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ABSTRACT

We provide a mini review on the previously published study entitled “Microbiome Dynamics of Bovine Mastitis
Progression and Genomic Determinants”, where we reported the possible dynamic changes in microbiome
compositions favored by their genomic functional potentials in different pathophysiological states of bovine mastitis.
Using the cutting-edge whole metagenome sequencing (WMS) approach, we reported distinct variation in
microbiome composition and abundances across the clinical mastitis (CM), recurrent clinical mastitis (RCM),
subclinical mastitis (SCM) and healthy (H) milk metagenomes (CM>H>RCM>SCM). Bacteria were the
predominating microbial domain (>99.0% relative abundance) followed by archaea and viruses. Dynamic
changes in bacteriome composition across the four metagenomes were numerically dominated by 67.19% inclusion
of previously unreported opportunistic strains in mastitis metagenomes. This study also reported the unique
and shared distribution of microbiomes across these metagenomes. In addition to microbiome composition and
diversity, the study reported the association of several virulence factors-associated genes (VFGs), and antibiotic
resistant genes (AGRs) in CM, RCM, SCM, and H-microbiomes. Functional annotation detected several metabolic
pathways related to different episodes of mastitis. Therefore, the published data revealed that changes in
microbiome composition in different types of mastitis, concurrent assessment of VFGS, ARGs, and genomic
functional potentials can contribute to develop microbiome-based diagnostics, and therapeutics for mastitis, and
carries significant implications on curtailing the economic fallout from this disease
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Mastitis

INTRODUCTION associated with functional biases [5], and observed distinct shifts

Mastitis is the inflammation of the mammary gland and/or in the composition of microbiomes in CM and H milk. We also

quarters [1], and represents the foremost disease-driven challenge
in milk production faced by the global dairy industry [2]. The
milk microbiota composition is an important determinant of
mammalian health [3], and, therefore, plays an important role in
udder health by interacting with the immune and metabolic
functions of the cow [4], the spread of virulence factors, and the
spread of antimicrobial resistance genes (ARGs) [4,5]. Previously,
we reported that the microbiome signature in bovine CM is

reported that resistomes, which are the potential key factor in
disease complication and recurrence, could be concurrent to
microbiome signature [6]. Although bovine mastitis microbiome
comprises bacteria, archaea, viruses and other microorganisms
[5,6], until now, most researchers have mainly focused on the
bacterial component of the milk microbiomes. Moreover, a
plethora of archaeal and viral entities might be present in
association with the bacteria, with relevant physiological and
pathological implications for their host [2,5-7]. Bovine mastitis
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microbiomes showed a paradigm shift in taxonomic diversity
and composition according to disease states (clinical, subclinical
and recurrent) [2]. Following pathogen invasion and subsequent
establishment in the mammary gland, either CM or subclinical
mastitis (SCM) may present itself. Bovine CM is one of the most
frequent diseases affecting the global dairy industry [8], and
diverse groups of microbial communities colonizing the
mammary gland and/or quarters facilitate their proliferation
during the disease process [8]. One of the very frustrating
aspects of bovine CM is its recurrent nature which is caused by
persistent intramammary infections (IMI) [9]. Almost every
dairy herd has cows with SCM, and a variety of pathogens can
establish chronic infections which may only occasionally
manifest the clinical signs of mastitis [9,10]. The mastitis milk
microbiome composition was largely dominated by bacteria (of
99.58%), however a fraction of other microbial domains
including archaea (0.24%), and viruses (0.18%) are also be
detected [2]. The microbial community present within the
and/or being
recognized as a key regulator of metabolic and immune

mammary gland quarters is increasingly
homeostasis [5,6], and a mediator of antimicrobial resistance [6].
The resistomes or ARGs, which exist in both pathogenic [11]
and nonpathogenic commensal bacteria is frequently carried on
mobile genetic elements. Similarly, the virulome, the set of
genes encoding virulence, can also be carried on the mobilome
[11], and thus, many VFGs easily spread in bacterial populations
by horizontal gene

transfer, converting mutualistic or

commensal bacteria into potential opportunistic pathogens

[12,13].

LITERATURE REVIEW

Culture-independent whole metagenome sequencing (WMS)
investigation of the bovine milk microbiome revealed the
presence and diversity of microbiomes in milk from healthy and
infected mammary glands far greater than previously described
[5-8]. We investigated that microbial communities are changed
across multiple sample categories of the same disease, and in the
healthy condition of the mammary glands. Moreover, the
overexpression of genes related to ARGs, VFGs, and several
biochemical pathways coming from the metabolic activities of
the microbiome is a crucial factor for the development and
progression of mastitis [2,5,6]. Therefore, the study for the first
time reported potential alterations in microbiome composition
along with their VFGs, ARGs, and metabolic potentials in
different categories of bovine mastitis (CM, RCM, SCM), and
healthy milk through cutting-edge WMS approach.

We found that both the number of observed species/strains
remained significantly (p=0.003, Kruskal-Wallis test) higher in
CM and RCM groups compared to SCM and H groups. We also
observed significant differences (p=0.021, Kruskal-Wallis test) in
the milk microbial community structure (i.e., beta diversity)
among the CM, RCM, SCM and H milk groups. Principal
coordinate analysis (PCoA), measured on the Bray-Curtis
distance method, and non-metric multidimensional scaling
(NMDS) ordination plots, as measured by weighted-UniFrac
distance at strain level, showed clear segregation of samples by
the experimental groups. The CM microbiomes had close
association with RCM microbiomes followed by SCM and H
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milk microbes. The present findings of higher taxonomic
resolution and predicted protein functions, partially consistent
with our previous report [5,6], and many of recent 16S rRNA
partial gene-based studies [14-16]. The microbiome diversity
(alpha and beta) measures provided that microbial dysbiosis is
closely linked to different stages of mastitis. Compared to our
previous study [5,6], we observed increased microbial diversity
and species richness in CM, RCM and SCM-metagenomes than
the healthy-controls. Regardless of higher
abundances, the mastitis-associated  microbiome
remained inconsistent, and fluctuates more within CM, RCM
and SCM-metagenomes than those of H-milk [2,5,6].
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Figure 1: Microbiome shifts in different states of bovine mastitis.

Bovine mastitis (clinical, recurrent clinical and subclinical) is
predominantly caused by the bacteria of both environmental
and commensal (from udder, teat, skin and gut) origin. Under
immunosuppression or stress conditions (when the cow suffers
from a severe negative energy balance at the onset, in-and-
other environmental  stress),
commensal potential

around  lactation, and

environmental and bacteria act as
opportunists to manifest different episodes of mastitis. A
plethora of other microbes including archaea and
simultaneously follow the same opportunistic pathways as
bacteria. However, the possible dynamic shifts in microbiome
compositions in different conditions of bovine mastitis are
favoring genomic potentials including
virulence, antimicrobial resistance and metabolic functions
(please see further details in the original publication [2].

viruses

determined by its

The dynamic changes in bacterial, archaeal and viral fractions of
the bovine mastitis (CM, RCM, SCM) and healthy (H) milk
microbiomes is shown in Figure 1. The composition of
microbial taxa remained much higher in CM milk followed by
H, RCM and SCM milk metagenomes. In that investigation, we
reported 18 bacterial phyla (16, 11, 4 and 13 in CM, RCM, SCM
and H, respectively), and of them 4 phyla were found to be
common across the four metagenomes. The associated bacterial
phyla were numerically dominated by Proteobacteria, Firmicutes,
Actinobacteria and Bacteroidetes (comprising >99% of relative
abundance) in mastitis and healthy milk metagenomes. Using
the state-ofthe-art bioinformatics tool (PathoScope 2.0) we
reported the strain-level taxonomic profile of bacteria (n=442
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bacterial strains), and of the identified strains, 15.44%, 12.30%,
3.75% and 20.14% had unique associations in CM, RCM,
SCM, and H milk, respectively. Across these four metagenomes,
67.19% of the detected bacterial strains were previously
unreported, and of them, Nocardia pseudobrasiliensis, Aeromonas
veronii B565, Chryseobacterium sp. Leaf 405, Pantoea dispersa
EGD-AAK13, Serratia marcescens subsp. marcescens Dbll,
Klebsiella oxytoca KA-2, and Citrobacter freundii CFNIHI1 were
most prevalent. Many of these microbiotas may act as potential
opportunist by interfering with metabolism, host defense, and
[5,17,18] to

magnitude of udder infections. Our present findings also

immune development producing  different
revealed the potential existence of endogenous entero-mammary
pathway, and through this axis the gut or rumen microbiome
migrate to the mammary gland, and manifested different
episodes of mastitis by using the very efficient strategies of
colonizing and invading mammary tissues through adhesion
[13], thus damaging host cells and fighting with immune systems
[5,6,13,19]. The healthy-milk metagenome was also dominated
by different strains of environmental, gut and animal skin
originating microbes. Though the pathogenic mechanism of
these commensal microbe is largely unknown, however can
cause opportunistic infections of the mammary glands and/or
quarters with or without varying degree of clinical episodes by
producing different virulence factors [20] particularly in
immunocompromised hosts [2,5,6,17].

In addition, this study for the first time reported the association
of 58 archaeal and 48 viral genera along with bacterial fraction
of the microbiomes to causing different episodes of bovine
mastitis, and of the detected genera, 12.06% and 20.83% of the
archaeal and viral genera, respectively were reported to be
common in the samples of four metagenomes (Figure 1).
However, unlike bacteria, the diversity and composition of
archaea [21] and viruses [22] always remained much lower in
both mastitis and healthy milk [2,5,6]. The CM-milk
metagenome always had higher taxonomic compositions and
abundances of both archaeal and viral fractions followed by H,
RCM and SCM-milk metagenomes. Even though, the role of
these accompanying microbiotas in the pathophysiology of
bovine mastitis has not been understood within the frames of a
typical host-pathogen interaction, however, these microbiotas
could cease the opportunity during the pathological changes in
the mammary glands created by bacteria [17,21]. The study
predicted  that occupy the
microenvironments suitable for anaerobic metabolism, make

archaea and virus may

way for opportunistic pathogens (pathobionts), already present
in milk, and/or gain secondary access to the mammary gland
when host is in unnatural condition or immune compromised
[23], and follow the similar virulence mechanisms of bacterial
pathogens producing more severe and prolonged recurrent
mastitis [17,21].

Furthermore, by annotating the WMS reads against different
reference databases such as the virulence factor database (VFDB)
[24], ResFinder [25], KEGG and SEED modules [26,27], the
study demonstrated that
factors viz. VFGs, ARGs, and some metabolic functional
potentials could strongly modulate microbiome dysbiosis and
the pathophysiology of bovine mastitis (Figure 1). The study

differences in mastitis-specific
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found the highest association of the VFGs in CM milk
microbiomes followed by RCM, SCM and H milk microbes.
The mastitis-associated pathogens harbored a wide range of
VEFGs, and bacteria having higher abundances also possessed
increased number of associated VFGs in the corresponding
metagenomes. As for example, mastitis causing microbiomes
had sole association with several VFGs such as crucial nutrient
(iron) uptake and/or regulation, twitching motility and/or
chemotaxis, bacterial adhesion, invasion, or
survival, biofilm formation, DNA uptake, adhesion to host cells
and  adherence,
multiplication factor, master regulator of biofilm initiation,
quorum-sensing/antibiotics  susceptibility cellular
adherence, heat shock stressrelated, bacterial communication,

intracellular

two-component  system, intracellular

altering,

and bacterial pathogenesis related. On the contrary, genes
coding for bacterial chemotaxis, flagellar assembly, biofilm
formation, alginate biosynthesis, pili and flagella expression/
adherence factors and outer membrane proteins had relative
over expression in H milk microbiomes. The underlying
mechanisms for microbial colonization in mammary tissue
modulated by these VFGs are not well established. However,
VEGs can enable microbiome to overcome host defense [2,28],
immune-mediated colonization of the mammary tissues by
suppressing the regrowth of resident commensal microbiota
[13,29], and subsequent pathogenesis by sensing metabolites
derived from the microbiota [29]. They may also be involved in
the inclusion of opportunistic pathogens with the progression,
and recurrence of the disease [2,29]. However, commensals can
inhibit
overgrowth of indigenous opportunists via several mechanisms,
including metabolic competition [29].

resist colonization of exogenous pathogens, and

The published study also stated the association of various
homologues of ARGs belonged to different protein families
among the microbiome of four metagenomes, and the
composition and abundances of the ARGs
significantly correlated with the abundances of the related
bacteria. Of the detected ARGs, broad-spectrum beta-lactams,
tetracyclines,  aminoglycoside,  sulfonamide, = macrolides,
fosfomycin and multidrug-resistant genes had several fold higher
expressions (CM, RCM, SCM) microbiomes
compared to H milk microbiomes. Furthermore, the ARGs also
varied greatly in different states of mastitis (CM, RCM, SCM)
supporting the microbiome dysbiosis in the corresponding

remained

in mastitis

metagenomes, their genetic diversity, and selective pressure for
the maintenance of ARGs [11]. The possible mechanisms for the
detected ARGs include enzymatic inactivation, prevention of
antibiotic-bindings to the targets, catalytic activity, folate
pathway antagonistattributed resistances and efflux pump
and/or system conferring resistance to a wide range of
antibiotics [11,30]. These ARGs can easily travel and spread
throughout different dairy environments because of wind and
runoff waters, climate change, human activities and contact with
wild animals, in particular, migratory ones [2,30].

DISCUSSION

This study also reported several important predicted metabolic
functions that altered in their abundances between CM, RCM,
SCM and healthy-milk microbiome as also reported previously
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in lactating cows [5,6,14-16], women [22,23] and mouse [18].
Our analysis revealed that similar metabolic features of
microbiota between different states of mastitis are associated
with their early colonization, and disease persistent and/or
[12,31]. We found that metabolic functional
pathways related to citrate metabolism (TCA cycle), citrate

progression

methyl-accepting
chemotaxis and two-component systems remained overexpressed

synthase,  oxidative = phosphorylation,
in mastitis causing microbiomes. Conversely, the H milk
microbiome had comparative overexpression in genes coding for
pyruvate metabolism, cytochrome ¢ oxidase subunits and
protoheme IX farnesyltransferase. These altered metabolic
pathways are associated with a diverse array of virulence
mechanisms for mammary gland pathogenesis [13]. Bacterial
biofilm-formation is a strain-specific or genetically-linked trait
with selective advantage in pathogenesis of mastitis, and harmful
to mammary tissues since they can promote the phagocyte
release, proliferation of reactive oxygen and nitrogen species,
and transfer of antibiotic resistance [2,5,6]. Moreover, mastitis
causing microbiomes had overexpression of genes encoding
biofilms adhesins [13,32], glutathione non-redox reactions [33],
regulation of oxidative stress [34], and transposable elements
[35] which play important role in many chronicrecurrent
bacterial infections like bovine RCM.

CONCLUSION

This study conveyed that microbial changes in different types of
mastitis resulted into depletion of beneficial microbes, and
enrichment of opportunistic pathogens. The results of our
published study suggest that co-occurrence of VFGs and ARGs
might be taking place amid mastitis and healthy milk
microbiomes. Several imputed functional pathways differed
possibly  reflecting
metabolic changes associated with mastitis pathogenesis. These

between mastitis and healthy-controls,
findings will therefore reach a point to develop microbiome-
based diagnostics and therapeutics for this economically
burdened disease. However, future studies should delve with
larger sample size with the inclusion of gut/rumen microbiome
sampling in addition to the milk samples for direct testing of
microbial transfer across this axis are needed to confirm the
shift of microbiome and associated functions.
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