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ABSTRACT

This study was conducted to evaluate the prebiotic effects of dietary xylooligosaccharide (XOS) sup-
plementation on performance, nutrient digestibility, intestinal morphology, and gut microbiota in laying
hens. In a 12-wk experiment, a total of 288 Hy-Line Brown layers at 50 wk of age were randomly
assigned into 3 dietary treatments supplemented with XOS at 0, 200 or 400 mg/kg. Each treatment had 8
replicates with 12 birds each. Hens fed XOS diets showed a lower feed-to-egg ratio during wk 7 to 12 and
a higher egg yolk color value in wk 12 compared with those fed the control diet (P < 0.05). Dietary XOS
supplementation improved the apparent total tract digestibility of gross energy and nitrogen at the end
of the 12th wk (P < 0.05). In addition, a higher villus height-to-crypt depth ratio of the ileum was
observed in XOS-added groups (P < 0.05). The high throughput sequencing analysis of bacterial 16S rRNA
revealed that dietary XOS supplementation at 200 mg/kg altered cecal microbiota. Alpha diversity
analysis illustrated a higher cecal bacterial richness in birds fed with XOS at 200 mg/kg. The composition
of cecal microbiota modulated by the XOS addition was characterized by an increased abundance of
Firmicutes along with a reduced abundance of Bacteroidetes. At the genus level, dietary XOS supple-
mentation triggered decreases in Bacteroides and Campylobacter concurrent with increases in Lactoba-
cillus and several short chain fatty acid producers including Desulfovibrio, Faecalitalea, Faecalicoccus, and
5 genera of family Lachnospiraceae. Collectively, dietary XOS addition improved the feed conversion ratio
by modulating nutrient digestibility and ileal morphology in laying hens, which could be attributed to
the enhancement of bacterial diversity and alteration of microbial composition.
© 2021, Chinese Association of Animal Science and Veterinary Medicine. Production and hosting
by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

result of modulating gut microbiota (Crisol-Martinez et al., 2017;
Peng et al., 2016; Salaheen et al., 2017; Wu et al,, 2019; Zhu et al,,

The gastrointestinal microbiota plays an important role in
nutrition absorption, immune system development, and resistance
to pathogens, thus contributing to chicken growth and health
(Pandit et al., 2018). Numerous studies have demonstrated im-
provements in performance and intestinal health in chickens as a
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2019; Zou et al.,, 2019). In the past, antibiotics and other medici-
nal products were broadly utilized to modify the alimentary
microbiota and to boost productivity of animals (Markowiak and
Slizewska, 2018). However, problems caused by the overuse of
antibiotics, such as resistance of pathogens to antibiotics and
accumulation of antibiotics in poultry products, resulted in severe
restriction or total ban of the use of antibiotics and medicinal
products in animals in many countries. For example, the MOARA
(Ministry of Agriculture and Rural Affairs of the People's Republic of
China) proposed a deadline of December 2020 to complete the exit
plan of medicated feed additives in feed production. Consequently,
there has been increased interest in exploitation of antibiotic al-
ternatives and investigation into their potential mechanisms.
Prebiotics have been suggested as alternatives to antibiotics in
animal production (Saad et al., 2013). Xylooligosaccharide (XOS) is
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one of the common type of prebiotics, which consists of xylose
units, linked through B-1,4-glycosidic bonds (Aachary and Prapulla,
2008). Chickens lack enzymes required to degrade the glycoside
link between xylose units, therefore XOS is available for fermen-
tation in the distal intestine by xylanolytic bacteria (Pourabedin
and Zhao, 2015). The composition of the intestinal microbiota in
broilers could be shifted by fermenting XOS towards a relative in-
crease in probiotics and a decrease in pathogenic bacteria (De
Maesschalck et al., 2015; Eeckhaut et al., 2008). Additionally,
fermentation of XOS in the cecum of broilers leads to formation of
short-chain fatty acids (SCFA) (Lin et al., 2018) which was impli-
cated in energy absorption, alleviation of gut inflammation, and
maintenance of intestinal epithelial integrity (Lin et al., 2018;
Postler and Ghosh, 2017; Topping and Clifton, 2001; Weese et al.,
2015). Recently, several studies have indicated that dietary XOS
supplementation could enhance feed efficiency of broilers probably
through improving nutrient digestibility (Craig et al., 2020; Ribeiro
et al.,, 2018), as well as exerting an effect on gut immune system via
the stimulation on the specific bacteria (Lin et al., 2018; Pourabedin
et al., 2017).

However, gut microbial community structures between
broilers and laying hens are somewhat different (Videnska et al.,
2014a). The cecal microbiota of broilers was dominated by Firmi-
cutes (76.2%) followed by Proteobacteria (14%) and Bacteroidetes
(6.5%) (Videnska et al., 2014b), whereas a two-thirds microbiota of
aged laying hens were formed by the representative of Bacter-
oidetes (Callaway et al., 2009). To the best of our knowledge, there
is little publication on the effect of XOS on gut microbiota of laying
hens beside a recent report by Ding et al., 2018, in which only 3
specific bacteria in cecum were determined following XOS addi-
tion. However, it is still largely unknown whether or how dietary
XOS supplementation alter the bacterial diversity, regulate mi-
crobial structure and remodel gut microbial composition in laying
hens. There is also very limited information concerning the linkage
between intestinal bacterial phylotypes and physiological pheno-
types following XOS addition in laying hens. Therefore, it is
necessary to investigate the diversity and composition of intestinal
microbiota in order to explore the potential benefits of dietary XOS
supplementation on the performance and intestinal health in
laying hens.

The objective of this study was to assess the effects of XOS on
performance, nutrient digestibility, and intestinal morphology in
laying hens. Subsequently, the changes to cecal microbiota com-
positions were characterized by high throughput sequencing, and
the correlations between phylotypes and phenotypes were estab-
lished using correlation analysis. This integrative investigation may
provide new evidence for the microbial mechanism of action of XOS
in laying hens.

2. Materials and methods

All experimental protocols were approved by the Animal Care
and Use Committee of the Feed Research Institute of the Chinese
Academy of Agricultural Sciences (ACE-CAAS-20180704), and the
methods were carried out in accordance with the relevant guide-
lines and regulations.

2.1. Birds and management

Laying hens for the trial were allocated to 3-tier battery cages
with 3 hens per cage (cage size: 40 cm x 40 cm x 35 cm) and
exposed to light (16 h/d) with an intensity of 20 Ix. Temperature
was between 24 and 28 °C throughout the experiment. The cages
for excreta collection were equipped with excreta collection trays.
Diets and water were offered ad libitum in mash form and by nipple
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drinkers, respectively. All hens remained in good health during the
feeding period. There were no culled birds and medical interven-
tion was not applied to any bird.

2.2. Experimental design and diets

A total of 288 Hy-Line Brown layers aged 50 wk were randomly
allocated into 3 treatments. They were fed a corn-soybean meal-
based diet (Table 1) supplemented with XOS at 0 (control group),
200 and 400 mg/kg. Each treatment consisted of 8 replicates with
12 birds in 4 adjacent cages as a replicate. The basal diet was
formulated according to Chinese Ministry of Agriculture (2004) and
National Research Council (1994). The XOS (X0OS95P) added in the
diets was purchased from a commercial supplier (Jinan Longlive
Biology Co., Ltd., Shandong, China). It was extracted from corncob
and contained 95% XOS with the degree of polymerization from 2 to
7. During the last week, TiO, was added into the experimental diets
at a dose of 5 g/kg as an indigestible marker.

2.3. Performance and egg quality parameters

Mortality was recorded as it occurred. Daily egg number, total
egg weight and biweekly feed consumption were recorded and
calculated as hen-day egg production (EP), average egg weight
(AEW), average daily feed intake (ADFI), feed conversion ratio (FCR)
on a biweekly basis. Egg production, AEW, ADFI and FCR were
calculated for wk 1 to 6, wk 7 to 12, and wk 1 to 12.

Six eggs from each replicate with the weight close to replicate
average were collected for interior and exterior quality tests at the
end of wk 6 and 12. Eggshell thickness was a mean value of the
measurements at 3 locations on the surface (air cell, equator, and
sharp end) using the Eggshell Thickness Gauge (ESTG-1, ORKA
Technology Ltd, Ramat HaSharon, Israel). The eggshell breaking
strength was measured using the Egg Force Reader (ORKA Tech-
nology Ltd, Ramat HaSharon, Israel). Albumen height, Haugh unit,
and yolk color were measured using the Egg Analyzer (ORKA Food
Technology Ltd, Ramat HaSharon, Israel). The determination of yolk
color value was based on the “Roche yolk color fan” (15 grades)
system, which consists of 15 color samples corresponding to values
1 to 15. Haugh unit was calculated from the height of the albumen
and the egg weight using the simplified (Eisen et al., 1962) Haugh
unit formula:

Table 1

Composition and nutrient levels of the basal diet (air-dry basis, g/kg).
Ingredient Content Nutrient level Content’
Corn 627.8 AME, MJ/kg 11.64
Soybean meal 240.0 Crude protein 165.0 (162.1)
Soybean oil 20.0 Calcium 34.8
Salt 3.0 Nonphytate phosphorus 3.3
Dicalcium phosphate 10.0 Lysine 7.9
Calcium carbonate 93.4 Methionine 3.7
pL.-methionine 1.2 Methionine + Cysteine 6.5
Choline chloride 1.0 Threonine 6.0
Premix’ 3.3
Phytase 0.3
X0S95P? +/-*

! The value in parentheses was analyzed, and others are calculated.

2 The premix supplied the following per kilogram of diet: vitamin A, 12,500 IU;
vitamin D3, 4,125 IU; vitamin E, 15 IU; vitamin K3, 2 mg; thiamine, 1 mg; riboflavin,
8.5 mg; pyridoxine, 8 mg; vitamin Bq,, 5 mg; biotin, 2 mg; folic acid, 5 mg; Ca-
pantothenate, 50 mg; niacin, 32.5 mg; Cu, 8 mg; Zn, 65 mg; Fe, 60 mg; Mn,
65 mg; Se, 0.3 mg; I, 1 mg.

3 X0S95P, a mixture of 95% xylooligosaccharide (XOS) with the degree of poly-
merization 2 to 7 and 5% xylose.

4 X0S was supplemented at 0 (control group), 200, and 400 mg/kg at the expense
of corn.
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HU = 100 log (H — 1.7W%37 4 7.57),

where HU is the Haugh unit, H (mm) is the albumen height, W (g) is
the weight of egg.

2.4. Apparent total tract digestibility of nutrients

To determine the apparent total tract digestibility (ATTD) of
gross energy (GE), total nitrogen (N), ether extract (EE), and dry
matter (DM), 3 hens were selected randomly from each replicate
and allocated to another cage equipped with excreta collection tray
at the end of the 12th wk. Excreta from each cage were collected 2
times daily (at 12 h intervals) for 3 d and stored in sealed bags
at —20 °C. Remaining feed and feathers in the excreta trays were
carefully removed. Excreta collected per cage during the 3-
d collection period were pooled and represented one replicate,
resulting in 8 samples for each treatment. Before chemical analysis,
excreta samples were thawed and dried at 70 °C for 72 h, and finely
ground to pass through a 0.5-mm screen. The following formula
was used to calculated the ATTD of the nutrients:

ATTD = 1 — [(Tipjet/Tigxcreta) X (NUTRExcreta/NUTRpiet)],

where Tipjet and Tigxreta (g/kg DM) are the contents of element Ti-
tanium in the diet and excreta, respectively, and NUTRpjet and
NUTRgxcreta (g/kg DM) are nutrient concentrations in diet and
excreta, respectively.

2.5. Morphology analyses of jejunal and ileal mucosa

Segments (approximately 2 cm in length) of the middle portion
of the jejunum (about 30 cm from the point of entry of the bile
ducts) and ileum (about 5 cm from Meckel's diverticulum) were
collected at the end of the experiment, washed with PBS and fixed
in 10% neutral-buffered formalin for histology. Samples were
washed, dehydrated, clarified, and embedded in paraffin. Serial
sections were cut at 5 pm thickness, placed on glass slides, depar-
affinized in xylene, rehydrated, stained with hematoxylin and
eosin, fixed with neutral balsam, and examined by light microscopy
(BX51, Olympus Co., Tokyo, Japan). All reagents used were analytical
grade (Sinopharm Chemical Reagent Co., Ltd. Beijing, China). The
morphometric indices evaluated were villus height (from the tip of
villus to the villus—crypt junction), crypt depth (from the base up to
the crypt—villus transition region) and the villus height-to-crypt
depth ratio (Forte et al., 2016). The number of goblet cells was
counted on 100 columnar cells of villus mucosa at 400x
magnification.

2.6. DNA extraction, 16S rRNA amplification, and high throughput
sequencing

Both addition of XOS at 200 and 400 mg/kg positively affected
ATTD and ileal morphology compared with the control, and no
significant difference were observed between the 2 groups. These
results suggested no more improvement when dietary XOS addi-
tion was more than 200 mg/kg. We then investigated the effects of
dietary XOS addition on cecal microbiota at this level in order to
explore the potential benefits of XOS on performance and intestinal
morphology.

Microbial DNA was extracted from cecal content samples using
the E.Z.N.A Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) ac-
cording to manufacturer's instructions. Using the isolated DNA as a
template, the v3-v4 hypervariable region of the bacterial 16S rRNA
was amplified with universal primers: 338F (5’-ACTCCTACGG-
GAGGCAGCA-3') and 806R (5-GGACTACHVGGGTWTCTAAT-3’).

154

Animal Nutrition 7 (2021) 152—162

The PCR reaction conditions were: 3 min of denaturation at 95 °C,
followed by 25 cycles of 30 s at 94 °C (denaturation), annealing at
55 °C for 30 s, and extension at 72 °C for 30 s, with a final extension
of 5 min at 72 °C. Amplicons were extracted from 2% agarose gels
and purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA) according to the manufacturer's
instructions. Purified amplicons were qualified and sequenced us-
ing MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal
Biotechnology Co., Ltd. (Shanghai, China).

2.7. Statistical analysis

Data analyses of performance, egg quality, nutrient digestibility,
and intestinal morphology were performed using SPSS version 19.0
for Windows (SPSS, Chicago, IL). The normality of data was initially
tested using the Shapiro—Wilk test. Data were then analyzed using
one-way ANOVA, and means were compared using Duncan's
multiple range test. Differences were considered statistically sig-
nificant at P < 0.05. Data are expressed as the means and pooled
SEM.

For microbial community profiling, raw pair-end sequences
were demultiplexed and quality-filtered using the Quantitative
Insights Into Microbial Ecology (QIIME, version 1.17) (Edgar, 2010).
Only sequences that overlap by more than 10 bp were assembled
according to their overlap sequence. Operational taxonomic units
(OTU) were clustered with 97% sequence identity using UPARSE
(version 7.1), and the chimera sequences were identified and
removed to obtain effective tags using UCHIME. Mann—Whitney U-
test was used to assess statistical significance of measures derived
from alpha diversity metrics. Principal coordinate analysis (PCoA)
and partial least squares discriminant analysis (PLS-DA) were
conducted to compare the bacterial community structures across
all samples. The significant differentiation of microbial structure
between 2 groups was statistically tested by analysis of similarity
(ANOSIM), and non-parametric multivariate ANOVA (Adonis). Cal-
culations of the Bray—Curtis matrix, PCoA, PLS-DA, ANOSIM, and
Adonis were all performed using the Vegan package (Dixon, 2003).
The statistical significance of comparison in bacterial community
composition between 2 groups was assessed using Student's t test.
Statistical tests for differentially abundant taxa were performed
using the linear discriminant analysis (LDA) effect size (LEfSe)
method with an alpha value of 0.05 for the Kruskal-Wallis test
among classes. The LDA was used to estimate the effect size of each
differentially abundant feature, and the threshold on the LDA score
(log1o LDA) was set to 2.0. Finally, correlations were estimated by
Pearson correlation using the Pheatmap package in R. Correlations
were considered significantly different at P < 0.05.

3. Results
3.1. Performance and egg quality

The effects of dietary supplementation with XOS on perfor-
mance of layers (50 to 62 wk of age) are presented in Table 2. No
significant difference in laying performance was found among all
treatments in wk 1 to 6 and wk 1 to 12 (P> 0.05). During wk 7 to 12,
dietary XOS supplementation did not affect the EP, AEW and ADFI
but affected the FCR (P < 0.05). Hens fed the 200 or 400 mg/kg XOS
diet showed a better FCR than those fed the control diet (P < 0.05).

Table 3 shows the egg quality indices of hens fed with XOS.
There were no differences in overall egg quality (i.e., eggshell
thickness, eggshell strength, albumen height, yolk color value, or
Haugh unit) among all groups at wk 6 (P > 0.05). At wk 12, birds in
X0S-supplemented groups showed an increased yolk color value in
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Table 2
Effect of dietary xylooligosaccharide (XOS) supplementation on performance of
laying hens'.

Animal Nutrition 7 (2021) 152—162

Table 4
Effect of dietary xylooligosaccharide (XOS) supplementation on coefficient of
apparent total tract digestibility of laying hens at 62 wk of age'.

Item XOS level, mg/kg of feed SEM P-value Item XOS level, mg/kg of feed SEM P-value
0 200 400 0 200 400
Wk 1to6 Gross energy (GE) 0.80° 0.82? 0.82?% 0.003 0.042
EP, % 92.61 93.26 93.17 0.554 0.883 Dry matter (DM) 0.59 0.60 0.61 0.003 0.080
AEW, g 66.45 68.21 67.25 0.342 0.100 Nitrogen (N) 0.44° 0.55° 0.55% 0.015 0.001
ADFI, g 117.84 119.69 120.81 0.692 0.206 Ether extract (EE) 0.77 0.82 0.81 0.018 0.530
FCR? 1. 1.92 1. .01 2 — : — —
ch7 t‘ogl/g 96 9 = 0.010 0-263 2 b Within a row, means with no common superscript differ significantly (P < 0.05).
1 - . : )
EP, % 85.84 86.71 87.96 0.632 0.405 ) lFlgtht replicates per treatment with one mixed sample from 3 laying hens each
AEW, g 64.27 64.87 64.67 0276 0.674 replicate.
ADFI, g 112.47 111.47 113.24 0.721 0.624
FCR?, g/g 2.00° 191° 1922 0.016 0.022 o )
Wk 1 to 12 number of the jejunum among all groups (P > 0.05). Hens fed diets
EP, % 89.03 89.79 90.45 0.520 0.555 added XOS at 200 or 400 mg/kg showed no differences in villus
:ED‘]/:\I’v g (15?63?9 ??-55(5’8 ??-7923 8-?3? 8-?23 height, crypt depth or goblet cell number but exhibited a higher
, g . . . . . . ot o .. . .
FCR”. glg 198 1.91 195 0012 0.184 villus height-to-crypt depth ratio in the ileum compared with those

EP = egg production; AEW = average egg weight; ADFI = average daily feed intake.
2. Within a row, means with no common superscript differ significantly (P < 0.05).
! n = 8 replicates per treatment.
2 FCR is feed-to-eggs ratio.

Table 3
Effect of dietary xylooligosaccharide (XOS) supplementation on egg quality of laying
hens’.

Item XOS level, mg/kg of feed SEM P-value
0 200 400
Wk 6
Eggshell thickness, 42.07 42.34 42.58 0.169  0.487
x 0.01 mm
Eggshell strength, N 38.56 38.53 39.88 0408 0317
Albumen height, mm 7.08 7.16 7.19 0.053 0.711
Egg-yolk color 5.82 6.33 6.32 0.103 0.069
Haugh unit 83.45 84.05 84.08 0369 0.754
Wk 12
Eggshell thickness, 42.21 42.64 42.50 0.157 0.534
x 0.01 mm
Eggshell strength, N 37.70 37.36 37.73 0318 0.878
Albumen height, mm  6.61 6.87 6.83 0.072  0.285
Egg-yolk color 5.78" 6.50? 6.23% 0.113  0.022
Haugh unit 78.98 81.39 80.55 0513  0.152

2 b Within a row, means with no common superscript differ significantly (P < 0.05).
1 Means were calculated using 8 replicates (6 eggs/replicate) per treatment.

comparison with that in the control (P < 0.05). No differences were
found in the other indices among all treatments at wk 12 (P > 0.05).

3.2. Apparent total tract digestibility of nutrients

Table 4 shows the effects of dietary XOS supplementation on
ATTD of nutrients in laying hens at 62 wk of age. The ATTD of GE
and N were significantly affected by dietary XOS supplementation
(P < 0.05). Significant increases were observed in the ATTD of GE in
XOS-supplemented groups (200 and 400 mg/kg) (P < 0.05).
Compared with the control, dietary supplementation with XOS at
200 and 400 mg/kg increased the ATTD of N by 24.0% and 23.7%,
respectively (P < 0.05). Supplementing the diet with XOS did not
affect the ATTD of DM or EE (P > 0.05).

3.3. Intestinal morphology

The results regarding the effects of dietary XOS supplementa-
tion on intestinal morphology of laying hens are presented in
Table 5 and Fig. 1. No significant differences were detected in villus
height, crypt depth, villus height-to-crypt depth ratio, or goblet cell
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in the control (P < 0.05).

3.4. Intestinal microbial diversity and community

A total of 892,597 valid sequences were obtained after quality
filtering and chimeras checking. The maximum, mean and mini-
mum sequence reads were respectively 74,974, 55,787, and 35,410
across all cecal samples. On the OTU level, 1,083 OTU were matched,
among which 16 phyla and 177 genera of intestinal microbes were
annotated.

Bacterial alpha diversity in cecal microbiota was estimated using
Shannon, Simpson, Ace, and Chao indices of diversity and richness
(Fig. 2). No significant differences in Shannon or Simpson indices
were found between the 2 groups (P > 0.05). Ace and Chao indices
in XOS-supplemented group at 200 mg/kg were significantly higher
than those in the control (P < 0.05), suggesting that the overall
bacterial richness of cecal microbiota was increased by XOS treat-
ment (200 mg/kg). Principal coordinate analysis based on
Bray—Curtis distances revealed statistically significant discrimina-
tion between the XOS-supplemented group and the control (PCo1,
19.06%; PCo2, 14.01%; Fig. 3A). PLS-DA plot defined groups where
samples from different groups occupied distinct positions (COMP1,
11.11%; COMP2, 6.97%; Fig. 3B). Results were also supported by
statistics obtained from ANOSIM (R = 0.180, P = 0.01) and Adonis
(R? = 0.117, P = 0.004) analyses.

Taxonomic compositions of the microbiota were analyzed at the
phylum and genus levels using the RDA classifier. The results,
shown in Fig. 4A, revealed average relative abundance (above 1%) at
level of the phylum. Overall, the microbiota were dominated by the
phylum Bacteroidetes (54.9% + 11.1% of total reads) and Firmicutes
(36.0% + 8.9%), followed by Spirochaetae, Proteobacteria, Tener-
icutes, Actinobacteria, Saccharibacteria, and others. Hens fed with
XOS diet were characterized by a higher relative abundance of
Firmicutes (40.4% to 31.5%) and lower abundance of Bacteroidetes
(50.5% to 59.3%), thus leading to a higher Firmicutes-to-
Bacteroidetes ratio. At the genus level, the sequences from sam-
ples were matched with 177 genera. The top 15 most abundant
genera are listed in Fig. 4B, in which, Bacteroides exhibited lower
abundance in XOS-supplemented group (200 mg/kg), whereas the
abundances of unclassified_f Lachnospiraceae, Lactobacillus, and
Desulfovibrio were higher in XOS-supplemented group (200 mg/kg)
than those in the control.

The significant differentially abundant OTU for entire microbiota
at levels from phylum to genus were analyzed by LEfSe (LDA > 2.0;
Fig. 5A and B). Increased abundance of members of the dominant
Firmicutes phylum was evident in response to XOS supplementa-
tion at 200 mg/kg, including Bacilli Lactobacillales,
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Table 5
Effect of dietary xylooligosaccharide (XOS) supplementation on intestinal morphology of laying hens at 62 wk of age'.
Item XOS level, mg/kg of feed SEM P-value
0 200 400
Jejunum
Villus height, pm 791.36 776.43 782.09 27.941 0.978
Crypt depth, pm 211.90 226.33 249.95 10.404 0.335
Villus height-to-crypt depth ratio 3.61 3.52 3.34 0.100 0.580
Goblet cell number 29.78 27.43 25.25 1.465 0.471
lleum
Villus height, pm 571.96 643.60 645.65 14.568 0.070
Crypt depth, pm 173.50 157.78 166.60 4.120 0.300
Villus height-to-crypt depth ratio 3.40° 4.10° 3.87¢ 0.089 0.002
Goblet cell number 20.23 17.17 20.40 0437 0.488
b Within a row, means with no common superscript differ significantly (P < 0.05).
! Eight replicates per treatment.
Control XOS200 XOSa00

Jejunum

lleum

Fig. 1. Morphology of jejunum and ileum of laying hens fed control and xylooligosaccharide (XOS) diets. Hematoxylin and erosion (H&E) staining, 40 x magnification. XOSxoo,

supplementation at 200 mg/kg; X0S400, supplementation at 400 mg/kg.

Lactobacillaceae, Lactobacillus, and Erysipelotrichia, Erysipelo-
trichales, Erysipelotrichaceae (Erysipelatoclostridium, Faecalitalea,
Faecalicoccus), as well as genera of unclassified_f_Lachnospiraceae,
Lachnospiraceae_UCG_002, Blautia, Marvinbryantia, and Eisenber-
giella, all belonging to family Lachnospiraceae. Besides, order Bifi-
dobacteriales and its derivatives (Bifidobacteriaceae and
Aeriscardovia) were also enriched in XOS-supplemented group. In
the control, LEfSe highlights the greater differential abundance of
class Epsilonproteobacteria and its derivatives (Campylobacterales,
Campylobacteraceae, Campylobacter) and the family Bacter-
oidaceae with its derivative Bacteroides.

Pearson correlation analysis was conducted to estimate the as-
sociation between the phylotypes in the gut microbiota and phe-
notypes of hens (Fig. 6). As shown in the Heatmap, the abundance
of Bacteroides had negative relationships with the ATTD of GE and N
(P <0.01; R= -0.68; P < 0.05; R = —0.59) and the villus height of
ileum (P < 0.05; R = —0.50). Conversely, the abundance of Lacto-
bacillus was correlated positively with the ATTD of N (P < 0.05;
R = 0.52), ileal villus height (P < 0.01; R = 0.63) and the villus
height-to-crypt depth ratio (P < 0.001; R = 0.84). Significantly
positive relationships were also identified between the abundance
of Ruminococcaceae_UCG-014 and the ATTD of GE (P < 0.05;
R = 0.53) and ileal villus height (P < 0.05; R = 0.54). Moreover, one
unclassified member of Ruminococcaceae family exhibited a
negative correlation with the ATTD of N (P < 0.05; R = —0.52), but
positive relationships with the ATTD of EE (P < 0.05; R = 0.60) and
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ileal crypt depth (P < 0.05; R = 0.50). These results indicate that
intestinal morphology and function are related with gut microbiota
in laying hens.

4. Discussion

Beneficial effects of XOS on performance have already been
described in poultry (Craig et al., 2020; Courtin et al., 2008; Lin
et al, 2018). In the present study, hens receiving the corn-
soybean meal-based diet supplemented with XOS presented a
better FCR than those in the control during wk 7 to 12 of the trial,
indicating that a period longer than 6-wk was needed for dietary
XOS to exert the positive effects. Similar data were reported by De
Maesschalck et al. (2015), who found that unbranched XOS dis-
played an improvement of feed conversion ratio in broilers. A
possible action mechanism of XOS on FCR of broilers was reported
by Ribeiro et al. (2018) that XOS could activate specific bacteria by
the release of signal to ferment non-digestible carbohydrate and
interact with the digestive tract, leading to a higher digestive effi-
ciency. Intestinal morphology is an important indicator of intestinal
mucosal function and has been considered to be associated with
animal performance (Montagne et al., 2003). In our study, hens fed
the basal diet with XOS supplementation exhibited a higher ileal
villus height and presented a higher villus height-to-crypt depth
ratio, which was consistent with previous studies (Ding et al., 2018;
Min et al,, 2016). Dietary XOS supplementation could stimulate
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Fig. 3. Effect of dietary xylooligosaccharide (XOS) (200 mg/kg) supplementation on bacterial beta diversity. (A) Principal coordinate analysis (PCoA) based on Bray—Curtis
dissimilarity indices calculated from OTU abundance matrix. The horizontal axis represents the first principal coordinate and the vertical axis represents the second one. (B)
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2015). A healthier intestinal condition can lead to a stronger
nutrient digestibility on account of larger absorption area and
higher epithelial cell turnover. Similar to a previous report (Ribeiro

butyrate-producing bacteria to produce butyrate (Broekaert et al.,
2011; Scott et al, 2014) that may improve the intestinal
morphology due to its role in fueling epithelial cells (Kumar et al.,
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Fig. 4. Bacterial community compositions of the cecum of hens in xylooligosaccharide (XOS)-supplemented (200 mg/kg) and the control groups. (A) Relative abundance of bacterial
phyla detected in the samples. Those abundance below 1% were classified into “others”. The relative abundance values represent the averages of 8 samples in each group. (B)
Relative abundance of the most abundant 15 bacterial genera in 2 treatment groups. Bars with asterisks mean that the genera in the XOS-supplemented group were significant
different compared with the control group (P < 0.05), and bars with no asterisks mean no significant difference in the genera between 2 groups (P > 0.05). Differential abundance

was statistically tested using Student's t test.

et al., 2018), our current study showed that birds fed diets sup-
plemented with 200 and 400 mg/kg XOS presented higher ATTD of
GE and N when compared with non-supplemented animals, sug-
gesting that XOS improved energy and protein utilization. Dietary
XOS addition increased the cecal SCFA concentration in birds (Craig
et al,, 2020; Ding et al., 2018), which has been reported to involved
in energy and nutrition absorption (Xue et al, 2016; Yan and
Charles, 2017). In the current study, no further improvements in
performance, intestinal morphology, and nutrient digestibility
were observed when XOS addition was more than 200 mg/kg. The
possible reason was that a high level of prebiotics can be fermented
rapidly and increases gas production, which impairs the gut
mucosal barrier (Mikkelsen et al., 2004; Bruggencate et al., 2005).
The higher egg yolk color value observed in XOS-supplemented
groups might be connected with the interference of XOS on lipid
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metabolism (Bederskatojewska et al., 2019; Li et al., 2017), thus
influenced carotenoid absorption or deposition in the yolk. Further
studies are needed to reveal the effects of XOS on yolk color.

Data presented above suggest that dietary XOS supplementation
results in elevating nutrient digestibility and improving ileal
morphology, which could contribute to an improvement in FCR.
The alteration of cecal microbiota triggered by prebiotics has been
reported to be involved in the improvement of intestinal
morphology and nutrient utilization (Li et al., 2018; Pourabedin
et al., 2014). In attempts to better understand the mechanism and
validate our hypothesis, we analyzed the cecal microbiota which
contains the most detailed information regarding chicken gut
microbiota and is the key region for bacterial fermentation of non-
digestible carbohydrate (Pourabedin and Zhao, 2015). Data from
analyses of a-diversity and B-diversity corroborate our initial
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hypothesis that XOS improved microbial richness and altered
microbiota structure (Dotsenko et al., 2018). The greater diversity of
the intestinal tract microbiota community is believed to have a
positive effect on the welfare and productivity of the host bird
(Janczyk et al., 2009). The gut micro-ecosystem of XOS fed birds was
also shifted at the phylum level by favoring Firmicutes at expense of
Bacteroidetes, thus leading to a higher Firmicutes-to-Bacteroidetes
ratio. Numerous studies in mice and humans indicated that the
higher ratio of Firmicutes to Bacteroidetes may play an important
role in energy uptake and ultimately increased body weight
(Bervoets et al., 2013; Ley et al., 2006; Paola et al., 2010). Similar
relationship was also observed in chickens (Singh et al., 2013). The
abundance of Firmicutes has been proved to be positively corre-
lated with energy and nutrient absorption, whereas an increase in
fecal Bacteroidetes is associated with poor nutrient digestibility
(Jumpertz et al., 2011; Turnbaugh et al., 2006). Thereby, the
increased abundance of Firmicutes along with the reduced abun-
dance of Bacteroidetes might contribute to the nutrient utilization
of laying hens.

Further analyses revealed more differential species at various
taxonomic levels between 2 groups. For example, there was an
increase in abundance of Bifidobacteriaceae in XOS-supplemented
group (200 mg/kg). Bifidobacteriaceae is considered to be an
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important probiotic not only in human gut (Sekirov et al., 2010), but
also in chicken intestinal tract (Yang et al., 2019), which exerts a
wide number of benefits, including inhibiting the colonization of
pathogens and positively improving the host gut health (Greene
and Klaenhammer, 1994). At the genus level, there was an
increased abundance of Lactobacillus in cecum of XOS-
supplemented birds. As one of the predominant genera in the
chicken gut, Lactobacillus can offer protection to intestinal barrier
by antagonistic activities against pathogens (Servin, 2004). Besides,
lactate, produced from fermentation of Lactobacillus, could be uti-
lized by butyrate-producers through cross-feeding pattern, result-
ing in the beneficial effects of butyrate on nutrient digestibility and
intestinal morphology (De Maesschalck et al., 2015). This possible
pattern was also evidenced by enrichment of Faecalicoccus and
Faecalitalea in XOS-supplemented group (200 mg/kg). Faecalicoccus
and Faecalitalea were 2 of the 5 novel genera of family Erysipelo-
trichaceae which was proposed as a key butyrate-producer and
considered more important in the chicken cecum than those in the
human colon (Eeckhaut et al., 2011; Liu et al, 2019). Genera
unclassified_f_Lachnospiraceae, Lachnospiraceae_UCG_002, Blautia,
Marvinbryantia, and Eisenbergiella, all belonging to family Lachno-
spiraceae, were also more abundant in XOS-supplemented group
(200 mg/kg). The majority of acetogens are affiliated with the
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Lachnospiraceae (Gagen et al., 2015), especially Blautia (Pérez-
Burillo et al., 2019). Acetate might be implicated in protein syn-
thesis since it could be absorbed and converted to aspartate and
glutamate at the distal portion of animals’ gut (Bergman, 1990;
Marty and Vernay, 1984; Vernay, 1989). Besides, Liu et al. (2018)
reported that Lachnospiraceae was strongly correlated with adi-
pokine levels, indicating the role of Lachnospiraceae in energy
metabolism. Elevated Desulfovibrio was also confirmed to be
implicated in energy absorption of host by aiding propionic acid
production (Macfabe et al., 2011; Wang et al., 2019). In the current
study, dietary XOS addition triggered decreases in the abundances
of Bacteroides and Campylobacter. The linkage between Bacteroides
and SCFA-related energy utilization was considered to be complex
since the role of Bacteroides in polysaccharide decomposition and
subsequent generation of SCFA was controversial (Postler and
Ghosh, 2017; Murphy et al., 2010). However, the abundance of
Bacteroides were proved to be positively related with the expres-
sion of ileal pro-inflammatory cytokines interleukin (IL)-18, IL-8
and tumor necrosis factor-o. in laying hens (Wang et al., 2019),
which could disrupt the epithelial barrier function (Matthias et al.,
2003). Campylobacter species were established as harmful bacteria
that had gained prominence as aetiological agents of a range of
gastrointestinal diseases (Kaakoush et al., 2016; Nielsen et al.,
2014). To sum up, alterations of these bacterial phylotypes
compared with the control suggested that cecal microbiota were
modulated by XOS to be more efficient in maintaining intestinal
morphology and assisting nutrient utilization, leading to a better
performance in laying hens.

Corresponding to the alterations in cecal microbiota, Pearson
correlation analysis further identified that genera Bacteroides,
Desulfovibrio, Lactobacillus, Ruminococcaceae_UCG-014, and unclas-
sified_f Ruminococcaceae exhibited markedly positive or negative
correlation with nutrient digestibility and/or ileal morphology,
supporting that dietary XOS supplementation mediated intestinal
functions by targeting gut microbiota. However, our observations
were inconsistent with some studies that Bifidobacterium spp. were
much more efficient in utilizing XOS than Lactobacillus spp. in vitro or
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in broilers (Crittenden et al., 2010; Eeckhaut et al., 2008; Moura et al.,
2007). Ribeiro et al. (2018) reported that broilers receiving the
wheat-soybean meal-based diet supplemented with XOS presented
higher abundances of Bifidobacterium spp. in cecum. Contradictorily,
two other studies on broilers demonstrated the increased abun-
dances of Lactobacillus and butyrate-producers in cecum and colon
following XOS addition, contributing to the improvement of gut
function and performance through cross-feeding pattern (De
Maesschalck et al., 2015; Pourabedin et al., 2017). The above
studies highlighted that the microbial variation by dietary inter-
vention might depend on specific conditions (Dethlefsen and
Relman, 2011). In the current study, the abundance of Lactobacillus
was significantly increased by XOS supplementation at 200 mg/kg
and elicited positive correlations with the ATTD of N, ileal villus
height and the villus height to crypt depth ratio, whereas the
abundance of Bacteroides was significantly reduced following XOS
addition at 200 mg/kg and had negative relationships with the ATTD
of GE and N, and ileal villus height. Thus, Lactobacillus and Bacter-
oides might play essential roles in XOS modulating intestinal
morphology and nutrient digestibility in laying hens.

5. Conclusion

XO0S supplementation improved FCR by modulating nutrient
digestibility and ileal morphology in laying hens, which could be
attributed to the enhancement of bacterial richness and alteration
of microbial composition, especially the enrichment of Lactobacillus
and SCFA producers and the decrease of abundance of Bacteroides.
This study can expand our understanding concerning the microbial
mechanism of action of XOS in laying hens.
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