota along the small intestine, al-
though its functions are yet to be investigated in the
duck.

MATERIAL AND METHODS

Animal Breeding and Sample Selection

One hundred Gaoyou ducks were raised on ground.
The experimental diets were formulated to meet the
nutritional needs of the ducks, according to the Na-
tional Research Council of China (NRC, 2010). Eight
ducks were randomly selected for sampling at 2, 4,
6, and 10 wk. The bodyweights and lengths and
weights of the duodenal, jejunal, and ileal segments
were recorded. The contents of the intestinal segments
were collected with elbow tweezers along the outer walls
of the intestines and placed in 5 mL Eppendorf tubes.
The samples were kept frozen at −80°C until they
were sent to Novogene Bioinformatics Technology Co.,
Ltd (Tianjin, China) for 16S rRNA amplification and
sequencing.

These animal experiments were approved by the
Committee of Animal Care at Jiangsu Institute of Poul-
try Science (CAC-JIPS01342, Yangzhou, China).

DNA Extraction, Amplification,
and Sequencing

Eight DNA samples were extracted from the contents
of the duodenal, jejunal, and ileal segments for each
time group. Total genomic DNA was extracted with
the CTAB method (Tang et al., 2008). The quality and
quantity of the DNA was verified with a NanoDropTM

2000 spectrophotometer (Thermo Scientific, MA, USA)
and agarose gel electrophoresis. The extracted DNA
was diluted to a concentration of 1 ng/μl and stored
at −20°C. The diluted DNA was used as the tem-
plate for the PCR amplification of the bacterial 16S
rRNA genes, with barcoded primers and HiFi Hot-
Start ReadyMix (KAPA Biosystems, MA, USA). For
the bacterial diversity analysis, the V3-V4 variable re-
gions of the 16S rRNA genes were amplified with the
universal primers 343F and 798R (343F: TACGGRAG-
GCAGCAG; 798R: AGGGTATCTAATCCT). The am-
plicon quality was checked by visualization with gel
electrophoresis, and they were purified with AMPure
XP beads (Agencourt, CA, USA). Equal amounts
of purified amplicon were pooled for subsequent
sequencing.

Bioinformatics Analysis

The raw sequencing data were in the FASTQ for-
mat. Paired-end reads were preprocessed with the Trim-
momatic software (Bolger et al., 2014) to remove am-
biguous bases (N) and low-quality sequences, with av-
erage quality scores below 20, using a sliding-window
trimming approach. After trimming, the paired-end
reads were assembled with the FLASH software us-
ing the parameters: minimal overlap of 10 bp, max-
imum overlap of 200 bp, and maximum mismatch
rate of 20% (Reyon et al., 2012). The sequences
were further denoised with the (QIIME) software (ver-
sion 1.9.1) (Caporaso et al., 2010), and all sequences
with bases above Q20 were retained. Chimeric reads
were detected and removed. The reads were com-
pared with the reference database (Silva database,
https://www.arb-silva.de/) (Quast et al., 2012) using
UCHIME algorithm (http://www.drive5.com/usearch/
manual/uchime_algo.html) (Edgar et al., 2011) to de-
tect chimera sequences, and then the chimera sequences
were removed (Haas et al., 2011). Then the clean reads
finally obtained.

The primer sequences were removed from the clean
reads, which were then clustered to generate opera-
tional taxonomic units (OTUs) with the Vsearch soft-
ware, with a similarity cutoff of 97% (Edgar, 2013).
A representative read for each OTU was selected with
the QIIME package. All representative reads were an-
notated and searched with BLAST against the Silva
database release 123 using the Ribosomal Database
Project classifier (confidence threshold of 70%) (Wang
et al., 2007).
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Table 1. Alpha-diversity in the duodenum, jejunum, and ileum at different development stages.

2 wk 4 wk 6 wk 10 wk

Chao1 duodenum 1084.53a ± 18.33 1000.55a ± 154.29 399.62b ± 112.42 637.74b ± 204.21
jejunum 849.55 ± 177.31 1012.33 ± 94.27 637.51 ± 219.17 482.14 ± 262.18
ileum 1144.13a ± 42.22 952.75a,b ± 137.96 331.72d ± 124.69 539.39b-d ± 137.12

Observed species duodenum 1004.00a ± 9.79 912.4a ± 128.37 323.83b ± 90.01 512b ± 131.28
jejunum 728.00a,b ± 120.09 870.20a ± 75.10 486.25b,c ± 115.79 365.00c ± 182.23
ileum 957.80a ± 37.32 701.00a,b ± 134.77 217.67c ± 82.23 400.33b,c ± 98.19

Shannon’s index duodenum 7.5a ± 0.03 7.69a ± 0.05 5.08b ± 0.58 6.18a,b ± 0.56
jejunum 7.36a ± 0.12 7.61a ± 0.03 6.42a,b ± 0.42 5.32b ± 1.04
ileum 6.6552 ± 0.2276 5.1151 ± 0.8384 3.4425 ± 0.6824 5.0676 ± 0.6748

Simpson’ index duodenum 0.9719a ± 0.0015 0.9777a ± 0.0031 0.9136b ± 0.0225 0.9549a,b ± 0.0144
jejunum 0.9726 ± 0.0030 0.9775 ± 0.0008 0.9630 ± 0.0087 0.9093 ± 0.0380
ileum 0.9400 ± 0.0124 0.8258 ± 0.0806 0.7359 ± 0.1109 0.8729 ± 0.0559

Note: different superscript letters indicate that the alpha-diversity indices differed among the different development stages at P < 0.05. (n = 5–6).

The alpha diversity metrics (Chao1, observed species,
Shannon’s index, and Simpson’s index) were calcu-
lated with the QIIME software (Version 1.9.1) and
displayed with R package (version 2.15.3). The dif-
ferences in the alpha diversity indices were analyzed
with R project and parameter and nonparameteric
tests were performed groups. For the beta diversity
metrics, the weighted UniFrac distance matrices were
calculated by QIIME software (version 1.9.1). The prin-
cipal coordinates analysis (PCA) figures were gener-
ated based on FactoMineR package and ggplot 2 pack-
age in R software (Version 2.15.3). The LEfSe analysis
was performed with LEfSe software, and the screen-
ing value, the linear discriminant analysis (LDA) score,
was 7. R project was used for the Metastats anal-
ysis, and the permutation test between groups un-
der phylum and genus classification level to obtain
the p values. The Benjamini and Hochberg false dis-
covery rate was used to revise the p values (White
et al., 2009). Analysis of similarities (ANOSIM) was
performed in the R vegan package (2.15.3) and the
analysis of molecular variance with the mothur soft-
ware (1.33.3). The species analysis, to identify signif-
icant differences between groups, was performed with
the T_test in the R package. The correlations between
the bacterial genera in the small intestine and duck de-
velopment were investigated with Pearson’s correlation
analysis.

Statistical Analysis

The bodyweights and the lengths and weights of
the duodenal, jejunal, and ileal segments were assessed
with analysis of variance. Differences in alpha diver-
sity and in the relative abundances of the bacterial
phyla, genera, and species between groups were an-
alyzed with the Mann–Whitney U test. All analyses
were performed with IBM SPSS v. 20.0 (SPSS Inc.,
Chicago, IL, USA). For all tests, values of P < 0.05
were considered to indicate statistically significant dif-
ferences.

RESULTS

Diversity of the Bacterial Communities
in Duck Small Intestine

The microbiota was analyzed based on 96 sequenced
samples (three intestinal segments from each of eight
Gaoyou ducks collected at 2, 4, 6, and 10 wk after the
start of the experiment). Each sample included an aver-
age of 36,315 sequences, and a total of 4,025 OTUs were
detected, based on 97% nucleotide sequence identity be-
tween the reads in an OTU. Individual-segment-based
rarefaction curves were generated to assess whether the
sampling of each segment of the small intestine was suf-
ficient for the analysis. Good’s coverage ranged from 98
to 99% for all samples (data not shown).

Chao1, the observed species, Shannon’s index, and
Simpson’s index indicated that there were significant
differences among the microbiota in the duodenal, jeju-
nal, and ileal segments and in the different age groups
(Table 1). The Chao1 values and observed species were
higher at 2 and 4 wk than at 6 and 10 wk in the duode-
num (P < 0.05). In jejunum, the Chao1 values showed
no difference among development periods (2, 4, 6, and
10 wk) (P > 0.05), the observed species at 10 wk were
significant less than that at 2 and 4 wk in jejunum
(P < 0.05). In ileum, the Chao1 values and observed
species showed no significant difference between 2 and
4 wk or 6 and 10 wk, and these values at 6 wk were
significant less than that at 2 and 4 wk (P < 0.05).
Shannon’s and Simpson’s indices showed similar trends
in duodenal, the values at 2 and 4 wk were signifi-
cantly higher than that at 6 wk (P < 0.05). Shannon’s
indices in jejunum and Simpson’s indices in jejunum
and ileum showed no difference among 2, 4, 6, and
10 wk. These data suggest that the communities dif-
fered significantly as the age of the ducks increased and
among the intestinal segments. The community rich-
ness in the duodenum, jejunum and ileum was less at
6 and 10 wk than at 2 and 4 wk. The microbiota also
showed less diversity at 6 and 10 wk in the duodenum
and jejunum.
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Table 2. Alpha-diversity in the duodenum, jejunum, and ileum.

duodenum jejunum ileum

Chao1 724.81 ± 51.99 646.38 ± 47.52 719.28 ± 49.89
Observed species 655.08 ± 46.51 558.12 ± 37.38 551.12 ± 41.90
Shannon’s index 7.02a± 0.14 7.04a± 0.13 4.93b± 0.25
Simpson’s index 0.97a± 0.00 0.97a± 0.01 0.82b± 0.02

Note: different superscript letters indicate that the alpha-diversity
indices differ among the duodenum, jejunum, and ileum at P < 0.05.
(n = 20–24).

The Chao1 values and observed species did not dif-
fer among the duodenum, jejunum, and ileum, whereas
Shannon’s and Simpson’s indices showed that the di-
versity was lower in the ileum than in the duodenum or
jejunum (P < 0.05) (Table 2).

Characterization of the Microbiota
in the Duodenum, Jejunum, and Ileum

The differences in the microbial communities in the
different parts of the small intestine were measured at
the genus level with weighted UniFrac β-diversity mea-
sures based on ANOSIM. Considering the similar eco-
logical niches in the 3 segments and their shared lo-
cation in the small intestine, we assumed that they
would share some microbial taxa, and merely differ
in the abundances of these taxa. Our results revealed
slight group differences among the different develop-
mental stages in the same intestinal segment, and in
the different segments at the same developmental stage
(P = 0.001, R2 = 0.25–0.5).

This was further supported by a phylogram of the
weighted UniFrac distances, which showed that the
bacterial communities in the duodenum, jejunum, and
ileum were separated into 2 groups (2 to 4 wk and 6 to
10 wk), and that there was also a very small distance
between 2 and 4 wk (Figure 1A, B, C).

There were no differences among the duodenum, je-
junum, and ileum at 6 or 10 wk (P > 0.05), but the
jejunal and ileal microbiotas were spatially separated
from the duodenal microbiota at 2 wk, and the duo-
denum and jejunum microbiotas were spatially sepa-
rated from the ileal microbiota at 4 wk (P < 0.05)
(Figure 2). The analysis of the data with a heatmap (de-
tails not shown) showed that the distances among the
development periods for the same small-intestinal seg-
ments (about 0.3) were more than that those between
the duodenum, jejunum, and ileum at the same times
(about 0.01) (P < 0.05). These results indicate that
the group differences across the developmental periods
were greater than those among the different intestinal
sections.

Composition of/and Differences in Bacterial
Phyla in the Duodenum, Jejunum, and Ileum

Most of the dominant phyla (the 15 most abundant
phyla) were shared among the different intestinal seg-
ments, and these 15 most abundant phyla represent

99.14, 99.07, and 99.55% of total microbiome in the
duodenum, jejunum, and ileum, respectively. Among
those 15 most abundant phyla, Chlorobi was only de-
tected in the duodenum, Saccharibacteria, WCHBI_60
was only detected in the jejunum, and Spirochaetae
was only detected in the ileum. The other members of
the most abundant 15 phyla occurred in the duode-
num, jejunum, and ileum, and only the abundances of
these bacterial phyla differed among the segments and
developmental periods. The abundances of several bac-
terial phyla were similar at 2 and 4 wk, and the
abundances at 6 and 10 wk were also similar in
the duodenum, jejunum, and ileum. Also Actinobac-
teria, Gemmatimonadetes, Cyanobacteria, Acidobac-
teria, and Nitrospirae showed higher relative abun-
dances at 2 and 4 wk than that at 6 and 10 wk
(P < 0.05) in 3 segments. The details are shown in
Figure 3. Phyla Firmicutes, Bacteroidetes, and Pro-
teobacteria were dominant in all the segments, con-
stituting about 92.95 to 97.83% of the microbiome at
6 and 10 wk, and a little less (76.74 to 89.39%) at
2 and 4 wk. However, there were also significant dif-
ferences among the 3 segments. The ileum contained
a significantly larger proportion of Firmicutes (about
50%) than the duodenum or jejunum (each about
35%) (Pileum VS duodenum = 0.001; Pileum VS jejunum = 0.000;
Pduodenum VS jejunum = 0.297). Inversely, the duodenum
or jejunum contained a significantly larger proportion
of Proteobacteria (about 20%) than the ileum (about
11%) (Pileum VS duodenum = 0.000; Pileum VS jejunum =
0.000; Pduodenum VS jejunum = 0.190). Bacteroidetes also
showed similar trends in all the segments, the relative
abundance at 6 and 10 wk was higher than that at 2
and 4 wk. Furthermore, the abundance of Bacteroidetes
at 6 wk were significantly higher than that at 2 and 4
wk (P < 0.05) in duodenum content, the Bacteroidetes
abundance at 6 and 10 wk also significantly higher than
that at 2 and 4 wk (P < 0.05) in jejunum content.
There was no significant detected among different de-
velopment times in the ileum content.

Composition of/and Differences in Bacterial
Genera in the Duodenum, Jejunum,
and Ileum

Like the bacterial phyla, most bacterial genera (9/15)
occurred in all three intestinal segments, and their rela-
tive abundances in the intestinal contents differed with
time. Bacillus showed similar trends in all the seg-
ments, the relative abundance at 2 and 4 wk was higher
than that at 6 and 10 wk (P < 0.05). Corynebac-
terium_1 in jejunum and ileum showed significant
higher abundance at 2 and 4 wk compared to that at
6 and 10 wk (P < 0.05). Lactococcus (in duodenal),
Romboutsia (in jejunum) and Proteus (in ileum) showed
significant higher abundance at 2 and 4 wk (P < 0.05),
respectively. Both duodenal and jejunal content con-
tained larger abundance of Bacteroides at 6 and 10 wk,
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Figure 1. Phylogram of weighted UniFrac distances in the duodenum (A), jejunum (B), and ileum (C) during duck development. : 2 wk; :
4 wk; : 6 wk; : 10 wk.

Figure 2. Boxplot of weighted UniFrac distances among the duodenum, jejunum, and ileum during duck development (at 2, 4, 6, and 10 wk,
respectively). : Group of duodenum; : Group of jejunum; : Group of ileum.

and the abundance of Bacteroides was significant higher
at 10 wk compared to that at 2 and 4 wk (P < 0.05)
in duodenum; while the abundance of Bacteroides at
6 wk was significant higher than that at 2 and 4 wk
(P < 0.05) in jejunum.

Analysis of Intergroup Differences
in Bacterial Taxa

Significant differences were detected in the bacte-
rial taxa present in each segment during the devel-
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Figure 3. Relative abundances of sequences belonging to different bacterial phyla (15 most abundant phyla) in the duck duodenum, jejunum,
and ileum.
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Figure 4. Relative abundances of sequences belonging to different bacterial genera (15 most abundant genera) in the duck duodenum, jejunum,
and ileum.
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Figure 5. Histogram of the linear discriminant analysis (LDA) values showing the statistically significant differences in duodenum (A), jejunum
(B), and ileum (C) during development periods and significant differences at 2 wk (D), 4 wk (E), and 6 wk (F) among duodenum, jejunum,
and ileum segments. The LDA score was set at 7; the length of the column represents the influence of size. D2: duodenum samples at 2 wk, D4:
duodenum samples at 4 wk, D6: duodenum samples at 6 wk and D10: duodenum samples at 10 wk; J2: jejunum at 2 wk, J4: jejunum at 4 wk,
J6: jejunum at 6 wk and J10: jejunum at 10 wk; I2: ileum at 2 wk, I4: ileum at 4wk, I6: ileum at 6 wk and I10: ileum at 10 wk.

opmental periods (Figure 5A-C). There are 5 family
(f_Bacteroidaceae, f_Rikenellaceae, f_Enterococcaa
ceae, f_Lachnospiraceae, and f_Helicobacteraceae) de-
tected at 10 wk (Figure 5A) in duodenum. When we
compared the different bacterial genera during the de-
velopment times in duodenum, the results showed that

g. Allobaculum has larger abundance at 6 wk, and 6
genera including g. Bacillus, g. Bacteroides, g. Entero-
coccus, g. Escherichia_Shigella, g. Helicobacter, and g.
Lactobacillus were detected at 10 wk (Figure 5A). Only
f. Bacillaceae and g. Bacillus showed higher abundance
at 2 wk, the abundance of g. Hirschia was high at 4 wk,
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Table 3. Correlation analysis of bacterial genera in the small intestine and
duck development.

Body W Duodenum L Duodenum W Jejunum L Jejunum W Ileum L Ileum W

Bacillus 0.82 0.8 0.65 0.57 0.68 0.79 0.69

Corynebacterium_1 0.79 0.77 0.63 0.5 0.64 0.75 0.66

Lactococcus 0.79 0.76 0.61 0.55 0.65 0.77 0.65

Sphingomonas 0.77 0.75 0.59 0.51 0.62 0.74 0.63

Haliangium 0.7 0.68 0.51 0.47 0.52 0.66 0.55

Note: W, weight; L, length; Green-yellow-red color gradation was used to indi-
cate the correlation values in the table grids. All the P values were less than 0.01.
Five-six samples were used to calculate correlation.

while there are 4 genera including g. Parabacteroides,
g. Enterococcus, g. Escherichia Shigella, g. Proteus de-
tected at 6 wk in jejunum (Figure 5B). There are
f_Bacillaceae, g. Bacillus detected at 2 wk and f. Strep-
tococcaceae detected at 10 wk in ileum during the de-
velopment times (Figure 5C). The results revealed that
the duodenum shared a large number of different bac-
terial taxa at 6 and 10 wk with the jejunum and ileum.

Then we compared different bacterial taxa at each
development time point among duodenum, jejunum
and ileum. A larger number of bacteria taxa were
occurred at 4 wk, while there was no bacteria taxa
detected at 10 wk (Figure 5D-F). p. Firmicutes, c.
Bacilli, c. Clostridia, o. Lactobacillales, f. Enterococ-
caceae, f. Lactobacillaceae, f. Streptococcaceae, g.
Enterococcus, g. Lactobacillus, g. Streptococcus, and g.
Candidatus Arthromitus in jejunum content differed
significantly from those in duodenum and ileum at 4 wk
(Fig. 6E).

Correlation Analysis of Microbes
and Duck Development

In this study, we measured their bodyweights and the
duodenal, jejunal, and ileum lengths, and weights. The
30 most abundant bacterial genera were selected for
a correlation analysis. The results revealed the abun-
dances of Bacillus, Corynebacterium 1, Lactococcus,
Sphingomonas, and Haliangium correlated significantly
with bodyweight, the weights, and lengths of the duo-
denum and ileum (Table 3).

DISCUSSION

In this study, we detected a shift in the alpha diver-
sity of bacteria between the small intestinal segments
in the duck, as indicated by Chao1 and Shannon’s in-
dex. The Chao1 estimator and observed species were
higher at 2 and 4 wk than at 6 or 10 wk, indicating a
decrease in richness with developmental age. The ileum
showed lower richness and diversity than the duodenum
or jejunum, which is consistent with previous studies in
pigs and other livestock (Salonen and de Vos., 2014;

Mao et al., 2015). In dairy cattle, the Chao1 estimator
and Shannon index showed significant lower than that
in duodenum and jejunum (Mao et al., 2015; Shang
et al., 2018). Bacterial diversity differed with both the
intestinal segment and the developmental stage.

In this study, it shows that the representative tax-
onomic groups within the duck small intestine were
the phyla Firmicutes, Bacteroidetes, and Proteobac-
teria. Thirty-eight phyla were detected in the com-
bined profiles of the duodenum, jejunum, and ileum
in duck, which exceeds the number in broiler chick-
ens or Guinea fowl (14 phyla in total), whereas all
these 14 phyla were present in the profiles of the duck
small intestine (Bhogoju et al., 2018). These results in-
dicate that the microbial phylum profiles in the duck
do not differ greatly from those reported for avian hosts
by other researchers (Oakley et al., 2014; Waite and
Taylor, 2015; Bhogoju et al., 2018). Importantly, the 3
small-intestinal segments shared most of the 30 most
abundant phyla, and especially the 15 most abundant
phyla. We examined whether the spatial continuity of
the duodenum, jejunum, and ileum causes these small-
intestinal segments to share the same profiles of bacte-
rial phyla.

In chicken, the phylum Firmicutes became the domi-
nant phylum as the chick matured and its gut environ-
ment became anaerobic, which could constitute a kind
of developmental change (Lim et al., 2015). This result
is consistent, to some extent, with Best’s report that
Firmicutes became the dominant phylum in the cecal
contents after 4 d of age in duck (Best et al., 2017). Fir-
micutes was also the dominant phylum in duck small-
intestinal contents in this study. There is about 31.32 to
46.58% in duodenum, 30.81 to 35.52% in jejunum, and
52.07 to 57.66% in ileum. And there was significantly
more Firmicutes (about 50%) in the ileum than in the
duodenum or jejunum (P < 0.05). The abundances of
bacteria genera differed between the development peri-
ods 2 to 4 wk and 6 to 10 wk, which is consistent with
the changes in beta diversity.

The differences in the abundances of bacteria in the
different intestinal segments could be affected by the
different dietary formulae consumed during the devel-
opment periods. The percentage crude protein (CP

ZHU ET AL.1104



%) was 20% at 0 to 4 wk but 16% at 5 to 10 wk.
There was also a slight difference in the percentage
of sulfur-containing amino acids (which decreased to
about 0.02% at 5 to 10 wk, 0.40 vs. 0.38%) and percent-
age of calcium (which decreased to about 0.1% at 5 to
10 wk, 0.8 to 1.3% vs. 0.7 to 1.2%). The formula of the
diet could change the composition of the microbiota.
In another study, there was a five-fold greater amount
of Lactobacillaceae spp.(Firmicutes) and a three-fold
greater amount of Clostridia spp.(Bacteroidetes) in
sows than in milk-formula-fed piglets, whereas the num-
ber of Enterobacteriaceae spp. (Proteobacteria) was
five-fold greater in the milk-formula-fed piglets (Yeruva
et al., 2016). In yet another study, a low-CP diet altered
the bacterial communities, increasing the counts of
short-chain-fatty-acid-producing bacteria (Clostridium
cluster IV, Clostridium cluster XIVa, Bacteroidetes),
reducing the counts of E. coli (Proteobacteria) in pig ce-
cum, and markedly reducing the protein fermentation
products (Zhang et al., 2016a). In the present study,
the reduced CP% may have affected the abundances
of several bacterial taxa. The relative abundance of
Firmicutes, Bacteroidetes and Proteobacteria at 6 and
10 wk were a little more than that at 2 and 4 wk in all
intestinal segments. Similar results was also detected in
genus level, such as g. Bacillus, which abundance at 2
and 4 wk was significantly higher than that at 6 and
10 wk (P < 0.05).

Therefore, the patterns of gut microbial diversity
and abundances varied across the different development
stages in the host as the bacterial communities adapted
to their rapidly changing environments. Ding reported
that in various developmental periods (embryo, chick,
and hen), chickens shared 65 genera, called the “core
microbiota,” and that 42 and 62% of the gut microbial
genera in the embryo were found in the maternal hen
and chick, respectively. There was a moderate correla-
tion (0.40) between the embryonic and maternal micro-
biotas, and a correlation of 0.52 between the embryonic
and chick microbiotas at the family level (Ding et al.,
2017). These results suggest that the number of bacte-
rial taxa decreases as the gut tissue matures, whereas
the abundances of the persistent bacteria changed. The
stable bacteria in the mature individuals live symbi-
otically with the host, and they are mutually benefi-
cial. In the present study, the abundances of several of
the most abundant bacteria changed significantly be-
tween the breeding period and finishing period in the
duck.

In this study, the genera Bacillus, Corynebacterium
1, Lactococcus, Sphingomonas, and Haliangium corre-
lated moderately positively with the increases in body-
weight and the duodenal, jejunal, and ileal lengths
and weights. Some species of Bacillus and Lactococcus
are widely used as probiotics to improve the intestinal
environment and increase animal production (Kumar
et al., 2017; Oh et al., 2017; Wang et al., 2017). For
example, B. subtilis significantly reduced the dextran
sodium sulfate (DSS)-induced colonic mucosal injury

and inflammatory factors in mice and improved their
levels of short-chain fatty acids (Zhang et al., 2016b).
The administration of Lactobacillus and B. cereus in
feed to chicks modulated their immunity and intestinal
microbiota by increasing the relative weights of the im-
mune organs, significantly increasing Lactobacillus and
B. cereus numbers, and reducing E. coli numbers (Li
and zhao, 2009; Gong et al., 2018). Lactococcus lac-
tis also exerted a protective effect on a mouse model
of DSS-induced colitis (Berlec et al., 2017). These data
suggest that these bacterial genera may positively affect
the development of ducks before 10 wk old, and may be
considered important markers in the management of in-
testinal microbiotal communities. These differences in
abundance could be affected by the changes in diet that
occur during the different developmental stages.

This study revealed that both development periods
and intestinal segments affected the bacterial diversity
and abundance of the microbial biota in ducks. Espe-
cially, the small intestinal bacteria can be grouped into
categories that represent weeks 2 to 4 and weeks 6 to
10 of duck development. Also the relative abundance of
several dominant phyla or genera showed significant dif-
ferences in the different intestinal segments and devel-
opmental periods. Several bacterial genera moderately
positively correlated with the increase in bodyweight
and the lengths and weights of intestinal segments in
the ducks. May these genera be considered important
markers when assessing the balance of the intestinal
microbiota in the duck? This also need further test.
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