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Simple Summary: Setting a proper SCC cut-off value for determining the intramammary infection
status of each individual cow is essential to early mastitis detection and prevention. In this study,
we compared the effect of two commonly used SCC thresholds on distinguishing milk microbiota
and host gene expression patterns, and demonstrated that the microbial composition and peripheral
blood leukocyte transcriptome profiles did have conspicuous differences between cows with SCC
above and below 100,000 cells/mL, respectively, which may help establish why 100,000 cells/mL is a
more suitable cow-level cut-off value of subclinical mastitis diagnosis than 200,000 cells/mL from the
perspective of microbiota and transcriptomic responses.

Abstract: Somatic cell count (SCC) is an important indicator of the health state of bovine udders.
However, the exact cut-off value used for differentiating the cows with healthy quarters from the
cows with subclinical mastitis remains controversial. Here, we collected composite milk (milk from
four udder quarters) and peripheral blood samples from individual cows in two different dairy
farms and used 16S rRNA gene sequencing combined with RNA-seq to explore the differences in
the milk microbial composition and transcriptome of cows with three different SCC levels (LSCC:
<100,000 cells/mL, MSCC: 100,000-200,000 cells/mL, HSCC: >200,000 cells/mL). Results showed
that the milk microbial profiles and gene expression profiles of samples derived from cows in
the MSCC group were indeed relatively easily discriminated from those from cows in the LSCC
group. Discriminative analysis also uncovered some differentially abundant microbiota at the genus
level, such as Bifidobacterium and Lachnospiraceae_AC2044_group, which were more abundant in
milk samples from cows with SCC below 100,000 cells/mL. As for the transcriptome profiling,
79 differentially expressed genes (DEGs) were found to have the same direction of regulation in
two sites, and functional analyses also showed that biological processes involved in inflammatory
responses were more active in MSCC and HSCC cows. Overall, these results showed a similarity
between the milk microbiota and gene expression profiles of MSCC and HSCC cows, which presented
further evidence that 100,000 cells/ml is a more optimal cut-off value than 200,000 cells/mL for
intramammary infection detection at the cow level.

Keywords: dairy cows; somatic cell count; milk microbiota; subclinical mastitis; transcriptome

1. Introduction

Subclinical mastitis is known as one of the most prevalent mammary diseases plaguing
the dairy industry. It can have adverse effects on the milk quality and cause economic
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losses. Early diagnosis of bovine subclinical mastitis is difficult, as there are no clinical signs.
Fortunately, the association between abnormal somatic cell counts and the incidence of
clinical or subclinical mastitis has been identified and for now, somatic cell count monitoring
is still used as an effective method for subclinical mastitis detection [1,2]. Therefore, finding
a reliable threshold for delineation of subclinical mastitis is essential to the prevention of
this disease. However, the exact cut-off value has remained quite controversial. In some
countries, 100,000 cells/mL was regarded as a quarter-level threshold for differentiating
mammary glands with or without infection [3-5]. Several studies have confirmed that
using 100,000 cells/mL might be more appropriate. In a study carried out by Forsback
et al. [6], the result revealed that for each individual cow, milk from the udder quarters
with SCCs over 100,000 cells/mL underwent changes in composition, such as lower casein
number and content of lactose compared with healthy quarters (SCCs < 100,000 cells/mL).
By constructing a linear mixed model to quantify the relationship between milk loss
and somatic cell counts, Hand et al. [7] found acute lactation milk losses occurred in
lactations with 5 or more 24-h test days where SCC exceeded 100,000 cells/mL. Despite the
widespread use of this value in differentiating subclinical mastitis udders from healthy ones,
some other thresholds were being used or proposed, among which the most extensively
used cut-off value is 200,000 cells/mL [8,9]. For now, composite samples are less well
studied than quarter milk samples, but because of the possible failure of bacteria isolation
from quarter samples due to low bacteria concentration [9], we used composite milk
samples as a proxy to compare the two SCC thresholds for identifying individual cows at
risk of intramammary infection despite the dilution effect and low sensitivity of the SCC
test using composite samples.

To study the microbial composition shift caused by diseases and to help us understand
the roles of the microbiota in the development of some bacteria-caused diseases, 165 rRNA
gene sequencing was intensively utilized. Compared with traditionally used quantitative
PCR (qPCR) for mastitis pathogen detection, 16S rRNA can almost characterize the entire
bacterial profile, which is more conducive to studying subclinical mastitis, because research
has indicated that commensal and potential beneficial bacteria are also involved in the
subclinical mastitis incidence rate [10]. By using this technique, several studies have shown
distinct microbial profiles between milk samples from healthy cows and pathogen infected
ones. Wang demonstrated that the composition of microbial communities in milk samples
derived from healthy, subclinical mastitis and mastitis cows had a significant difference,
with the abundance of common pathogens such as Klebsiella and Streptococcus higher in
cows suffering from subclinical mastitis [1,10]. Apart from these pathogens, an increase
in certain previously unconcerned bacteria, such as Cutibacterium, Colidextribacter, and
Paeniclostridium has also been shown to be correlated with adverse udder health [11],
suggesting 16S amplicon sequencing can more comprehensively reflect the constitution
of the bacterial community—including both commensal and pathogenic bacteria—than
qPCR.

Global functional genomics technologies enable us to explore the dynamic changes
in response to the environmental stimulus and underlying diseases. RNA-seq, which
can simultaneously quantify the expression of a large number of genes, is quite suited
for investigation of the complex host—pathogen interplay occurring during mastitis [12].
Significant changes in the leukocyte transcriptome attributed to subclinical or clinical
mastitis have been reported and the degree of the changes was positively correlated with
the severity of the infection [13].

As indicated, both milk microbiota and the host transcriptional profile can help inves-
tigations of the differences between healthy and infected cows. Therefore, the objectives of
this study were to utilize RNA-seq and 16S rRNA gene sequencing to determine whether
using 100,000 cells/mL as an SCC cut-off value for intramammary infection diagnosis is
better than using 200,000 cells/mL at the cow level and explore the underlying reason from
the perspective of the bacterial community and global gene expression.
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2. Materials and Methods
2.1. Sample Collection

In this study, sample collection was conducted in two well-managed commercial dairy
farms located in two different cities (sitel: Beijing, site2: Hangzhou) in China and in two
different seasons. To minimize the effect of recent mammary infections, all cows (Holstein
cows) selected in this study were free of clinical mastitis and antibiotic treatment for at least
2 consecutive months before the sample collection. Milk samples were collected aseptically,
following cleaning of teat ends with 70% ethanol. Milk from each of the 4 quarters was
evenly mixed in a 100 mL-sterile tube after discarding the first few streams of milk. Samples
were kept on dry ice during the whole collection and transfer process and were later stored
at —80 °C until DNA extraction. A total of 121 milk samples were divided into the following
three groups based on SCC value: low SCC group (LSCC): <100,000 cells/mL; medium SCC
group (MSCC): 100,000-200,000 cells/mL; high SCC group (HSCC): > 200,000 cells/mL. A
blood sample was aseptically taken from the caudal vein of each cow and stored in a 10-mL
pre-added EDTA-K2 vacutainer on the same day the milk samples were collected.

2.2. S rRNA Gene Sequencing Procedure and Bioinformatic Analysis

Total genome DNA was extracted from milk using the cetyltrimethylammonium bro-
mide (CTAB) method. The purity of DNA was assessed by 1% agarose gel electrophoresis.
The V3-V4 hypervariable region of bacterial 16S rRNA genes was then amplified using
universal primers 341F (5'-3": CCTAYGGGRBGCASCAG) and 806R (5'-3": GGACTACN-
NGGGTATCTAAT) with the barcode to tag the PCR products from each sample. PCR
products were mixed in equidensity ratios to generate a mixture which was then purified
with the Qiagen Gel Extraction Kit (Qiagen, Germany). The purity and integrity of the PCR
products were evaluated using Agilent5400 (Agilent, Santa Clara, CA, USA). Sequencing li-
braries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina,
San Diego, CA, USA) following the manufacturer’s recommendations. Amplification was
performed under the following conditions: denaturation at 98 °C for 1 min, then 30 cycles
of denaturation at 98 °C for 10 s, followed by annealing at 50 °C for 30 s, elongation at 72 °C
for 30 s and a final step at 72 °C for 5 min. Library quality was assessed on a Qubit@ 2.0
Fluorometer (Thermo Scientific, Waltham, MA, USA) and Agilent Bioanalyzer 2100 system.
Qualified library was later sequenced on Illumina NovaSeq 6000 platform and generated
250 bp paired-end reads.

Microbiota profiling was carried out following Qiime2 (v 2020.8) pipeline. Amplicon
sequences were assigned to each sample based on the tagged barcode. Quality control
was accomplished by cutting off the adaptors and using Divisive Amplicon Denoising
Algorithm (DADAZ2) to correct sequence errors, filter chimeric sequences, and merge the
paired-end reads with a minimum overlap of 30 nt. High-quality reads that survived from
the filtration were summarized to generate an amplicon sequence variant (ASV) table.
A Naive Bayes classifier (a plugin in Qiime2) was trained based on sequences extracted
from the SILVA database release 138 and was then applied to ASV to perform taxonomic
classification. Contaminating mitochondrial and chloroplast sequences were removed from
the feature table.

Downstream microbiota analyses were conducted using the R package vegan. Rar-
efaction curves of richness were generated at the genus level to test the adequacy of the
sequencing depth. A total of 5 « indices (Chaol richness, Shannon, Simpson, Inverse
Simpson, ACE) were calculated to estimate alpha diversity. Pairwise comparisons of the
alpha diversity indices were conducted by constructing a linear mixed model to correct
site effect, lactation stage, and parity using the R package ImerTest (v 3.1.3) and emmeans.
The parity and lactation stage were classified into two levels (primiparous and multiparous
for parity, middle (35-100 d) and late (>100 d) for lactation stage) as research suggested
that parity and stage of lactation may have an effect on overall diversity of the udder
microbiota [14]. The site was dichotomized as 0 or 1 and was used as a covariate for
correction. It should be noted that the site and season of collection are confounded due
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to the fact that samples were collected from two different dairy farms in two different
seasons. For brevity, this confounded effect was referred to as the ‘site effect’ instead of
the ‘site/season effect’ throughout the manuscript. Principal coordinates analysis (PCoA)
based on Bray—Curtis distance matrices was used to show dissimilarity in microbial com-
position (p-diversity). In order to examine the effect of various experimental factors on
the variation of microbial communities among samples, we performed a distance-based
redundancy analysis test using the multivariate model which incorporated the same factors
as above. Multicollinearity of variables was examined using variation inflation factors
(VIF), and a value less than 10 means no multicollinearity. Significance for each factor
was determined using 9999 permutations. Significant factors were then chosen using the
forward selection procedure with 9999 permutation tests. For investigation of underlying
differences in metagenome functions among the three groups, Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States (PICRUSt2) was used for predic-
tion of metabolic pathway abundances. To infer the relationship between microbes, an
individual co-occurrence network was constructed based on Spearman correlation between
genera via R package psych. Network parameters reflecting the topological properties of
the network were calculated using R package igraph (v 1.2.11). Differentially abundant
genera and metabolic pathways were identified using the generalized linear model (glm)
in ALDEx2 based on Monte Carlo sampling from the Dirichlet distribution for each sample.
Other variables, such as parity and site, were also taken into account when performing glm
analysis.

2.3. RNA-Seq and Transcriptomic Data Processing

Total RNA was isolated from peripheral white blood cells using Trizol reagent (Am-
bion, Austin, TX, USA) following the manufacturer’s instructions. Quality and integrity
check were performed using Nanodrop (GE, USA) and Aglient 2100 BioAnalyzer (Agilent,
USA), respectively. Sequencing was conducted on the Illumina NovaSeq 6000 platform
(Ilumina, USA) and generated 150 bp paired-end reads. Adapters and reads with low
quality and a length less than 36bp were removed by Trimmomatic (v. 0.39) before the
alignment to the bovine reference genome ARS-UCD1.2 using STAR (v. 2.7.9a). A total of
36 transcriptomic datasets were included in this study (18 per site and 6 per group). Reads
mapped to the reference genome were quantified by feature Counts in subread (v. 2.0.2)
package. Genes with low expression levels (counts per million < 1) were removed from
the downstream analysis. Differentially expressed gene (DEG) analysis was performed
separately for samples collected from different sites using R package DESeq2 with the
covariates mentioned before being corrected. Read count normalization was accomplished
using rlog transformation. Functional analyses including KEGG and Gene Ontology (GO)
enrichment analysis were carried out using the R package Clusterprofiler (v 3.18.1). To
merge the transcriptomic data from the two sites to conduct the following analysis, the
batch effect was removed using the R package limma (v 3.46.0). To test for the associa-
tions between differentially abundant taxa and top differentially expressed genes, the R
package MaAsLin was used to assess the relationship between DEG and microbiota with
the following model: microbial abundance~top DEGs + site + parity + lactation stage.
Significance was determined at p < 0.05. Additionally, Gene Set Variation Analysis (GSVA)
was conducted to confirm the result of enrichment analysis and further estimate changes in
the activity of biological process (BP)-related pathways.

3. Results
3.1. Taxonomic Profiling Analysis and Core Microbiota Identification

The rarefaction curves of all samples reached a plateau, suggesting a sufficient amount
of sequencing data (Supplementary Materials Figure S1). Four samples with the number of
observed genera three standard deviations (35D) below the mean value were removed from
the downstream analysis. For comparison purposes, 87 samples were randomly selected
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(29 per group) for downstream analysis, making samples more evenly distributed among
groups with different SCC levels.

Taxonomic annotation identified 34 phyla and 755 genera in total from the 87 composite
milk samples. As displayed in Figure 1a, the top 5 dominant phyla were Firmicutes (0.42 & 0.14),
Bacteroidota (0.21 % 0.07), Actinobacteriota (0.20 £ 0.08), Proteobacteria (0.08 £ 0.08), and Patescibac-
teria (0.05 £ 0.05) and the top 10 most abundant genera were Oscillospiraceae_UCG-005, Corynebac-
terium, Bacteroides, Ornithinimicrobium, Christensenellaceae_R-7_group, Oscillospirales_UCG-010,
Paracoccus, Romboutsia, Rikenellaceae_RC9_gut_group, and TM7a, constituting more than 33% of
the total relative abundance (Figure 1b). Notably, phylum Patescibacteria showed a site-specific
pattern with the relative abundance in samples from site2 (one farm in Hangzhou, China)
significantly higher than those from sitel (one farm in Beijing, China), suggesting the core phyla
of the milk microbiota may vary from site to site.
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Figure 1. Microbiota composition at the phylum and genus level. (a): Top 5 most dominant phyla
identified based on the mean relative abundance of all samples. (b): Top 10 most dominant genera
identified based on the mean relative abundance of all samples.

3.2. Pairwise Comparison of Microbial Community Diversity of Groups with Different SCC Levels

To evaluate the difference in alpha diversity of milk microbial composition in LSCC,
MSCC, and HSCC groups, we chose the linear mixed model with the smallest Akaike
information criterion (AIC) to correct covariates that might affect the result. Unfortunately,
there was no significant difference in alpha diversity among the three groups using any
of the five alpha indices after correction for cofounding factors (Supplementary Materials
Table S1). The adjusted alpha diversity indices showed that the microbial diversity of LSCC
samples was slightly lower than that of MSCC and HSCC groups (Figure 2). Similarly,
PCoA did not show a clear separation among samples in different groups, suggesting a
negligible difference in the overall microbial composition at the genus level. However,
samples collected from different sites showed distinct clustering patterns and explained
much of the variation (PCoA1: 40%) (Figure 3). To statistically interpret the result, pairwise
distance-based redundancy analysis at the genus level was conducted to assess the effect
of each factor on beta diversity by taking samples from two out of the three groups.
Alternatively, we also merged LSCC and MSCC into one single group (LMSCC) and HSCC
and MSCC into HMSCC to see the impact of different SCC cut-off values on microbiome
variation. As shown in Table 1, site was the most significant factor affecting the microbial
composition, regardless of the groups used for the analysis.
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Figure 3. Principal coordinate analysis (PCoA) of Bray—Curtis distances among all milk samples.

Table 1. Effect of different factors on milk microbial composition examined through Bray-Curtis

distance-based redundancy analysis by group.

Groups Incorporated in the Model (F Statistic/p Value)

Factors
L-M (1 = 58) H-M (1 = 58) L-H (n = 58) LM-H (1 = 87) HM-L (v = 87)
site 18.86/10~* 22.53/10~% 18.78/10~% 22.98/10~4 23.6/107%
group 2.41/0.01 0.75/0.67 1.95/0.04 0.97/0.41 2.03/0.02
lactation stage 1.19/0.23 1.39/0.15 1.17/0.24 1.24/0.18 1.29/0.15
parity 1.19/0.22 1.10/0.28 1.22/0.21 1.23/0.18 1.17/0.21

Abbreviations: L = LSCC (low SCC; SCC < 100,000 cells/mL); M = MSCC (medium SCC; 100,000 < SCC <
200,000 cells/mL); H = HSCC (high SCC; SCC > 200,000 cells/mL); LM = LMSCC (low and medium SCC);
HM = HMSCC (high and medium SCC).

Between-group composition variation was significant for analysis of milk microbiota

by group and was performed using groups LSCC and HSCC and groups LSCC and MSCC.
By merging LSCC and MSCC into one single group (LMSCC), the composition between
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LMSCC and HSCC did not significantly differ (p = 0.41). Conversely, significant difference
in the composition existed between the HMSCC and LSCC groups (p < 0.02).

A stepwise forward selection procedure was performed for each model that incor-
porated different pairs of groups. The result further confirmed that site had the greatest
effect on milk microbiota composition and explained over 20 percent of variation in all
models (R%: 0.20-0.27, p = 10~*). Group factor was selected as a dependent explanatory
variable when analysis was conducted using (1) LSCC and MSCC groups; (2) LSCC and
HSCC groups; (3) HMSCC and LSCC groups. Together, these results demonstrated that the
microbial composition of MSCC shared more similarity with that of HSCC, and using a
cut-off value of 100,000 cells/mL could discriminate the variation in microbial composition.

3.3. Identification of Differentially Abundant Genera and Metabolic Pathways in Groups with
Different SCC Levels

To identify the most relevant bacteria in each group, we performed pairwise com-
parative analysis between any two groups at the genus level. As before, we also merged
LSCC and MSCC or HSCC and MSCC into one group to see which cut-off value could
yield more differentially abundant genera. Only bacteria taxa present in at least 20% of the
samples used in comparisons were kept for the differential abundance analysis. A total of
33 differentially abundant genera were identified in LSCC vs. MSCC comparison (p < 0.05),
among which 27 were observed to be more prevalent in LSCC and 6 in MSCC. For HSCC vs.
MSCC comparison, only one differentially abundant genus (Planktosalinus) was detected
and had higher abundance in MSCC.

The result also showed that more differentially abundant genera existed in LSCC
vs. MSCC comparison than in HSCC vs. MSCC comparison, and in HMSCC vs. LSCC
comparison (1 = 29) than in LMSCC vs. HSCC comparison (1 = 3), indicating that the
microbial signature of MSCC cows was more different from that of LSCC than that of HSCC
cows (Figure 4a). Notably, two genera (Bifidobacterium and Lachnospiraceae_AC2044_group)
(Pagj < 0.05) that were most significantly differentially abundant in LSCC vs. MSCC
comparison were also identified as differentially abundant genera in LSCC vs. HSCC
comparison. In addition, the relative abundance of these two genera was higher in the
group with lower SCC (Figure 4b) and site had little effect on the difference in the abundance
(p > 0.05).

To investigate the differences in the metagenome function contents among the three
groups, we used predicted metabolic pathways with prevalence of no less than 30% for com-
parison analysis. Using the same method as differentially abundant genera identification,
we found that three metabolic pathways (Formylmethanofuran—tetrahydromethanopterin N-
formyltransferase, Nicotinamide phosphoribosyltransferase, Methenyltetrahydromethanopterin
cyclohydrolase) were shared in all comparisons and more abundant in the group with a lower
SCC level (Figure 4d). Consistent with the result of differential abundant genera analysis, we
also found that the number of significantly differential metabolic pathways was larger in LSCC
vs. MSCC (n = 104) than in MSCC vs. HSCC (1 = 57), and in HMSCC vs. LSCC comparison
(n =29) than in LMSCC vs. HSCC comparison (1 = 3).

3.4. Comparative Analysis of Microbial Interaction Network

Microbial networks were constructed separately in samples derived from each of the
three groups in each of the two sites. To avoid potential bias, we randomly selected samples
of the same number for each group based on the minimum group size (sitel: 7/per group,
site2: 13/per group) and only kept the top 100 most abundant genera with prevalence > 60%.
Nodes with a significant correlation > 0.8 were kept for network visualization (Figure 5).
Network topological features such as degree (number of edges connected to a code),
betweenness centrality (a node’s importance as a hub in the network), closeness centrality
(inverse of the distance from the node to all other nodes), and transitivity (clustering
coefficient) were used for comparison (Table 2).
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Figure 4. Differentially abundant genera and metabolic pathways obtained by pairwise comparison
(a) Differentially abundant genera identified in each comparison. (b,c) Boxplot showing log10-
transformed relative abundance of two most significantly differentially abundant genera between
LSCC and MSCC (d) Venn diagram showing the number of the predicted metabolic pathways
identified as significantly differentially abundant in each comparison and log10-transformed relative
abundance of pathways that were shared in all comparisons. H—M: HSCC vs. MSCC, L—M: LSCC
vs. MSCC, L—H: LSCC vs. HSCC.
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Table 2. Kolmogorov-Smirnov test of each microbial network topological parameter in two sites.

Betweenness Closeness

Comparison Degree Centrality Centrality Transitivity
LSCC vs. HSCC 0.20,*/0.19 0.08 ,/0.19, 0.90 , **/0.99 , ** 0.19,/0.25 **
LSCC vs. MSCC 0.13 ,/0.17, 0.15,/0.08 0.98 4 **/0.79 1, ** 0.08 ,/0.32, **

MSCC vs. HSCC 0.14,/0.36 ** 0.10,/0.18 , 0.98 5 **/0.99 , ** 0.19,/0.42, **
*p <0.01, ** p < 0.001, a: samples from sitel, b: samples from site2.

A Kolmogorov-Smirnov test of these parameters showed that the closeness centrality
was almost significantly different between any two given groups regardless of the sites,
suggesting that the central position of each genus in the network was distinct among
the three groups. Interestingly, we also found the closeness centrality of differentially
abundant genera had large differences between LSCC and MSCC, and the tendency showed
consistency in both sites (Radj2= 0.18, p < 0.001) (Supplementary Materials Figure S2).

3.5. Identification of Differentially Expressed Genes between Groups

Figure 6a,c showed the number of DEGs identified in each group comparison in each
site. Comparison of LSCC and HSCC obtained the greatest number of DEGs (1068 for
sitel and 455 for site2) using statistical significance p < 0.05 and |log2(FoldChange) | > 1.
In samples from both sites, more DEGs were identified in LSCC vs. MSCC (363 for sitel
and 955 for site2) than in HSCC vs. MSCC (63 for sitel and 270 for site2). Furthermore,
cluster analysis and expression heatmap of the most significant DEGs (FDR < 0.1) in both
sites revealed apparently distinct transcriptional profiles between LSCC and the other
two groups (Figure 6b,d), indicating that the transcriptional profile of MSCC cows was
more different from that of LSCC compared to HSCC cows. A total of 7, 32, and 72 DEGs
were shared in HSCC vs. MSCC comparison, LSCC vs. MSCC comparison and LSCC vs.
HSCC comparison in both sites, respectively. Among those DEGs, 70 DEGs had the same
regulation direction in both sites. Furthermore, the correlation between the expression
profile of these common DEGs in the two sites was significant (R,g; 2=009, p < 0.0001)
(Supplementary Materials Figure S3). Unfortunately, among these common DEGs, no genes
were found to be shared in LSCC vs. MSCC and LSCC vs. HSCC comparison.

Later, KEGG pathway and GO enrichment analyses were performed to investigate
the functions of these common genes. We found KEGG pathways that were most enriched
by these genes were cytokine—cytokine receptor interaction, NF-« B signaling pathway,
viral protein interaction with cytokine and cytokine receptor, and apoptosis (FDR < 0.1),
suggesting that these genes play an important role in inflammatory response. Significant
enriched biological processes in GO terms (p < 0.05) were also mainly involved in the
cytokine-mediated signaling pathway and positive regulation of inflammatory response. In
addition, GSVA further confirmed immune-related biological processes, such as regulation
of interleukin 6 mediated signaling pathway, B cell chemotaxis, and positive regulation
of T cell apoptotic process, were lowly expressed in LSCC, compared with the other two
groups (Figure 7a—c).

3.6. Correlation Analysis between Microbiota and Gene Profiles

To understand the association between the top discriminating genes and the differen-
tially abundant genera, a mixed linear model controlling site effect, parity, and lactation
stage was constructed to fit for all common DEGs with the same regulation direction and
FDR < 0.1 in both sites and each of the differentially abundant genera identified in each
group comparison with prevalence >0.5. Overall, 33 significant associations were detected
(p < 0.05) (Figure 8a). Among these associations, a strong negative association was detected
between the gene S100A9 upregulated in HSCC and bacteria Prevotellaceae_UCG-003 and
Muribaculaceae, which were proportionally higher in LSCC, and another pair of LSCC
prevalent bacteria UCG-005 and HSCC upregulated gene GADD45G. The expression levels
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of both genes were highest in HSCC and lowest in LSCC, corresponding with the SCC level
(Figure 8b).

(a

)
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(© @
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Figure 6. Differentially expressed genes identification. (a,c): Venn diagram showing the number of
differentially expressed genes (DEGs) identified in each comparison in each site. (b,d): Heatmap
showing the expression profile of top DEGs (FDR < 0.05). Left panel: sitel, Right panel: site2. H—M:
HSCC vs. MSCC, L—M: LSCC vs. MSCC, L—H: LSCC vs. HSCC.
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Figure 8. Correlation analysis between DEGs and differentially abundant taxa. (a) Associations
between differentially abundant genera and the top discriminating DEGs identified in both sites
using linear mixed model ("*’stands for p < 0.05, **’stands for p < 0.01). (b,c) Rlog-transformed read
counts of SI00A9 and GADD45G in different groups.

4. Discussion

Early diagnosis of subclinical mastitis is crucial for therapeutic decisions and for now,
SCC is still broadly used as a proxy for subclinical mastitis [15]. To our knowledge, this is
the first study to explore the appropriate threshold for subclinical mastitis or intramam-
mary infection diagnosis from the perspective of both milk microbiota and peripheral
blood leukocyte transcriptome, which are novel high-throughput intermediate molecular
phenotypes in recent years.

Though the mammary gland is the organ directly involved in the synthesis and
secretion of milk, it is not always the most ideal material to study intramammary diseases
due to collection difficulty and effect on the lactating cows. Blood, however, is relatively
easy to collect and is responsible for various substance and molecule exchanges with the
mammary gland. Moreover, the presence of some immune cells within the blood, such
as leukocytes, enables blood transcriptome to reflect the overall physiological condition
of cows [16,17]. Therefore, our study used peripheral blood leukocyte transcriptome as
a proxy for mammary gland transcriptome. Yet this may raise another problem as other
undergoing inflammatory reactions may also contribute to the changes in the expression
levels of immune response-associated genes, thus biasing the result. We believe this
limitation was addressed through the large sample size and comparison of samples from
two different dairy farms.

The present study identified an enrichment of genera Bifidobacterium and Lachnospiraceae
_AC2044_group in milk with SCC < 100,000 cells/mL. Previous studies have referred to
Bifidobacterium as one of the markers of “healthy microbiota” and shown that it has lower
relative abundance in cows with udder pathology [18]. Additionally, intramammary infu-
sion of Bifidobacterium breve was reported to have an effect on clearance of minor mastitis
causing pathogens from infected quarters [19]. Genera Lachnospiraceae_AC2044_group has
not been identified as a marked beneficial bacterium in uninfected mammary quarters
before. However, a higher percentage of unclassified Lachnospiraceae was detected in milk
samples derived from healthy quarters in one study [20].

For the first time, the topological properties of the co-occurrence networks in milk
microbiota were compared among groups with different SCC levels to illustrate how
microbial interactions change with the increase in SCC. Closeness centrality represents the
tightness of the network, and a higher closeness centrality usually indicates the greater
importance of the node [21]. While both sites had almost the same tendency in which the
closeness centrality of differentially abundant genera was lower in LSCC compared with
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MSCC, the closeness centrality in HSCC was not consistent between two sites, possibly
because the co-occurrence network might become more unstable with the increase in the
severity of the infection or the disease [22,23].

Samples from two different farms were used in this study to provide a result that may
have a wider application. However, correcting batch effects for microbiota studies remains
a problem because the same methods that work well for other types of omics data are
not necessarily appropriate for microbiome datasets, which are extremely sensitive to the
variation in experimental and computational processing [24]. The ALDEx2 was selected in
this study for differential abundance testing because of its high performance in producing
consistent results across studies and agreeing with the intersection of results from different
approaches [25].

In this study, the correlation between the top DEGs and differentially abundant genera
were estimated to help understand their roles in host-microbe interplay. S100 calcium-
binding protein A9 encoding gene S100A9 has previously been shown to be actively
involved in inflammatory processes and upregulated in bovine mastitis [26,27]. Further-
more, it was enriched in some inflammatory response-related biological processes in this
study, such as neutrophil chemotaxis, positive regulation of intrinsic apoptotic signaling
pathway, and leukocyte cell-cell adhesion. Muribaculaceae, a beneficial commensal bacteria
demonstrated by several studies, had a lower relative abundance in cows with subclinical
mastitis [28,29] and was negatively correlated with the expression S100A9 in this study.
Thus, we speculated that Muribaculaceae may play a regulatory role in inflammation by
interfering with the expression of S100A9. Additionally, we found another gene-bacteria
pair that might serve the same purpose. GADD45G was enriched in NF-« B and the
MAPK signaling pathway was highly expressed in HSCC group. Though the genera
(Oscillospiraceae_UCG-005) correlated with this gene have not been proven to be directly
linked to subclinical mastitis before, their relative abundance did decrease in some other
diseases [30,31].

With regard to the number of DEGs and differentially abundant genera, samples from
LSCC were more easily discriminated from samples in MSCC. However, the number of
differentially abundant genera in LSCC vs. HSCC comparison was smaller than in LSCC vs.
MSCC. We conjectured that this was because some underlying factors may have unequal
effects on certain milk microbiota derived from cows with different SCC levels, and the
relationship between the abundance of some bacteria and SCC was not always linear [20].

To our knowledge, this is the first study to integrate host transcriptomics and mi-
crobiome to explore the cow-level SCC cut-off value for subclinical mastitis diagnosis.
The results revealed a visible difference in microbiota profiling and gene expression pat-
tern between composite samples with SCC above and below 100,000 cells/mL. Using
200,000 cells/mL as the threshold, however, led to a negligible difference in the intermedi-
ate molecular phenotypes, indicating 100,000 cells/mL can be more discriminative than
200,000 cells/mL. Though considerable effort has been devoted to finding the most reliable
SCC threshold to predict mammary gland infection, it should be noted that the variability
in SCC could be explained by different explanatory factors, and according to a previous
study, sources of variability should be studied within and between animals before drawing
a conclusion on a given animal’s health status [32]. As mentioned before, the current
study was carried out based on composite milk samples. Quarter samples, which are more
widely studied, on the other hand, are likely to obtain a different, maybe higher optimum
mathematical SCC threshold as a result of the dilution effect caused by combining the milk
for four udder quarters [9]. Thus, next time we may need to consider reconducting the
study on the quarter level, further partitioning the variance based on the experimental
factors and incorporating them into the model in order to better understand the role of each
of the factors or the interplay between these factors in alternating the microbial composition
and affecting the best cow-level and quarter-level SCC cut-off value for subclinical mastitis
detection.
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5. Conclusions

In conclusion, our study pointed out the potential superiority of using 100,000 cells/mL
as the cow-level threshold of subclinical mastitis detection over 200,000 cells/mL in terms
of the changes in microbiota and transcriptome. Furthermore, the results showed that some
beneficial bacteria may be helpful for alleviating subclinical mastitis progression. Thus,
the differentially abundant genera and differentially expressed genes found in the current
study might be conducive to the future diagnosis of intramammary infection.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ani12131694/s1, Figure S1: Rarefaction curves at the genus level;
Figure S2: Closeness centrality of differentially abundant genera shared in two sites; Figure S3: Linear
regression analysis of expression levels of shared DEGs with the same regulation direction in two
sites; Table S1: 16S rRNA gene V3-V4 amplification PCR reactants; Table S2: Pairwise comparison of
alpha diversity after correcting covariates.

Author Contributions: J.Z.: Data curation, Methodology, Formal analysis, Writing—Original Draft,
Visualization. W.L., Y.T., X.L., H.Z.: Data collection. Y.Z.: Methodology. Y.W.: Resources. W.X.:
Resources, Project administration. Y.Y.: Review and Editing, Supervision, Funding Acquisition,
Project administration. All authors have read and agreed to the published version of the manuscript.

Funding: Financial support of the current study was provided by Major special projects of Min-
istry of Science and Technology during the Fourteen Five- year Plan Period (2021YFD1200903),
National Natural Science Foundation of China-Pakistan Science Foundation (NSFC-PSF) Joint Project
(31961143009) and Beijing Dairy Industry Innovation Team (BAIC06).

Institutional Review Board Statement: The sample collection procedure in this study was approved
by Animal Care and Use Committee of China Agricultural University (animal experiment permission
number: AW10111202-1-3).

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank all the members of Molecular and Quantitative
Genetics Laboratory (China Agricultural University) that may contribute to this study and Novogene
Technology (Beijing, China) for the sequencing services. Financial support and resources provided by
other institutions and projects are also acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Wang, Y.; Nan, X.; Zhao, Y.; Wang, H.; Wang, M,; Jiang, L.; Zhang, F.; Xue, F; Hua, D.; Li, K,; et al. Coupling 16S rDNA
Sequencing and Untargeted Mass Spectrometry for Milk Microbial Composition and Metabolites from Dairy Cows with Clinical
and Subclinical Mastitis. J. Agric. Food Chem. 2020, 68, 8496-8508. [CrossRef] [PubMed]

Jadhav, P.V,; Das, D.N.; Suresh, K.P.; Shome, B.R. Threshold somatic cell count for delineation of subclinical mastitis cases. Vet.
World 2018, 11, 789-793. [CrossRef]

Schwarz, D.; Diesterbeck, U.S.; Failing, K.; Konig, S.; Brugemann, K.; Zschock, M.; Wolter, W.; Czerny, C.P. Somatic cell counts
and bacteriological status in quarter foremilk samples of cows in Hesse, Germany—A longitudinal study. J. Dairy Sci. 2010, 93,
5716-5728. [CrossRef] [PubMed]

Ma, P; Yu, Y.; Zhang, Y.; Zhang, Q.; Wang, Y.; Sun, D.; Zhang, Y. The Distribution of SCC and Its Correlation with Milk Production
Traits in Chinese Holsteins. Acta Vet. Zootech. Sin. 2010, 12, 1529-1535.

Mostafizur Rahaman Sumon, S.M.; Parvin, M.S.; Ehsan, M. A; Islam, M.T. Relationship between somatic cell counts and subclinical
mastitis in lactating dairy cows. Vet. World 2020, 13, 1709-1713. [CrossRef]

Forsback, L.; Lindmark-Mansson, H.; Andren, A.; Svennersten-Sjaunja, K. Evaluation of quality changes in udder quarter milk
from cows with low-to-moderate somatic cell counts. Animal 2010, 4, 617-626. [CrossRef]

Hand, K.J.; Godkin, A.; Kelton, D.E. Milk production and somatic cell counts: A cow-level analysis. J. Dairy Sci. 2012, 95,
1358-1362. [CrossRef]

Jaeger, S.; Virchow, E,; Torgerson, P.R.; Bischoff, M.; Biner, B.; Hartnack, S.; Ruegg, S.R. Test characteristics of milk amyloid A
ELISA, somatic cell count, and bacteriological culture for detection of intramammary pathogens that cause subclinical mastitis. J.
Dairy Sci. 2017, 100, 7419-7426. [CrossRef] [PubMed]

Petzer, LM.; Karzis, J.; Donkin, E.F.; Webb, E.C.; Etter, EM.C. Somatic cell count thresholds in composite and quarter milk samples
as indicator of bovine intramammary infection status. Onderstepoort J. Vet. Res. 2017, 84, e1-e10. [CrossRef]


https://www.mdpi.com/article/10.3390/ani12131694/s1
https://www.mdpi.com/article/10.3390/ani12131694/s1
http://doi.org/10.1021/acs.jafc.0c03738
http://www.ncbi.nlm.nih.gov/pubmed/32633125
http://doi.org/10.14202/vetworld.2018.789-793
http://doi.org/10.3168/jds.2010-3223
http://www.ncbi.nlm.nih.gov/pubmed/21094743
http://doi.org/10.14202/vetworld.2020.1709-1713
http://doi.org/10.1017/S1751731109991467
http://doi.org/10.3168/jds.2011-4927
http://doi.org/10.3168/jds.2016-12446
http://www.ncbi.nlm.nih.gov/pubmed/28647334
http://doi.org/10.4102/ojvr.v84i1.1269

Animals 2022, 12, 1694 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Pang, M.D,; Xie, X.; Bao, H.D.; Sun, L.C.; He, T.; Zhao, H.; Zhou, Y.; Zhang, L.L.; Zhang, H.; Wei, R.C.; et al. Insights Into the
Bovine Milk Microbiota in Dairy Farms With Different Incidence Rates of Subclinical Mastitis. Front. Microbiol. 2018, 9, 2379.
[CrossRef]

Gryaznova, M.V.; Syromyatnikov, M.Y.; Dvoretskaya, Y.D.; Solodskikh, S.A.; Klimov, N.T.; Mikhalev, V.I.; Zimnikov, V.I;
Mikhaylov, E.V.; Popov, V.N. Microbiota of Cow’s Milk with Udder Pathologies. Microorganisms 2021, 9, 1974. [CrossRef]
[PubMed]

Jensen, K.; Gunther, J.; Talbot, R.; Petzl, W.; Zerbe, H.; Schuberth, H.].; Seyfert, HM.; Glass, E.J. Escherichia coli- and Staphylococcus
aureus-induced mastitis differentially modulate transcriptional responses in neighbouring uninfected bovine mammary gland
quarters. BMC Genom. 2013, 14, 36. [CrossRef] [PubMed]

Cheng, Z.; Buggiotti, L.; Salavati, M.; Marchitelli, C.; Palma-Vera, S.; Wylie, A.; Takeda, H.; Tang, L.; Crowe, M.A.; Wathes, D.C.;
et al. Global transcriptomic profiles of circulating leucocytes in early lactation cows with clinical or subclinical mastitis. Mol. Biol.
Rep. 2021, 48, 4611-4623. [CrossRef] [PubMed]

Derakhshani, H.; Fehr, K.B.; Sepehri, S.; Francoz, D.; De Buck, J.; Barkema, H.-W.; Plaizier, ].C.; Khafipour, E. Invited review:
Microbiota of the bovine udder: Contributing factors and potential implications for udder health and mastitis susceptibility. J.
Dairy Sci. 2018, 101, 10605-10625. [CrossRef] [PubMed]

Schwarz, D.; Kleinhans, S.; Reimann, G.; Stuckler, P; Reith, E; Ilves, K.; Pedastsaar, K.; Yan, L.; Zhang, Z.; Lorenzana, R.; et al.
Associations between different udder health groups defined based on a combination of total and differential somatic cell count
and the future udder health status of dairy cows. Prev. Vet. Med. 2021, 192, 105374. [CrossRef] [PubMed]

Bai, X.; Zheng, Z.Q.; Liu, B.; Ji, X.Y,; Bai, Y.S.; Zhang, W.G. Whole blood transcriptional profiling comparison between different
milk yield of Chinese Holstein cows using RNA-seq data. BMC Genom. 2016, 17, 512. [CrossRef]

Dong, W.T;; Yang, J.; Zhang, Y.; Liu, S.L.; Ning, C.; Ding, X.D.; Wang, W.W.; Zhang, Y.; Zhang, Q.; Jiang, L. Integrative analysis of
genome-wide DNA methylation and gene expression profiles reveals important epigenetic genes related to milk production traits
in dairy cattle. J. Anim. Breed. Genet. 2021, 138, 562-573. [CrossRef]

Falentin, H.; Rault, L.; Nicolas, A.; Bouchard, D.S.; Lassalas, J.; Lamberton, P.; Aubry, ] M.; Marnet, PG.; Le Loir, Y.; Even, S.
Bovine Teat Microbiome Analysis Revealed Reduced Alpha Diversity and Significant Changes in Taxonomic Profiles in Quarters
with a History of Mastitis. Front. Microbiol. 2016, 7, 480. [CrossRef]

Nagahata, H.; Mukai, T.; Natsume, Y.; Okuda, M.; Ando, T.; Hisaeda, K.; Gondaira, S.; Higuchi, H. Effects of intramammary
infusion of Bifidobacterium breve on mastitis pathogens and somatic cell response in quarters from dairy cows with chronic
subclinical mastitis. Anim. Sci. J. 2020, 91, e13406. [CrossRef]

Oikonomou, G.; Bicalho, M.L.; Meira, E.; Rossi, R.E.; Foditsch, C.; Machado, V.S.; Teixeira, A.G.V.; Santisteban, C.; Schukken, Y.H.;
Bicalho, R.C. Microbiota of Cow’s Milk; Distinguishing Healthy, Sub-Clinically and Clinically Diseased Quarters. PLoS ONE 2014,
9, €85904. [CrossRef]

Ai, D.M,; Pan, H.F; Li, X.X.; Wu, M.; Xia, L. Association network analysis identifies enzymatic components of gut microbiota that
significantly differ between colorectal cancer patients and healthy controls. Peer] 2019, 7, €7315. [CrossRef]

Borsanelli, A.C.; Athayde, ER.F,; Agostinho, S.D.; Riggio, M.P; Dutra, LS. Dental biofilm and its ecological interrelationships in
ovine periodontitis. J. Med. Microbiol. 2021, 70. [CrossRef] [PubMed]

Mac Aogain, M.; Narayana, ].K.; Tiew, P.Y,; Ali, N.A.B.M.; Yong, VEL,; Jaggi, TK,; Lim, A.YH.; Keir, H.R.; Dicker, A J.; Thng, K.X,;
et al. Integrative microbiomics in bronchiectasis exacerbations. Nat. Med. 2021, 27, 688-699. [CrossRef] [PubMed]

Gibbons, S.M.; Duvallet, C.; Alm, E.J. Correcting for batch effects in case-control microbiome studies. PLoS Comput. Biol. 2018, 14,
€1006102. [CrossRef]

Nearing, J.T.; Douglas, G.M.; Hayes, M.G.; MacDonald, J.; Desai, D.K.; Allward, N.; Jones, CM.A.; Wright, R.J.; Dhanani, A.S,;
Comeau, A.M.; et al. Microbiome differential abundance methods produce different results across 38 datasets. Nat. Commun.
2022, 13, 342. [CrossRef] [PubMed]

Sharifi, S.; Pakdel, A.; Ebrahimi, M.; Reecy, ].M.; Farsani, S.F.; Ebrahimie, E. Integration of machine learning and meta-analysis
identifies the transcriptomic bio-signature of mastitis disease in cattle. PLoS ONE 2018, 13, e0191227. [CrossRef] [PubMed]
Brand, K.S,; Filor, V.; Baumer, W. Early inflammatory events of mastitis—A pilot study with the isolated perfused bovine udder.
BMC Vet. Res. 2021, 17, 356. [CrossRef]

Wang, Y,; Nan, X.M.; Zhao, Y.G,; Jiang, L.S.; Wang, H.; Zhang, F; Hua, D.K; Liu, J.; Yao, ].H.; Yang, L.; et al. Consumption of
Supplementary Inulin Modulates Milk Microbiota and Metabolites in Dairy Cows with Subclinical Mastitis. Appl. Environ. Microb.
2022, 88, €02059-21. [CrossRef]

Wang, Y.; Nan, XM.; Zhao, Y.G; Jiang, L.S.; Wang, H.; Zhang, F; Hua, D.K,; Liu, J.; Yao, J.H.; Yang, L.; et al. Dietary
Supplementation of Inulin Ameliorates Subclinical Mastitis via Regulation of Rumen Microbial Community and Metabolites in
Dairy Cows. Microbiol. Spectr. 2021, 9, e00105-21. [CrossRef]

Zhang, W.; Wang, T.; Guo, R.; Cui, W,; Yu, W.; Wang, Z; Jiang, Y.; Jiang, M.; Wang, X.; Liu, C.; et al. Variation of Serum Uric Acid
Is Associated With Gut Microbiota in Patients With Diabetes Mellitus. Front. Cell Infect. Microbiol. 2021, 11, 761757. [CrossRef]


http://doi.org/10.3389/fmicb.2018.02379
http://doi.org/10.3390/microorganisms9091974
http://www.ncbi.nlm.nih.gov/pubmed/34576870
http://doi.org/10.1186/1471-2164-14-36
http://www.ncbi.nlm.nih.gov/pubmed/23324411
http://doi.org/10.1007/s11033-021-06494-8
http://www.ncbi.nlm.nih.gov/pubmed/34146201
http://doi.org/10.3168/jds.2018-14860
http://www.ncbi.nlm.nih.gov/pubmed/30292553
http://doi.org/10.1016/j.prevetmed.2021.105374
http://www.ncbi.nlm.nih.gov/pubmed/34052722
http://doi.org/10.1186/s12864-016-2901-1
http://doi.org/10.1111/jbg.12530
http://doi.org/10.3389/fmicb.2016.00480
http://doi.org/10.1111/asj.13406
http://doi.org/10.1371/journal.pone.0085904
http://doi.org/10.7717/peerj.7315
http://doi.org/10.1099/jmm.0.001396
http://www.ncbi.nlm.nih.gov/pubmed/34313584
http://doi.org/10.1038/s41591-021-01289-7
http://www.ncbi.nlm.nih.gov/pubmed/33820995
http://doi.org/10.1371/journal.pcbi.1006102
http://doi.org/10.1038/s41467-022-28034-z
http://www.ncbi.nlm.nih.gov/pubmed/35039521
http://doi.org/10.1371/journal.pone.0191227
http://www.ncbi.nlm.nih.gov/pubmed/29470489
http://doi.org/10.1186/s12917-021-03029-y
http://doi.org/10.1128/aem.02059-21
http://doi.org/10.1128/Spectrum.00105-21
http://doi.org/10.3389/fcimb.2021.761757

Animals 2022, 12, 1694 17 of 17

31.

32.

Lee-Sarwar, K.; Dedrick, S.; Momeni, B.; Kelly, R.; Zeiger, R.; O’Connor, G.; Sandel, M.; Bacharier, L.; Beigelman, A.; Laranjo, N.;
et al. Association of the Gut Microbiome and Metabolome with Wheeze Frequency in Childhood Asthma. J. Allergy Clin. Immun.
2021, 147, Ab53. [CrossRef]

Norstebo, H.; Dalen, G.; Rachah, A.; Heringstad, B.; Whist, A.C.; Nodtvedt, A.; Reksen, O. Factors associated with milking-to-
milking variability in somatic cell counts from healthy cows in an automatic milking system. Prev. Vet. Med. 2019, 172, 104786.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.jaci.2020.12.217
http://doi.org/10.1016/j.prevetmed.2019.104786
http://www.ncbi.nlm.nih.gov/pubmed/31600665

	Introduction 
	Materials and Methods 
	Sample Collection 
	S rRNA Gene Sequencing Procedure and Bioinformatic Analysis 
	RNA-Seq and Transcriptomic Data Processing 

	Results 
	Taxonomic Profiling Analysis and Core Microbiota Identification 
	Pairwise Comparison of Microbial Community Diversity of Groups with Different SCC Levels 
	Identification of Differentially Abundant Genera and Metabolic Pathways in Groups with Different SCC Levels 
	Comparative Analysis of Microbial Interaction Network 
	Identification of Differentially Expressed Genes between Groups 
	Correlation Analysis between Microbiota and Gene Profiles 

	Discussion 
	Conclusions 
	References

