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Summary

In poultry, HyLine (HL) Hens are known for their
excellent laying performance. However, ZhenNing
(ZN) Hens, a native chicken breed in China, are
known for their unique flavour. The intestinal
mucosa, which is the main organ for nutrient absorp-
tion, could affect livestock product quality. In ZN
Hens’ intestinal mucosa, we found more villus wrin-
kles, larger villus circumference and higher amino
acid transporters mRNA abundance compared with
HL Hens. Among three laying periods of ZN Hens, in
the intestinal lumen, Lactobacillus salivarius (L. sa.),
Lactobacillus agilis (L. ag.) and Lactobacillus aviar-
ius were the predominant species in the laying peak
period. Furthermore, multiple-antibiotics feeding in
ZN Hens and predominant Lactobacillus feeding in
HL Hens suggested that these Lactobacilli could
indeed increase villus wrinkles and improve intesti-
nal absorption. In HL Hens, L. sa. + L. ag. treatment
could promote organoids budding in vitro, and pro-
mote epithelial proliferation in vivo. Collectively, the
unique intestinal mucosa morphology in ZN Hens
was due to the high abundance of intestinal L. sa.
and L. ag. Transplant these Lactobacilli to HL Hens
could increase their intestinal probiotics abundance,
fine adjust the intestinal stem cell function and pro-
mote the epithelial proliferation, in turn, increase vil-
lus winkles and mucosal absorption area.

Introduction

The intestinal mucosa is the main organ that exerts nutri-
ent absorption. For laying hens in the laying peak period,
they have higher requirements for intestinal mucosal
absorption (Gu et al., 2021). In hens with various breeds,
laying performance and egg nutrition vary considerably.
It is well known that HyLine (HL) Hens are famous for
their excellent laying performance while compromise in
flavour. On the other hand, ZhenNing (ZN) Hens, a
native chicken breed of Zhejiang province in China, are
known for their unique flavour and high nutrition while
compromise in laying performance. In chickens, the rear-
ing environment greatly affected gut length and function,
contributing to the variation in feed intake among various
breeds (Metzler-Zebeli et al., 2018). In pigs, small intesti-
nal mucosal morphology (such as villus height, width,
surface, etc.) differed sharply between native pig breeds
(Iberian pigs) and lean pig strain, and these differences
tended to disappear with age (Rubio et al., 2010). How-
ever, whether the intestinal mucosa is different between
ZN Hens and HL Hens and how these morphological dif-
fer formed is worthy of being studied.
The gut microbiota is referred to as a forgotten organ

and is recognised as an essential component of the
intestinal ecosystem, contributing to nutrition absorption
and disease resistance (O’Hara and Shanahan, 2006).
Growing evidence has revealed that probiotics could
improve product performance in the livestock and poultry
industry. Firmicutes were the predominant phylum of the
gut microbiota in the broiler (Mancabelli et al., 2016).
However, due to the difference in diet and/or the inten-
sive use of antibiotics, higher Bacteroidetes and Pro-
teobacteria levels appeared in the free-range chicken
(Mancabelli et al., 2016). In avian, supplied laying hens
with Bacillus subtilis could improve their egg production
and eggshell quality (Abdelqader et al., 2013; Ribeiro
et al., 2014). In Japanese quail, dietary supplementation
with probiotics containing Lactobacillus (L.) casei and L.
rhamnosus could increase egg weight and improve yolk
colour, albumen height and haugh unit (Lokapirnasari
et al., 2019). Recently, faecal microbiota transplantation
(including L. frumenti, L. gasseri) from a Chinese native
pig breed to early weaning piglets was demonstrated to
prevent weaning stress-induced diarrhoea (Hu et al.,
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2018). However, intestinal microorganisms differ sharply
among the various breeds of chickens. Whether trans-
planted the predominant probiotic from native hens to
commercial laying hens can regulate their intestinal
mucosal absorption and further improve egg quality and
the flavour is worth studying.
The function of intestinal mucosal absorption relies on

mucosal renewal, which depends on the proliferation
and differentiation of intestinal stem cells (ISCs) in the
crypt’s bottom region. A large number of studies have
shown that Lactobacillus could regulate the activity of
ISCs, thereby affecting the structure and function of the
intestinal mucosa. Recently, L. plantarum was demon-
strated to increase the ratio of villus height and crypt
depth in the duodenum and jejunum of chickens (Xu
et al., 2020). L. plantarum IS-10506 was demonstrated
to increase the size of the Lgr5- and Bmi1-expressing
ISCs pool and further relieve intestinal mucosal injury in
rats (Athiyyah et al., 2018; Lee et al., 2018). Lactobacil-
lus reuteri could maintain the number of Lgr5+ cells and
stimulate intestinal epithelial proliferation by increasing
the expression of R-spondins and thus activating the
Wnt/b-catenin pathway (Wu et al., 2020). However,
between HL Hens and ZN Hens, whether the differential
intestinal flora could give rise to the differential ISCs
activities and further induce the differential product per-
formance is worth clarifying.
In this study, we analysed the intestinal mucosal differ-

ences between ZN Hens and HL Hens. Moreover, the
relationship between intestinal flora and intestinal
mucosa was further investigated by multiple-antibiotics
and predominant Lactobacillus feeding. Finally, the pos-
sible mechanism of action for Lactobacillus on intestinal
mucosa was explored.

Results

Morphological and functional difference of intestinal
mucosa between ZN Hens and HL Hens

For analysing the morphological and functional differ-
ence of intestinal mucosa between ZN Hens and HL
Hens in the laying peak period, the H&E staining, AB-
PAS staining and qPCR were performed. Compared with
HL Hens, the duodenum of ZN Hens presented more vil-
lus wrinkles (Fig. 1A, B and E, black arrows, more than
3.7 folds, P-value < 0.001), larger villus circumference
(Fig. 1F, larger by 43.67%, P-value = 0.007), higher den-
sity of goblet cells (Fig. 1C, D and G, higher by 74.09%,
P-value < 0.001) and higher transcription level of MUC2
mRNA (Fig. 1H, higher by 137.67%, P-value = 0.006).
The mRNA transcription assay of amino acid transporter
in duodenum (Fig. 1I–L) revealed that, compared with
HL Hens, higher PepT1 (by 47 folds, P-value < 0.001),
B0AT (by 104 folds, P-value < 0.001), b0, +AT (by 17

folds, P-value < 0.001) and EAAT3 (by 30 folds, P-
value < 0.001) were present in ZN Hens. Parallelly, as
shown in Table S1, significant higher level of Cys (by
149.3%, P-value < 0.001), Leu (by 107.2%, P-
value < 0.001), Lys (by 61.25%, P-value = 0.012) and
His (by 67.55%, P-value = 0.005) were present in albu-
men of ZN Hens when compared with HL Hens.
For illustrating the profile of the morphological

changes among three laying periods in ZN Hens, the
number of villus wrinkles was analysed. As shown in
Fig. 2, compared with D150 (150-day-old, pre-laying
peak period) and D580 (580-day-old, post-laying peak
period), the number of villus wrinkles in D280 (280-day-
old, laying peak period) was the most, especially for the
duodenum. In the laying peak period, the duodenal villus
wrinkles amount was, respectively, higher by 39.58% (P-
value = 0.003) and 214.06% (P-value < 0.001) than jeju-
num and ileum.

Intestinal macrobiotic assay among three laying periods
in ZN Hens

For exploring the mechanism that mucosal morphology
of ZN Hens changes among three laying periods, the
intestinal content was collected and sequenced 16S
rRNA gene V3-V4 region. In total, 1 275 223 quality-
checked sequences were clustered into 2,981 OTUs at
97% sequence similarity with an average Good’s cover-
age of 99.71 � 0.25% in all the samples. In D280, the
number of exclusive OTUs (Fig. 3A) was the lowest
among three laying periods, and total observed OTUs
(Fig. 3B) were lower than D150 (P-value = 0.021) and
D580 (P-value < 0.001). The a-diversity analysis showed
that Chao1 richness estimate (Fig. 3C) and Shannon
diversity index (Fig. 3D) in the D280 group was, respec-
tively, lower than D150 (P-value = 0.007 and 0.027) and
D580 (P-value < 0.001), which indicated that the rich-
ness and diversity of the intestinal macrobiotic were sig-
nificantly decreased in the D280 group. Interestingly, the
b-diversity analysis presented a distinct clustering of the
intestinal macrobiotic composition among three laying
periods. The PCoA (Fig. 3E) and NMDS (Fig. 3F)
showed a significant separation in bacterial community
composition among the three laying periods. The Bray–
Curtis index showed that the microbial communities were
significantly different in the D280 than the D150 (P-
value = 0.028) and D580 (P-value = 0.005).
When assessing the microbial composition at phylum-

level, it suggested that the Firmicutes were the predomi-
nant phyla in the intestinal content (Fig. 4A and B). The
relative abundance of Firmicutes in D280 group
(95.81%) was higher than D150 groups (71.18%) and
D580 groups (48.09%). The assay of microbial composi-
tion at genus-level (Fig. 4C and D) further clarified that
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the relative abundance of Lactobacillus was the highest
in D280 group (91.26%) and was higher than D150
group (58.62%) and D580 group (21.18%). Heatmap of
microbial composition at species-level (Fig. 4E) further
illustrated that the higher Lactobacillus and lower patho-
genic bacteria appeared in D280 group. Among the top
ten enriched species in D280 group, five were Lacto-
bacillus (Fig. 4F). As shown in Fig. 4G–K, the result of
Kruskal-Wallis test showed that Lactobacillus agilis (L.
ag., P-value = 0.003) and L. intestinalis (P-
value = 0.002) has significantly different abundances
among the three laying periods. Then, the result of
pairwise-Wilcoxon test confirmed that the abundance of
L. ag. between D150 and D280 was significant

difference (adjusted P-value = 0.005), the abundance of
L. intestinalis between D280 and D580 was significant
difference (adjusted P-value = 0.004). However, Lacto-
bacillus salivarius (L. sa.) and Lactobacillus aviarius
(L. av.) were decreased with age without statistical
significance.

Effect of multiple-antibiotics feeding on the intestinal
mucosa of ZN Hens

For identifying whether intestinal flora could regulate the
mucosal structure, the ZN Hens in the laying peak per-
iod were fed with multiple-antibiotics (Ampicillin, Neomy-
cin, Vancomycin, and Metronidazole) for five consecutive

(A) (B)

(C) (D)

(E) (F)

(G) (H)

(I) (J)

(K) (L)

Fig. 1. Intestinal villus morphological and functional analysis between HL Hens and ZN Hens in the laying peak period.
A and B. H&E staining results show more wrinkles (black arrows) appeared in the duodenal villus of ZN Hens.
C and D. AB-PAS staining results show more goblet cells in the duodenal villus of ZN Hens.
Histograms represent the statistical results of wrinkles amount (E), villus circumference (F), goblet cell density (G) and mRNA abundance of
goblet cell marker MUC2 (H) and mainly amino acid transporter (I–L) in duodenum between HL Hens and ZN Hens. The data were expressed
as mean � standard deviation, n = 5. **P-value <0.01. ***P-value <0.001. Duo, duodenum; Ile, Ileum; Jej, jejunum. Scale bar = 50 lm.
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Fig. 2. Villus morphological analysis in duodenum, jejunum and ileum among three laying periods in ZN Hens. H&E staining results show a
large number of villus wrinkles (black arrows). Histogram represents the statistical results of villus wrinkles amount among three laying periods
in ZN Hens. The data were expressed as mean � standard deviation, n = 5. The columns with no common letters are significant differences
(P-value <0.05) within each laying period. Duo, duodenum. Jej, jejunum. Ile, Ileum. D150, 150-day-old, pre-laying peak period. D280, 280-day-
old, laying peak period. D580, 580-day-old, post-laying peak period. Scale bar = 50 lm
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days to ablate intestinal microbiota. First, the CFUs
assay of intestinal content (Fig. 5A) showed that gut
bacteria in multiple-antibiotics treated hens were dramati-
cally reduced. In expectation, after multiple-antibiotics
feeding, observed OTUs (Fig. 5B, P-value < 0.001),
Chao1 richness estimate (Fig. 5C, P-value < 0.001) and
Shannon diversity index (Fig. 5D, P-value < 0.001)
decreased markedly when compared with the control
group. The assay of microbial composition at genus- and
species-level (Fig. 5E and F) showed that, due to
multiple-antibiotics feeding, there were less abundance
of Lactobacillus and more abundance of Escherichia coli

in intestinal lumen. The heatmap of microbial compo-
sition at species-level (Fig. 5G) further clarified
that decreased Lactobacillus includes L. sa., L. ag. and
L. av.
After multiple-antibiotics feeding, the mucosal structure

and function in the duodenum were analysed to illustrate
intestinal microbiota’s influence on the intestinal mucosa.
Upon multiple-antibiotics feeding, the number of duode-
nal villus wrinkles (Fig. 6A and C), the duodenal goblet
cells density (Fig. 6B and D) and the MUC2 mRNA
abundance (Fig. 6E) were, respectively, decreased by
15.54% (P-value = 0.027), 51.24% (P-value < 0.001)

Fig. 3. The richness and diversity assays of intestinal microbiota among three laying periods in ZN Hens.
A. Venn diagram.
B. Observed OTUs.
C. Chao1 richness estimate.
D. Shannon diversity index.
E. Principal Coordinates Analysis, PCoA.
F. Nonmetric Multidimensional Scaling, NMDS.
D150, 150-day-old, pre-laying peak period. D280, 280-day-old, laying peak period. D580, 580-day-old, post-laying peak period. *P-value <0.05;
**P-value <0.01; ***P-value < 0.001. n = 6.
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and 59.25% (P-value = 0.001) when compared with the
control group. Moreover, less abundance of duodenal
PepT1 (decreased by 74.35%, P-value < 0.001) and
B0AT (decreased by 43.75%, P-value = 0.001) were
detected upon antibiotic feeding (Fig. 6F–I).

Effect of predominant Lactobacillus feeding on the
duodenal mucosa of HL Hens

To determine if the predominant Lactobacillus screened
from ZN Hens (the breed with more villus wrinkles) could

Fig. 5. Intestinal microbiota assay in ZN Hens after multiple-antibiotics feeding. Multiple-antibiotics (Ampicillin, Neomycin, Vancomycin, and
Metronidazole) were fed in ZN Hens during the laying peak period for five consecutive days.
A. CFUs assay of intestinal content.
B. Observed OTUs.
C. Chao1 richness estimate.
D. Shannon diversity index.
E. The assay of microbial composition at genus-level.
F and G. The assay of microbial composition at species-level.
***P-value <0.001. n = 6. Con, control. Mult-Anti, multiple-antibiotics.

Fig. 4. The assay of microbial composition at phylum-, genus- and species-level in intestinal lumen from three laying periods in ZN Hens.
A and B. Histograms represent the top 10 phyla in each sample (A) and each group (B).
C and D. Histograms represent the top 10 genera in each sample (C) and each group (D).
E. Heatmap of microbial composition at species-level in each group.
F. The relative abundance of top 10 species in each group.
G–K. Changes in the relative abundance of five indigenous Lactobacillus species in the small intestine among three laying periods.
Kruskal–Wallis test was performed to analyse the statistical significance among various groups, followed by the pairwise-Wilcoxon test (with P-
value adjusted by FDR method of Benjamini and Hochberg). *P-value <0.05. n = 6. D150, 150-day-old, pre-laying peak period. D280, 280-day-
old, laying peak period. D580, 580-day-old, post-laying peak period.
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regulate duodenal mucosal morphology in HL Hens (the
breed with fewer villus wrinkles), the predominant Lacto-
bacillus were fed in HL Hens for 30 consecutive days.

As shown in Fig. 7A and F, in the group of L. sa. +
L. ag. and L. sa. + L. av., the wrinkles amount were
more than that in the control group by 48.12% and

Fig. 6. Changes of intestinal mucosal morphology and absorption function after multiple-antibiotics feeding in ZN Hens during the laying peak
period.
A. H&E staining of the intestinal villus in the control and multiple-antibiotics feeding groups, black arrows indicate the villus wrinkles, scale bar =
50 lm.
B. AB-PAS staining of the intestinal villus in the control and multiple-antibiotics feeding groups, scale bar = 50 lm.
Histograms represent the changes of villus wrinkles amount (C), goblet cells density (D) and mRNA abundance of MUC2 (E) and mainly amino
acids transporters (F–I) in duodenum after multiple-antibiotics feeding. The data were expressed as mean � standard deviation, n = 5. *P-
value <0.05. **P-value <0.01; ***P-value <0.001. Con, control; Mult-Anti, multiple-antibiotics.

Fig. 7. Effect of predominant Lactobacillus feeding on duodenal villus morphology and proliferation in HL Hens.
A. H&E staining results show more wrinkles (black arrows) appeared upon Lactobacillus feeding, scale bar = 50 lm.
B. AB-PAS staining results show more goblet cells in the villus upon Lactobacillus feeding, scale bar = 50 lm.
C and D. Immunostaining and Western Blot assay of duodenal PCNA protein upon Lactobacillus feeding, scale bar = 100 lm.
Histograms represent the changes of PCNA protein levels (E), villus wrinkles amount (F), villus circumference (G), goblet cell density (H) and
the mRNA abundance of PepT1 (I), B0AT (J), EAAT3 (K) and b0,+AT (L) upon Lactobacilli co-feeding, n = 5. The columns with no common let-
ters are significant differences (P-value <0.05) among various treatments. Con, control. L. sa., L. salivarius. L. ag., L. agilis. L. av., L. aviarius.
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27.94% (P-value = 0.002 and 0.028), thus give rise to
larger absorption area (villus circumference was larger
by 32.60% and 21.15% than the control group, P-
value = 0.012 and 0.037, Fig. 7G). Meanwhile, the
mRNA abundance of PepT1 (Fig. 7I) and EAAT3
(Fig. 7K) in duodenum were increased by 19.22% to
227.26% after Lactobacilli co-feeding. In addition, as
shown in Fig. 7B and H, goblet cell density in L. sa. + L.
ag. group was higher by 56.57% (P-value = 0.001). To
explore whether the increasing wrinkles amount is the
result of enhanced epithelial proliferation, the PCNA pro-
tein (proliferating cell nuclear antigen) expression was
analysed. As shown in Fig. 7C–E, the PCNA positive
cells were located at the crypt and villus base, and the
PCNA protein levels in L. sa. + L. ag. group were higher
than the control group by 128.41% (P-value = 0.029).

Effect of predominant Lactobacillus feeding on intestinal
microbiota of HL Hens

For illustrating the possible mechanism of action for Lac-
tobacillus on the intestinal mucosa, the intestinal micro-
biota was assayed by 16S rRNA gene sequencing after
feeding predominant Lactobacillus in HL Hens (laying

peak period). In L. sa. + L. ag. group, the exclusive
OTUs numbers was the highest among various groups
(Fig. 8A). However, the total observed OTUs in L. sa. +
L. ag. group was significantly lower than the control
group (Fig. 8B, P-value < 0.001). When compared with
the control group, as shown in Fig. 8C and D, there
appeared lower Chao1 richness estimate in groups of L.
sa. + L. ag. (P-value = 0.023), L. sa. + L. av. (P-
value < 0.001) and L. ag. + L. av. (P-value < 0.001),
and lower Shannon diversity index in L. sa. + L. av.
group (P-value = 0.042).
The assay of microbial composition at phylum-level

(Fig. 9A) indicating that Firmicutes were the predominant
phyla in the intestinal content, no matter fed with Lacto-
bacillus or not. When assessing the microbial composi-
tion at genus-level, it further clarified that the relative
abundance of Lactobacillus was higher in L. sa. + L. ag.
and L. sa. + L. av. groups (Fig. 9B). Heatmap of micro-
bial composition at species-level (Fig. 9C, red box)
showed that, compared with the control group, more
abundance of probiotics species (such as Bifidobac-
terium, Clostridium butyricum, L. casei, etc.) and less
abundance of pathogenic microorganism (such as
Clostridium disporicum) appeared in L. sa. + L. ag.

Fig. 8. The richness and diversity assays of intestinal content from HL Hens after Lactobacillus feeding.
A. Venn diagram.
B. Observed OTUs.
C. Chao1 richness estimate.
D. Shannon diversity index.
*P-value <0.05; ***P-value <0.001. n = 6. Con, control. L. sa., L. salivarius. L. ag., L. agilis. L. av., L. aviarius.
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group. As listed in Fig. 9D, Lactobacillus accounts for a
relatively large proportion among the top ten enriched
species, especially for the more abundance of L. sa., L.
ag. and L. av. in the L. sa. + L. ag feeding group.

Effect of predominant Lactobacillus treatment on ISCs
activity

In vitro, HL Hens’ crypt organoids were treated with pre-
dominant Lactobacilli. As shown in Fig. 10A, at 24 h of

treatment, larger organoids size and more budding struc-
tures appeared in the L. sa. + L. ag. and L. sa. + L. av.
groups when compared with the control group. At 48 h
of treatment, the epithelial layer of organoids was further
thickened. Moreover, the Western Blot assay of ISC
marker (Fig. 10C and D) showed that, after 48 h of L.
sa. + L. av. treatment, Lgr5 protein expression in orga-
noids was up-regulated by 124.9% (P-value = 0.009)
than the control group. The proliferation activity assay
showed that organoids’ EdU+ cell density in L. sa. + L.

Fig. 9. The assay of microbial composition at phylum-, genus- and species-level in intestinal lumen from HL Hens after Lactobacillus feeding.
Histograms represent the top 10 phyla (A) and the top 10 genera (B) in each group.
C. Heatmap of microbial composition at species-level in each group, red box shows the probiotics species with more abundant.
D. Top 10 abundance species in L. sa. + L. ag., L. sa. + L. av. and L. ag. + L. av. groups. Con, control. L. sa., L. salivarius. L. ag., L. agilis. L.
av., L. aviarius. n = 6.
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ag. groups (48 h of treatment) was higher by 41.85% (P-
value = 0.009) than the control group (Fig. 10B and E).
Besides, the Wnt3a mRNA abundance in organoids of L.
sa. + L. ag. group (48 h of treatment) was higher by
6.29 fold (P-value < 0.001) than the control group
(Fig. 10F).
To further confirm the influence of L. sa. + L. ag. co-

feeding on ISCs of HL Hens in vivo, the location and
expression assays of Lgr5 protein were analysed.
Immunofluorescence staining showed that, in HL Hens,
Lgr5 positive cells presented wedge-shaped and were
located at the crypt’s bottom (Fig. 11A, white arrows).
After feeding of L. sa., L. ag. and L. sa. + L. ag. in HL
Hens, as shown in Fig. 11B and C, the expression of
crypt Lgr5 in L. sa. + L. ag. group were decreased by
68.8% (P-value = 0.030) than the control group.

Discussion

It is well known that the absorption capacity is depen-
dent on the mucosal surface area and the activities of
enterocytes. In this study, compared with HL Hens, more
villus wrinkles and larger villus circumference were pre-
sent in ZN Hens. Especially, the duodenal villus’ wrinkles
of ZN Hens were the highest in the laying peak period
among three laying periods. Hence, we speculated that
the unique mucosal morphology in the laying peak per-
iod was closely related to ZN Hens’ unique flavour and
high nutrition. Interestingly, Shang et al. (2018) found
that the chicken intestinal mucosal mucin secretion and
epithelial cell turnover rate increased upon microorgan-
ism’s presence and further demonstrated that age is one
of the most important factors influencing the intestinal

Fig. 10. Effect of predominant Lactobacilli treatment on crypt organoids in vitro. Lactobacilli treatment could promote the organoids budding (A,
black arrows).
B. EdU incorporation assay on organoids, which treated with Lactobacilli for 48 h, red fluorescence indicated the EdU+ cell.
C. The Western Blot assay of Lgr5 protein in organoids which treated with Lactobacilli for 48 h. Histograms represent the changes of Lgr5 pro-
tein levels (D), EdU+ cell density (E) and the relative abundance of Wnt3a mRNA (F) in organoids, which treated with Lactobacilli for 48 h. The
data were expressed as mean � standard deviation, n = 5. The columns with no common letters are significantly different (P-value <0.05)
among various groups. Con, control. L. sa., L. salivarius. L. ag., L. agilis. L. av., L. aviarius. Scale bar = 50 lm.
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macrobiotic composition. Furthermore, in the current
study, upon multiple-antibiotics feeding in ZN Hens, the
number of duodenal villus wrinkles, the duodenal goblet
cells density and the mRNA transcription of MUC2,
PepT1 and B0AT were decreased remarkably. Similarly,
the study on germ-free mice confirmed that the enteric
microbiota could significantly increase Paneth cell num-
bers, though it does not appear to regulate jejunal ISC
directly (Schoenborn et al., 2019). Besides, Lee et al.
(2018) suggested that antibiotic feeding could reduce the
Paneth cells’ granules and the number of goblet cells in
mice’s intestine. These indicated that the gut flora was
closely related to the unique mucosal morphology in ZN
Hens.
Next, we sought to determine the possible pathway

that causes unique mucosal morphology to appear in ZN

Hens at the laying peak period. In the current study,
from intestinal content among three laying periods of ZN
Hens, 16S rRNA gene sequencing was performed. In
the laying peak period, five Lactobacillus species (includ-
ing L. ag., L. sa. and L. av.) appeared in the top ten
enriched species. Many studies on chicken demon-
strated that the Lactobacillus was the predominant
genus in the ileum (Kumar et al., 2018). L. sa. was pre-
sent throughout the small intestine, increased in the duo-
denum, peaked in the jejunum, and decreased in the
ileum (Shanmugasundaram et al., 2019). Furthermore,
growing studies suggested that Lactobacillus can regu-
late mucosal structure and function. For example, Lacto-
bacillus were proved to protect the intestinal barrier and
activated intestinal epithelial proliferation in mice or
humans (Hou et al., 2018; Han et al., 2019). To further

Fig. 11. Effect of predominant Lactobacillus treatment on ISCs activity.
A. The immunofluorescent staining of Lgr5 protein in the duodenum. The below panel shows an enlarged image of the boxed areas on the
above. White arrows indicate Lgr5+ ISC, Scale bar = 20 lm.
B. The Western Blot assay of Lgr5 protein in the duodenal crypt after Lactobacillus feeding.
C. Histogram represents the statistical results of relative expression of Lgr5 protein in the crypt, n = 5. The columns with no common letters are
significant differences (P-value <0.05) among various treatments. Con, control. L. sa., L. salivarius. L. ag., L. agilis.
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identify the regulation of L. ag., L. sa. and L. av. on the
intestinal mucosa of laying hens, the HL Hens (with
fewer villus wrinkles) were fed with L. ag., L. sa. and L.
av. singly or combined for 30 consecutive days, and
found that the villus wrinkles amount and the villus cir-
cumference (absorption area) were remarkably
increased after co-feeding of L. sa. and L. ag. Therefore,
we speculated that the increased villus wrinkles were
due to the enhancing of epithelial proliferation. Consis-
tently, our study further showed that mucosal PCNA
expression in vivo and organoids EdU incorporation
in vitro could be up-regulated under L. sa. + L. ag. treat-
ment. Similarly, L. reuteri 22 fed in young chicken was
demonstrated to enhance intestinal mucosal PCNA
expression (Xie et al., 2019). Taken together, we pro-
pose that L. sa., L. ag. and L. av. were critical for the for-
mation of unique intestinal morphology in ZN Hens at
the laying peak period, especially for the combination of
L. sa. and L. ag.
Previously, the L. sa. and L. fermentum co-feeding in

DSS-mouse colitis could restore the intestinal microbiota
homeostasis and modulate the immune response
(Rodr�ıguez-Nogales et al., 2017). In this study, L. sa. +
L. ag. feeding could remarkably up-regulate many probi-
otics species in HL Hens, such as Bifidobacterium, C.
butyricum, L. casei, etc. Simultaneously, L. sa. + L. ag.
feeding could decrease pathogenic microorganism abun-
dance, such as C. disporicum, which was first isolated
from rat intestinal flora in 1987 and associated with
Crohn’s disease patients in humans (Mangin et al.,
2004). It also confirms the results of PCoA (Fig. 3E) and
NMDS (Fig. 3F) that a significant separation in bacterial
community composition existed among the three laying
periods in ZN Hens, which were clustered at the high
abundance of probiotics (Fig. 4). Consistent with this
result, the co-feeding of L. sa. and L. ag. in chicken was
demonstrated to increase the count of L. ag., reduce the
number of Enterobacteriaceae, and finally increased
weight gains (Lan et al., 2003). Furthermore, feeding of
L. casei in humans could increase the relative abun-
dance of lactic acid bacteria in the gut while inhibiting
the growth of certain harmful bacteria (Hou et al., 2020).
Additionally, the dietary restriction could alleviate the
Methotrexate-induced intestinal injury in mice by increas-
ing the intestinal Lactobacillus genus (Tang et al., 2020).
These were indicating that feeding L. sa. + L. ag. could
effectively improve intestinal microbial communities and
reduce the stimulation of pathogenic bacterium on
intestinal mucosa.
Multiple studies have shown that probiotics could

increase the amount of Lgr5+ ISCs and further increase
the villi height, crypt depth, mucosa thickness, and the
amount of Paneth cells and goblet cells in the small
intestine of mice (Hou et al., 2018; Lee et al., 2018). In

contrast, the activity of ISCs could also be up-regulated
under the pathogenic microorganism infection, such as
Salmonella Pullorum challenge (Xie et al., 2019). In our
study, the activity of ISCs in vitro could be enhanced by
L. sa. + L. ag. treatment. However, crypt’s Lgr5 levels
decreased dramatically after L. sa. + L. ag. feeding in
HL Hens, it would be the result of improved intestinal
microbial communities caused weak stimulation of patho-
genic microorganisms to ISC. Thus, we speculate that L.
sa. + L. ag. feeding in HL Hens could indirectly fine
modulate the ISCs activity in vivo through intestinal
microbiota.
In conclusion, we suggested that the co-feeding of L.

sa. and L. ag. in laying hens could effectively improve
the intestinal microbial community composition, increase
the abundance of probiotics, in turn, promote epithelial
proliferation, finally, increase villus wrinkles amount and
the villus absorption area. Next step, how do the probi-
otics regulate the ISCs activity of laying hens, is worthy
of being investigated.

Experimental procedures

Animals

ZN Hens and HL Hens were purchased from commercial
chicken farms at the age of 150-day-old (D150, pre-
laying peak period), 280-day-old (D280, laying peak per-
iod) and 580-day-old (D580, post-laying peak period)
respectively. All birds were raised conventionally for fur-
ther study (stocking density was 675 cm2 per bird, fed
with the basal diet and free access to water, temperature
maintained at 15–20°C). The composition of the basal
diet is shown in Table S2. This study was carried out fol-
lowing the Guiding Principles for the Care and Use of
Laboratory Animals of Zhejiang University. The experi-
mental protocols were approved by the Committee on
the Ethics of Animal Experiments of Zhejiang University
(No.: 18315).

Multiple-antibiotics feeding

To prove intestinal flora regulation on mucosal structure,
12 D280 ZN Hens were divided into two groups, one
control and one multiple-antibiotic feeding group. In the
control group, hens were fed with a basal diet and free
access to water. However, in the multiple-antibiotics
group, hens were supplied with water containing Ampi-
cillin Sodium (1 g l�1 water, MB1378; Meilunbio, Dalian,
China), Neomycin Sulfate (1 g l�1 water, MB1716;
Meilunbio), Metronidazole (1 g l�1 water, MB2200;
Meilunbio, Dalian, China) and Vancomycin HCl (0.5 g l�1

water, MB1260; Meilunbio) for five consecutive days. On
the sixth day, all the hens were killed after anaesthesia.
The gut lumen content was then collected sterilely,
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further used for Colony-Forming Units (CFUs) counting
and 16S rRNA gene sequencing. Meanwhile, the intesti-
nal tissue and intestinal crypt were collected for morphol-
ogy, mRNA transcription and protein expression assays.

Lactobacillus feeding trial

Lactobacillus salivarius (CGMCC 1.1881), L. ag.
(CGMCC 1.3914) and L. av. (CICC 20991) were pur-
chased from the China General Microbiological Culture
Collection Centre (CGMCC) or China Centre of Industrial
Culture Collection (CICC), and cultured in MRS broth
(Beijing Land Bridge Technology Co., CM187, Beijing,
China) at 37°C overnight in aerobic conditions. The cul-
tured bacteria were harvested by centrifugation (4500 g)
and adjusted with 5% skim milk to obtain a final concen-
tration of 108 CFUs ml�1. The bacterial suspension was
stored at �80°C until use.
The HL Hens at the age of D280 were raised in a

commercial chicken farm and then randomly divided into
seven groups (n = 6), one control group and six Lacto-
bacillus feeding groups. In the control group, hens were
fed with a basal diet and free access to water. The six
Lactobacillus feeding groups were, respectively, supplied
with basal diet containing L. sa., L. ag., L. av., L. sa. +
L. ag., L. sa. + L. av. and L. ag. + L. av. The final con-
centration of Lactobacillus in each group is 108 CFUs/
hen/day and fed for 30 consecutive days.

Morphological assay

The duodenum, jejunum and ileum were collected and
cleaned using PBS (pH 7.4), then fixed in 4%
paraformaldehyde (PFA, pH 7.4) or liquid nitrogen until
analysing. For analysing mucosal morphology, hema-
toxylin & eosin (H&E) staining and alcian blue-periodic
acid Schiff (AB-PAS) reactions were performed accord-
ing to the conventional histological procedures. Fifty
intact villi in each group were used to analyse the goblet
cell density (amount/100 lm villus length, referred to Li
et al., 2017).

Protein expression assay

For analysing the expression of Lgr5 (a marker of ISCs)
and PCNA (a marker of proliferation cells) in the duode-
num and crypt organoids, Immunohistochemistry (IHC),
Immunofluorescence (IF) and Western Blot (WB) were
performed. Briefly, for IHC/IF, the intestinal section sam-
ples were incubated with rabbit anti-Lgr5 (1:50; HuaBio,
customisation, Hangzhou, China) or mouse anti-PCNA
(1:200; Abcam, ab29, Cambridge, UK) overnight at 4°C,
then incubated with fluorescein isothiocyanate conju-
gated goat anti-rabbit secondary antibody (1:500;

HuaBio, HA1001) or horseradish peroxidase (HRP) con-
jugated goat anti-mouse secondary antibody (1:500;
HuaBio, HA1006) for 1 h at 37°C. For WB, total proteins
were extracted from the duodenal crypt and crypt orga-
noids. After SDS-PAGE separating, transferring to
polyvinylidene fluoride membrane and skimmed milk
blocking. The samples were incubated with rabbit anti-
Lgr5 (1:250) or rabbit anti-b-actin (1:50 000; Abclonal,
AC026, Wuhan, China) overnight at 4°C, followed by
incubation with the HRP-conjugated goat anti-rabbit
(1:2000; Abclonal, AS014). For the semiquantitative
assay, images were quantified and analysed using the
Gel-Pro software, and the grey analysis of target protein
bands was normalised with b-actin.

Crypt isolation and organoids culture

Isolation of chicken’s intestinal crypt was performed base
on the protocol previously published (Li et al., 2018).
Briefly, the duodenum was collected from HL Hens in
D280 (laying peak period) sterility, cut into 2–4 mm3

pieces and shaken gently in 2 mM cold EDTA (ethylene-
diaminetetraacetic acid, pH 7.4). After passing through a
70-µm nylon cell strainer (Corning Inc., 352360; Corning,
NY, USA), the crypts were purified by centrifugation
(100 g) and re-suspended. The purified crypt was further
used for mRNA transcription assay, protein expression
assay and organoids culture.
The sterilely purified crypts were mixed with Matrigel

(354277; Corning), dropped into 24-well flat-bottom plate
and administered with a complete culture medium (the
advanced DMEM/F12 culture medium comprising
50 ng ml�1 EGF, 100 ng ml�1 Noggin and 500 ng ml�1

R-spondin 1). All these wells were divided into four
groups (Control, L. sa. + L. ag., L. sa. + L. av. and L. ag.
+ L. av.) and cultured at 37°C in a 5% CO2 atmosphere
for 48 h. The dosage of Lactobacillus treatment was 104

CFUs per well (referred to Hou et al., 2018). For EdU
incorporation assay, EdU reagent (final concentration
was 10 lM, MA0425, Meilunbio) was added into the cul-
ture medium and incubated for 2 h at 37°C, after fixing
by 4% PFA and rinsing by 0.5% Triton in PBS, the sam-
ples were reacted with reaction buffer (prepared accord-
ing to the product manual) for 30 min, then
counterstained the nucleus with Hoechst 33342. Mean-
while, the crypt organoids were spun down after dissolv-
ing Matrigel by Cell Recovery Solution (354253;
Corning), and further used for WB and qPCR analysis.

Quantification Real-Time PCR (qPCR)

Total RNA from the intestinal tissue, intestinal crypt and
organoids were extracted using TRIzol reagent and
reverse transcribed into cDNA using the SuperScript
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First-Strand Synthesis System (11904018; ThermoFisher
Scientific, Waltham, MA, USA). The qPCR was carried
out on an Applied BiosystemsTM 7500 Real-Time PCR
machine (ThermoFisher Scientific) with 2 µl cDNA tem-
plate, 400 nM of each primer (Table 1), 0.4 µl Rox refer-
ence dye II, 10 µl SYBR Premix Ex Taq (TaKaRa, Bio
Inc., Shiga, Japan) and 6.8 µl water in a total volume of
20 µl. The qPCR conditions were as follows: 95°C for
10 min, and then 40 cycles of 95°C for 30 s, 60°C for
34 s and 72°C for 30 s. All samples were measured in
triplicate, and the experiments were repeated more than
three times. All samples were normalised with GAPDH
using the comparative cycle threshold method (2�ΔΔCt).

Intestinal flora sequencing

The small intestinal content of six hens in each group
was collected sterilely and frozen in dry-ice and mailed
to a commercial company (Novogene Co. Ltd, Beijing,
China) for 16S rRNA gene V3-V4 region sequencing.
Briefly, DNA was extracted from small gut lumen content
using the Qiagen QIAamp DNA Stool yMini Kit (Qiagen,
Hilden, Germany) according to the protocol, followed by
PCR amplified using bar-coded primers flanking the V3-
V4 region of the 16S rRNA gene. Amplicons were
extracted from 2% agarose gels, purified using the Axy-
Prep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA), then pooled in equimolar and
paired-end sequenced (2 9 250) on an Illumina MiSeq
platform. Raw fastq files were demultiplexed and quality-
filtered using QIIME (http://qiime.org/). Operational taxon-
omy units (OTUs) were clustered with 97% similarity cut-
off using UPARSE (version 7.1 http://drive5.com/uparse/),
and chimeric sequences were identified and removed
using UCHIME. The taxonomy of each 16S rRNA gene
sequence was analysed by the RD P-value < Classifier
(http://rdp.cme.msu.edu/) against the silva (SSU115) 16S
rRNA gene database using the confidence threshold of

70%. The representative sequences of OTUs and their
relative abundance were used to calculate the rarefac-
tion analysis. QIIME was used for analysing a-diversity
and b-diversity. The a-diversity analysis includes calcu-
lating the observed species, Chao 1 and Shannon
indices. The b-diversity analysis includes principal coor-
dinate analysis (PCoA) and nonmetric multidimensional
scaling (NMDS). The predominant bacterial community
difference between groups was detected using the LDA
effect size.

Statistical analysis

Statistical analyses were performed using SPSS 16.0
(SPSS Inc., Chicago, IL, USA). For normally distributed
data, t-test and one-way analysis of variance (ANOVA,
followed by the Least Significant Difference post hoc
multiple comparison test) was carried out. For non-
parametric analysis, Kruskal-Wallis test was performed
to analyse the statistical significance among various
groups, followed by the pairwise-Wilcoxon test (with P-
value adjusted by FDR method of Benjamini and Hoch-
berg). The significance level was set at P-value < 0.05.
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