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Abstract

To study the effect of weaning age on the gut microbiota diversity in the lambs of Chongming white goats, fresh feces from the
lambs weaned at 30, 45, and 60 days of age were collected 3 days after weaning at 33, 48, and 63 days of age, for microbial
composition analysis by 16S rRNA sequencing. The serum concentrations of lipid metabolites were also investigated at the fecal
collection dates. Serum and feces from the ewe-reared groups at 33, 48, and 63 days of age were used as controls. The alpha
diversity increased significantly after weaning and with the aging of the lambs. Levels of Ruminococcaceae, Lachnospiraceae,
and Ruminococcus varied significantly according to the weaning treatment in lambs (P < 0.05). Butyrate-producing gut bacteria
such as Ruminococcaceae UCG-010, Ruminococcaceae UCG-013, Ruminococcaceae UCG-014, Ruminococcaceae UCG-
005, Ruminococcaceae_ UCG-002, Lachnospiraceae_ AC2044 group, and Lachnospiraceae NK4B4 were identified as signif-
icantly increased genera (P < 0.05) in the feces of weaned Chongming white lambs. Additionally, the abundance of fiber
degradation—associated bacteria including Ruminococcaceae_ UCG-005, Ruminococcus_1, and Ruminococcus 2 significantly
increased with lamb weaning age (P < 0.05). Correlation analysis showed that Lachnospiraceae_ AC2044 group,
norank f Bacteroidales S24-7 group, and Ruminococcaceae UCG 005 were negatively correlated, and Lachnoclostridium
was positively correlated with levels of cholesterol, while Blautia showed positive correlation with low-density lipoprotein
cholesterol in serum samples from weaned lambs. This study helped to understand the maturing development of gut microbiota
in Chongming white goats under weaning stress.

Key points
* Effects of weaning age on the gut microbiota diversity in Chongming white goat lambs were studied.
* Some butyrate-producing gut bacteria were significantly increased after weaned.

* Correlations of gut microbiota and lipid metabolites were analyzed.
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al. 2015). Weaning age is one of the key parameters, which is
critical for the success of early weaning, due to the underde-
velopment of gastrointestinal tract and immune system (Teke
and Akdag 2012); therefore, choosing the best weaning time
is important for minimizing weaning stress and maintaining
the healthy growth of weaned lambs. However, the best
weaning age of lambs can vary due to the diversity of feeding,
management practices, and the genotypes of the lambs. In
Australia, lambs are weaned when lambs are 6 to 10 weeks
old, while in France, it is better to wean when the live body
weight of lambs is twice as heavy as its birth (Lepherd et al.
2010; Shaw et al. 1995). In China, lambs are mostly weaned at
2 to 4 months old, usually weaning at 3 months of age.
Recently, evidence proved that intensified milk replacer can
induce a milder immune response and reduce the relative
abundance of pathogenic bacteria (Zhang et al. 2018).
Studies on Hu lambs show that Hu lambs can be weaned early
at 10 days of age by milk powder and creep feeding (Chai et
al. 2015). These indicate that weaning stress can be alleviated
with proper milk replacer and improved feeding management.

Little is known about the effects of weaning stress on the
intestinal function of lambs. Currently, it is accepted that gut
microbiota is critical for maintaining the intestinal barrier
function and influencing various physiological processes
such as nutrient metabolism, immunity response, and
defending against pathogens (Thursby and Juge 2017).
Evidence has proved that weaning can influence the compo-
sition of intestinal microbiota of animals (Mach et al. 2017,
Meale et al. 2017; Yang et al. 2018). For instance, maternal
segregation during weaning significantly altered the compo-
sition of all gut microbiota in the horse sputum, and they
were divided into three different community types after
weaning (Mach et al. 2017). Meale et al. (2017) found that
weaning results in a gradual change in microbial (3-diversity
in the rumen and feces of dairy calves. Weaning age signif-
icantly affects the relative abundance of Lactobacillus,
Clostridium, Prevotella, and Bacteroides in pigs at three
weaning ages (Yang et al. 2018). A recent study reported
that early weaning increased bacterial diversity and altered
the relative abundance of several dominant taxa in the ilea of
lambs on day 42 compared with un-weaned lambs and these
effects on ilea microbiota were still present on day 84 (Li et
al. 2018a). However, due to the varieties in breed, feeding
conditions, and weaning ages, the effects of weaning stress
on gut microflora vary markedly. Therefore, it is necessary
to analyze the changes of intestinal microflora after weaning
in specific lambs at a specific weaning time and under con-
trolled feeding and management condition. This study pre-
sented the microbiota changes in the feces of Chongming
white goats weaned at different ages using milk powder, to
investigate the influence of weaning age on gut barrier func-
tion in Chongming white goats. Results may provide
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theoretical basis for the breeding of the Yangtze River
Delta white goats.

Methods and materials
Experimental animals and sample collection

A total of 36 single reared Chongming white goat male lambs
at 14 days of age with similar body weights (mean + SD,
5753.72 + 93.34 g) were randomly divided into six groups
C30, C45, C60, W30, W45, and W60 with six lambs per
group. Lambs in the W30, W45, and W60 group were sepa-
rated from the ewes and weaned at 30, 45, and 60 days of age,
respectively. From 14 days to the weaning day, lambs in the
weaned groups W30, W45, and W60 were kept with ewes and
had ad libitum access to milk replacer diet (Huaian Meibiao
Feed Co., Ltd. Huaian, Jiangsu, China) containing 16.00%
crude protein, 0.73% lysine, 0.33% methionine, 1.8% calci-
um, 0.42% phosphorus, and 0.15% salt. The lambs in the C30,
C45, and C60 group were kept with ewes in conventional
farrowing pens and suckled during the experimental period.
At 33, 48, and 63 days of age (3 days after weaning), respec-
tively, venous jugular blood samples and feces were collected
from all lambs before feeding in the morning. The fecal sam-
ples were collected from the rectum, immediately snap-frozen
in liquid nitrogen, and stored at —80°C for further 16S rRNA
sequencing. Serum samples were collected for further lipid
metabolites analysis, and all fecal and serum samples were
labelled according to group.

The 16S rRNA sequencing

Microbial genomic DNA was extracted from the feces using the
QIAamp DNA stool mini kit (Qiagen, Hilden, Germany) accord-
ing to the producer’s instructions. The concentrations and integ-
rity of genomic DNA were checked on a NanoDrop ND-2000
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA) and agarose gel electrophoresis. The variable region of
16S rRNA V4 was amplified using its universal primer sequence
338F, 5-ACTCCTACGGGAGGCAGCAG-3', and 806R, 5'-
GGACTACHVGGGTWTCTAAT-3'". Library construction
was performed on a barcoded V4 PCR amplicon and sequenced
by the Illumina MiSeq PE300 platform (San Diego, CA, USA).
All the samples (n = 6/group) were sequenced individually. Raw
data are now available at NCBI under the Sequence Read
Archive database with accession No. SRR13334808.

Data processing
Data processing was performed as described by Li et al.

(2018b). In brief, raw FASTQ sequences were firstly filtered
for reads with the adapter contamination at the end of the
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reads, reads <50 bp, and reads with a quality score < 20 were
removed by the Trimmomatic program (Anthony et al. 2014).
Program FLASH was used to merge the paired reads into a
sequence with the minimum overlap length of 10 bp, and the
maximum mismatch ratio allowed in the overlap area of the
spliced sequence was 0.2 (Mago¢ and Salzberg 2011), and
reads containing > 2 nucleotide mismatches to primers were
removed along with reads containing ambiguous bases. The
UCHIME software was then used to remove the chimerism
sequences, and the valid tags were obtained for the subsequent
operational taxonomic units (OTUs) partition (Edgar et al.
2011). The taxonomy of each OTU was assigned by blasting
the representative sequence against Greengenes reference da-
tabase (Release 13.8, http://greengenes.secondgenome.com/)
by using the RDP classifier algorithm (http://rdp.cme.msu.
edu/classifier/classifier.jsp) with a similar level of 97%.
Differences among groups were compared with STAMP
(http://kiwi.cs.dal.ca/Software/ STAMP) by using two side
Welch’s ¢ test.

Lipid metabolites analysis

High-density lipoprotein cholesterol (HDL-C) and low-
density lipoprotein cholesterol (LDL-C) were measured using
a two-reagent direct method kit. Total cholesterol (T-CHO)
and triglycerides (TG) were measured by single-agent GPO-
PAP method kit. All the reagents used in the lipid metabolites
measurement were purchased from Nanjing Jiancheng
Bioengineering Research Institute (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China). The specific opera-
tion procedures were performed in according with the manu-
facturer's instructions.

Statistical analysis

Significant differences of alpha diversity index (Chaol,
Simpson, Shannon, Sobs, and Good’s coverage index) and
plasma parameters between groups were determined using
Student’s ¢ test. Significant differences were considered P <
0.05.

Results
Microbial community structure and composition

An average of 38,174 clean sequences was obtained for each
group, and the length of the sequences ranged between 428
and 438 bp (Supplemental Table S1). The feces microbiota
seemed to be more diverse and had greater evenness in the
lambs after weaning compared to the control lambs before
weaning based on the Shannon, Sobs, and Chao indices (P <
0.05) (Fig. 1). In addition, the Chaol estimator and Sobs

indices were significantly increased along with the ages of
lambs (P < 0.05). At 60 days of age, the Simpson indices were
significantly decreased (P < 0.01) in the feces of lambs after
weaning compared to those control lambs.

Taxonomic analysis

The study found that Bacteroidetes and Firmicutes were the
dominant phyla in the feces of lambs in all groups (Fig. 2a).
Two phyla (Proteobacteria and Verrucomicrobia) were both
decreased in the feces of lambs after weaning (Fig. 2a), but no
significant differences were observed (Table 1). Comparing to
the control lambs, the relative abundance of Bacteroidetes
(29.62% and 23.37%, respectively) was increased in the feces
of lambs weaned at 30 and 45 days of age, while the abun-
dance of Bacteroidetes (23.97%) was significantly decreased
(P < 0.05) in the feces of lambs weaned at 60 days of age,
accompanying with significantly increased (P < 0.05) abun-
dance of Firmicutes (71.61%). However, the phyla, occurred
at low levels of < 0.03% abundance, were classified into
others part (Fig. 2a). The relative abundance of Tenericutes
(P = 0.01) were significantly increased in the feces of lambs
weaned at 45 days of age, compared to those control lambs at
the same age (Table 1). The predominant genera were
Bacteroides, unclassified f Lachnospiraceae,
Ruminococcaceae UCG-005,
Lachnospiraceae AC2044 group,
norank f Bacteroidales S24-7, and Blautia (Fig. 2b).

The genera that were significantly affected by weaning are
shown in Fig. 3. When the lambs were weaned at 30 days of
age, the relative abundance of five genera, including
Lachnoclostridium, Escherichia-Shigella,
norank f Ruminococcaceae,
[Ruminococcus] _gauvreauii _group, and
Erysipelatoclostridium, was significantly decreased (P <
0.05), while the abundance of four genera,
norank f Bacteroidales S24-7 group,
Lachnospiraceae_ AC2044 _group, Ruminococcaceae UCG-
010, Rikenellaceae RC9 gut group, and
Christensenellaceae_R-7_group, was significantly increased
(P < 0.05) in the feces of lambs after weaning, compared to
those before weaning (Fig. 3a). The genera Escherichia-
Shigella and [Ruminococcus]_gauvreauii_group at 0.319%
and 0.039%, respectively, in the feces of weaned lambs at
45 days of age, were at least 2-fold lower than those in the
feces of control lambs at 6.961% and 1.406%, and
Lactobacillus was not detected in the feces of lambs weaned
at 45 and 60 days of age. Seven genera including
Ruminococcaceae UCG-010, Ruminococcus_1,
Ruminococcaceae UCG-013, norank o Mollicutes RF9,
Ruminococcaceae UCG-002,
[Eubacterium] ruminantium_ group, and
Ruminococcaceae UCG-014 were significantly increased (P
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< 0.05) in the feces of lambs after weaning (Fig. 3b). As
shown in Fig. 3c, the abundances of genera
Ruminococcaceae UCG-005,

norank f Bacteroidales S24-7 group, Tyzzerella 4,
Ruminococcaceae UCG-013,

Lachnospiraceae NK4B4 group,
[Eubacterium] rectale _group, Ruminococcus_1, and
Ruminococcus 2 were significantly higher (P < 0.05) in the
feces of lambs weaned at 60 days of age, compared to that in
the feces of lambs before weaning. For fecal microbiome com-
munity analysis, Butyricinonas, Ruminiclostridium 9, and
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Fig. 2 Distribution of taxa between control (un-weaned) and weaned
lambs at different ages (each color represents one bacterial phylum). (a)
Mean phylum-level relative abundances as detected by 16S rRNA
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creased (P < 0.05), while genera Desulfovibrio (P = 0.046)
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Table 1 Phylum level taxonomic composition of the bacterial communities impacted by weaning stress

Phylum Day 30 feces Day 45 feces Day 60 feces Weaning x
time
C30 (%) W30 (%) P value C45 (%) W45 (%) P value C60 (%) W60 (%) P value P value

Actinobacteria 0.22+0.15  0.4340.65 0.69 0.63+0.57 0.64+0.86 0.69 0.440.43 0.24+0.15 0.69 0.52
Bacteroidetes  23.81+22.92 30.36+£8.83  0.69 19.64+13.14 23.42+4.8 0.47 39.48+11.59 24.14+8.43  0.02 0.14
Firmicutes 65.55+27.52 62.91+10.49 0.81 70.13£21.3  69.78+4.86  0.94 50.77+15.23  71.58+£7.92  0.03 0.17
Tenericutes 1.03+0.87 1.63£1.69 0.58 0.38+0.35 1.62+0.55 0.01 0.75+0.68 0.724+0.17 0.38 0.02

Category differences with a P value of < 0.05 were significant
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<« Fig. 4 Significant changed genera microbiota in the feces of control
lambs (a) and weaned lambs (b) as the age increases. (¢) Significant
changed genera microbiota among the six groups. P value was
calculated based on one-way ANOVA. Category differences with a P
value of < 0.05 were significant. C, control lambs; W, weaned lambs

norank f Bacteroidales S24-7 group,
Lachnospiraceae AC2044 group, Ruminococcaceae UCG-
010, and Ruminococcaceae UCG-005 (P < 0.05).

Correlation analysis between serum biochemistry and
microorganisms

This study showed that serum lipid metabolites changed at
different weaning times, when compared to control lambs
(Supplemental Table S2). Contents of T-CHO and LDL-C
were significantly downregulated (P < 0.05) in the serum of
weaning lambs in the W30, W45, and W60 groups. The con-
centration of serum HDL-C was obviously lower (P < 0.05) in
the lambs weaned at 30 days of age than that in the control
lambs and tends to be decreased (P = 0.07) in the lambs
weaned at 45 days of age. Correlation analysis (Fig. 5) showed
significant correlations between serum biochemical parame-
ters and the relative abundances of bacteria in the feces of
lambs. The relative abundance of
Lachnospiraceae AC2044 group,
Ruminococcaceae UCG _ 005, and
norank f Bacteroidales S24-7 group had negative correla-
tions with the concentration of T-CHO in the serum of lambs

Fig. 5 Spearman correlation
analysis between serum

after weaning, while Lachnoclostridium was positively corre-
lated. The relative abundance of
Lachnospiraceae_ AC2044 group was negatively correlated
with the serum concentration of LDL-C, but Bacteroides
and Blautia were positively correlated.

Discussion

In this study, the effects of weaning age on fecal microbiota
of Chongming white goats under weaning stress condition
were researched using 16S rRNA sequencing. We found that
a significant change in the gut microbiota composition in
lambs at different weaning time point. Contrary to the studies
reported in post weaning piglets (Konstantinov et al. 2006),
the alpha diversity indices including Shannon index, Sobs
index, and Chaol estimator were found to be increased in
the gut microbiota of lambs after weaning, suggesting that
microbiota were more diverse. The alpha diversity was in-
creased with age, which was consistent with the results re-
ported in Hu lambs (Li et al. 2018a). Increased diversity is
known to improve the stability and the resilience of ecosys-
tems to environmental stressors (Guerra et al. 2020). In par-
ticular, the diversity of gut microbes has been proposed as a
new marker for assessing gut health and metabolic capacities
(Clarke et al. 2014). This study hypothesized that changes in
the gut microbial diversity may provide some metabolic ca-
pacity and functional redundancy in lambs to cope with the
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negative effects of weaning stress, but further research is
needed to investigate this.

It was also found that Bacteroidetes and Firmicutes were
the dominant phyla in the feces of lambs of all groups, regard-
less of the time of weaning, which agreed with the previous
studies of calf intestinal microbiota (Meale et al. 2017) and
ilea microbiota of Hu lambs at 42 and 84 days of age, where
lambs were weaned at 28 and 56 days of age, respectively (Li
et al. 2018a). In terms of the phylum level, studies have re-
ported that an increase in the Firmicutes to Bacteroidetes ratio
is associated with body weight gain and obesity (Chika et al.
2015; Hills et al. 2019). A high Firmicutes to Bacteroidetes
ratio can help the host maintain metabolic balance through
energy harvesting mediated by the gut microbiota (Huan et
al. 2016). The composition of the gut microbiota varied con-
siderably among the feces of the lambs weaned at different
ages. Compared to the control lambs, no significant changes
of Firmicutes to Bacteroidetes ratio were observed in the feces
of lambs weaned at 30 and 45 days of age, while it was sig-
nificantly increased in lambs weaned at 60 days of age. In
addition, the Tenericutes phylum, which was hypothesized
to be beneficial for intestinal integrity (Nagalingam et al.
2011), was significantly increased in the feces of lambs
weaned at 45 days of age. It seems that weaning at an appro-
priate age may by beneficial for the lambs to maintain the
integrity of intestinal morphology and promote intestinal de-
velopment and this process may be regulated by intestinal
microbes.

Comparing the microbial taxa at the genus level between
the weaned and control groups, the composition of the fecal
bacterial community was significantly diverse. The changes
were mainly reflected by an increase in the relative abundance
of genera norank f Bacteroidales S24-7 group,
Ruminococcaceae, Lachnospiraceae, and Ruminococcus,
and a decrease in genera Escherichia-Shigella and
Lachnoclostridium. The family Ruminococcaceae are very
suited for the utilization or degradation of indigestible fiber
and polysaccharides (Brulc et al. 2009). Members of
Ruminococcaceae and Lachnospiraceae genera are butyrate-
producing gut bacteria (Esquivel-Elizondo et al. 2017;
Meehan and Beiko 2014; Vital et al. 2014). Gut butyrate pro-
duction promotes the differentiation of Treg cells, which en-
hance epithelial barrier integrity, inhibiting the pro-
inflammatory response (Singh et al. 2014). In vitro supple-
mentation of butyrate-producing bacteria to microbiota of
Crohn’s disease patients increased butyrate production and
enhanced intestinal epithelial barrier integrity (Geirnaert et
al. 2017). In this study, the OTUs annotated to the members
of Ruminococcaceae family, such as
Ruminococcaceae UCG-010, Ruminococcaceae UCG-013,
Ruminococcaceae UCG-014, Ruminococcaceae UCG-005,
and Ruminococcaceae_UCG-002, as well as the
Lachnospiraceae AC2044 group and

@ Springer

Lachnospiraceae NK4B4 group, were identified as the gen-
era that increased significantly in the feces of weaned
Chongming white lambs. This indicated that the significant
increase of these butyrate-producing bacteria might promote
the production of butyrate and assist the lambs by digesting
their food effectively, so weaning may stimulate the consump-
tion capacity and maturation of the intestine.

Significant increases of Ruminococcaceae UCG-005,
Ruminococcus_1, and Ruminococcus 2 and reduced abun-
dances of Desulfovibrio and Ruminiclostridium_9 were found
in weaned lambs with increasing weaning age. High abun-
dances of Ruminococcus in buffalo and cattle were reported
to be associated with fiber degradation (Zhang et al. 2017).
Ruminiclostridium_9 is associated with the release of inflam-
matory and cytotoxic factors from the gut for the maintenance
of a stable intestinal microecology. The genus Desulfovibrio
reduces the sulfites and sulfates obtained from the diet and the
sulfated mucopolysaccharides found in mucin, leading to the
generation of the cytotoxic compound hydrogen sulfide
(Gibson 2010). Increased abundances of Desulfovibrio bacte-
rial species were also found in ulcerative colitis (Rowan et al.
2010), but the additional functions of these bacterial genera
are not clear, and more research is needed to determine their
roles in the process of starch and fiber degradation, and the
maintenance of intestinal microecology. With limited current
knowledge, it can be inferred that the increase of
Ruminococcus and Ruminococcaceae genera and downregu-
lation of Desulfovibrio and Ruminiclostridium_9 in weaned
lamb feces may help to increase the efficiency of intestinal
digestion and absorption. With the increase of weaning age,
the stronger the digestive ability of the lamb’s intestines and
the stronger the ability to resist stress.

Changes in serum cholesterol level are associated with
changed microbiota diversity, as shown by a recent study that
demonstrated that intestinal microbiota regulates the circulat-
ing cholesterol level (Le Roy etal. 2019). The abundance of f
Lachnospiraceae has a negative correlation with the con-
sumption of energy but correlates positively with the level of
leptin (Méndez-Salazar et al. 2018), and it has a protective
effect on mucosal integrity (Lin et al. 2018). A positive asso-
ciation between Ruminococcus and cholesterol was reported
in obese adolescents (Nirmalkar et al. 2018). In the present
study, correlation analysis showed that the relative abundance
of Lachnospiraceae AC2044 group,
norank f Bacteroidales S24-7 group, and
Ruminococcaceae_ UCG_005 were negatively correlated with
the cholesterol concentrations in the serum of lambs after
weaning treatments, while Lachnoclostridium was positively
correlated with levels of cholesterol, suggesting that these
bacteria may have important effects on weaned lambs’ health.
Tang et al. (2018) reported that Blautia was positively associ-
ated with TG, cholesterol, and LDL-C. An increase in the
abundance of Blautia has been reported in overweight obese
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Mexican children and obese adolescents (Murugesan et al.
2015; Nirmalkar et al. 2018). In these experiments, a positive
association between the abundance of Blautia and the levels
of LDL-C was found which is consistent with results by Tang
and co-workers (Tang et al. 2018). However, the abundance
of Blautia was lower in weaned lambs than that in the control
animals and was substantially decreased with increasing
weaning age, suggesting the existence of weaning stress in
weaned lambs.

Collectively, these findings suggested that weaning was
associated with changes in cholesterol level and in the com-
position of the intestinal microbiota, notably of the bacteria
involved in the degradation of fiber and carbohydrates, such
as norank f Bacteroidales S24-7 group,
Ruminococcaceae, Lachnospiraceae, and Ruminococcus,
which were increased in lambs after weaning. These results
suggested that those changed microbiota may be involved in
the regulation of the intestinal barrier function in weaned
lambs, but the specific mechanism of regulation need to be
further explored.
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