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Mastitis, mainly caused by bacterial intramammary infections, is the main problem in the breeding of dairy animals. The inflammations of the mammary gland is separated by types of mastitis, being subclinical, clinical, and the most severe, gangrenous mastitis. Here, we used 16S rRNA amplicon sequencing to characterize the bacterial microbiota of goat milk in the different types of goat mastitis caused by bacteria. We used 72 goat milk samples from a region of the state of Minas Gerais in Brazil, of which 12 were from clinically healthy animals, 42 from animals diagnosed with subclinical mastitis, 16 from animals with clinical mastitis, and 2 from animals with gangrenous mastitis. The group related to gangrenous mastitis was the most divergent in terms of alpha and beta diversity. The most abundant genus among samples of the groups was Staphylococcus spp., and we found a high abundance of Mycoplasma sp. in the milk of animals diagnosed with clinical mastitis. The most statistically relevant microorganisms among the groups were Prevotella sp., Ruminococcaceae, Prevotella ruminicola sp., and Providencia sp. We highlight a new association of bacterial agents in gangrenous mastitis among Escherichia sp./Shigella sp. and Enterococcus sp. and provide the second report of the genus Alkalibacterium sp., in milk samples. Only the taxa Staphylococcus sp., Bacteroides sp., Enterococcus, and Brevidabacterium sp., were present in all groups. The superpathway of L-tryptophan biosynthesis metabolites and the sucrose degradation III (sucrose invertase) pathway were the most prominent ones among the groups. In this study, we demonstrate how a rich microbiota of goat milk from healthy animals can be altered during the aggravation of different types of mastitis, in addition to demonstrating new bacterial genera in milk not previously detected in other studies as well as new associations between agents.
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Introduction

On a global level, milk is part of the diet of 6 billion people, of which the majority live in developing countries (FAO, 2019). The goat, a small ruminant, was the first farm animal to be domesticated (8000 BC, Ganj Darech), today known as Iran (Boyazoglu et al., 2005). Goat milk production has been growing steadily over the past 20 years due to the recognition of its nutritional values and nutraceutical properties (Kumar et al., 2016). Mastitis, or intramammary infection (IMI; Menzies and Ramanoon, 2001; Sar et al., 2018), is primarily caused by bacterial intramammary infection and is the most relevant small ruminant disease, causing severe economic losses to the dairy industry worldwide (Oikonomou et al., 2014; Dore et al., 2016) risk to public health due to the presence of pathogens and toxins released, as well as antimicrobial residues (Contreras et al., 2007).

Most cases of IMI are chronic, making them difficult to treat and prone to resurgence. Frequently, they are accompanied by long-lasting cost-intensive antibiotic treatment and premature culling (White and Hinckley, 1999; Menzies and Ramanoon, 2001; Schukken et al., 2011; Grunert et al., 2018); occasionally, the animals die if not properly medicated. In dairy animals, IMI can manifest itself in clinical forms of varying levels of severity, according with symptoms, otherwise, with a total absence of visible macroscopic signs of the disease, in the form of a subclinical infection (Côté-Gravel and Malouin, 2019). Several bacterial pathogens can cause IMI, but Staphylococcus spp. are the most frequently diagnosed causal microorganisms in goats and sheep (Contreras et al., 2007). Other pathogens, such as Streptococcus spp., the Enterobacteriaceae family, Pseudomonas aeruginosa, Mannheimia haemolytica, Corynebacterium spp., and fungi, can produce IMI in small ruminants, albeit with lower occurrence rates. The high diversity of microorganisms, mainly IMI-causing bacteria, makes treatment and control in human and veterinary medicine difficult (White and Hinckley, 1999; Contreras et al., 2007).

Microbiome studies of goats (McInnis et al., 2015; Zhang et al., 2017; Polveiro et al., 2020) and cows milk (Oikonomou et al., 2014; Addis et al., 2016; Bonsaglia et al., 2017) in several situations have demonstrated the complexity of the interactions of pathogens and commensals present in situations of health and illness. Diseases can be the consequence of a sum of many complex variables that interact, which can go beyond the mere interaction between host, pathogen and environment, as we know it (Hedrick, 1998), and milk omics analyzes have unravel new variables for understanding the different types of mastitis. Such novel research approach has allowed the reconstruction of systems approaching this infectious disease (Garira, 2019; Eckhardt et al., 2020). Few studies have revealed microbiota in goat milk; however, the main bacterial phyla found are Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes, as well as a variety of genera such as Acinetobacter, Agrobacterium, Alkalibacterium, Bacteroides, Bacillus, Enterobacter, Escherichia/Shigella, Fusobacterium, Klebsiella, Massilia, Micrococcus, Pseudomonas, Phyllobacterium, Rhodococcus, Staphylococcus, Stenotrophomonas, Stenotrophomonas, Shewanella, Streptococcus, and Yersinia (McInnis et al., 2015; Zhang et al., 2017; Polveiro et al., 2020).

The objectives of this study were to generate knowledge of the microbiome of goat milk using samples from healthy goats and those diagnosed with subclinical, clinical, and gangrenous mastitis, characterized by 16S rRNA amplicon sequencing. First, we aimed to analyze and compare the populations of bacteria between healthy groups and types of mastitis; subsequently, we described the populations found among the groups and determined the most important agents among them. Finally, we performed predictive functional profiling of microbial communities and compared the metabolic and functional profiles of the bacteria.



Materials and methods


Criteria for the selection of animals and sampling

We collected 72 samples of milk from goats from six microregions and from 11 different goat herds from the Zona da Mata of the state of Minas Gerais, Brazil (Supplementary Table S1). All samples were collected in 2014 on commercial properties where the animals were raised in intensive milk production systems. Milk samples were segregated according to the clinical status of the animal, namely clinically healthy animals and animals with different types of mastitis. Thus, were used 12 samples of milk from animals diagnosed as clinically healthy (H0) and thus determined as control animals, 42 samples from animals with subclinical mastitis (M1), 16 samples from animals with clinical mastitis (M2), and 2 samples from animals diagnosed with gangrenous mastitis (M4; Supplementary Table S1). The management system of the herds used in this study was an intensive production system, in which the animals were kept stabled on slatted floor; most of the animals were of the Saanen goat breed. The animals had no clinical history with previous antibiotic therapy. Milk samples were collected by a trained veterinarian member of the research team, following the standard recommendations of the National Mastitis Council’s Laboratory Handbook on Bovine Mastitis (Hogan et al., 1999). Approximately 15 ml of milk was collected before milking and after the external cleaning of the ceiling with alcohol 70 (ethyl alcohol hydrate 70° INPM); the first jets of milk were discarded, and the teats of the animal were dried with paper towels. The samples were immediately refrigerated at 4–7°C, transported to the Laboratory of Bacterial Diseases (LDBAC) at the Veterinary Department of the UFV on ice, and 2-mL milk aliquots were stored at −80°C until further DNA extraction.

The pre-requisites for healthy control (H0) animals were that they did not present any signs of clinical mastitis during the physical examination, scored 0 and + 1 in the CMT (California Mastitis Test), and were negative in the bacterial culture, as detailed below.

The California Mastitis Test (CMT; Perrin et al., 1997), the evaluation of clinical breast signs, and bacteriological tests were used as parameters to diagnose IMI. The CMT reactions were performed with 2.5 ml of milk mixed with 2.5 ml of CMT reagent, and the CMT scores were graded (Perrin et al., 1997). The reaction was graded by the intensity of gel formation and color change. The milk samples with CMT scores of 0 and +1 were considered as negative, and those with a score of +2 or +3 were considered positive (Perrin et al., 1997). Animals were considered positive for M1 when negative in the evaluation of clinical signs and positive in bacteriological tests and with a score of +2 or +3 in the CMT.

The animals diagnosed with IMI, M2, and M4 were first evaluated for signs of clinical mastitis and the presence of at least visually abnormal milk (i.e., the presence of flakes, clots, blood, or serous milk). Changes in the mammary gland were also evaluated, such as an increased volume and body temperature as well as pain, redness during forestripping performed at the milking parlor, in addition to systemic clinical signs, in the presence of a veterinarian. The diagnosis of animals in M4 considered the previous conditions as well as the presentation of the udder in a bluish color and with an edematous aspect (Rainard et al., 2018). In addition, to fit into these M2 and M4 statuses, the animals were positive in bacteriological tests and scored +2 or +3 in the CMT.



Bacteriological examination

For the isolation of the bacteria, 100-μL samples of pre-homogenized milk were used for full aerobic bacteriological culture and spread on Columbia agar supplemented with 5% sheep blood. All milk samples were directly cultured for aerobic bacteria using described standard culture techniques (Aarestrup et al., 1995; Quinn et al., 2003; Versalovic et al., 2011). Plates were read after 24, 48, and 72 h. Plates with more than three colonies after 48–72 h of incubation at 37°C were considered positive (M1, M2, and M4), according to the protocols mentioned above, from an individual milk sample; for H0 samples, plates that did not demonstrate bacterial development were considered negative (Buelow et al., 1996; Quinn et al., 2011).



DNA extraction, amplification of the 16S rRNA gene, and sequencing

The total DNA of the milk samples was extracted using the QIAmp DNA kit min (QIAGEN, Valencia, CA), following the process protocol ‘Blood or Body Fluid Spin Protocol’ (Spin Protocol), with modifications described by Kuehn et al. (2013). The concentration and purity of the DNA were quantified by spectroscopy (optical density) on a NanoDrop® Thermo Fisher Scientific Spectrophotometer (Waltham, Massachusetts, United States; Oikonomou et al., 2012). Samples of extracted DNA were sent to the Argonne National Laboratory (Lemont, IL, United States) in an ice-dry isothermal box at −78°C for sequencing.

In the Argonne Laboratory (Argonne, IL, United States), the V4 hypervariable region of the bacterial 16S rRNA gene was amplified from genomic DNA by polymerase chain reaction using the primers 515F and 806R, optimized for the Illumina MiSeq platform (Illumina Inc., San Diego, CA; Caporaso et al., 2012), with MiSeq Reagent Kit V2.



Sequence and bioinformatics analyses

The sequences were demultiplexed using the ‘Idemp’ program.1 The package ‘DADA2’ pipeline (version 1.8) in R (R Team Core, 2018) was used to infer the amplicon sequence variant (ASV) present in each sample (Callahan et al., 2016). The ASV methods have demonstrated sensitivity and specificity as good or better than those of operational taxonomic units (OTUs), identifying the distinction of sequence variants by as little as one nucleotide(Callahan et al., 2017). Bioinformatics processing largely followed the DADA2 tutorial.2 Forward and reverse read pairs were trimmed and filtered, truncated at 150 nt, and reverse read at 150 nt, with up to two bases of ambiguous errors allowed; each read was required to have less than two expected errors based on their quality scores. The ASVs were independently inferred from the forward and reverse reads of each sample, using the run-specific error rates, and read pairs were merged. Chimeras were identified for each sample and removed if identified in a sufficient fraction of the samples by the method consensus. Taxonomic assignment was performed against the Silva v. 132 database, using the implementation of the Ribosomal Database Project (RDP) Classifier, a naïve Bayesian classifier, available in the package ‘DADA2’ in R in default parameters (Wang et al., 2007; Quast et al., 2013).

All statistical analyses were carried out by using several packages and functions implemented in R 4.0.3 (R Team Core, 2018). We did not analyze non-rarefied data due to the characteristics of our analyses in the data (McMurdie and Holmes, 2014; Weiss et al., 2017; Zaheer et al., 2018). Using the package ‘phyloseq’ (McMurdie and Holmes, 2013), however, we polished the data with the removal of any ASVs without a bacterial phylum assignment, assigned as Archaea, chloroplast, or mitochondrial origin. To simplify downstream analyses and to reduce the noise of the analyses, we applied a prevalence and abundance threshold for bacterial ASVs, in which taxa were kept only if they were found at a minimum frequency of 100 in at least one sample.



Diversity analysis and microbiota composition

Alpha diversity was analyzed in the package phyloseq (McMurdie and Holmes, 2013), using metrics of the indices Shannon diversity (Shannon, 1948), Chao1 richness (Chao, 1984), and Observed Species in the R statistical software (R Team Core, 2018). To test for normality statistically, we ran the Shapiro–Wilk test of normality before comparing different mastitis alpha-diversity values. The values of the indices for different types of mastitis (taken from all groups, H0, M1, M2, and M4), were compared by ANOVA (α < 0.05), followed by the Tukey post hoc test using the package vegan (Oksanen et al., 2019).

The dissimilarity in community structure between different mastitis types was assessed by principal coordinate ordination using Bray–Curtis, unweighted and weighted UniFrac metrics, by performing non-metric multidimensional scaling (NMDS; Bray and Curtis, 1957) and with canonical analysis of principal coordinates (CAP; Anderson and Willis, 2003), followed by the analysis of differences for ANOVA. Deeper analyses with permutational multivariate analysis of variance (PERMANOVA) were performed for differences in the communities among H0, M1, M2, and M4, which were conducted using the function adonis from the package vegan (Oksanen et al., 2019) and Bray–Curtis dissimilarity over 1,000 permutations. Pairwise post hoc tests were conducted using the function pairwise.adonis from the package pairwiseadonis (Martinez Arbizu, 2020) with Bonferroni correction to calculate the statistical significance.

The microbiota composition in the bar graph was analyzed using the Phyloseq package (McMurdie and Holmes, 2013), ‘Microbial’3 and ggplot2 (Wickham, 2016) in R. The R package metacoder (Foster et al., 2017) was used for representing the taxonomic abundance as a differential heat tree, along with cladograms of the taxonomy, using a Wilcox rank-sum test followed by a Benjamini-Hochberg (FDR) correction for multiple comparisons. The packages MicrobiotaProcess (Xu and Yu, 2020) and VennDiagram (Chen and Boutros, 2011) were used to build a Venn diagram with the different types of mastitis.



Predictive functional profiling of microbial communities

The PICRUSt2 software (Douglas et al., 2020) was used to infer functional profiling of microbial communities by means of a set of minimum pathways identified by the MinPath (Minimal set of Pathways) tool (Ye and Doak, 2009) and pathway definitions by gene family provided by the MetaCyc metabolic database (Caspi et al., 2018). The STAMP (Parks et al., 2014) software package was used to analyze the metabolic potential of the microbial communities. The groups (H0, M1, M2, M4) were compared using an ANOVA, followed by a Tukey–Kramer post-hoc test (0.95), with statistical significance accepted when the p-value ≤0.01 and Benjamin–Hochberg FDR for correction.




Results


Summary of treatments, microbiological tests, and sequencing

We used 72 samples of goat milk, 12 samples from healthy controls (H0), 42 samples from animals diagnosed with subclinical mastitis (M1), 16 samples from animals diagnosed with clinical mastitis (M2), and 2 samples from animals diagnosed with gangrenous mastitis (M4). Of these, 60 samples, M1, M2, and M4, contained multiple microorganisms, whereas 12 (H0) samples did not show bacteriological growth in the culture medium (Supplementary Table S1).

Goat milk samples were collected and sequenced in the V4 region of the 16S rRNA gene; quality-filtered reads were demultiplexed, and a total of 2,298,725 sequences were used for downstream analyses (mean = 31,926,736 ± SD = 11,357,791 reads/sample). The median length for all reads was 254 bp. Overall, 869 taxa identified were used in the analyses.



Alpha diversity of milk microbiota of goats with mastitis and of healthy goats

Richness and diversity were analyzed to assess whether any divergence was observed across groups. The Chao 1 and Shannon measures, which are related to richness and diversity, respectively, were statistically different among treatment groups: M4–M1 (p < 0.01) and M4–H0 (p < 0.01; Supplementary Tables S2–S4; Figure 1).
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FIGURE 1
 Alpha diversity indices for healthy groups (H0), subclinical mastitis (M1), clinical mastitis (M2), and gangrenous mastitis (M4). Each color represents a group of mastitis type by disease severity, with the Chao1 index representing the richness index and Shannon the sample diversity index. Statistical differences were significant (p-value <0.01) between M4–M1 and M4–H0.


The richness and diversity of M1 differed slightly in its extremes from those of the control group H0, which denotes a slight dysbiosis of the mammary gland, presented with this type of mastitis. On the other hand, M2 showed a high reduction in bacterial microbiota richness, even though it was not statistically significant, in relation to the healthy animals of H0. The animals diagnosed with gangrenous in M4 were the ones that differed graphically and numerically in richness and diversity from those with other types of mastitis, which corroborates the clinical symptoms in these animals, with tissue loss and the ability to produce milk in the udder, in addition to the almost complete destruction of the microbiota.



Differences in microbial composition among groups based on beta diversity

The dissimilarities between the groups of the different types of mastitis can be seen in Figure 2, showing the canonical analysis of principal coordinates (CAP). Although there is no clear separation in Figure 2, there was a significant difference among the groups, with a p-value = 0.001 (Supplementary Table S5). On the other hand, as seen in the Supplementary Figures S1, S2, that consider phylogenetic distance measurements, the groups were separated based on UniFrac unweighted distances, considering only presence and absence of species information, and UniFrac weighted distances, which use species abundance information.

[image: Figure 2]

FIGURE 2
 Canonical Principal Coordinate Analysis (CAP) built on a Bray–Curtis dissimilarity matrix with groups of healthy animals (H0), animals with subclinical mastitis (M1), animals with clinical mastitis (M2), and animals with gangrenous mastitis (M4). The forms depict healthy animals and animals with mastitis, and the colors indicate the mastitis type. The order of the arrows demonstrates the formation of groups of individuals selected in different coordinates, denoting the dissimilarity and similarity of microbiota composition among samples and groups, according to the type of mastitis. The double arrows on the lower right demonstrate the most isolated grouping of animals belonging to the M4 group. The p-value = 0.001 was obtained by means of ANOVA.


Although the group separations were not clear, dysbiosis apparently caused an effect of distance from a central point where the samples of healthy animals were distributed, going in a centrifugal direction to the graph, especially when we evaluated the presence and absence of species (Supplementary Figure S2). This demonstrates a possible distance between the species of the microbiota as the degree of severity of mastitis increases, that is, the dysbiosis is accentuated. Other statistical analyses presented in Supplementary Table S5 show significant differences for the occurrence of separations between groups, H0 vs. M4, M1 vs. M2, and between M1 vs. M4. In addition, the statistical correction of Bonferroni values demonstrated an evident dissimilarity between M1 and M2, referring to subclinical and clinical mastitis, respectively.



Differences in the composition of the bacterial microbiota for each group by mastitis type

The graphs in Figure 3 refer to the microbial compositions found in animals with different types of mastitis and in clinically healthy animals. Among the genera that stand out in Figure 3A, we found the highest abundance among the Staphylococcus sp. groups, with variable rates of 28.41, 21.05, 29.82, and 46.60% for groups H0, M1, M2, and M4, respectively. Interestingly, Bifidobacterium sp. was the fifth most abundant genus in H0, and there was a gradual reduction of 4.25, 0.49, 0.18 to 0.00% in the milk of animals from groups H0, M1, M2, and M4, respectively. Another relevant finding was the presence of 17.98% for the genus Mycoplasma sp. in group M2, in samples 70CM, 73CM, 76CM, and 78CM (Figure 3C), which demonstrates that this genus may have helped to compromise the udder microbiota of these animals. In Figure 3A, for the H0 group, the most abundant genera after Staphylococcus sp. were Bacteroides sp. (25.00%), Alkalibacterium sp. (9.86%), Geobacillus sp. (6.11%), Yersinia sp. (5.47%), Bifidobacterium sp. (4.25%), Shewanella sp. (3.57%), and Pseudomonas sp. (1.92%). The other percentages referring to the remaining groups are provided in Supplementary sheet 1.
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FIGURE 3
 Bacterial microbiota composition in terms of relative abundance at phylum and genus levels, in the groups of goat milk samples separated into clinically healthy (H0), subclinical mastitis (M1), clinical mastitis (M2), and gangrenous mastitis (M4): (A) Taxonomic composition of the 35 main bacterial genera and taxa with different abundances among the different types of mastitis, with each color corresponding to a different genus. (B) Taxonomic composition of the six main phyla and differentially abundant bacterial taxa, with each color corresponding to a phylum, in the different types of mastitis and healthy control animals. (C) Taxonomic composition of the 45 main genera and differentially abundant bacterial taxa, with each color corresponding to a different genus and subdivided by independent samples, which relate to clinically healthy (HE) animals and animals diagnosed with subclinical mastitis (SM), clinical mastitis (CM), and gangrenous mastitis (GM).


Among the six main phyla that we found among the groups described in Figure 3B, we observed large oscillations between H0 and M1 for the phylum Proteobacteria, whose percentages ranged from 18.19 to 26.15%, respectively. The phylum Bacteroidetes was reduced from 25% in H0 and 26% in M1 to 12% in M2; it was not detected in M4. On the other hand, the phylum Tenericutes increased from 0.05% in H0 and 0.04% in M1 to 16.09% in M2, most likely because of the increased detection of the genus Mycoplasma sp. in M2. Interestingly, the samples for the type of gangrenous mastitis (M4) in Figure 3C showed a high abundance of reads of up to two genus, Staphylococcus sp. (81GM) and in another, of the genera (82GM) Escherichia sp./Shigella sp. and Enterococcus sp. The classification technique could not distinguish the genera Escherichia sp./Shigella sp. in this study. The microbiota of the M4 group was reduced to a few abundant pathogenic organisms, completely mischaracterizing the microbiota in relation to samples from animals with other types of mastitis (M1, M2) and from clinically healthy animals (H0). Therefore, in line with Figure 1, the gangrenous mastitis shown in Figure 3 almost completely removed the diversity and richness of the udder microbiota.

In a more robust analysis, Figure 4 demonstrates the variation of microbiome taxa among animals with different types of mastitis and healthy animals, indicating significant differences among the median proportion of reads for each group of samples determined. Among these, Prevotella spp. (H0-M1), Ruminococcaceae (H0-M1), Prevotella ruminicola sp. (H0-M1), Providencia sp. (M1-M4), Nesterenkonia sp. (H0-M1), Rubrobacter sp. (M1-M2), Flavobacterium sp. (M1-M2), Stearothermophilus sp. (M1-M2), Tabrizicola sp. (M1-M2), Acetobacter sp. (M1-M2), Vulcaniibacterium sp. (M1-M2), Geobacillus sp. (M1-M2), Polynucleobacter sp. (M1-M2), and Yersinia intermedia spp. (M1-M2) presented the highest significance among the 365 genera identified (p-value 0.05). After the Benjamini-Hochberg correction (FDR) for multiple tests, we identified the first four taxa mentioned above as the most important among the groups. The other significant taxa are listed in Supplementary sheet 2.
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FIGURE 4
 Venn chart with taxonomic groups of bacteria divided by mastitis types and clinically healthy animals, with each table distributed to each genus and other taxonomic ranks. The groups are equally distributed in different colors, as well as their intercalations, with H0 corresponding to healthy controls, M1 to animals diagnosed with subclinical mastitis, M2 to animals with clinical mastitis, and M4 to animals diagnosed with gangrenous mastitis. The frames on the sides of the Venn diagram are labelled with the colors of their respective groupings of the central Venn figure and identify each taxonomic rank that has been cataloged for their groups. Some genera or ranks may have the same name, but they are different amplicon sequence variants (ASVs), that is, different species and subspecies are possible. The chart located below the Veen graph is composed of taxa common to all groups, with Staphylococcus sp. and Enterococcus sp. having one more ASV each, resulting in a total of six taxa. The graph was created with BioRender.com.


Among the genera mentioned above in Figure 3, with high relative percentage fluctuations, some were significant (Figure 4) in one or more groups, such as Alkalibacterium sp. (M1–M4, H0–M4, p-value 0.05), Mycoplasma sp. (M1–M2, p-value 0.05), Enterococcus sp. (M1–M2, p-value 0.05), as well as Bacteroides sp. and Pseudomonas sp. (M1–M2, M1–M4, H0–M4, p-value 0.05).



Distinction of microbiota by the Venn diagram

The distribution and exclusivity of genera and other taxonomic ranks among groups can be seen in the Venn diagram (Figure 5). All taxa of bacteria belonging to each treatment group are listed, as well as their intercalations among groups. The smallest number of bacteria belonging to a single group is in the H0 group was 55, followed by 63 in M2 and 139 in M1. Group M4, belonging to the gangrenous mastitis group, did not have a single exclusive taxon. This may be because this more serious condition of mastitis is a development of the evolution or advanced stage of the disease, of the clinical conditions that may precede it, such as subclinical and clinical mastitis, and therefore, the bacteria of these other clinical conditions become dominant in the microbiota of animals diagnosed with mastitis type M4.
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FIGURE 5
 Heat tree illustrating the general taxonomy of the milk bacterial community in all types of mastitis and healthy control animals. The larger heat tree, lower left, shows the names of the taxa found. The size and color of nodes and edges are correlated with the abundances or numbers of amplicon sequence variants (ASVs) of organisms in the communities found. The smaller heat trees, on the right and top, illustrate comparisons between groups of different types of mastitis and healthy control animals. The color intensity is related to the log-2 ratio of the difference in median proportions and to the Wilcox test applied to the readings among each group: healthy (H0), subclinical mastitis (M1), clinical mastitis (M2), and gangrenous mastitis (M4). The brown taxa indicate an enrichment in the different types of mastitis; healthy animals listed at the top of the graph, and green refers to the opposite in the other comparative group. In gray, the nodes are equally present in both compartments.


While H0 had 157 bacterial taxa in common with M1, it only had 27 in common with M2, which may be a sign of increased dysbiosis in the mammary gland. This indicates that the increase in the intense inflammatory activity of mastitis in goats, when trying to control the development of new taxa in the mammary gland, in the development of M1, leads to a reduction in the richness of M2, as shown in Figure 1, breaking with equilibrium in H0 and, consequently, culminating in an abrupt reduction of microorganisms in M4. This supports the findings shown in Figure 4.

Group M4 group only had one exclusive taxon in common with group M2 group. This demonstrates that group M4 represents a picture of the clinical evolution of the previous ones and of rupture of the microbiota of the mammary gland in relation to clinically healthy animals in H0. The genus Staphylococcus sp. appeared more frequently among the groups; however, the species of this genus can perform different functions in microbiota. Some of the genera shown appeared repeatedly in the same groups and in others due to the genus classification through the pipeline package ‘DADA2’, which performs the distinction of sequence variants by only one nucleotide, with a better distinction of genus and species.



Predicted functional metagenome in personality groups

Figure 6, we show the significant changes of the predicted metabolic pathways for the microbiota in each sample belonging to the groups of controls (H0), subclinical mastitis (M1), clinical mastitis (M2), and gangrenous mastitis (M4), according to the MetaCyc metabolic database. Among the groups, 28 important metabolite pathways were identified (Figure 6), of which we highlight the superpathway of L-tryptophan biosynthesis, which showed a continuous growth in absolute numbers as the severity of mastitis increased from H0 to M1, M2, and M4. The sucrose degradation III (sucrose invertase) pathway slightly decreased from H0 to M1 but showed a significant increase from M1 to M2 and M4. The greatest variations from H0 to M1 occurred in the lipid IVA biosynthesis and L-glutamate and L-glutamine biosynthesis pathways; from M1 to M2, there were significant variations in pyruvate fermentation to propanoate I and chondroitin sulfate degradation I (bacterial). The other pathways showed a slight increase or remained stable from H0 to M1, decreased to M2, and then decreased abruptly to M4.
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FIGURE 6
 Metabolic Pathway Abundances by Mastitis Types in Goats. Characteristics of microbial functional pathways in different samples of goat’s milk from groups of healthy animals and animals with different types of mastitis. Prediction of goat milk microbiota function and metabolic pathways from healthy controls (H0 – blue), animals with subclinical mastitis (M1 – green), animals with clinical mastitis (M2 – red), and animals with gangrenous mastitis (M4 – purple) by pathway definitions via the gene family, provided by the MetaCyc metabolic database, transformed into relative frequencies and percentages. Comparison of predicted metabolite pathways was performed using the PICRUST and STAMP programs. Significant pathways were selected using ANOVA (p-value <0.01), with Tukey–Kramer test (0.95) and Benjamin–Hochberg FDR for correction.





Discussion

Milk constitutes a complex microbiota, which can be widely altered by different factors inherent to the species, breed, and health of the animal, as well as by different types of mastitis (Bhatt et al., 2012; Oikonomou et al., 2014; Li et al., 2018; Hoque et al., 2019; Polveiro et al., 2020). Microorganisms present in milk greatly influence the safety and quality of dairy products (Li et al., 2018), and investigating the composition and structure of groups of bacteria that can be formed in different types of mastitis can reveal patterns of population signatures that help to better understand the development and outcome of infections of the mammary gland. Our data suggest that the progression of subclinical mastitis, from clinical to gangrenous, plays crucial roles in the composition and structure of the bacterial microbiota of goat milk, modifying the richness and diversity and gradually accentuating the condition of dysbiosis, in addition to causing changes in relation to the indigenous microbiota of clinically healthy animals.

Studies with cattle (Oikonomou et al., 2014; Sokolov et al., 2021), using the V1–V2 and V3–V4 regions, and buffaloes (Catozzi et al., 2017), with respective sequencing of the V1–V2 region, have already highlighted differences among groups of mastitis in alpha diversity, although they were not statistically significant (Oikonomou et al., 2014), as observed in this study with the amplification of the V4 region. The significant distortions of diversity and richness caused in the microbiota by gangrenous mastitis demonstrates that there was an almost complete elimination of bacteria from the microbiota of these affected animals, resulting in a high abundance of pathogenic genera. Generally, this type of mastitis is associated with the agents Staphylococcus sp. (Peer and Bhattacharyya, 2007; Sabuncu et al., 2015), Escherichia coli (Ameh et al., 1994), Bacillus sp. (Mavangira et al., 2013) or by co-infection of bacteria (Ribeiro et al., 2007). Gangrenous mastitis results from an exacerbated inflammatory and infectious process in the mammary glands, which may not be directly associated with the recruitment of leukocytes but with the late response time and the production of exotoxins. (Rainard et al., 2018). In addition, it is a serious clinical condition, leading to the loss of milk production capacity, mastectomy, culling, and high lethality (Abu-Samra et al., 1988; Peer and Bhattacharyya, 2007; Ribeiro et al., 2007; Sabuncu et al., 2015; Rainard et al., 2018). In this study, we detected an association between Escherichia sp./Shigella sp. and Enterococcus sp., in addition to an infection with a high abundance of Staphylococcus sp.

The distribution of the types of mastitis in the beta diversity analyses shows the separation of the total and partial groups; however, this difficulty in clearly separating the groups and has already been demonstrated in other studies with cattle (Porcellato et al., 2020; Sokolov et al., 2021), and in this study, it may have occurred because those certain samples were collected in the transition of dysbiosis states between types of mastitis and healthy controls. This phenomenon can interfere with several dynamics (Xia et al., 2018), increasing the severity from subclinical to clinical and gangrenous mastitis or jumping between the types, depending on several other factors inherent to the agents, such as location, host, environment, management, and the microbiota and its resilience to previous dysbiosis cases (Polveiro et al., 2020).

Based on our results, the genus Staphylococcus sp. plays an important role, with a high abundance, in the goat mammary gland microbiota in the three types of mastitis studied here, as well as in the microbiota of healthy animals. Among this genus, Staphylococcus Coagulase-Negative (SCN) and Staphylococcus aureus are the most frequently diagnosed causes of subclinical and clinical IMI in goats, respectively (Contreras et al., 2007; Dore et al., 2016). Previous studies have also found this genus in the milk microbiota of humans (Hunt et al., 2011; Fernández et al., 2020; Gryaznova et al., 2021), cows (Oikonomou et al., 2012, 2014) and healthy goats (Deinhofer and Pernthaner, 1995; Zhang et al., 2017; Polveiro et al., 2020). On the other hand, even though this agent is present in animals with mastitis or healthy animals, the species of Staphylococcus sp. that could not be taxonomically discriminated in this study, can be the key to characterizing its real role in dysbiosis in mastitis cases.

In this study, the milk of goats was mainly colonized by the phyla Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria; they have also been found in the milk of other goats (Zhang et al., 2017), cows (Gryaznova et al., 2021), humans, and in human intestines (Urbaniak et al., 2016; Rinninella et al., 2019). Changes in the phylum Proteobacteria, as demonstrated here in the milk of healthy animals, in relation to subclinical mastitis, in the human microbiota are related to some population signatures in the microbiota in diseases (Rizzatti et al., 2017). The abundance of Bacteroidetes was greatly reduced in clinical mastitis and was not found in mastitis, which is in agreement with a previous study on cows (Gryaznova et al., 2021). This phylum contains commensals, mutualists, beneficial organisms, and species assisting the host in providing numerous health benefits (Zafar and Saier, 2021).

According to previous reports, there are about 80 different Bifidobacterium species (Parte, 2018; Wong et al., 2020). The genus Bifidobacterium sp., highly important in the microbiota of goat milk (Zhang et al., 2017), showed a decrease in abundance as mastitis severity increased. It has already been detected in the microbiota of raw milk (Quigley et al., 2013) and is among the most dominant taxa in studies on the healthy microbiota of human and bovine milk (Oikonomou et al., 2020). In addition, it is often detected in fermented dairy products (Milani et al., 2019), and isolated from various environments, such as human milk (Wong et al., 2020), human gut (Duranti et al., 2016), and bovine rumen (Biavati and Mattarelli, 1991). This has raised the hypothesis that the ability of bifidobacteria to adapt to specific environments is species-dependent (Alessandri et al., 2019; Duranti et al., 2020).

The genus Prevotella sp. and the family Ruminococcaceae, which differed between groups of healthy animals and animals with mastitis, generally stand out in the central microbiome of the cattle rumen (Henderson et al., 2015; Zhong et al., 2020), in the microbiota of cow’s milk associated with mastitis (Lima et al., 2017; Taponen et al., 2019; Gryaznova et al., 2021), and in the microbiota of milk from women associated with mastitis (Boix-Amorós et al., 2020). Hypothetically, these bacteria reach the milk microbiota in the mammary gland through an endogenous origin, which has been corroborated by different studies carried out in mice and cows (Addis et al., 2016; Ma et al., 2018; Hu et al., 2022). On the other hand, the genus Providencia sp., showed prominence among groups of subclinical and gangrenous mastitis; it has been detected in cow rumens (Stergiadis et al., 2021) and in the microbiota of milk in cows with mastitis (Saidi et al., 2013), as well as in sheep milk (Tvarožková et al., 2021) and goats milk from animals with mastitis (Mahlangu et al., 2018).

The genus Alkalibacterium sp., proposed by Ntougias and Russell (2001), stood out among the gangrenous, healthy, and subclinical mastitis groups. Members of this genus are typical lactic acid bacteria and can develop at different pH values; they have been isolated from fermented foods and beverages (Tamang et al., 2016), cheeses (Ishikawa et al., 2007, 2013; Ryssel et al., 2015; Yunita and Dodd, 2018), biofilms in olive samples (Benítez-Cabello et al., 2020), and marine environments (Ishikawa et al., 2009). The identification or isolation of the genus Alkalibacterium in any milk sample, especially from goats, although not yet widely reported in the literature, it was previously reported in another study by our group (Polveiro et al., 2020).

The sudden increase in the phylum Tenericutes in milk from goats with clinical-type mastitis was due to the genus Mycoplasma sp. and may have occurred due to infections or mycoplasmosis, which are highly prevalent in some areas and cause financial losses due to mortality or the need to cull animals, as well as a reduction in milk quality (Contreras et al., 2003).

We observed that the milk of healthy animals had a more specific microbiota, as discussed previously (Polveiro et al., 2020), with fewer exclusive microorganisms compared to milk from animals with subclinical and clinical mastitis. Subclinical mastitis develops with the advent of the introduction of new microorganisms in the microbiota of these animals. Consequently, with the evolution of the condition to clinical mastitis, depending on the immune response of the animals, other variables, and the various connections of these microorganisms through quorum-sensing systems (Wu and Luo, 2021), the selection of suitable microorganisms can be promoted, reducing the number of different taxa. Therefore, in subclinical mastitis, there is first an apparent increase in the richness of unique microorganisms, followed by a decrease in clinical mastitis. This microbial imbalance or difference in the microbial composition is treated as dysbiosis (Derakhshani et al., 2018).

The increase in L-tryptophan biosynthesis by the milk microbiota, described in the aggravation of mastitis in goats, is important. The metabolic pathways associated with tryptophan (Trp), as highlighted in this study, are important in the host–microbe interaction: on the one hand, they guarantee a positive symbiosis between the host and the Trp-synthesizing microbes; on the other hand, they can be used to deprive the host or, vice versa, Trp-auxotrophic pathogens of Trp, resulting in increased or decreased virulence, respectively (Costantini et al., 2020). The sucrose degradation III pathway (sucrose invertase) can be directly linked to the commensal or indigenous microbiota, being used to inhibit the growth of pathogenic bacteria by competition, as reported in studies with Clostridioides sp. (Fishbein et al., 2022). In this way, this pathway is always activated in the healthy microbiota and decreased as the mastitis worsens. The functional profiles of metabolites of the microbial communities are directly related to the loss of commensal or indigenous microbiota and the increase in the abundances of pathogenic microorganisms.

The microbial profiles in these samples reflect real-world clinical practices in the field with goats and therefore more accurately capture the bacterial composition of milk from animals with clinical diagnosis in different types of mastitis. However, our study has some limitations. In view of this, it is important to note that these analyses are limited to relative abundances, rather than absolute measures, of bacteria in goat milk; thus, future work normalizing the relative abundances of taxa based on the total bacterial load would provide more detailed information on how microbial communities are changing. It is also important to note that there is a limited number of samples of gangrenous mastitis due to the complexity of collecting this material because of the high deterioration of udder tissues and little available milk, which may restrict a more accurate analysis of beta diversity. Thereby, the results of this analysis should be interpreted with care. Furthermore, it is important to recognize that 16S rRNA gene sequencing captures the taxonomy and generate possible functional profiles, not the real function, of the microbial communities present. Although we aim to predict microbial metagenomes, future studies replicating this work should use shotgun metagenomic sequencing to allow a more in-depth analysis of microbial genes and their functions in goat milk, in different situations and types of goat mastitis.



Conclusion

Here, we demonstrate the implications that occur in the milk microbiota in goat mammary glands when animals are affected by three different types of mastitis: subclinical, clinical, and gangrenous mastitis. We also highlight the main bacteria constituting the microbiota in the milk of healthy animals. With more severe mastitis, the richness of the microbiota is reduced; in gangrenous mastitis, the microbiota almost disappears. We highlight a new association of microorganisms in gangrenous mastitis in goats, with the agents Escherichia sp./Shigella sp. and Enterococcus sp. We identified important agents among the types of mastitis and healthy animals, such as Bifidobacterium sp., Prevotella sp., Ruminococcaceae family, Providencia sp., Alkalibacterium, and Mycoplasma sp. Furthermore, we report the importance of the L-tryptophan biosynthesis pathway and the sucrose degradation III (sucrose invertase) pathway in the prediction of the functional metabolite profile of the microbiota among the groups studied. Finally, the presence or absence of various new and known pathogenic genera in goat milk can be of paramount importance for the veterinary pharmaceutical industry and for the processing of dairy products.



Data availability statement

The DNA sequences generated and analyzed during the current study are available in the NCBI SRA repository under BioProject PRJNA836133. Other data from the study are available from the corresponding author upon reasonable request.



Ethics statement

The experimental protocol was approved by the Ethics Committee (Comissão de ética no uso de animais – CEUA) of the Federal University of Viçosa (UFV), according to protocol number 43/2016.



Author contributions

RP conceived the study, conducted the experiment, and wrote the manuscript. RP, PV, TM, RY, LS, and JF analyzed the data. RP, MC, and MM reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brasil (CAPES) – Finance Code 001, the CNPq (Conselho Nacional de Desenvolvimento Científico e Tecnológico, Brasília, Brazil) and the FAPEMIG (Fundação de Amparo à Pesquisa de Minas Gerais, Belo Horizonte, Brazil). MM is supported by CNPq.



Acknowledgments

We are grateful to everyone who directly or indirectly helped us to carry out this work.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.918706/full#supplementary-material



Footnotes

1https://github.com/yhwu/idemp

2https://benjjneb.github.io/dada2/tutorial.html

3https://github.com/guokai8/microbial


References

 Aarestrup, F. M., Wegener, H. C., and Rosdahl, V. T. (1995). Evaluation of phenotypic and genotypic methods for epidemiological typing of Staphylococcus aureus isolates from bovine mastitis in Denmark. Vet. Microbiol. 45, 139–150. doi: 10.1016/0378-1135(95)00043-A 

 Abu-Samra, M. T., Elsanousi, S. M., Abdalla, M. A., Gameel, A. A., Abdel Aziz, M., Abbas, B., et al. (1988). Studies on gangrenous mastitis in goats. Cornell Vet. 78, 281–300.

 Addis, M. F., Tanca, A., Uzzau, S., Oikonomou, G., Bicalho, R. C., and Moroni, P. (2016). The bovine milk microbiota: insights and perspectives from -omics studies. Mol. BioSyst. 12, 2359–2372. doi: 10.1039/c6mb00217j 

 Alessandri, G., Ossiprandi, M. C., MacSharry, J., van Sinderen, D., and Ventura, M. (2019). Bifidobacterial dialogue with its human host and consequent modulation of the immune system. Front. Immunol. 10:2348. doi: 10.3389/FIMMU.2019.02348 

 Ameh, J. A., Addo, P. B., Adekeye, J. O., Gyang, E. O., Teddek, L. B., and Abubakar, Y. (1994). Gangrenous caprine coliform mastitis. Small Rumin. Res. 13, 307–309. doi: 10.1016/0921-4488(94)90080-9

 Anderson, M. J., and Willis, T. J. (2003). Canonical analysis of principal coordinates: a useful method of constrained ordination for ecology. Ecology 84, 511–525. doi: 10.1890/0012-9658(2003)084[0511:CAOPCA]2.0.CO;2

 Benítez-Cabello, A., Romero-Gil, V., Medina-Pradas, E., Garrido-Fernández, A., and Arroyo-López, F. N. (2020). Exploring bacteria diversity in commercialized table olive biofilms by metataxonomic and compositional data analysis. Sci. Rep. 10:11381. doi: 10.1038/S41598-020-68305-7 

 Bhatt, V. D., Ahir, V. B., Koringa, P. G., Jakhesara, S. J., Rank, D. N., Nauriyal, D. S., et al. (2012). Milk microbiome signatures of subclinical mastitis-affected cattle analysed by shotgun sequencing. J. Appl. Microbiol. 112, 639–650. doi: 10.1111/J.1365-2672.2012.05244.X 

 Biavati, B., and Mattarelli, P. (1991). Bifidobacterium ruminantium sp. nov. and Bifidobacterium merycicum sp. nov. from the rumens of cattle. Int. J. Syst. Bacteriol 41, 163–168. doi: 10.1099/00207713-41-1-163

 Boix-Amorós, A., Hernández-Aguilar, M. T., Artacho, A., Collado, M. C., and Mira, A. (2020). Human milk microbiota in sub-acute lactational mastitis induces inflammation and undergoes changes in composition, diversity and load. Sci. Rep. 10:18521. doi: 10.1038/s41598-020-74719-0 

 Bonsaglia, E. C. R., Gomes, M. S., Canisso, I. F., Zhou, Z., Lima, S. F., Rall, V. L. M., et al. (2017). Milk microbiome and bacterial load following dry cow therapy without antibiotics in dairy cows with healthy mammary gland. Sci. Rep. 7:8067. doi: 10.1038/s41598-017-08790-5 

 Boyazoglu, J., Hatziminaoglou, I., and Morand-Fehr, P. (2005). The role of the goat in society: past, present and perspectives for the future. Small Rumin. Res. 60, 13–23. doi: 10.1016/j.smallrumres.2005.06.003

 Bray, J. R., and Curtis, J. T. (1957). An ordination of the upland Forest communities of Southern Wisconsin. Ecol. Monogr. 27, 325–349. doi: 10.2307/1942268

 Buelow, K. L., Thomas, C. B., Goodger, W. J., Nordlund, K. V., and Collins, M. T. (1996). Effect of milk sample collection strategy on the sensitivity and specificity of bacteriologic culture and somatic cell count for detection of Staphylococcus aureus intramammary infection in dairy cattle. Prev. Vet. Med. 26, 1–8. doi: 10.1016/0167-5877(95)00518-8

 Callahan, B. J., McMurdie, P. J., and Holmes, S. P. (2017). Exact sequence variants should replace operational taxonomic units in marker-gene data analysis. ISME J. 11, 2639–2643. doi: 10.1038/ismej.2017.119 

 Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869 

 Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer, N., et al. (2012). Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621–1624. doi: 10.1038/ismej.2012.8 

 Caspi, R., Billington, R., Fulcher, C. A., Keseler, I. M., Kothari, A., Krummenacker, M., et al. (2018). The MetaCyc database of metabolic pathways and enzymes. Nucleic Acids Res. 46, D633–D639. doi: 10.1093/nar/gkx935 

 Catozzi, C., Sanchez Bonastre, A., Francino, O., Lecchi, C., de Carlo, E., Vecchio, D., et al. (2017). The microbiota of water buffalo milk during mastitis. PLoS One 12:e0184710. doi: 10.1371/JOURNAL.PONE.0184710 

 Chao, A. (1984). Nonparametric estimation of the number of classes in a population. Scand. J. Stat. 11, 265–270.

 Chen, H., and Boutros, P. C. (2011). VennDiagram: a package for the generation of highly-customizable Venn and Euler diagrams in R. BMC Bioinformat. 12:35. doi: 10.1186/1471-2105-12-35 

 Contreras, A., Luengo, C., Sánchez, A., and Corrales, J. C. (2003). The role of intramammary pathogens in dairy goats. Livest. Prod. Sci. 79, 273–283. doi: 10.1016/S0301-6226(02)00172-0

 Contreras, A., Sierra, D., Sánchez, A., Corrales, J. C., Marco, J. C., Paape, M. J., et al. (2007). Mastitis in small ruminants. Small Rumin. Res. 68, 145–153. doi: 10.1016/j.smallrumres.2006.09.011

 Costantini, C., Bellet, M. M., Renga, G., Stincardini, C., Borghi, M., Pariano, M., et al. (2020). Tryptophan co-metabolism at the host-pathogen Interface. Front. Immunol. 11:67. doi: 10.3389/FIMMU.2020.00067/BIBTEX 

 Côté-Gravel, J., and Malouin, F. (2019). Symposium review: features of Staphylococcus aureus mastitis pathogenesis that guide vaccine development strategies. J. Dairy Sci. 102, 4727–4740. doi: 10.3168/jds.2018-15272 

 Deinhofer, M., and Pernthaner, A. (1995). Staphylococcus spp. as mastitis-related pathogens in goat milk. Vet. Microbiol. 43, 161–166. doi: 10.1016/0378-1135(95)92532-G 

 Derakhshani, H., Fehr, K. B., Sepehri, S., Francoz, D., de Buck, J., Barkema, H. W., et al. (2018). Invited review: microbiota of the bovine udder: contributing factors and potential implications for udder health and mastitis susceptibility. J. Dairy Sci. 101, 10605–10625. doi: 10.3168/jds.2018-14860 

 Dore, S., Liciardi, M., Amatiste, S., Bergagna, S., Bolzoni, G., Caligiuri, V., et al. (2016). Survey on small ruminant bacterial mastitis in Italy, 2013–2014. Small Rumin. Res. 141, 91–93. doi: 10.1016/j.smallrumres.2016.07.010

 Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, J. R., Taylor, C. M., et al. (2020). PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38, 685–688. doi: 10.1038/s41587-020-0548-6 

 Duranti, S., Longhi, G., Ventura, M., van Sinderen, D., and Turroni, F. (2020). Exploring the ecology of bifidobacteria and their genetic adaptation to the mammalian gut. Microorganisms 9:8. doi: 10.3390/MICROORGANISMS9010008

 Duranti, S., Milani, C., Lugli, G. A., Mancabelli, L., Turroni, F., Ferrario, C., et al. (2016). Evaluation of genetic diversity among strains of the human gut commensal Bifidobacterium adolescentis. Sci. Rep. 6:23971. doi: 10.1038/srep23971 

 Eckhardt, M., Hultquist, J. F., Kaake, R. M., Hüttenhain, R., and Krogan, N. J. (2020). A systems approach to infectious disease. Nat. Rev. Genet. 21, 339–354. doi: 10.1038/s41576-020-0212-5 

 FAO (2019). Overview of Global Dairy market Developments in 2018. FAO Rome.

 Fernández, L., Pannaraj, P. S., Rautava, S., and Rodríguez, J. M. (2020). The microbiota of the human mammary ecosystem. Front. Cell. Infect. Microbiol. 10:689. doi: 10.3389/FCIMB.2020.586667/BIBTEX

 Fishbein, S. R. S., Robinson, J. I., Hink, T., Reske, K. A., Newcomer, E. P., Burnham, C. A. D., et al. (2022). Multi-omics investigation of Clostridioides difficile-colonized patients reveals pathogen and commensal correlates of C. difficile pathogenesis. elife 11:e72801. doi: 10.7554/eLife.72801

 Foster, Z. S. L., Sharpton, T. J., and Grünwald, N. J. (2017). Metacoder: an R package for visualization and manipulation of community taxonomic diversity data. PLoS Comput. Biol. 13:e1005404. doi: 10.1371/journal.pcbi.1005404 

 Garira, W. (2019). The replication-transmission relativity theory for multiscale Modelling of infectious disease systems. Sci. Rep. 9, 16353–16317. doi: 10.1038/s41598-019-52820-3 

 Grunert, T., Stessl, B., Wolf, F., Sordelli, D. O., Buzzola, F. R., and Ehling-Schulz, M. (2018). Distinct phenotypic traits of Staphylococcus aureus are associated with persistent, contagious bovine intramammary infections. Sci. Rep. 8:15968. doi: 10.1038/s41598-018-34371-1 

 Gryaznova, M. V., Syromyatnikov, M. Y., Dvoretskaya, Y. D., Solodskikh, S. A., Klimov, N. T., Mikhalev, V. I., et al. (2021). Microbiota of Cow’s milk with udder pathologies. microorganisms. 9:1974. doi: 10.3390/MICROORGANISMS9091974,

 Hedrick, R. P. (1998). Relationships of the host, pathogen, and environment: implications for diseases of cultured and wild fish populations. J. Aquat. Anim. Health 10, 107–111. doi: 10.1577/1548-8667(1998)010<0107:ROTHPA>2.0.CO;2

 Henderson, G., Cox, F., Ganesh, S., Jonker, A., Young, W., Janssen, P. H., et al. (2015). Rumen microbial community composition varies with diet and host, but a core microbiome is found across a wide geographical range. Sci. Rep. 5, 1–15. doi: 10.1038/srep14567 

 Hogan, J. S., Gonzalez, R. N., Harmon, R. J., Nickerson, S. C., Oliver, S. P., Pankey, J. W., et al. (1999). Laboratory Handbook on Bovine Mastitis. Rev. ed. Revisada., ed. 1999 Nat. Mastitis Council Madison, WI, USA: National Mastitis Council Inc.

 Hoque, M. N., Istiaq, A., Clement, R. A., Sultana, M., Crandall, K. A., Siddiki, A. Z., et al. (2019). Metagenomic deep sequencing reveals association of microbiome signature with functional biases in bovine mastitis. Sci. Rep. 9:13536. doi: 10.1038/S41598-019-49468-4 

 Hu, X., Li, S., Mu, R., Guo, J., Zhao, C., Cao, Y., et al. (2022). The rumen microbiota contributes to the Development of mastitis in dairy cows. Microbiol. Spectr. 10:e0251221. doi: 10.1128/SPECTRUM.02512-21 

 Hunt, K. M., Foster, J. A., Forney, L. J., Schütte, U. M. E., Beck, D. L., Abdo, Z., et al. (2011). Characterization of the diversity and temporal stability of bacterial communities in human milk. PLoS One 6:e21313. doi: 10.1371/journal.pone.0021313 

 Ishikawa, M., Kodama, K., Yasuda, H., Okamoto-Kainuma, A., Koizumi, K., and Yamasato, K. (2007). Presence of halophilic and alkaliphilic lactic acid bacteria in various cheeses. Lett. Appl. Microbiol. 44, 308–313. doi: 10.1111/j.1472-765X.2006.02073.x 

 Ishikawa, M., Tanasupawat, S., Nakajima, K., Kanamori, H., Ishizaki, S., Kodama, K., et al. (2009). Alkalibacterium thalassium sp. nov., Alkalibacterium pelagium sp. nov., Alkalibacterium putridalgicola sp. nov. and Alkalibacterium kapii sp. nov., slightly halophilic and alkaliphilic marine lactic acid bacteria isolated from marine organisms and salted foods collected in Japan and Thailand. Int. J. Syst. Evol. Microbiol. 59, 1215–1226. doi: 10.1099/IJS.0.65602-0 

 Ishikawa, M., Yamasato, K., Kodama, K., Yasuda, H., Matsuyama, M., Okamoto-Kainuma, A., et al. (2013a). Alkalibacterium gilvum sp. nov., slightly halophilic and alkaliphilic lactic acid bacterium isolated from soft and semi-hard cheeses. Int. J. Syst. Evol. Microbiol. 63, 1471–1478. doi: 10.1099/ijs.0.042556-0 

 Kuehn, J. S., Gorden, P. J., Munro, D., Rong, R., Dong, Q., Plummer, P. J., et al. (2013). Bacterial community profiling of milk samples as a means to understand culture-negative bovine clinical mastitis. PLoS One 8:e61959. doi: 10.1371/journal.pone.0061959 

 Kumar, H., Yadav, D., Kumar, N., Seth, R., and Goyal, A. K. (2016). Nutritional and nutraceutical properties of goat milk – a review. Indian J. Dairy Sci. 69, 513–518.

 Li, N., Wang, Y., You, C., Ren, J., Chen, W., Zheng, H., et al. (2018). Variation in raw milk microbiota throughout 12 months and the impact of weather conditions. Sci. Rep. 8, 2371–2310. doi: 10.1038/s41598-018-20862-8 

 Lima, S. F., Teixeira, A. G. V., Lima, F. S., Ganda, E. K., Higgins, C. H., Oikonomou, G., et al. (2017). The bovine colostrum microbiome and its association with clinical mastitis. J. Dairy Sci. 100, 3031–3042. doi: 10.3168/JDS.2016-11604/ATTACHMENT/1CD6F623-1F98-4D24-9484-761316D3DD6D/MMC1.PDF 

 Ma, C., Sun, Z., Zeng, B., Huang, S., Zhao, J., Zhang, Y., et al. (2018). Cow-to-mouse fecal transplantations suggest intestinal microbiome as one cause of mastitis. Microbiome 6:200. doi: 10.1186/S40168-018-0578-1 

 Mahlangu, P., Maina, N., and Kagira, J. (2018). Prevalence, risk factors, and antibiogram of bacteria isolated from milk of goats with subclinical mastitis in Thika East Subcounty, Kenya. J. Vet. Med. 2018, 1–8. doi: 10.1155/2018/3801479 

 Martinez Arbizu, P. (2020). pairwiseAdonis: Pairwise multilevel comparison using Adonis. R package version 0.4.

 Mavangira, V., Angelos, J. A., Samitz, E. M., Rowe, J. D., and Byrne, B. A. (2013). Gangrenous mastitis caused by Bacillus species in six goats. J. Am. Vet. Med. Assoc. 242, 836–843. doi: 10.2460/javma.242.6.836 

 McInnis, E. A., Kalanetra, K. M., Mills, D. A., and Maga, E. A. (2015). Analysis of raw goat milk microbiota: impact of stage of lactation and lysozyme on microbial diversity. Food Microbiol. 46, 121–131. doi: 10.1016/j.fm.2014.07.021 

 McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 10.1371/journal.pone.0061217 

 McMurdie, P. J., and Holmes, S. (2014). Waste not, want not: why rarefying microbiome data is inadmissible. PLoS Comput. Biol. 10:e1003531. doi: 10.1371/journal.pcbi.1003531 

 Menzies, P. I., and Ramanoon, S. Z. (2001). Mastitis of sheep and goats. Vet. Clin. N. Am. Food Anim. Pract. 17, 333–358. doi: 10.1016/S0749-0720(15)30032-3

 Milani, C., Alessandri, G., Mancabelli, L., Lugli, G. A., Longhi, G., Anzalone, R., et al. (2019). Bifidobacterial distribution across Italian cheeses produced from raw milk. Microorganisms 7:599. doi: 10.3390/MICROORGANISMS7120599 

 Ntougias, S., and Russell, N. J. (2001). Alkalibacterium olivoapovliticus gen. nov., sp. nov., a new obligately alkaliphilic bacterium isolated from edible-olive wash-waters. Int. J. Syst. Evol. Microbiol. 51, 1161–1170. doi: 10.1099/00207713-51-3-1161/CITE/REFWORKS 

 Oikonomou, G., Addis, M. F., Chassard, C., Nader-Macias, M. E. F., Grant, I., Delbès, C., et al. (2020). Milk microbiota: what are we exactly talking about? Front. Microbiol. 11:60. doi: 10.3389/FMICB.2020.00060/BIBTEX 

 Oikonomou, G., Bicalho, M. L., Meira, E., Rossi, R. E., Foditsch, C., Machado, V. S., et al. (2014). Microbiota of Cow’s milk; distinguishing healthy, sub-clinically and clinically diseased quarters. PLoS One 9:e85904. doi: 10.1371/journal.pone.0085904 

 Oikonomou, G., Machado, V. S., Santisteban, C., Schukken, Y. H., and Bicalho, R. C. (2012). Microbial diversity of bovine mastitic milk as described by pyrosequencing of metagenomic 16s rDNA. PLoS One 7:e47671. doi: 10.1371/journal.pone.0047671 

 Oksanen, Jari, Blanchet, F. G, Friendly, Michael, Kindt, Roeland, Legendre, Pierre, Dan McGlinn, P., et al. (2019). Vegan: community ecology package. R package version 2.5-6.

 Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP: statistical analysis of taxonomic and functional profiles. Bioinformatics 30, 3123–3124. doi: 10.1093/bioinformatics/btu494 

 Parte, A. C. (2018). LPSN–list of prokaryotic names with standing in nomenclature (bacterio. net), 20 years on. Int. J. Syst. Evol. Microbiol. 68, 1825–1829. doi: 10.1099/ijsem.0.002786 

 Peer, F. U., and Bhattacharyya, H. K. (2007). Studies on caprine gangrenous mastitis. Indian J. Small Rumin. 13, 92–94. Available at: https://indianjournals.com/ijor.aspx?target=ijor:ijsr&volume=13&issue=1&article=017 (Accessed August 8, 2022).

 Perrin, G. G., Mallereau, M. P., Lenfant, D., and Baudry, C. (1997). Relationships between California mastitis test (CMT) and somatic cell counts in dairy goats. Small Rumin. Res. 26, 167–170. doi: 10.1016/s0921-4488(96)00990-x

 Polveiro, R. C., Vidigal, P. M. P., Mendes, T. A. D. O., Yamatogi, R. S., Lima, M. C., and Moreira, M. A. S. (2020). Effects of enrofloxacin treatment on the bacterial microbiota of milk from goats with persistent mastitis. Sci. Rep. 10:4421. doi: 10.1038/s41598-020-61407-2 

 Porcellato, D., Meisal, R., Bombelli, A., and Narvhus, J. A. (2020). A core microbiota dominates a rich microbial diversity in the bovine udder and may indicate presence of dysbiosis. Sci. Rep. 10, 21608–21614. doi: 10.1038/s41598-020-77054-6 

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219 

 Quigley, L., O’Sullivan, O., Stanton, C., Beresford, T. P., Ross, R. P., Fitzgerald, G. F., et al. (2013). The complex microbiota of raw milk. FEMS Microbiol. Rev. 37, 664–698. doi: 10.1111/1574-6976.12030

 Quinn, P. J., Patrick, J., Markey, B. K., Leonard, F. C., Fitz Patrick, E. S., Fanning, S., et al. (2003). Veterinary microbiology and microbial disease. Can Vet J. 44:986

 Quinn, P. J., Patrick, J., Markey, B. K., Leonard, F. C., Fitz Patrick, E. S., Fanning, S., et al. (2011). Veterinary Microbiology and Microbial Disease. 2nd Edn. Oxford: Wiley-Blackwell

 R Team Core (2018). A Language and Environment for Statistical Computing. R Foundation for Statistical Computing. Available at: https://www.R-project.org (Accessed April 8, 2022).

 Rainard, P., Gitton, C., Chaumeil, T., Fassier, T., Huau, C., Riou, M., et al. (2018). Host factors determine the evolution of infection with Staphylococcus aureus to gangrenous mastitis in goats. Vet. Res. 49:72. doi: 10.1186/s13567-018-0564-4 

 Ribeiro, M. G., Lara, G. H. B., Bicudo, S. D., Souza, A. V. G., Salerno, T., Siqueira, A. K., et al. (2007). An unusual gangrenous goat mastitis caused by Staphylococcus aureus, Clostridium perfringens and Escherichia coli co-infection. Arq. Bras. Med. Vet. Zootec. 59, 810–812. doi: 10.1590/S0102-09352007000300037

 Rinninella, E., Raoul, P., Cintoni, M., Franceschi, F., Miggiano, G. A. D., Gasbarrini, A., et al. (2019). What is the healthy gut microbiota composition? A changing ecosystem across age, environment, diet, and diseases. Microorganisms 7:14. doi: 10.3390/MICROORGANISMS7010014 

 Rizzatti, G., Lopetuso, L. R., Gibiino, G., Binda, C., and Gasbarrini, A. (2017). Proteobacteria: a common factor in human diseases. Biomed Res. Int. 2017. doi: 10.1155/2017/9351507 

 Ryssel, M., Johansen, P., Al-Soud, W. A., Sørensen, S., Arneborg, N., and Jespersen, L. (2015). Microbial diversity and dynamics throughout manufacturing and ripening of surface ripened semi-hard Danish Danbo cheeses investigated by culture-independent techniques. Int. J. Food Microbiol. 215, 124–130. doi: 10.1016/J.IJFOODMICRO.2015.09.012 

 Sabuncu, A., Enginler, S. Ö., Yildar, E., Karaçam, E., Evkuran Dal, G., and Başaran Kahraman, B. (2015). Unilateral mastectomy as an alternative treatment for gangrenous mastitis in a Saanen goat. Int. J. Vet. Sci. Med. 3, 9–12. doi: 10.1016/J.IJVSM.2015.02.001

 Saidi, R., Khelef, D., and Kaidi, R. (2013). Bovine mastitis: prevalence of bacterial pathogens and evaluation of early screening test. Afr. J. Microbiol. Res. 7, 777–782. doi: 10.5897/AJMR12.1515

 Sar, T. K., Samanta, I., Mahanti, A., Akhtar, S., and Dash, J. R. (2018). Potential of a polyherbal drug to prevent antimicrobial resistance in bacteria to antibiotics. Sci. Rep. 8:10899. doi: 10.1038/s41598-018-28966-x 

 Schukken, Y. H., Günther, J., Fitzpatrick, J., Fontaine, M. C., Goetze, L., Holst, O., et al. (2011). Host-response patterns of intramammary infections in dairy cows. Vet. Immunol. Immunopathol. 144, 270–289. doi: 10.1016/j.vetimm.2011.08.022 

 Shannon, C. E. (1948). A mathematical theory of communication. Bell Syst. Tech. J. 27, 623–656. doi: 10.1002/j.1538-7305.1948.tb00917.x

 Sokolov, S., Fursova, K., Shulcheva, I., Nikanova, D., Artyemieva, O., Kolodina, E., et al. (2021). Comparative analysis of milk microbiomes and their association with bovine mastitis in two farms in Central Russia. Animals 11:1401. doi: 10.3390/ANI11051401 

 Stergiadis, S., Cabeza-Luna, I., Mora-Ortiz, M., Stewart, R. D., Dewhurst, R. J., Humphries, D. J., et al. (2021). Unravelling the role of rumen microbial communities, genes, and activities on milk fatty acid profile using a combination of Omics approaches. Front. Microbiol. 11:3540. doi: 10.3389/FMICB.2020.590441/BIBTEX

 Tamang, J. P., Watanabe, K., and Holzapfel, W. H. (2016). Review: diversity of microorganisms in global fermented foods and beverages. Front. Microbiol. 7:377. doi: 10.3389/fmicb.2016.00377 

 Taponen, S., McGuinness, D., Hiitiö, H., Simojoki, H., Zadoks, R., and Pyörälä, S. (2019). Bovine milk microbiome: a more complex issue than expected. Vet. Res. 50, 1–15. doi: 10.1186/S13567-019-0662-Y/FIGURES/4

 Tvarožková, K., Vašíček, J., Uhrinčať, M., Mačuhová, L., Hleba, L., and Tančin, V. (2021). The presence of pathogens in milk of ewes in relation to the somatic cell count and subpopulations of leukocytes. Czech J. Anim. Sci. 66, 315–322. doi: 10.17221/43/2021-CJAS

 Urbaniak, C., Angelini, M., Gloor, G. B., and Reid, G. (2016). Human milk microbiota profiles in relation to birthing method, gestation and infant gender. Microbiome 4, 1–9. doi: 10.1186/S40168-015-0145-Y/FIGURES/3 

 Versalovic, J., Jorgensen, J. H., Funke, G., Warnock, D. W., Landry, M. L., and Carroll, K. C. eds. (2011). Manual of Clinical Microbiology, 10th Edn. Washington, DC: American Society of Microbiology.

 Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07 

 Weiss, S., Xu, Z. Z., Peddada, S., Amir, A., Bittinger, K., Gonzalez, A., et al. (2017). Normalization and microbial differential abundance strategies depend upon data characteristics. Microbiome 5:27. doi: 10.1186/s40168-017-0237-y 

 White, E. C., and Hinckley, L. S. (1999). Prevalence of mastitis pathogens in goat milk. Small Rumin. Res. 33, 117–121. doi: 10.1016/S0921-4488(99)00013-9

 Wickham, H. (2016). ggplot 2: Elegant Graphics for Data Analysis. New York, NY: Springer-Verlag.

 Wong, C. B., Odamaki, T., and Xiao, J. Z. (2020). Insights into the reason of Human-Residential Bifidobacteria (HRB) being the natural inhabitants of the human gut and their potential health-promoting benefits. FEMS Microbiol. Rev. 44, 369–385. doi: 10.1093/FEMSRE/FUAA010 

 Wu, L., and Luo, Y. (2021). Bacterial quorum-sensing systems and their role in intestinal bacteria-host crosstalk. Front. Microbiol. 12:611413. doi: 10.3389/FMICB.2021.611413/PDF 

 Xia, Y., Sun, J., and Chen, D.-G., and others (2018). Statistical Analysis of Microbiome Data with R. Singapore: Springer.

 Xu, S, and Yu, G. (2020). MicrobiotaProcess: an R package for analysis, visualization and biomarker discovery of microbiome. R package version 1.0.5. Available at: https://github.com/YuLab-SMU/MicrobiotaProcess/ (Accessed April 8, 2022).

 Ye, Y., and Doak, T. G. (2009). A parsimony approach to biological pathway reconstruction/inference for genomes and metagenomes. PLoS Comput. Biol. 5:e1000465. doi: 10.1371/journal.pcbi.1000465 

 Yunita, D., and Dodd, C. E. R. (2018). Microbial community dynamics of a blue-veined raw milk cheese from the United Kingdom. J. Dairy Sci. 101, 4923–4935. doi: 10.3168/JDS.2017-14104 

 Zafar, H., and Saier, M. H. (2021). Gut Bacteroides species in health and disease. Gut Microbes 13, 1–20. doi: 10.1080/19490976.2020.1848158 

 Zaheer, R., Noyes, N., Ortega Polo, R., Cook, S. R., Marinier, E., Van Domselaar, G., et al. (2018). Impact of sequencing depth on the characterization of the microbiome and resistome. Sci. Rep. 8:5890. doi: 10.1038/s41598-018-24280-8 

 Zhang, F., Wang, Z., Lei, F., Wang, B., Jiang, S., Peng, Q., et al. (2017). Bacterial diversity in goat milk from the Guanzhong area of China. J. Dairy Sci. 100, 7812–7824. doi: 10.3168/jds.2017-13244 

 Zhong, Y., Xue, M. Y., Sun, H. Z., Valencak, T. G., Guan, L. L., and Liu, J. (2020). Rumen and hindgut bacteria are potential indicators for mastitis of mid-lactating Holstein dairy cows. Microorganisms 8, 1–13. doi: 10.3390/MICROORGANISMS8122042 



OPS/images/fmicb-13-918706-g005.jpg
£ 251.0]
3 3830

R

u<-

(&

X

N4

3
=
7Y

£

Log2 ratio median proportions.

e e e

OH

LN

2N





OPS/images/fmicb-13-918706-g006.jpg
Metabolic Pathway Abundances by Mastites Types in Goats

Superpatiway o Lryplophan biosynthesis NN
Suctose degradtion I (sucrose nveriase)

Pyrimidine deoxyribonucieotides de novo biosynthesis Il
Superpathway of pyrimidine deoxyribonucieotides de novo biosynthes's (€. col)
‘Superpathway of L-methionine biosynthesis (ranssulfuration)
‘Superpathway of glucose and xylose degradation
Pyrimidine deoxyribonuciectides de novo biosynthesis |
‘Superpathway of L-methionine biosynthesis (by sulfydrylation)
N10-formyetrahydrofolate biosynthesis
Thiazole biosynthesis | (€. col)
Superpathway of thiamin diphosphate biosynthesis Il
Paimitate biosynthesis I (bacteria and planis)
Lmethionine biosynthesis il I
Superpathway of thiamin diphosphate biosynthesis |
Lipid IVA biosynthesis
Loysine biosynthesis
Reductive TCA cycle |
GDP-mannose biosynihesis
Superpathway of GOP-mannose-derived O-antigen buiding blocks biosynthesis
olanic acid building blocks biosynthesis
‘Superpatiway of heme biosynthesis from glycine
Norspermidine biosynthesis
Lohistdine degradaton Il
‘Adenosylcobalamin biosynihesis from cobyrinate a,c-diamide |
‘Adenosylcobalamin salvage from cobinamide Il
Lglutamate and Liglutamine biosynthesis
‘Chondroitin sulfae degradation | (bacterial)
Pyrwvate formentation o propancate |






OPS/images/fmicb-13-918706-g003.jpg
||||||1||
-

Ratative Abundance (Genus)

way
femtetusruse mmmwfxﬁ@?fé#m%mwmmm e
HO L vz i
W cvontacer [l eicooaceion [ Pevonaciim [ Mirconoass. Saphyooeeus
searores 1 Banoazeion [l s [ opsme Spheorns
W ot ] B [ Geoss [l Puscororas Taviioa
corus [ mosacs [ o1 [ Hoperohs [ Rttt res
| Ereroconcus temonels [l Rumnococcacear UCG005 [l Vicanibartetum
Bchs || ExteiciaSigh [ Kela W e

canerides ] Fckama Venrheiia






OPS/images/fmicb-13-918706-g004.jpg
Health (HO)

Akkermansia sp.
Alstipessp.
Alkaliflexus sp.
Aquicella sp
Bacteroides sp
Biidobacterium sp.
Caproiciproducens sp.
Christensenellaceae_R-7.group sp.
Clostridium_sensi_stricto_6 sp.
Erysipelatociostridium sp.
Flavobacterium sp.
Flavonifractor sp.
Fusobacterium sp.
Gallcola sp.
Georgena sp.
Gilvimarinus
Spirochaetaceae GWEZ-31-105p.
Halomonas sp.
Holdemanellasp.
Incertae_Sedis sp.
Legionellasp.
Omithinimicrobium sp.
Peptoniphilus sp.
Phascolarctobacterium sp.
Prevotellaceae_UCG-004sp.
Pseudomonas sp.
Roseburia .
Ruminococcaceae.UCG-001 sp.
Ruminococcaceae_UCG-0025p.
Ruminococcaceae_UCG-0055p.
Ruminococcaceae_UCG-0135p.
Staphylococcus sp.
Streptococcus sp.

Clinical Mastitis (M2)
Halomonas sp.
Acinetobactersp Mannheimia sp.
Aliciomarina sp. Massila sp.
Aballbacterum 5 Mycelgenerans sp.
“Anaerococcus s, ‘Mycoplasma sp
Aquamicrobium Sp. Nesterenkonia sp
‘Azospirlm sp. Parvimonas sp.
acteroides sp. Pedobacer sp.
Bergeyela sp. Peptoniphilus sp.
Bifdobacterium sp. Peptosireptococcus sp
Brevibacterium sp. Prevotella s
L‘zmgzlom_m B Pseudomonas sp.
Cardiobacterum 5p. Ruminococcus sp.
Chitinophaga sp Salnicoccus sp.
Clostridoides . Sphingobacterum p.
Clostridium_ sensu_strctosp.  PTIopACIeT b
Conynebacteriom sp. Staphylococcus sp.
‘Defluviimonas sp. ‘Streptobacillus sp.
Facklamia 5p. Sweptococcus sp.
Fusobacterium sp. Streptomyces sp.
Garicoa sp. Tepidimonas sp.
Gycomyces sp. Treponema sp.

o

@
Vel
b.(

HO.0 M1.0 M2.0 Md.
taphylococcy

Bacteroides sp.

Subclinical Mastitis (M1)
Acinetobactersp. )
“Alcyclphius p. Lachnospiracea sp.

Alistipes sp. Leptotrichia sp.
Akalibacterum sp. Luteimonas sp.
“Anserococcus sp. Mannheimia sp.

Aquicella sp. Marinilactibacillus sp.

Arcobactersp. Methylobacterium sp
Bacteroides sp. Methylotenera sp.
Bifdobacteriom sp. ‘Morganella p.

Blautiasp. Olsenllasp

[Boseasp. Ornithinimicrobium sp.
Brachybacterium'sp. Paenibacillus .
Burktolderasp Pedomicrobium .
utyricimonas sp. tostreptococcus sp.
Campyiobactersp e
Castellanilla sp. Bt

Chistensenellaceae. 7. group sp. Proteinphiimsp.
Clostrdiom_sensu_sictoSp. ity
Comamonas sp. Pseudorhodobactersp.
Canynebacterium sp. Pseudoscardoviasp.

Cupriavidus sp. Rhizorhapis sp.

Delfia sp. Rhodococcussp.

Devosiasp. Rhodovastum sp.

Dialstersp.

Dysgonomonas sp. Ruminiclostridium sp
Enteractinococcus sp. ‘Ruminococcaceae_UCG-014 sp.
Enterococcus sp. ‘Ruminococcus sp
Eysipelotichaceae. UCG-0025p. Schiegelolla sp
Emmiw’lm’/ﬂ SP. Solobacterium sp.
Faecalibacteriumsp hingomanas sp
Fusiatensactersh S
cillus sp. ‘Staphylococcus sp.
Glutamicibacter sp. Stenotrophomonas sp.
Halomonas sp. Streptococcus sp.
Hyphomicrobium sp. Subdoligranulum sp.
Janibactersp Tabrizicola 5p.
Lachnospiraceae_NK4A136_group sp.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Distinguishing the milk microbiota of healthy goats and goats diagnosed with subclinical mastitis, clinical mastitis, and gangrenous mastitis



		Introduction



		Materials and methods



		Criteria for the selection of animals and sampling



		Bacteriological examination



		DNA extraction, amplification of the 16S rRNA gene, and sequencing



		Sequence and bioinformatics analyses



		Diversity analysis and microbiota composition



		Predictive functional profiling of microbial communities









		Results



		Summary of treatments, microbiological tests, and sequencing



		Alpha diversity of milk microbiota of goats with mastitis and of healthy goats



		Differences in microbial composition among groups based on beta diversity



		Differences in the composition of the bacterial microbiota for each group by mastitis type



		Distinction of microbiota by the Venn diagram



		Predicted functional metagenome in personality groups









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



















OPS/images/fmicb-13-918706-g001.jpg
Alpha Diversity Measure

50

Types_of_Mastiis
& o
&
& e
B

Observed Chaol Shannon
i "
L .
. . * . +
o L L
H ¢
. [ +
3 50- 3 i 1
1 i
=, —_ 1 T
3 E - H 3 E H  § 3 E H |3

f_Mastitis






OPS/images/fmicb-13-918706-g002.jpg
CAP2 [2.2%]

A
a
a a
A
A - A%
e a
a a Types_of_Mastiish2.
P Ak & :
P e " e
a® " 9 & s I
Types ohMasiisit A~ O
A" | e -
AT K ® .
A s °
% & Types_of_Mastiishid.
o A

M4

CAP1 [7.7%) :

Clinical_Status
© Heatty
A wasttc

Types_of_Mastits






OPS/images/cover.jpg
’ frontiers @ Frontiers in Microbiology

Distinguishing the milk
microbiota of healthy goats and
goats diagnosed with subclinical

mastitis, clinical mastitis, and
gangrenous mastitis









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





