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The balance of the microbiome, which is sensitive to temperature changes, plays

a crucial role in maintaining overall health and reducing the risk of diseases.

However, the specificmechanisms by which immunity andmicrobiota interact to

adapt to cold stress have yet to be addressed. In this study, Nanjiang Yellow goats

were chosen as a model and sampled during the cold (winter, cold stress) and

warm (spring) seasons, respectively. Analyses of serum immune factors, as well as

the composition of rumen and fecal microbial communities, were conducted to

explore the crosstalk betweenmicrobiota and innate immunity under cold stress.

Significantly increased levels of IgA (P < 0.01) were observed in the cold season

compared to the warm season. Conversely, the levels of IL-2 (P = 0.02) and IL-6

(P < 0.01) diminished under cold stress. However, no significant differences were

observed in IgG (P = 0.89), IgM (P = 0.42), and IL-4 (P = 0.56). While there were

no significant changes in the diversity of bacterial communities between the

warm and cold seasons, positive correlations between serum IgA, IL-2, IL-6

concentrations and several genera were observed. Furthermore, the weighted

gene co-expression network analysis indicated that the microbiota enriched in

the MEbrown module positively correlated with IgA, while the microbiota

enriched in the MEblue module positively correlated with IL-2 and IL-6. The

strong correlation between certain probiotics, including Alistipes, Bacteroides,

Blautia, and Prevotellaceae_UCG.004, and the concentration of IL-2, and IL-6

suggests their potential role in immunomodulatory properties. This study

provides valuable insights into the crosstalk between microbial communities

and immune responses under the challenge of cold stress. Further studies on the

immunomodulatory properties of these probiotics would contribute to the

development of strategies to enhance the stress resistance of animals for

improved overall health and survival.
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Introduction

Emerging evidence suggests that cold stress induces

inflammation, adversely affect ing animal growth and

development (1, 2). For instance, cold exposure impacts

mammary blood flow and lactose synthesis in dairy livestock (3,

4), thereby reducing milk secretion and diminishing birth weight

and survival of young animals (5). In rodents, cold stress reduces

the diversity of the gut microbiota and increases the abundance of

potentially pathogenic bacteria (6), suggesting a crosstalk between

immunity and microbiota under cold stress. However, the

mechanisms by which immunity and microbiota interact to

adapt to cold exposure remain unaddressed.

There has been a growing interest in unraveling the intricate

relationship between innate immunity and the profile of microbiota

(7–9). These microbiota serve multifaceted functions, including

defending against pathogens (10), facilitating exogenous

metabolism (11), and supporting the maturation of the immune

system (12), vital for their sustained survival (13). In the ruminants,

maintaining a healthy-balanced microbial community is

particularly vital for the reconstruction of rumen and intestinal

function, exerting enduring effects on overall health (14–17). These

microorganisms possess the capability to generate short-chain fatty

acids by breaking down plant polysaccharides such as starch,

cellulose, and hemicellulose (18, 19). These short-chain fatty acids

contribute to thermogenesis and immune function (20, 21).

Comprising bacteria, protozoa, fungi, and viruses, the balance of

microbiota between commensal and pathogenic microorganisms is

essential for maintaining animal health (22). Disruptions in the

microbial community have been linked to the onset of various

diseases (23–25).

The survival strategies of goats, as adaptable and widespread

ruminants, are intricately linked to seasonal changes (26).

Dynamic changes occur in bacterial communities in the rumen

and the feces of ruminants as they experience different seasons

(27). However, limited studies have investigated whether changes

in microbiota influenced by ambient temperature are associated

with immune responses. Since immunity increases concomitantly

with changes in rumen and fecal microbiota, it may be assumed

that the microbiota mediates the alterations in host immunity.

Exploring the compositional differences between the bacterial

communities of animals during the cold season (winter, cold

stress) and warm season (spring, warm weather) may aid in

identifying potential probiotics with immunomodulatory

properties. Administering these potential probiotics to animals

under stress could enhance their adaptation to cold stress,

therefore, promoting production efficiency in extreme weather

conditions. Nanjiang Yellow goats, a typical mountain-bred breed,

exhibit robust adaptability to endure cold stress in Sichuan

Province, China. In the current study, Nanjiang Yellow goats

were selected as a model and sampled during the cold season and

the warm season. We conducted analyses of serum immune

factors, as well as the composition of rumen and fecal microbial

communities, to explore the crosstalk between microbiota and

innate immunity under cold stress.
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Materials and methods

Animals and experiment design

This study was carried out following the regulations of Instructive

Notions with Respect to Caring for Experimental Animals and

following review and approval of the protocol by the Experimental

Animal Management Committee of the Zhejiang University.

The goats were sourced from the Nanjiang Yellow Goat

Original Breeding Farm located in Bazhong, China. They were

housed in dedicated pens that were equipped with provisions for

feeding with unrestricted access to drinking water, and all goats

were in one block in the feeding room. Commercial concentrate was

provided twice daily at 08:00 and 18:00 throughout the trial. The

detailed nutrient composition of the commercial concentrate is

available in the Supplementary Table 1. Ten healthy and well-

conditioned Nanjiang Yellow goats (aged 6 months, similar body

weight, male) were selected for sampling Blood, rumen, and fecal

samples were collected from the goats in the cold season (at the

beginning of January, average temperature: 0°C) and warm season

(at end of March, average temperature:18°C). Goats with histories

of disease were not included in the experiment.
Sampling and analysis

The ground and walls of the building were treated with insect

repellent. Disinfection was carried out using Bromo Germaine

(CAS: 7281-04-1, China Pharmaceutical Group Co., Ltd., Beijing,

China). The clinical condition of the animals was assessed and

recorded. All animals were found to be in good health at both

samplings with no signs of diarrhea.

The collection of rumen contents and fecal followed the

methods described previously (28, 29). Approximately, 25 mL of

rumen contents were collected from each goat. Rumen contents

were collected from each goat using oral stomach tubes, 3 hours

after morning feeding. The initial 5 mL of rumen contents from

each sampling was discarded to eliminate potential saliva

contamination. The remaining rumen contents were filtered

through four layers of cheesecloth. Fecal samples were collected

by rectal stimulation. Both rumen and fecal samples were rapidly

frozen in liquid nitrogen and stored until DNA isolation and

analysis. The collected samples were divided into four groups:

rumen contents of the cold season (CR), rumen contents of the

warm season (WR), fecal of the cold season (CF), and fecal of the

warm season (WF).

3 mL of blood was collected from the jugular vein of each goat, 3

hours after morning feeding and before collecting rumen contents

and fecal samples. The serum was separated from the collected

blood by centrifugation at 1500 × g for 15 minutes. The separated

serum was transferred to microcentrifuge tubes. The serum samples

were stored at -80°C until analysis. Serum immunoglobulin A (IgA,

H108-1-1), immunoglobulin G (IgG, H106-1-1), immunoglobulin

M (IgM, H109-1-1), interleukin-2 (IL-2, H003-1-1), interleukin-4

(IL-4, H005-1-1), and interleukin-6 (IL-6, H007-1-1) were
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measured. Measurements were conducted at a wavelength of 450

nm using commercial ELISA kits (Nanjing Jiancheng Biotech,

Jiangsu, China). The analysis followed the manufacturer’s

protocol, with readings performed using a microtiter plate reader

(BioTek, USA).
16S rRNA gene sequencing

Total genomic DNA from fecal samples and rumen contents was

extracted. A commercial kit (Tiangen Biotech, Beijing, China) was used

for DNA extraction. Bacteria were enzymatically lysed during the DNA

extraction process. DNA concentration and purity were assessed using

a 1% agarose gel. Amplification of DNA was performed using the

primer set 341F/806R (341F: 5’-CCTATYGGGRBGCASCAG-3’,

806R: 5’-GGACTACNNGGGTATCTAAT-3’). The primers targeted

the V3-V4 region of the bacterial 16S rRNA gene. Paired-ended

sequencing (2×300 bp) was conducted on the Illumina MiSeq

platform. The sequencing was carried out by standard procedures

(Novogene Technology Co. Ltd., Tianjin, China) (28, 30).
Processing of sequencing data

Following the methods previously described (31), raw sequencing

reads from different samples were subjected to demultiplexing and

quality filtering to obtain high-quality and valid data. Using QIIME2

(http://qiime.org) was utilized for bioinformatics analysis. Sequencing

data from CR and WR groups were compared. The objective was to

analyze differences in the rumen microbiota of goats under warm and

cold-temperature conditions. Sequencing data from CF and WF

groups were compared to analyze differences in the fecal microbiota

among goats under warm and cold-temperature conditions.

Microbiota analyses involve assessing microbial diversity,

composition, and abundance in the rumen samples. Linear

discriminant analysis Effect Size (LEfSe) was applied to determine

differential abundance of bacterial taxa between different samples. The

principal coordinate analysis (PCoA) and LEfSe analysis were

performed using the Novomagic (https://magic.novogene.com).
Statistical analysis

Paired t-tests were used for the statistical analyses of serum

immune factors and microbial diversity. Data were presented as

mean ± SEM. Spearman correlation analysis was conducted using

SPSS software (version 19, SPSS Inc., Chicago, IL, USA) to explore

the relationships between immune factors and bacterial taxa.

Correlation heatmaps were generated using the R program and

the pheatmap package. A significance level of P < 0.05 was

considered statistically significant. The weighted gene co-

expression network analysis (WGCNA) was carried out using the

WGCNA package in R (version 4.0.2) to investigate the relationship

between immune indices and microbiota profiling with the power at

4. The different colors were used to identify different modules. The

relationship of the microbial composition of positive correlation
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modules in WGCNA results was further explored, and the network

was drawn by Cytoscape (Version 3.8.0).
Results

Higher lgA and lower IL-2 and IL-6 in goats
during the cold season

Temperature changes significantly influenced the concentration

of serum IgA (P < 0.01) with levels higher when goats were exposed to

cold stress (Figure 1A). In comparison to the warm season, cold stress

significantly reduced the serum concentrations of IL-2 (P = 0.02) and

IL-6 (P < 0.01, Figures 1D, F). No significant differences in serum

concentrations of IgG (P = 0.89), IgM (P = 0.42), and IL-4 (P = 0.56)

were observed between the cold and warm seasons (Figures 1B, C, E).
Comparison of rumen microbiota analysis
between cold and warm seasons

Amplification sequencing of the 16S rRNA gene in rumen

samples identified 5103 operational taxonomic units (OTUs,

Supplementary Table 2). After removing OTUs annotated as

Archaea and unannotated OTUs, there were 5081 OTUs

annotated as Bacteria. The rarefaction curves (Supplementary

Figure 1A) gradually flattened out, indicating an even distribution

of species and a reasonable amount of sequencing data for

subsequent analysis. The Venn analysis showed that the CR and

WR groups shared 2441 OTUs, and 1392 and 1114 OTUs were

uniquely detected, respectively (Figure 2A). PCoA of OTUs showed

a clear clustering of samples by temperature variation

(PCoA1 = 51.54%, PCoA2 = 9.85%, Figure 2B, Supplementary

Figure 1B). However, there were no significant differences in Chao1,

Simpson, and Shannon indices between the two groups, indicating

that temperature changes did not significantly affect microbial

species diversity in the rumen (Supplementary Figure 1C).

Based on the data at the phylum level, the dominant phyla in the

CR and WR groups were Firmicutes and Bacteroidota. As shown in

Figure 2C, the CR group exhibited higher levels of Firmicutes (P<

0.01), Verrucomicrobiota (P = 0.01), and Cyanobacteria (P < 0.01)

compared with the WR group. In contrast, the CR group had lower

levels of Bacteroidota (P < 0.01) and Gracilibacteria (P = 0.01)

compared with the WR group. To determine the differences in

abundance of bacterial taxa between CR and WR, LEfSe were

employed with Linear Discriminant Analysis (LDA) score > 4

(Figure 2D). The WR group displayed a higher abundance of

g_Prevotella, g_Rikenellaceae_RC9_gut_group, and g_Bacteroides,

while the CR group exhibited a higher abundance of g_Ruminococcus.
Comparison of fecal microbiota analysis
between cold and warm seasons

Amplification sequencing of the 16S rRNA gene in fecal samples

identified 5005 operational taxonomic units (OTUs, Supplementary
frontiersin.org
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Table 3). After removing OTUs annotated as Archaea and

unannotated OTUs, there were 4980 operational taxonomic units

annotated as Bacteria. The rarefaction curves gradually leveled off

(Supplementary Figure 1D). The Venn analysis showed that the CF

and WF groups shared 2723 OTUs, and 1367 and 749 OTUs were

uniquely detected, respectively (Figure 3A). PCoA analysis of OTUs

showed a clear clustering of samples by temperature variation

(PCoA1 = 52.24%, PCoA2 = 25.18%, Figure 3B, and Supplementary

Figure 1E). However, there was no significant difference in the Chao1,

Simpson, and Shannon indices between the two groups

(Supplementary Figure 1F).

The Firmicutes and Bacteroidota are the main phyla shared by CF

and WF groups. As shown in Figure 3C, the CF group had a higher

abundance of Firmicutes (P < 0.01) compared to the WF group.

Additionally, the CF group had lower levels of Bacteroidota (P <

0.01) and Spirochaetota (P = 0.02) compared with the MF group. The

LEfSe analysis, with LDA score > 4, showed that g_Bacteroides,

g_Alistipes, and g_Rikenellaceae_RC9_gut_group were more

abundant in the WF, while g_ Christensenellaceae_R_7_group was

more abundant in the CF group (Figure 3D).
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Alterations of rumen-fecal microbiota
under cold stress are associated with
concentrations of immune factors

To determine the association between feces-rumen bacteria and

concentration of IgA, IgG, IgM, IL-2, IL-4, and IL-6, spearman

correlation analyses were conducted at the genera level. In the

rumen, correlation analysis revealed a positive correlation between

IgA and Lachnospiraceae_NK3A20_group (P = 0.02, R = 0.53). It

was also observed that IL-2 showed a positive correlation with four

bacterial genera, including UCG.001 (P = 0.04, R = 0.47), Alistipes

(P = 0.03, R = 0.49), Blautia (P = 0.01, R = 0.55), and Bacteroides (P

< 0.01, R = 0.60). It was found that eight bacterial genera were

p o s i t i v e l y a s s o c i a t e d w i t h I L - 6 , i n c l u d i n g

Rikenellaceae_RC9_gut_group (P = 0.03, R = 0.48), Anaeroplasma

(P = 0.02, R = 0.50), Romboutsia (P = 0.04, R = 0.47), UCG.001 (P <

0.01, R = 0.58), Alistipes (P = 0.05, R = 0.45), Listeria (P = 0.01, R =

0.55), Bacteroides (P < 0.01, R = 0.59), and Lactococcus (P < 0.01, R

= 0.63). Five genera in the rumen showed a negative correlation

with serum IgA, including Anaeroplasma (P = 0.02, R = -0.53),
B C

D E F

A

FIGURE 1

Comparison of serum immune factors concentrations of goats between cold and warm seasons. (A) The concentration of IgA. (B) The concentration
of IgG. (C) The concentration of IgM. (D) The concentration of IL-2. (E) The concentration of IL-4. (F) The concentration of IL-6. The data were
analyzed with paired t-tests, and the data were expressed as mean ± SEM. *P < 0.05 was statistically significance. **P < 0.01 was
extremely significance.
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Romboutsia (P = 0.04, R = -0.46), UCG.001 (P < 0.01, R = -0.58),

Alistipes (P = 0.02, R = -0.52), and Bacteroides (P = 0.05, R = -0.45).

Four genera in the rumen were negatively correlated with IL-2,

including Ruminococcus (P = 0.02, R = -0.51), V9D2013_group (P =

0.02, R = -0.53), Alloprevotella (P = 0.02, R = -0.52), and

Candidatus_Saccharimonas (P = 0.02, R = -0.52). Ruminococcus

(P = 0.03, R = -0.49), V9D2013_group (P < 0.01, R = -0.57), and

Alloprevotella (P < 0.01, R = -0.71) were negatively correlated with

IL-6 (Figure 4A).

Four genera were also positively associated with IgA in feces,

including Helicobacter (P < 0.01, R = 0.63), Christensenellaceae_

R.7_group (P = 0.03, R = 0.49), Ruminococcus (P = 0.01, R = 0.54),

and Family_XIII_AD3011_group (P = 0.02, R = 0.51). Bacteroides (P =

0.02, R = 0.51) and Prevotellaceae_UCG.004 (P = 0.01, R = 0.54) were

positively correlated with IL-2. While Alistipes (P = 0.05, R = 0.45),

Bacteroides (P = 0.02, R = 0.51), Prevotellaceae_UCG.004 (P = 0.03, R =

0.48), and Rikenellaceae_RC9_gut_group (P = 0.03, R = 0.50) were

positively correlatedwith IL-6. In addition, seven generawere negatively

associated with IgA in feces, including Alistipes (P < 0.01, R = -0.62),

Bacteroides (P= 0.01, R = -0.54),Prevotellaceae_UCG.004 (P< 0.01, R =

-0.57),Listeria (P=0.02,R= -0.53),Parabacteroides (P=0.03,R= -0.49),
Frontiers in Immunology 05
Blautia (P=0.01,R= -0.55), anddgA.11_gut_group (P<0.01,R= -0.58).

Four genera were negatively correlated with IL-2, including

Family_XIII_ AD3011_group (P = 0.03, R = -0.48), Bifidobacterium

(P = 0.04, R = -0.47), Escherichia.Shigella (P = 0.03, R = -0.48), and

Lactiplantibacillus (P = 0.04, R = -0.45). Christensenellaceae_R.7_group

(P = 0.02, R = -0.50), Ruminococcus (P = 0.01, R = -0.54), and

Family_XIII_AD3011_group (P = 0.03, R = -0.48) were negatively

correlated with IL-6 (Figure 4B).
Core microbiota is associated with the
alterations of immune factors under
cold stress

To identify the core microbiota altering the concentrations of

immune factors, we further performed the WGCNA analysis. A

total of 11 relevant microbiota modules were identified (Figure 5A).

Among them, the MEbrown module was significantly associated

with IgA (P = 0.01, R = 0.39). While MEBlue module was

significantly correlated with IgA (P < 0.01, R = -0.56), IL-2 (P <
B

C

D

A

FIGURE 2

Comparison of rumen microbiota analysis between cold and warm seasons. (A) OTU Venn Diagram. (B) Principal coordinate analysis (PCoA) of
microbial-based on weighted UniFrac. (C) Relative abundance of top10 phyla, *P<0.05, **P<0.01. (D) The bar chart shows the LDA scores of goats.
LDA score > 4. CR: rumen of goats of the cold season. WR: rumen of goats of the warm season.
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BA

FIGURE 4

Correlation between the immune factors and the rumen and fecal bacteria at the genus level. (A) Spearman correlation between rumen samples
(CR, WR) and serum immune factors. (B) Spearman correlation between fecal samples (CF, WF) and serum immune factors. *P < 0.05, **P < 0.01.
B

C

D

A

FIGURE 3

Comparison of fecal microbiota analysis between cold and warm seasons. (A) OTU Venn Diagram. (B) Principal coordinate analysis (PCoA) of
microbial-based on weighted UniFrac. (C) Relative abundance of top10 phyla, *P<0.05, **P<0.01. (D) The bar chart shows the LDA scores of goats.
LDA score > 4. CF: fecal of goats of the cold season. WF: fecal of goats of the warm season.
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0.01, R = 0.46), and IL-6 (P < 0.01, R = 0.60). The network exported

from the MEbrown module showed that Succiniclasticum,

Lachnospiraceae_NK3A20_group, Anaerovorax, Pyramidobacter,

and unidentified_Lachnospiraceae_2 was the core microbiota in

the MEbrown module (Figure 5B). Networks derived from the

MEblue module showed that UCG-005, Monoglobus, UCG-009,

Lachnospiraceae_NK4A136_group, and Mailhella were the central

microbiota in the MEblue module (Figure 5C).
Discussion

The stress resistance of organisms is of great significance to their

survival. Young animals, characterized by their immature immune

systems, often display heightened susceptibility to challenges posed

by cold stress. This susceptibility can lead to microbiome imbalances,

making young animals an ideal model to study the crosstalk between

microbial profiles and host immune responses (32, 33). In the current
Frontiers in Immunology 07
study, we measured the profiles of rumen and feces microbiota to

investigate their relationship with innate immunity in goats. Notable

shifts in microbial distribution and concentrations of IgA were

observed during the transition from cold to warm seasons. These

findings underscore a crosstalk between microbiota compositions

and innate immunity under cold stress in goats.

In order to maintain overall health, the immune system of

ruminants actively combats pathogenic microbiota by secreting

immunoglobulins (34, 35). The concentrations of these

immunoglobulins in serum serve as direct indicators of resistance to

external pathogenic microbiota (36). IgA is crucial for mucosal

immunity and helps protect the body from infections (37). In the

current study, the elevated concentrations of IgA in goats under cold

stress suggest an active immune response. IL-2 is essential for the

activation and growth of T cells, while IL-6 is involved in regulating the

immune response (38, 39). The lower levels of IL-2 and IL-6 observed

during the cold season suggest a compromised immunity. These

observations are consistent with the increased susceptibility of goats
B C

A

FIGURE 5

Correlation between the serum immune factors and abundance of the microbiome in rumen and fecal at the genus level. The correlated module
was analyzed using a weighted gene co-expression network analysis (WGCNA). Correlation networks were generated using Spearman’s rank
correlation coefficients and visualized using the Cytoscape. (A) The heatmap of the WGCNA module. (B) Microbiome interaction network and core
microbes in the MEbrown module. Microbiota that make up the network are listed in the Supplementary Table 4. (C) Microbiome interaction
network and core microbes in the MEblue module. Microbiota that make up the network are listed in the Supplementary Table 5.
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to diseases during colder seasons (40). Understanding these immune

responses is crucial for implementing strategies to support the health

and well-being of ruminants, particularly during challenging

environmental conditions.

The study revealed that the diversity of the rumen microbial

community showed no significant difference between the cold and

warm seasons, which could be attributed to the ongoing maturation

of the rumen in young goats. Despite this, there were notable

alterations in the compositions of the rumen microbiota. Consistent

with previous findings, the dominant phyla in the rumen microbial

community during both seasons were Firmicutes and Bacteroidota

(29). Interestingly, there was a heightened abundance of

Verrucomicrobiota in the cold season, aligning with its role in

polysaccharide degradation, crucial for meeting the energy

requirements of the host (41, 42). The study also observed

variations in the abundance of disease-protection-associated

genera, such as Prevotella (43) and Bacteroides (44), with higher

prevalence in the rumen during the warm season, implying

heightened immunity. This was confirmed by positive

correlations between the abundance of four genera in the rumen

and IL-2 concentrations, as well as the positive correlations between

the abundance of eight genera and IL-6 concentrations. Among

these genera, Alistipes (45), Bacteroides (44), and Blautia (46), at

least, have associations with inflammation and disease protection.

This suggests that the modulation of these microbiota could

potentially enhance host immunity under cold stress.

The diversity of gut microbes has emerged as a novel marker for

evaluating gut health and metabolic capacity (47). Interestingly, we

found no significant differences in gut microbiome diversity

between the cold and warm seasons, suggesting a certain

resilience of fecal microbes to variations in ambient temperature.

Similar to the data of rumen, the dominant phyla in the feces during

both seasons were Firmicutes and Bacteroidota, known for their

pivotal roles in carbohydrate and protein metabolism (48). Notably,

there was a lower abundance of Alistipes and Bacteroides in the feces

under cold stress, implying a diminishing immune response at this

stage. Ruminococcus, positive correlation with IgA concentrations,

plays a role in the degradation of complex polysaccharides,

converting them into nutrients for the host (49). Among the six

genera positively correlated with IL-2 and IL-6 concentrations,

Alistipes, Bacteroides , and Prevotellaceae_UCG.004 were

associated with increasing antioxidant performance in sheep (50).

These findings highlight a crosstalk between rumen and feces

microbiota and the immune response in goats under cold stress.

The development of additives with immunomodulatory properties

is proposed as a valuable strategy to enhance the production efficiency of

animals under cold stress (51). positive correlation between the

MEbrown module and IgA is supported by the dominance of

Succiniclasticum (52), Lachnospiraceae_NK3A20_group (53), and

Pyramidobacter (54), which are associated with nutrient metabolism.

This aligns with the concept of increased energy metabolism and

nutrient demands in goats during cold stress. Additionally, the

MEblue module, particularly the presence of Lachnospiraceae_

NK4A136_group, is linked to the production of short-chain fatty

acids, known to improve the intestinal epithelial barrier and inhibit

inflammation (55). This group exhibits a positive correlation with IL-2
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and IL-6. Collectively, these findings suggest that microbiota associated

with immunity plays a pivotal role in maintaining the health of goats

under cold stress. However, it is emphasized that further studies are

needed to comprehensively evaluate the immune-related bacteria

identified in this study. The potential development of additives with

immunomodulatory properties could prove beneficial to fortify the

immunity of animals and enhance their ability to withstand the

challenges posed by cold stress.
Conclusion

The study comprehensively investigated the correlation between

rumen-fecal microbiota and the immune response in goats under

cold stress. Notably, we observed a decrease in IL-2 and IL-6 and an

increase in IgA during cold stress. While acknowledging that

measuring specific antibodies against bacteria would provide a

more nuanced understanding of the host immune response, our

data identified eight genera in the rumen and four genera in the feces

that positively correlated with changes in immune factors. The

positive correlations between certain probiotics, including Alistipes,

Bacteroides, Blautia, and Prevotellaceae_UCG.004, and IL-2, and IL-6

suggest their potential role in immunomodulatory properties.

However, further experiments are necessary to elucidate the

mechanisms that enhance tolerance to cold stress. Collectively, our

study underscores the crosstalk between rumen-fecal microbiota and

innate immune responses under cold stress in goats. Identifying these

microbiotas with immunomodulatory properties is crucial for

developing strategies to enhance the production efficiency of

animals facing cold stress.
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26. Nair MRR, Sejian V, Silpa M, Fonsêca VFC, Costa CCD, Devaraj C, et al. Goat as
the ideal climate-resilient animal model in tropical environment: revisiting advantages
over other livestock species. Int J Biometeorol. (2021) 65:2229–40. doi: 10.1007/s00484-
021-02179-w

27. Huang XD, Mi JD, Denman SE, Basangwangdui, Pingcuozhandui, Zhang Q,
et al. Changes in rumen microbial community composition in yak in response to
seasonal variations. J Appl Microbiol. (2022) 132:1652–65. doi: 10.1111/jam.15322

28. Liao RR, Xie XH, Lv YH, Dai JJ, Lin YX, Zhu LH. Ages of weaning influence the
gut microbiota diversity and function in chongming white goats. Appl Microbiol Biot.
(2021) 105:3649–58. doi: 10.1007/s00253-021-11301-2

29. Wang LZ, Xu Q, Kong FL, Yang YD, Wu D, Mishra S, et al. Exploring the goat
rumen microbiome from seven days to two years. PloS One. (2016) 11:e0154354.
doi: 10.1371/journal.pone.0154354

30. Fan QS, Wanapat M, Hou FJ. Chemical composition of milk and rumen
microbiome diversity of yak, impacting by herbage grown at different phenological
periods on the qinghai-tibet plateau. Animals-Basel. (2020) 10:1030. doi: 10.3390/
ani10061030

31. Zhong YF, Xue MY, Sun HZ, Valencak TG, Guan LL, Liu JX. Rumen and
hindgut bacteria are potential indicators for mastitis of mid-lactating holstein dairy
cows. Microorganisms. (2020) 8:2042. doi: 10.3390/microorganisms8122042

32. Zhang XY, Sukhchuluun G, Bo TB, Chi QS, Yang JJ, Chen B, et al. Huddling
remodels gut microbiota to reduce energy requirements in a small mammal species
during cold exposure. Microbiome. (2018) 6:103. doi: 10.1186/s40168-018-0473-9

33. Yoo JY, Groer M, Dutra SVO, Sarkar A, McSkimming DI. Gut microbiota and
immune system interactions. Microorganisms. (2020) 8:1587. doi: 10.3390/
microorganisms8101587

34. Schroeder HW, Cavacini L. Structure and function of immunoglobulins. J Allergy Clin
Immunol. (2010) 125:S41–52. doi: 10.1016/j.jaci.2009.09.046

35. Corthésy B. Multi-faceted functions of secretory iga at mucosal surfaces. Front
Immunol. (2013) 4:185. doi: 10.3389/fimmu.2013.00185

36. McKee MD, Fichera A, Nishimura MI. T cell immunotherapy. Front Biosci.
(2007) 12:919–32. doi: 10.2741/2114

37. Bunker JJ, Bendelac A. Iga responses to microbiota. Immunity. (2018) 49:211–24.
doi: 10.1016/j.immuni.2018.08.011
Frontiers in Immunology 10
38. Hagenstein J, Melderis S, Nosko A, Warkotsch MT, Richter JV, Ramcke T, et al.
A novel role for il-6 receptor classic signaling: induction of rorgt+foxp3+ tregs with
enhanced suppressive capacity. J Am Soc Nephrol. (2019) 30:1438–52. doi: 10.1681/
Asn.2019020118

39. Niederlova V, Tsyklauri O, Kovar M, Stepanek O. Il-2-driven cd8+t cell
phenotypes: implications for immunotherapy. Trends Immunol. (2023) 44:890–901.
doi: 10.1016/j.it.2023.09.003
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