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The Streptococcus genus belongs to one of the major pathogen groups inducing bovine mastitis. In the dairy industry,

mastitis is the most common and costly disease. It not only negatively impacts economic profit due to milk losses and

therapy costs, but it is an important animal health and welfare issue as well. 
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1. Introduction

Over 130 pathogens are known to be associated with bovine mastitis , some of them belonging to

the Streptococcus genus. Streptococci are gram-positive bacteria of spherical shape (0.5–2 µm) that usually form pairs or

chains. They are classified on the basis of colony morphology, hemolysis, and serologic specificity into the Lancefield

group taxonomic system. Many of them are facultative anaerobe, non-pathogenic and belong to the commensal

microbiota of humans and animals. However, some streptococci can cause severe diseases and health issues, such as

bovine mastitis. Here, the most relevant species are S. agalactiae, S. dysgalactiae ssp. dysgalactiae (hereinafter referred

to as S. dysgalactiae) and S. uberis. Streptococcal pathogens rarely associated with bovine mastitis are S. canis, S.
lutetiensis and S. equinus.

Mastitis is the most common and costly disease in dairy industry and of worldwide relevance . The economic losses of

mastitis are calculated with 124€ (=147$) per cow per year, resulting in losses of 500 million, 3 and 125 billion € in

Germany, the EU and worldwide, respectively . Global bovine mastitis rates are typically between 30–50% of all cows

per year . Next to the financial losses due to less milk yield and quality, the veterinary treatment, medication, and

increased personnel expenses, mastitis is an important issue of animal welfare and the main reason for dairy cow culling.

Mastitis infected cows can show a wide range of symptoms: swelling, heat and pain of the udder, milk with abnormal

appearance, increased body temperature, lethargy, and anorexia . Bovine mastitis can be classified into three classes

according to the inflammation degree: clinical, subclinical, and chronic . Clinical mastitis is characterized by visible

abnormalities of cow and milk, which is not the case for subclinical mastitis. Here, only the milk yield and somatic cell

count in the milk are changed. The incidence of subclinical mastitis is estimated to be 15–40 times higher than for clinical

mastitis . Therefore, subclinical mastitis is economically more relevant due to its higher frequency and capacity to

reduce milk yields while going unnoticed. The average duration of a streptococcal mastitis is 12 days but can be

prolonged for >300 days in chronic cases . If an acute mastitis is not successfully cured, it can become chronic and lead

to reduced fertility . S. uberis and S. agalactiae are well-known pathogens able to induce chronic mastitis .

Treatment and prophylaxis of mastitis are the most common reasons for antibiotic usage in dairy cows , bearing the

risk of enhanced selection in favor of antimicrobial resistant microorganisms .

2. Classification

Streptococci are reported to be among the main pathogens causing bovine mastitis all over the world . Mastitis

pathogens can be classified in contagious and environmental . Contagious pathogens are adapted to survive within the

host and they spread from cow to cow primarily through the milking process. Contagious bacteria have the potential to

spread within a herd easily and widely. In contrast, environmental pathogens are able to survive outside the host and are

part of the normal microflora of the cow’s vicinity. Exposure through environmental streptococci occurs during and

between milking, during the dry period or prior parturition of heifers . The pathogen exposure is related to their

environmental abundance, which is influenced, e.g., by humidity and temperature. Environmental pathogens invade the

udder when the teat channel is opened after milking or after damage.

S. uberis is primarily environmental, however cases of contagion have been observed . The species is mostly alpha-

hemolytic, capable of partial hemolysis, but has also been shown to be non-hemolytic in some cases. Biochemical

identification is facilitated by a variable CAMP (Christine–Atkinson–Munch–Peterson test) phenotype as well as aesculin,
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sodium hippurate and inulin degradation. Global Lancefield classification of S. uberis is quite challenging, since some

strains have been shown to be Lancefield E, G, P or U positive. Since the first isolation of S. uberis from a bovine mastitis

case in 1932, the pathogen has been detected in a variety of bovine host infections such as lactating cows, dry cows,

heifers, and multiparous cows .

For S. dysgalactiae, the classification in environmental or contagious is not clear. Due to its ability to survive within the

host and in the environment, it is described as an intermediate pathogen . The majority of S. dysgalactiae strains are

non-hemolytic, although alpha-hemolytic exceptions exist. Phenotypically, it is CAMP negative, does not degrade aesculin

and is usually classified Lancefield group C. S. dysgalactiae is primarily associated with bovine infections, but other

ruminants, such as goats or sheep, may be affected as well.

S. agalactiae is a contagious pathogen but may also colonize the gastrointestinal tract of dairy cows. In bovine mammary

glands, S. agalactiae can survive indefinitely by forming biofilms and is heavily associated with subclinical mastitis . S.
agalactiae is within the Lancefield group B classification. The bacterium is generally considered beta-hemolytic, but some

non-hemolytic strains have been observed and CAMP positive. S. agalactiae has nine distinctive serotypes labeled Ia, Ib,

II, III, IV, V, VI, VII, and VIII, with a tenth serotype labeled IX discovered in 2007. Pathogenicity of S. agalactiae varies with

its serotype. Next to dairy, this species is a highly relevant human pathogen at early ages, since it is among the most

common causes of bacterial meningitis in neonates. In the United States, between 2005 and 2006, the most common S.
agalactiae serotype implicated in invasive human diseases was serotype V, accounting for more than 29% of the recorded

cases at the time, followed by serotypes Ia, II and III . A myriad of cases have been shown that S. agalactiae can be

hosted by piscine and aquatic mammals as well. Multilocus sequence typing has allowed the description of the

phylogenetic relations between the different hosts of S. agalactiae by assigning sequence types (ST) based on their allele

numbers. Some strains from piscine hosts were shown to be pathogenic to humans as well. Interestingly, most human

STs are quite distinct from bovine STs, apart from the bovine ST-23 and ST-61 strains, which have a genetic relation with

human ST-23 and ST-17. These two strains belong to serotypes Ia and III, respectively, and are heavily associated with

neonatal infections .

S. canis belongs to the contagious pathogens and is grouped to Lancefield group G. It shows a beta-hemolytic, CAMP

negative, and aesculin hydrolyzing phenotype. S. equinus is classified as environmental pathogen and to the Lancefield

group D. Its phenotype is a variable hemolysis, CAMP negative and aesculin hydrolysis positive. S. lutetiensis is a

contagious streptococcal species within the Lancefield D group. It is characterized by alpha-hemolysis and a CAMP

negative, aesculin hydrolyzing phenotype.

3. Pathogenesis and Virulence Factors

During the infectious process, streptococci face a diversity of changing environments and hence need to adapt to varying

conditions for successful infection. As a consequence, they express a number of virulence factors that allow survival and

replication in different host tissues during pathogenesis, e.g., by conferring adhesion and invasion to host cells or

avoidance of immune recognition and subsequent degradation. The virulence factors of S. uberis, S. dysgalactiae, and S.
agalactiae are summarized in Figure 2.
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Figure 2. Schematic representation of the bovine-associated streptococcal virulence factors. (A) S. uberis harbors the

capacity for preventing opsonization via the synthesis of the protein HasC, capable of masking the antigens present on

the surface of S. uberis. Synthesis of Sua and Vru proteins allow binding of the antimicrobial lactoferrin and thus creating

a less hostile environment for the pathogen. Lysis of casein through a so far unknown process provides extra nutrients

and thereby favors biofilm formation. PauA and SkC proteins confer plasminogen-activating capabilities to S. uberis. The

activation of plasminogen to plasmin leads to the degradation of the extracellular matrix, which in turn facilitates bovine

mammary epithelial cell invasion. (B) S. dysgalactiae is equally capable of avoiding opsonization via the binding of

fibrinogen with the M-like protein DemA, the binding of IgG and the binding of the alpha 2 macroglobulin-trypsin complex

via the synthesis of the MAG protein. (C) S. agalactiae possesses virulence factors implicated in invasion of host cells,

namely Bca for integrin binding and Lmb for laminin binding. Immune evasion is facilitated via the synthesis of proteins

such as FbsA and FbsB implicated in fibrinogen binding. This leads to a decreased risk of opsonization by phagocytic

cells. Synthesis of the serine protease CspA allows S. agalactiae to cleave certain chemokines, which are responsible for

neutrophil recruitment, further increasing immune evasion potential.

Amongst all the listed virulence factors, a study of 78 S. uberis strains showed that the three most prevalent are

the hasC gene (hyaluronic acid production) present in 89.7% of the studied strains, followed by the sua gene (lactoferrin

binding) at 83.3% and gapC (plasmin binding as well as immunomodulation) at 79.4%. The has operon is a conserved

gene region present in all strains of group A streptococci and encapsulated group C streptococci. It enables production of

a hyaluronic acid capsule that protects e.g., S. uberis from opsonization and phagocytosis and mediates resistance to

bacterial clearance within neutrophil extracellular traps . In terms of capsulation, the most well-characterized virulence[21]



factors are the capsular polysaccharides coded by the cps and neu genes, which are at the basis of determining different

Group-B-Streptococci (GBS) serotypes discussed later. The capsular types are labeled as Ia, Ib, II-IX and are critical for

grouping the different pathogenic types of GBS. These proteins confer immune evasion by masking pro-inflammatory cell

wall components and by mimicry of host-cell surface glycoconjugates. SodA and rhamnopolyene also contribute to

immune evasion by detoxifying superoxide responsible for the formation of reactive oxygen species implicated in oxidative

stress. The C5a peptidase coded by scpB is another virulence factor that contributes to immune evasion. C5a is a

component of the human complement system, its degradation leads to an inhibited opsonophagocytic killing pathway. In

addition to this, the peptidase has been shown to bind to fibronectin, thus contributing to the bacteria’s adhesion and

invasion in epithelial cells .

Internalization of S. uberis into mammary epithelial cells is an important early event in the establishment of mastitis in

dairy cows. Possession of the S. uberis Adhesion Molecule (SUAM), which was suspected to have an affinity to the host

protein lactoferrin, seems to facilitate pathogenesis in this context. Lactoferrin is a protein present in human and bovine

milk as well as many other mammalian body fluids. The protein has antimicrobial properties as it binds iron, which is

essential for bacterial and viral replication . Since iron demand of streptococcal species is rather low, lactoferrin was

demonstrated to have a bacteriostatic effect on different streptococci . Clinical trials attempted on seven Holstein

Friesian cows showed that 67% of the mammary quarters infected with S. uberis wild-type showed clinical manifestations

of mastitis (clots in produced milk, firm and moderate swelling of the mammary glands with red coloration). In contrast,

experiments conducted with a SUAM-deficient mutant only manifested mastitis in 28.6% of the infected quarters. Colony

counts in milk samples as well as somatic cell counts displayed decreased S. uberis abundance in the absence of SUAM

compared to the wild-type, indicating that the sua gene could be an important virulence factor. Moreover, SUAM facilitated

efficient epithelial cell adhesion and subsequent internalization . However, other studies have shown that certain factors

have overlapping functions with sua in terms of pathogenesis of S. uberis. Similarly to sua, vru gene deletion has been

shown to decrease the pathogenicity of S. uberis, probably due to its capability of binding the antimicrobial lactoferrin .

This is an indicator that the sua gene should not be considered the only virulence factor of S. uberis and that other genes

should be taken into account for further research.

Lactoferrin plays a role in pathogenesis of other streptococci as well. After 8 h of exposure to lactoferrin, a dose-

dependent growth inhibition of S. dysgalactiae was observed in a previous study due to the antimicrobial properties of the

protein. In addition, assays conducted with HC-11 murine epithelial cells revealed lactoferrin-dependent decrease of

bacterial adhesion . Lactoferrin may serve as a bridging molecule for S. uberis, consequently promoting adherence and

internalization into mammary epithelial cells, thereby surviving host defense mechanisms by immune evasion .

Although S. dysgalactiae also expresses lactoferrin-binding proteins, allowing interaction  similar to S. uberis, the effect

of lactoferrin on S. dysgalactiae pathogenesis is quite opposite. The mechanisms of internalization and host cell

interaction after lactoferrin binding of S. dysgalactiae are poorly defined and require further classification to explain these

contrary phenotypes.

Besides lactoferrin-binding proteins, adherence and invasion are also extensively studied for S. agalactiae. Exposure of

bovine mammary epithelial cells to S. agalactiae significantly decreased host cell viability starting 2 h post infection.

Electron microscopy showed that adherence of the bacteria was achieved 6 h post-infection with cell membrane breakage

visible after 8 h . Furthermore, host-cell adherence and invasion are facilitated by extracellular matrix protein binding.

The main virulence factors for this are the fibrinogen binding proteins FbsA and FbsB, which promote entry into the host

cell and by the laminin binding protein Lmb. Serine-rich repeat proteins allow for S. agalactiae to adhere to human keratin

and epithelial cells. The alpha C protein coded by bca is also shown to participate in cell adherence to epithelial cells

. S. dysgalactiae was found to be capable of binding extracellular matrix proteins such as fibronectin, a main

component of connective tissues. This could encourage bacterial adherence and internalization, e.g., to the mammary

tissue as can be observed in bovine mastitis . Furthermore, binding of S. dysgalactiae to vitronectin was implicated in

phagocytosis. Exposure of S. dysgalactiae to vitronectin before phagocytic assays increased phagocytosis by bovine

polymorphonuclear neutrophils .

Binding to extracellular matrix proteins is also a key aspect of biofilm formation, which comprises one of the main

pathogenic factors of many bacteria and streptococci are no exception. It was previously demonstrated that the addition of

milk to liquid THY (Todd–Hewitt broth with 1%, w/v yeast extract) culture led to an encouragement of biofilm formation by

up to 800%. A more detailed look revealed that alpha and beta casein were at least partially responsible for the

phenomenon that was decreased by the addition of protease inhibitors. It was speculated that the casein proteins were

most likely degraded by proteases, thereby allowing S. uberis to utilize the resulting amino acids as nutrient sources .

Further studies on S. uberis biofilm formation showed that certain genes associated with biofilm formation were more

prevalent than others. luxS and comEA (corresponding to quorum sensing and bacterial competence, respectively) were
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found at rates of 42.8% and 21.4% of the S. uberis isolates which were used for the study. Given the pathogenic

capabilities of biofilms, it would be interesting to unravel underlying mechanisms in order to diminish invasive capabilities

of S. uberis . Furthermore, biofilm formation is suspected to play an important role in S. dysgalactiae pathogenesis in

cases of bovine mastitis as well. An article by Alves-Barroco and colleagues in 2019 showed that certain strains of S.
dysgalactiae were capable of forming biofilms on hydrophilic surfaces and that treatment of these biofilms with the protein

fisetin induced a decrease in biofilm formation. Fisetin is a flavonol that exhibits various effects, including neurotrophic,

antioxidant, anti-inflammatory, and anti-angiogenic effects . Furthermore, a brpA-like gene might contribute to the initial

steps of biofilm formation. A recent study postulates that this brpA-like protein is inhibited by fisetin, thus rendering the

gene a potential target to eliminate S. dysgalactiae biofilm formation .

Plasminogen activation is yet another virulence mechanism prevalent in the streptococcal genus. Secreted polypeptides,

such as streptokinase of S. dysgalactiae, can degrade fibrin and connective tissue, thereby allowing deeper tissue

infiltration. After exposure to streptokinase, plasminogen is thereby activated to plasmin, in turn allowing the hydrolysis of

connective tissue proteins and subsequent tissue penetration . Besides plasminogen degradation, e.g., by

streptokinase, S. dysgalactiae produces a hyaluronidase, which degrades hyaluronic acid. Hyaluron is a polysaccharide

present in connective tissues and its degradation is thought to contribute to the tissue invasive properties of streptococci.

The hly gene found in S. agalactiae is a virulence factor that codes for hyaluronate lyase. The protein is capable of

cleaving hyaluronan, allowing for an easier invasion and spread of GBS, similar to the action of streptokinase in S.
dysgalactiae . pauA is notable since it was the first described plasminogen activator affecting bovine plasminogen.

Furthermore, it encourages the hydrolysis of casein to peptides allowing the bacteria to profit from the resulting amino

acids . skC is another gene which codes for a plasminogen activator. A study by Loures in Brazil has shown that this

gene, along with pauA, is highly conserved between different strains of S. uberis .

S. dysgalactiae has a vast array of potential virulence factors, e.g., facilitating binding to diverse host structures that could

push towards potential vaccine agents. For instance, S. dysgalactiae is capable of binding IgG, therefore interfering with

immune responses such as opsonization and toxin neutralization . In addition to IgG binding, a protein named MAG for

alpha2-Macroglobulin/Albumin/IgG-binding can additionally connect to alpha2-macroglobulin and is suspected to

contribute to the inhibition of opsonization as described previously . It was shown that when alpha2M was associated

with trypsin to form alpha2M-T, S. dysgalactiae can attach to the complex, thus creating a dose-dependent inhibition of

phagocytosis, thereby significantly contributing to pathogenesis .

Another notable virulence factor for immune evasion is the serine protease coded by cspA. This protease cleaves

fibrinogen and chemokines, but also impairs neutrophil recruitment and phagocytic killing. Serotype III of GBS has been

shown to be capable of producing a protein called Rib coded by the rib gene. Rib is suspected to be one of the reasons

for S. agalactiae host-immune evasion thanks to a structure that confers domain atrophy (a phenomenon where protein

domains lose a significant number of core structural elements) . One final important virulence factor in terms of immune

evasion is a superantigen named S. dysgalactiae-derived mitogen. Superantigens are a class of antigens capable of

inciting an excessive activation of the immune system, thereby inducing potentially life-threatening symptoms such as

shock .

A versatile variety of other virulence factors facilitate additional essential steps in streptococcal pathogenesis. In terms of

bovine mastitis, survival in milk is clearly an important step besides invasion of mammary epithelial cells. The

pathogenicity of S. agalactiae varies and certain strains are more adapted to bovine hosts in that they are more capable of

growing in cow milk than their human or fish-associated counterparts. An article by Maoda Pang and others observed that

bovine strains achieved a CFU/mL count of around 5 × 10  as opposed to the 10  CFU/mL of the human and fish strains

investigated in this study after 12 h of growth in milk. Furthermore, biofilm formation was more important in bovine-

associated strains, showing ODs that doubled or even tripled the ones evaluated in the other strains . SCC indicates

the total number of cells per milliliter in milk, which is increased during infection due to the resulting inflammation.

According to the 2013 Bulletin of the International Dairy Federation, milk is considered abnormal when SCCs are higher

than 200,000 cells/mL . SCCs, determined with an automated, fluorescent, microscopic somatic cell counter, were

increased when milk samples contained S. dysgalactiae. Indirect fluorescence labeling targeting neutrophils showed that

there was a particular increase in neutrophil recruitment . In addition, a notable increase in Il-1beta and TNF-
alpha expression, both being potent inducers of the acute immune response, has been observed via real-time PCR.

Further understanding these phenomena could push towards a deeper comprehension of S. dysgalactiae pathogenesis

. Different virulence traits, however, enable survival of streptococci besides inflammatory responses of the host. For

instance, extracellular deoxyribonucleases are shown to aid in bacterial proliferation thanks to the neutrophil-mediated

resistance it confers. The enzyme is capable of degrading the antimicrobial system induced by the neutrophils. It was

shown in a study by Florindo that all of the S. agalactiae strains associated with subclinical or clinical mastitis in 121
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clinical samples were capable of synthesizing DNAses . This could imply that DNAse synthesis could be important for

the development of bovine mastitis. Further research is required.

M-proteins are the most important virulence factors in streptococcal pathogenesis. It is extensively described in S.
pyogenes pathogenesis although it is a virulence factor present in a wide variety of streptococcal species. Its best-known

property is the capacity to inhibit phagocytosis in non-immune humans. However, it has been associated with a variety of

functions and was shown to interact with an extensive amount of host proteins, such as fibrinogen, albumin, plasminogen,

and immunoglobulins. The N-terminal part of the protein is hyper-variable, leading to antigenic diversity, consequently

allowing efficient serotyping of S. pyogenes. The N-terminal region is also known to induce protective antibody production,

turning it into a promising vaccine candidate. In contrast, the C-terminal region is highly conserved among M proteins and

can bind to a wide array of host molecules . An M-like protein was discovered in S. dysgalactiae and S. canis, termed

DemA and SCM (S. canis M-protein), respectively. It displays plasma protein binding properties and sequence similarities

with the M-protein of S. pyogenes. Given the importance of the protein in Group A Streptococcus, it would be interesting to

further study the effect of DemA in S. dysgalactiae pathogenesis .

Group B Streptococcus has a huge set of virulence factors that are quite prevalent in most strains isolated from humans.

They have been shown to have a wide variety of functions, such as pore-formation via toxins, immune evasion, resistance

to antimicrobial peptides, host-cell adherence and invasion. Pore formation via toxins is another main virulence

mechanism of S. agalactiae. Beta-hemolysin or cytolysins are significant virulence factors, which promote invasion of host

cells, but also impair cardiac and liver functions whilst inducing inflammatory responses and apoptosis. The CAMP factor

is a pore-forming toxin, which attacks the host-cell membrane and binds to GPI anchored proteins. Resistance to

antimicrobial peptides (AMPs) is an interesting virulence mechanism for S. agalactiae. Alanylation of lipotechoic acid

decreases cell surface charge, thus repelling AMPs. In addition, S. agalactiae has been shown to bind penicillin via a

protein labeled PBP1a through a so far unknown mechanism. The expression of pili also contributes to AMP resistance,

although not much is known about this process either.

Bovine strains possess much of the same virulence factors as the human strains, yet to varying degrees. In an article by

Mohammad Emaneini in 2016, it was shown that 89% of the 48 bovine strains expressed the rib gene, a value

significantly higher than that observed in human isolates, indicating that this gene could be an important virulence factor

for bovine-specific cases. However, all of the other virulence factors typically associated with human infections were not

detected in bovine isolates. This is in direct contrast with a study by Duarte in 2005, where he showed that the majority of

his 38 bovine isolates expressed scpB and bca. Even the findings concerning the rib gene by Emaneini are in direct

contrast with a study by Jain in 2012. Jain showed that only 26% of bovine isolates possessed the gene, an incredibly low

number, compared to the 89% observed by Emaneini. Overall, determining bovine streptococci mastitis specific virulence

factors by comparing those found in human isolates seems to have variable results. The bacteria most likely have bovine-

specific virulence factors that are fairly different from those found in human isolates .

Virulence factors for S. canis and S. equinus are rarely described. For S. lutetiensis known virulence factors are:

hemolysin (Hly), α C protein (Bca), superantigen proteins, and C5a peptidase (ScpB) .
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