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Simple Summary: Epidemiological investigations have revealed that cold temperature can increase
the risk of diarrhea in children, and similar observations have been made in early postweaning
livestock. Recent studies have shown that cold temperature alters the gut microbiota, which may be
associated with the pathogenesis of various intestinal diseases, such as inflammatory bowel diseases.
However, few studies have focused on how to improve intestinal health from the perspective of
the gut microbiota in early postweaning livestock during winter. In the present study, using early
postweaning rabbits as a model, we analyzed the effects of drinking warm water (WW) on the
growth performance and gut microbiota structure of postweaning rabbits during winter. Our results
confirmed that drinking WW improved the growth performance and optimized gut microbiota
in early postweaning rabbits during winter. Therefore, our results provide a new perspective for
improving early postweaning rabbits welfare during winter.

Abstract: Accumulating evidence indicates that cold exposure changes the composition of the gut
microbiota and reduces intestinal immunity in early postweaning livestock. However, little is known
about the effects of drinking warm water (WW) on gut microbiota during winter. In this study,
we investigated the effects of drinking WW in winter on the growth performance and gut microbiota
structure of rabbits raised in poorly insulated housing from the early postweaning period (day 46) to
the subadult period (day 82). The average daily gain and feed conversion ratio in rabbits drinking
WW were significantly improved compared to those of the rabbits drinking cold water (CW) during
47–58 days. In addition, rabbits drinking WW had a significantly decreased the risk of diarrhea during
71–82 days. 16S rRNA sequence analysis revealed that the alpha diversity of the cecal microbiota
was not significantly different between the WW and CW groups, but significantly increased with
age. The relative abundance of cecal microorganisms, such as Coprococcus spp. was considerably
increased at day 70 in the group drinking WW. Correlation analysis indicated that Coprococcus spp.
was negatively associated with pro-inflammatory factors. In conclusion, our results suggest that
drinking WW has a positive effect on growth performance and gut microbiota in rabbits during the
early postweaning stage in winter.
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1. Introduction

The balance of gut microbial composition is critical for host physiology, and disruption to its
composition has been associated with metabolic disorders and gastrointestinal diseases, such as obesity
and inflammatory bowel diseases (IBD), encompassing ulcerative colitis (UC) and Crohn’s disease
(CD) [1,2]. Recent studies have indicated that cold temperature can change the composition and
function of the gut microbiota [3,4]. In addition, cold temperature can also impede human health,
especially in children who experience a greater risk of gastrointestinal diseases, such as diarrhea, under
colder conditions [5,6]. Similar effects have been reported in early postweaning livestock, who suffer
from both cold stress and weaning stress during winter, leading to higher mortality and risk of diarrhea,
lower growth rates, and increased economic losses in farmed animals [7,8]. Previous studies have
revealed that low-temperature environments and weaning stress impaired intestinal mucosal immunity,
barrier function, and the homeostasis of cecal microflora [9–11]. One of the major contributors to these
effects is that the deprivation of the mother’s milk after weaning causes weaned animals to lose the
passive gut immunity provided by antibodies in breast milk [12]. At the same time, the weaned animals
switch from warm breast milk to cold water, and their intestinal health is affected by stress from both
the diet change and low temperature [13]. A previous study indicated that optimal gut microbiota can
maintain intestinal health and then promote the production performance of animals [14]. Interestingly,
drinking warm water or warm milk replacers has been found to have a beneficial effect on the growth
performance of animals during winter [15,16]. However, it is not clear whether drinking WW promotes
gut health by altering gut microbes.

The mammalian gut microbiota plays vital roles in maintaining intestinal homeostasis, resisting the
invasion of pathogenic microorganisms, and stimulating the development of the immune system [17,18].
From birth to adulthood, the gut microbiome of animals develops from the relatively simple maternally
acquired and unstable community to more complex communities due to diet switching from breast
milk to solid food and dietary supplements [19]. This gradual shift in microbial communities is
consistent with the rapid development of the immune system [20]. In addition, along with the
development of the microbiota, microbial communities produce more fermentation products, such as
short-chain fatty acids (SCFAs), mainly acetate, propionate, and butyrate, which play important
roles in modulating inflammation, healing wounds, and gut motility [21]. Among the SCFAs,
butyrate not only acts as an energy source for intestinal epithelial cells, but also serves as a key
mediator of anti-inflammation and intestinal homeostasis [22,23]. Previous studies have revealed that
butyrate suppresses intestinal inflammation through GPR109a-mediated differentiation of T regulatory
(TReg) cells [22–24]. Furthermore, SCFAs could improve the expression of intestinal tight junction
genes, which were effective in enhancing the integrity of the intestinal barrier and warding off

pathogen invasion [25,26].
Recently, many studies have been conducted to evaluate the effect of low temperature on

the gut microbiota. In mice, cold exposure could lead to significant changes in the composition
of the gut microbiota, and both host insulin sensitivity and tolerance to cold were enhanced
when the gut microbiota from cold-exposed mice was transplanted into germ-free mice [3].
Similarly, Zhang et al. [27] found that the coevolutionary mechanism between the remodeled gut
microbiota and the host was associated with thermoregulation and energy-saving during winter.
Numerous studies on livestock have revealed that probiotics can be efficacious in modulating the
effects of cold stress on gut health in monogastric animals [28,29]. However, although previous
studies have suggested that cold stress can affect health by remodeling the composition of the gut
microbiota, the influence of drinking WW on alleviating these effects of cold stress and weaning stress
by remodeling gut microbes has not been well documented.
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In the present study, we investigated the effects of drinking WW in winter on the gut health of
early postweaning rabbits from the perspective of intestinal immunity, cecum fermentation, and gut
microbiota. Rabbits have been proposed as a model animal to study a number of human diseases,
including intestinal diseases, owing to their anatomical and physiological similarity to primates,
more so than other rodents, such as mice and rats [30]. Other advantages include their small size
and low feeding cost to produce lower-fat and higher-protein meat compared to other livestock [31].
Our findings provide evidence to support the drinking of WW by newborn and weaned animals in
winter to improve gut health.

2. Materials and Methods

2.1. Ethics Statement

The rabbits used in this study were maintained according to the guidelines of the China Agricultural
University Animal Care and Use Ethics Committee (AW15049102-1). All management and experimental
procedures were carried out in accordance with the relevant guidelines and regulations.

2.2. Animal Management and Sample Collection

Rabbits were raised in a poorly insulated barn (open barn enclosed with plastic curtain) at the
experimental station of the National Technology System of Rabbit Industry (Qingdao, China) during
winter (December 2015–January 2016). The average indoor and outdoor temperature was 7.8 ± 0.9 ◦C
and 0.3 ± 3.7 ◦C, respectively, throughout the experimental period. A total of 180 Ira early postweaning
rabbits (46 days of age) with similar body weight (initial body weight of 1.2 ± 0.1 kg) were randomly
assigned to groups that were given either warm water (WW) or cold water (CW). The WW was heated
by an electrical heating wire (SN-EA, Yangzhou, China) wrapped around the water pipe covered with
insulated foam coating, and was controlled at a constant temperature (35.5 ± 1 ◦C) with a thermostatic
controller (HY-WKX-3, Taizhou, China) during the course of the experiments. The CW was 5.8 ± 2.3 ◦C
without heating. Rabbits were caged in individual units (cage size: 60 cm × 62 cm × 30 cm) and
the individual feed intake was recorded daily. Rabbits could drink water and eat standard pellets
ad libitum. The diet was formulated to contain the predicted nutrient requirements lacking antibiotics
and medicines. The composition and nutrient content of the commercial pellet feed is presented
in Table S1.

In this study, we were focused on the effects of WW and CW during the rabbit growth stage.
Therefore, the rabbits were weighed every 12 days from 58 days of age (58, 70, and 82 days of
age) [19,32]. The feed conversion ratio was calculated as the ratio of feed intake/body weight gain
during different stages [33]. Meanwhile, 15 healthy rabbits were randomly selected from WW or CW
group and euthanized by cervical dislocation. The cecum was quickly dissected, the pH of the cecum
content was measured with a pH meter (S8-Meter, Shanghai, China), and the fresh cecal contents were
gently squeezed and carefully collected in 1 mL sterile tubes, frozen in liquid nitrogen, and then stored
at −80 ◦C for further analysis. The middle segments of the jejunum were collected for examining
intestinal morphology and detecting gene expression.

2.3. Intestinal Histological Analysis

Samples of jejunum segments from each rabbit were immediately fixed in 4% (v/v) polyformaldehyde,
and then embedded in paraffin, and 5-µm sections were stained with hematoxylin and eosin [34]. Images of
the morphology of the jejunum were collected using Visitron Systems (GmbH, Puchheim, Germany).
Villus height and crypt depth were measured from these images and analyzed using NIS-Elements Basic
Research software, version 2.20 (Nikon, Tokyo, Japan).
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2.4. SCFAs and NH3-N Determination

The concentrations of SCFAs were determined by gas chromatography as previously described [35].
Briefly, approximately 1 g of thawed cecal contents were diluted in a screw-capped tube with 1.5 mL
of sterile distilled water and then centrifuged at 10,000× g for 10 min at 4 ◦C. One milliliter of the
supernatant was mixed with 300 µL of 25% (w/v) metaphosphoric acid solution in an ampoule.
After periodic vortexing, the ampoules were incubated at 4 ◦C for 30 min. After being centrifuged
at 10,000× g again for 10 min, the supernatant sample was injected into a HP 6890 Series Gas
Chromatograph (Hewlett Packard, Palo Alto, CA, USA), which was equipped with an HP 19091N-213
column with a 30 m × 0.32 mm id (Agilent, Santa Clara, CA, USA). The injector temperature was
185 ◦C and the detector temperature was set to 210 ◦C. The injected sample volume was 0.5 µL.
The concentration of NH3-N was determined by phenol-hypochlorite colorimetry [36]. Briefly, 1 g
of thawed cecal contents were diluted in 1.5 mL of sterile distilled water, and then centrifuged at
10,000× g for 10 min at 4 ◦C. One milliliter of the supernatant was mixed with 150 µL of 65% (w/v)
metaphosphoric acid solution and quantified at 635 nm.

2.5. Extraction of RNA and Real-Time Quantitative PCR Analysis (qPCR)

Total RNA was extracted from the jejunum using the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA), following the manufacturer’s protocols. mRNA expression was measured in a CFX96
real-time PCR system (Bio-Rad, Hercules, CA, USA) using SsoFast EvaGreen Supermix. Three replicates
were performed, and the relative mRNA expression of target genes was assessed using the comparative
cycle threshold method and normalized to GAPDH expression. Primer pairs are listed in Table S2.

2.6. Cecal Contents DNA Extraction and Sequencing

Total bacterial DNA was extracted from each cecal content sample using the Power Soil DNA
Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA) according to the manufacturer’s instructions. DNA
was stored at −80 ◦C until further processing. The bacterial universal V3–V4 region of the 16S rRNA
gene was amplified with the common primer pair (forward primer, 5′-ACTCCTACGGGAGGCAGCA-3′;
reverse primer, 5′-GGACTACHVGGGTWTCTAAT-3′). After amplification, high-throughput sequencing of
bacterial rRNA genes was performed using the Illumina HiSeq 2500 platform (Biomarker, Beijing, China).
The sequencing data were uploaded into the Sequence Read Archive (SRA) of NCBI and can be accessed
from NCBI SRA (BioProject ID: PRJNA512067).

2.7. Bioinformatics Analysis

Clean reads were assembled, and chimeric reads were discarded using UCHIME (v. 4.2) [37].
Sequences were binned into operational taxonomic units (OTUs) based on 97% identity using UCLUST
(v. 1.2.22) [38] after removing the singletons, and then the OTUs with sequences less than five
in 100,000 of total sequences were filtered out according to a previous study [39]. In addition,
to eliminate the effects of sequence number variation from different samples, we rarefied each
sample to the minimum sequencing depth through a subset of randomly selected reads prior to
downstream analysis; this rarefaction was performed using a single_rarefaction.py script in QIIME [40].
Based on Silva [41], the Ribosomal Database Project classifier was applied to the taxonomic analysis.
Mothur software (v. 1.30.1) [42] was applied to the diversity indices analysis, which included
community richness (Chao1 and Ace) and diversity (Shannon and Simpson). Linear discriminant
analysis (LDA) coupled with effect size measurement (LEfSe) analysis was used according to the online
protocol (https://huttenhower.sph.harvard.edu/galaxy/). Correlation network analysis between the gut
immune-related indices and microbiota was performed using Spearman’s rho non-parametric statistic,
and the results were graphically visualized using Cytoscape (v. 3.5.1) [43]. The data for Spearman’s rho
non-parametric test were obtained from the WW groups (including 58, 70 and 82 days of age) and CW
groups (including 58, 70 and 82 days of age), respectively.

https://huttenhower.sph.harvard.edu/galaxy/
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2.8. Statistical Analysis

Data analysis was performed using SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). The effects of age
and water temperature on alpha diversity and fermentation parameters were analyzed by two-way
analysis of variance (ANOVA). Bacterial compositional nonparametric data were used for a Wilcoxon
rank-sum test. The odds ratio (OR) was used to evaluate the incidence of diarrhea, and the chi-square
test was calculated with a 95% confidence interval (95% CI). For all other data, an unpaired t-test was
used to analyze differences between the two groups. One-way ANOVA with the least-significant
difference post hoc test was used for multiple comparisons. Differences at p < 0.05 were considered
statistically significant. In addition, all p values from the multiple comparison analyses of the bacterial
community (genus level) and gut immune-related indices were adjusted by the FDR with p adjust;
FDR-corrected p values < 0.05 (q < 0.05) were considered to indicate a statistically significant difference.
Figures were generated in Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA).

3. Results

3.1. Growth Performance and Gut Morphology Changes within Warm- and Cold-Water Groups

The average daily weight gain and feed conversion ratio (FCR) of rabbits in the WW group were
significantly higher than those of rabbits in the CW group during 47–58 days (Figure 1A), but were not
significantly different during 47–70 and 47–82 days. Compared with the CW group, rabbits drinking
WW had a significantly decreased the risk of diarrhea during 71–82 days (Table 1). In addition, the villus
height and crypt depth of the intestinal mucosa increased with age (Figure 1B), but no significant
difference was observed between the WW and CW groups at the same age stage.
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Figure 1. Effects of drinking warm water on the production performance and intestinal mucosal
morphology of rabbits. CW, cold water group; WW, warm water group. (A) Average daily weight
gain and feed conversion ratio (n = 15). (B) The villus height and crypt depth in the jejunum (n = 4–8).
* p < 0.05, ** p < 0.01, *** p < 0.001. Values are shown as means ± SEM. Differences were analyzed by
one-way analysis of variance followed by the least-significant difference post hoc test.
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Table 1. Odds ratios for the incidence of warm water-associated diarrhea.

Age (d)
Number of Rabbits with Diarrhea/Total Number of Rabbits

Odds Ratio 95% CI 3 p 4

WW 1 CW 2

Day 47 to 58 16/90 20/90 0.76 0.36–1.58 0.46
Day 59 to 70 29/74 31/75 0.92 0.48–1.76 0.79
Day 71 to 82 2/59 14/60 0.12 0.03–0.53 <0.01

1 WW, warm water group. 2 CW, cold water group. 3 95% CI, 95% confidence interval. 4 Chi-square test.

3.2. Expression of Intestinal Immunity and Tight Junction-Related Genes in Warm- and Cold-Water Groups

The effects of drinking WW on cytokine and tight junction-associated gene expression in the jejunum
are shown in Figure 2. The expression of TGF-1β, IL-1β, IL-10, and IL-12 was significantly reduced in the
WW group compared to those of the CW group at day 70. However, the expression of these genes was
not significantly different between the WW and CW groups at days 58 and 82. Similarly, we analyzed
the expression of Occludin and Claudin-1 related to the intestinal barrier in the jejunum with no significant
differences observed between the WW and CW groups at days 58, 70, and 82. Furthermore, glucocorticoids
exhibit anti-inflammatory activity through glucocorticoid receptors, and the expression of glucocorticoid
hormone receptor alpha (GRα) in jejunum tissues from WW rabbits was significantly higher than that of CW
rabbits at day 58. In addition, pIgR2 is associated with innate and adaptive immunity, which increases in
response to bacterial or viral infections. With increasing age, the expression of pIgR2 and GRαin the jejunum
were significantly decreased in both groups.
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Figure 2. Effects of drinking warm water on intestinal immune function and expression of tight junction
genes (n = 8). CW, cold water group; WW, warm water group. * p < 0.05, ** p < 0.01, *** p < 0.001.
Values are shown as means ± SEM. Differences were analyzed by one-way analysis of variance followed
by the least-significant difference post hoc test.
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3.3. Fermentation Changes within Warm- and Cold-Water Groups

To explore the effect of the temperature of drinking water and age on cecal fermentation, SCFAs,
NH3-N, and pH were analyzed by two-way ANOVA (Table 2). The concentrations of SCFAs and NH3-N
were mainly affected by age, except for the concentration of isobutyric acid, which was also influenced
by water temperature. Interestingly, we found a significant interaction effect of water temperature and
age on the concentrations of butyric acid and isovaleric acid. Furthermore, the concentrations of SCFAs,
such as acetic acid, propionic acid, and butyric acid, increased with age (Figure 3). The concentrations
of propionic acid and butyric acid were markedly increased at day 58 in the CW group compared with
those of WW group, but there was no significant difference between the two groups at other age stages.

3.4. Microbial Diversity Changes within Warm- and Cold-Water Groups

To further study the effect of drinking WW on gut microbial diversity at different age stages, alpha
diversity, including OTU, ACE, Chao1, Simpson, and Shannon indices, were analyzed by two-way
ANOVA (Table 3). We found that alpha diversity was mainly affected by age, especially with regards
to indices of species richness (Chao1) and diversity (Shannon), both of which significantly increased
with host’s age (Figure 4).
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Figure 3. Effects of drinking warm water on short-chain fatty acids (SCFAs) concentration, NH3-N
concentration, and pH values of rabbits (n = 8). CW, cold water group; WW, warm water group.
* p < 0.05, ** p < 0.01, *** p < 0.001. Values are shown as means ± SEM. Differences were analyzed by
one-way analysis of variance followed by the least-significant difference post hoc test.
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Table 2. Significant effects of age and water temperature on small chain fatty acid concentration, NH3-N
concentration, and pH values.

Item
Main Effects Two-Way ANOVA

Age Water Temperature Interaction

Acetic acid *** NS NS
Propionic acid *** NS NS

Butyric acid *** NS *
Isobutyric acid *** ** NS

Valeric acid * NS NS
Isovaleric acid * NS **

NH3-N ** NS NS
pH NS NS NS

*** p < 0.001; ** p < 0.01; * p < 0.05; NS, p > 0.05.

Table 3. Age-related change of richness and diversity of the cecal microbiota.

Alpha Diversity Main Effects Two-Way ANOVA

Age Water Temperature Interaction

OTUs *** NS NS
ACE *** NS NS
Chao *** NS NS

Simpson ** NS NS
Shannon *** NS NS

*** p < 0.001; ** p < 0.01; * p < 0.05; NS, p > 0.05. OTU, operational taxonomic unit.
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by one-way analysis of variance followed by the least-significant difference post hoc test. * p < 0.05,
** p < 0.01, *** p < 0.001.

3.5. Microbial Community Composition Changes within Warm- and Cold-Water Groups

The dominant microbial phylum in the cecal microbiota was Firmicutes followed by
Bacteroidetes, Verrucomicrobia, and Proteobacteria. At the genus level, Firmicutes mostly comprised
Lachnospiraceae_NK4A136_group, Ruminococcaceae_V9D2013_group, and Ruminococcaceae_NK4A214_group
(Figure S1). LEfSe and Wilcoxon rank sum test analyses were applied to detect significantly different
microorganisms between the two groups (Figure 5). At day 58, the relative abundance of cecal
Marvinbryantia from rabbits drinking WW was significantly reduced compared to that of rabbits drinking
CW. At day 70, the relative abundance of microorganisms, such as Fusicatenibacter, Coprococcus_1,
and Coprococcus_3, were significantly higher in the cecum of rabbits drinking WW than that of
rabbits drinking CW. In contrast, the relative abundance of microorganisms, such as Lachnoclostridium
and Parabacteroides, were significantly reduced in the cecum of rabbits drinking WW. At day 82,
we found that WW rabbits had a distinctively lower abundance of Ruminococcaceae_V9D2013_group
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and Ruminococcaceae_UCG-010 than that of the CW rabbits (Figure 5). Furthermore, we found that the
relative abundance of beneficial microorganisms, such as Ruminococcaceae_UCG-009 and Coprococcus spp.,
markedly increased with age (Figure S2).Animals 2019, 9, x FOR PEER REVIEW 9 of 16 
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Figure 5. Alteration of the microbial genera among the different groups (n = 9–15). (A) Genera that
are differentially represented between the groups drinking warm and cold water identified by LEfSe
(linear discriminant analysis score > 2, p < 0.05). (B) Significantly different genera among the different
groups are shown, based on p < 0.05 by the Wilcoxon rank-sum test. CW, cold water group; WW, warm
water group.

3.6. Correlations between the Gut Microbiota and Immunity-Related Genes

To further investigate the effect of drinking WW on microbial community composition of the cecum,
we analyzed the correlation between gut-related indices and the relative abundance of microorganisms
at the genus level. TGF1β, as a pro-inflammatory cytokine, was negatively associated with Coprococcus_3
(r = −0.48, q < 0.05) in WW groups (Figure 6A). IL-1β, as a pro-inflammatory cytokine, was negatively
associated with Ruminococcaceae_V9D2013_group (r = −0.52, q < 0.05) in WW groups. In addition, IL-10,
as an anti-inflammatory cytokine, was positively associated with Ruminococcaceae_UCG-009 (r = 0.63,
q < 0.05) in WW groups. In contrast, IL-1β was negatively related to Coprococcus_2 (r = −0.40, q < 0.05)
and Ruminococcaceae_UCG-004 (r = −0.44, q < 0.05) in CW groups (Figure 6B). Moreover, IL-10 was
negatively related to Ruminococcaceae_NK4A214_group (r = −0.61, q < 0.05) and Ruminiclostridium-1
(r = −0.41, q < 0.05) in CW groups (Figure 6B).
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Figure 6. Correlation analysis between microbiota abundance and gut-related indices. Spearman’s
rho non-parametric correlation was applied, and significant relationships with q < 0.05 are shown.
(A) Correlation between the microbiota and gut-related indices in WW groups. Yellow nodes:
Gut-related indices, referring to immune and tight junction-associated gene expression in WW groups.
Blue nodes: Differential genus, referring to the genera that significantly differed between the groups
(WW vs. CW) or markedly increased with age (day 58 vs. 82) in WW groups. Light blue nodes:
Undifferential genus, referring to genera that were not significantly different between the groups
(WW vs. CW) or did not markedly increase in abundance with age (day 58 vs. 82) in WW groups.
(B) Correlation between the microbiota and gut-related indices in CW groups. Yellow nodes: Gut
related indices, referring to immune and tight junction-associated gene expression in CW groups.
Blue nodes: Differential genus, referring to the genera that significantly differed between the groups
(WW vs. CW) or markedly increased with age (day 58 vs. 82) in CW groups. Light blue nodes:
Undifferential genus, referring to the genera that were not significantly different between the groups
(WW vs. CW) or did not markedly increase in abundance with age (day 58 vs. 82) in CW groups.
Red lines indicate positive correlations between nodes (r ≥ 0.4), and green lines indicate negative
correlations (r ≤ −0.4). The thickness of the lines is proportional to the obtained r values. CW, cold
water group; WW, warm water group.

4. Discussion

Evidence has indicated that cold stress and weaning stress shift the gut microbiota, which can
lead to poor growth performance and gut health by altering the composition of gut microbiota [3,4,44].
However, few studies have focused on how to improve intestinal health from the perspective of the
gut microbiota in early postweaning livestock during winter. In the present study, we analyzed the
effects of drinking WW on rabbit growth performance, gut immune function, cecum fermentation,
and microbiota structure during winter. We found that the average daily gain and FCR in early
postweaning rabbits (day 58) were considerably improved by drinking WW. The jejunal mRNA
expression of pro-inflammatory cytokines (TGF1β, IL-1β and IL-12) was significantly attenuated in
the WW group compared to that of the CW group at day 70. High-throughput 16S rRNA sequencing
revealed that some of the beneficial microorganisms, such as Coprococcus_1 and Coprococcus_3, increased
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in WW rabbits at day 70. Therefore, this study revealed that the beneficial effects of drinking WW
partially resulted from altering the composition of gut microbiota.

Early colonizing intestinal microbes are affected by a variety of factors, such as whether the
animal is fed breast milk or formula, antibiotics, and solid food after weaning [45]. In this study, the
cecum microbial composition of weaned rabbits also changed by drinking WW in winter. For example,
the relative abundances of Coprococcus_1, Coprococcus_3, and Fusicatenibacter in the cecum of rabbits
drinking WW at day 70 were significantly higher than that of rabbits drinking CW. The decreasing
abundance of Coprococcus spp., an anaerobic microbe, has been shown to negatively affect host
health [46]. Previous studies have also found that pro-inflammatory factors can reduce the relative
abundance of Coprococcus spp., and that its low abundance is associated with the occurrence of IBD [47].
In this study, correlation network analysis found that Coprococcus spp. was significantly negatively
correlated with the pro-inflammatory factor IL-1β and TGF1β, respectively. Similarly, the relative
abundance of Fusicatenibacter is significantly reduced in the feces of UC patients, and Fusicatenibacter
fed to mice could alleviate colon inflammation [48]. These results suggested that drinking WW might
promote host intestinal health by increasing the relative abundance of Coprococcus_1, Coprococcus_3,
and Fusicatenibacter. In contrast, the relative abundances of Lachnoclostridium and Parabacteroides
were significantly higher in the cecum of rabbits drinking CW than rabbits drinking WW at day 70.
Qiu et al. (2017) found that the relative abundance of Lachnoclostridium significantly increased in
samples of UC patients [49]. The correlation network analysis revealed a significant positive correlation
between Lachnoclostridium and IL-1β [50]. In addition, Parabacteroides is associated with Clostridium
difficile-positive diarrhea and CD [51,52]. A previous study found that the intestinal microorganisms
of young animals were still in the “window stage” during the early weaned stage, and that changes in
intestinal microorganisms during this period will increase the susceptibility to diseases at later ages [53].
Consistent with these results, we found that the risk of diarrhea was lower in rabbits drinking WW at
days 71–82. Therefore, these results suggested that WW could optimize the intestinal microflora of
rabbits by increasing the relative abundance of beneficial microorganisms and reducing the relative
abundance of pathogenic microorganisms in winter, thereby reducing the risk of diarrhea of subadult
rabbits. However, these findings require further experimental confirmation.

Intestinal health is related to the richness and diversity of intestinal microorganisms [54]. Here,
we study found that the alpha diversity of rabbit cecum microorganisms significantly increased with
rabbit age, which was consistent with previous studies on rabbits and pigs [19,55]. Previous studies
have found that a high diversity of intestinal microbes has been regarded as a sign of intestinal
microbial maturity [56], and it is generally considered to be beneficial for host health. This is considered
to be related to the fact that a high level of intestinal microbial diversity can help the intestinal
ecosystem maintain its resilience, resistance, and stability when the host suffers environmental
pressure [57]. Furthermore, this study found that the relative abundance of Ruminococcaceae_UCG-009
and Coprococcus spp. increased with the age of rabbits, which were related to promoting intestinal
health. Ruminococcaceae_UCG-009 and Coprococcus spp. produce butyric acid by degrading fructose,
and Coprococcus spp. also produce propionic acid via the acrylate pathway [58]. Previous studies
indicated that the anti-inflammatory activity of propionic acid and butyric acid can be activated by
inhibiting the histone deacetylases of macrophages and dendritic cells. Moreover, butyric acid also
plays an anti-inflammatory role in promoting the differentiation of TReg cells and CD4 + CD25 + T
cells [59,60]. Our network analysis found that Ruminococcaceae_UCG-009 had a significant positive
correlation with the anti-inflammatory factor IL-10. These results suggested that cecal microorganisms
become more mature with increasing age of the rabbit, and then intestinal homeostasis could be
maintained by increasing the relative abundance of microorganisms associated with anti-inflammatory
responses. This could avoid the influence of drinking CW on intestinal microflora in winter.

Low-temperature stress affects the production performance and health of rabbits [61]. This experiment
found that the average daily gain and FCR of rabbits drinking CW were significantly lower than those
of rabbits drinking WW at day 58. Another study found that the growth performance of animals is
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affected by the integrity of the intestinal barrier function, and also by the length of the villi and depth of
the crypts [14]. However, in the present study, there was no significant difference in the expression of
jejunal tight junction genes, Occludin and Claudin-1, as well as the villus length and crypt depth between
the WW and CW groups when the rabbits were 58 days old. These results suggested that the better
production performance of early weaned rabbits promoted by drinking WW was concerned with reducing
the energy loss of the digestive tract, which was used to resist the cold stress [62,63]. Interestingly,
the relative abundance of Marvinbryantia in the cecum of rabbits in the CW group was significantly
higher than that in the WW group at day 58. This microorganism belongs to Lachnospiraceae, which can
produce propionic acid and butyric acid by degrading non-starch polysaccharides through the acrylate
pathway and butyric acid kinase pathway, respectively [58,64]. This is consistent with the result that the
concentrations of propionate and butyrate in the cecum of rabbits in the CW group were significantly
higher than those in the WW group at this age stage. Propionic acid and butyric acid are important energy
metabolites, which provide energy for animal growth [65]. As a substrate for gluconeogenesis, propionic
acid can be absorbed by monocarboxylate transporters on intestinal epithelial cells and then transported
to the liver for glucose synthesis. Butyric acid is absorbed by intestinal epithelial cells and then directly
provides energy through mitochondrial oxidation to maintain the energy balance of intestinal epithelial
cells [66]. These findings suggest that higher concentrations of propionic and butyric acids might be used
as an energy source to resist heat loss in the digestive tract when the rabbit drinks CW in winter [62,63].
These findings were similar to recent studies in mice, which found that cold exposure can be resisted by
increasing the concentration of acetic acid and propionic acid in the cecum [3]. In addition, glucocorticoid
plays an important role in regulating intestinal metabolism and immunity [67,68]. The present study
showed that the mRNA expression of GRαin the jejunum was significantly higher in the WW group
than in the CW group on day 58. Glucocorticoids combined with glucocorticoid receptors can increase
the metabolism of glutamine in intestinal epithelial cells of weaned piglets [67], and glutamine is used
as an energy substrate to provide energy for the rapid proliferation of intestinal epithelial cells and T
lymphocytes [69]. Furthermore, glucocorticoids also suppress the NF-κB signaling pathway through
their receptors to reduce the expression of pro-inflammatory cytokines in the gut [68]. Taken together,
these results indicated that rabbits drinking WW in winter could not only reduce the energy loss from the
digestive tract, but could also increase the metabolism of nutrients and the immune response in the gut
through GR, and subsequently promote the healthy growth of weaned young rabbits.

Intestinal mucosal immune balance is essential for livestock health [14]. Compared with the CW
group, this study found that the expression of IL-1β and IL-12 mRNA in the jejunum were significantly
reduced in the WW group at day 70. Previous studies have found that drinking CW can lower the
temperature of the digestive tract at low temperatures [62,63]. As a temperature sensor, transient
receptor potential (TRP) channels induce the release of intracellular Ca2+ to activate TAK1, which in turn
activates the NFκB signaling pathway and then promotes the expression of inflammatory factors [70].
In addition, microbial products, such as lipopolysaccharide, can activate the Toll-like receptor signaling
pathway, which also activates the downstream TAK1/NFκB signaling pathway through the adaptor
molecule MyD88 to induce the expression of inflammatory cytokines [71]. Therefore, it is possible
that drinking WW could intervene with the NFκB signaling pathway by altering the microbial floral
structure and TRP channel activity, and then reduce the expression of intestinal inflammatory factors
in weaned rabbits. However, the details of this molecular mechanism require further investigation.

5. Conclusions

This study revealed that the growth performance of rabbits in the WW group was significantly
higher than that of rabbits in the CW group during 47–58 days. In addition, rabbits drinking
WW had significantly decreased the risk of diarrhea during 71–82 days. Furthermore, the relative
abundance of cecal microorganisms, such as Coprococcus spp., was considerably increased during
the early postweaning stage in the group that drank WW, and suppressed the relative abundance of
microorganisms, such as Lachnoclostridium. Therefore, these findings provide a new perspective on
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how WW improves the growth performance and optimize gut microbiota in early postweaning rabbits
during winter. Our results suggest that drinking WW could be an effective strategy to improve young
livestock welfare in winter.
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