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ABSTRACT 

Bovine mastitis is an inflammation of the udder that can be caused by multiple 

bacteria. Three major pathogens causing clinical intramammary infection are 

Escherichia coli, Staphylococcus aureus, and Streptococcus uberis. The most 

important group of minor udder pathogens is coagulase-negative staphylococci. The 

objective of this thesis study was to investigate the host-microbe interactions in 

bovine mastitis caused by a major udder pathogen, Strep. uberis, and two minor 

pathogens, Staphylococcus simulans and Staphylococcus epidermidis.  
 

Experimental intramammary infection was conducted to examine the host immune 

responses to Staph. simulans and Staph. epidermidis. Molecular methods were 

applied to study the genetic background of Strep. uberis for biofilm formation. In 

vitro models for biofilm formation, epithelial cell adhesion, and phagocytosis were 

used to investigate the relationship between the presence of clinical signs in 119 cases 

of Strep. uberis mastitis and characteristics of the corresponding bacterial isolate. 

 

Staph. simulans and Staph. epidermidis induced an infection in an experimental 

mastitis model. We also demonstrated that these strains were able to induce clinical 

signs and to persist for up to two weeks in the udder. Biofilm production among 

Staphylococcae has been under intensive research, and its association with 

persistence has been proposed. In contrast, biofilm formation by Strep. uberis has 

only recently been discovered. This thesis study characterized the genes involved in 

biofilm formation using the thermosensitive mutant library of Strep. uberis. Bacterial 

virulence-associated factors can be regulated by a two-component system. The two-

component system response regulator (LiaR) was observed to negatively regulate 

biofilm formation by Strep. uberis, but the clear mechanism remains to be 

determined. Analysis of 119 Strep. uberis isolates revealed an association between 

biofilm formation and epithelial adhesion and susceptibility to phagocytosis, as well 

as the decreased susceptibility to phagocytosis among the isolates originating from 

infections with clinical signs. The analysis further revealed that highly adhesive 

strains are not phagocytosed as efficiently as weakly adhesive strains. 

 

These findings highlight the importance of adhesion, which is the key process in 

biofilm formation. Bacteria do not necessarily need to produce a biofilm, but they 

have much better possibilities to survive in the host if they can adhere, for instance, 

to epithelial cells. Nevertheless, the risk of an excessively intensive host response 

exists. Activated host response mechanisms would trigger an efficient host defense 

response to eliminate invading pathogens. Although we did not observe any 

difference in biofilm formation between clinical and subclinical isolates, a strong 

tendency for epithelial adhesion and resistance against phagocytosis are likely 

promoters of the bacterial load and intramammary infection leading to detectable 

clinical signs. 
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1 INTRODUCTION 

Mastitis is defined as an inflammation of the bovine mammary gland (udder) and is 

usually caused by a microbial infection (intramammary infection, IMI). It is one of 

the most economically costly cattle diseases. The economic burden is mostly due to 

discarded milk, changes in milk production and quality, as well as treatment and 

prevention costs. Based on the intensity and severity of clinical signs, mastitis is 

usually divided into subclinical and clinical disease. In clinical mastitis, signs range 

from mild to severe and can be systemic, local, or milk related, whereas in subclinical 

IMI, no signs are observed. An increased milk somatic cell count (SCC) is the only 

sign of subclinical IMI (International Dairy Federation, 2011). IMI can be further 

classified depending on the duration of infection and elimination of bacteria. 

Persistent bacteria remain for longer periods in the udder, whereas in transient 

mastitis, bacteria are spontaneously eliminated after a limited period and the 

infection is cured by itself. 

 

Different types of intramammary infections are caused by different bacterial species. 

Some bacteria prefer environmental niches, others are contagious, and many are 

opportunistic. Coagulase-negative staphylococci (CoNS) are a minor group of udder 

pathogens of increasing importance. Mastitis caused by CoNS usually displays 

relatively mild clinical signs, and these bacteria can therefore affect milk quality for a 

long period before being noticed. In contrast, Streptococcus uberis is a widely 

distributed environmental pathogen causing more severe signs. Traditional mastitis 

control methods such as improvement of milking hygiene have efficiently reduced the 

occurrence of contagious udder pathogens. However, the environmental pathogens 

are more difficult to eradicate due to their ubiquitous presence (Hogan and Smith, 

2012; Ruegg, 2012), and they remain a major challenge to the dairy industry 

(reviewed by Leigh, 1999; Verbeke et al., 2014). 

  

Virulent bacteria need to ascend through the teat canal into the udder and adhere to 

mammary epithelial cells. They must be able to multiply in the udder, acquire 

nutrients from milk, and resist host responses. Several genes are known to be 

responsible for these events, and some aspects of bacterial infectivity and the severity 

of the disease can be attributed to the range of their virulence genes. 

 

Innate immunity is the primary effector of host defense against pathogens. Secreted 

mediators, such as cytokines, enhance or inhibit various host actions at local and 

systemic levels. The detection of these mediators can provide valuable insights into 

the host response, as well as the pathogenicity of bacteria. 

 

This thesis discusses two coagulase-negative staphylococcus (CoNS) species, 

Staphylococcus simulans and Staphylococcus epidermidis, and the major udder 

pathogen Streptococcus uberis by exploring their ability to adhere, form biofilms and 
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resist phagocytosis. The interaction between the host immune response and the 

pathogens is also discussed. 
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2 REVIEW OF THE LITERATURE 

2.1 BACTERIA IN MASTITIS  

2.1.1 STAPHYLOCOCCUS EPIDERMIDIS AND 

STAPHYLOCOCCUS SIMULANS: MINOR UDDER 

PATHOGENS 

Staphylococcaceae is a large group of Gram-positive bacteria comprising 47 species 

and 23 subspecies (reviewed by Becker et al., 2014: for current data, see: 

http://www.bacterio.net/staphylococcus.html (Euzéby, 1997)). The best-known 

member of this group is Staphylococcus aureus, one of the three major udder 

pathogens. The majority of staphylococcal species belong to the group of coagulase-

negative staphylococci (CoNS). CoNS are defined as not being able to coagulate rabbit 

plasma in the tube coagulation test (reviewed by Becker et al., 2014). 

 

CoNS have been a neglected and underestimated group of udder pathogens for 

decades, because CoNS IMI has mild or non-existent clinical signs. However, in 

recent decades, CoNS have become among the most common mastitis-causing agents 

in well-managed dairy farms in many countries (Pyörälä and Taponen, 2009). Staph. 

chromogenes, Staph. simulans, Staph. xylosus, Staph. haemolyticus, and Staph. 

epidermidis are the most common mastitis-causing CoNS species (Taponen et al., 

2006; Thorberg et al., 2009; Supré et al., 2011; Fry et al., 2014). Staph. epidermidis 

is a causative agent of human nosocomial infections related to medical devices and 

the immunocompromised status of patients (reviewed by Rogers et al., 2009). 

Human commensal-type and bovine Staph. epidermidis strains appear to be closely 

related, and strains of human origin are therefore suggested to be a potential reservoir 

for bovine mastitis-related strains (Savijoki et al., 2014). Staph. chromogenes and 

Staph. simulans appear to be associated with a more elevated milk somatic cell count 

(SCC) than other CoNS (Fry et al., 2014). They also often seem to share the 

intramammary niche together with Staph. xylosus, whereas more numerous and 

variable species exist on extramammary sites and in the barn (De Visscher et al., 

2014). It has been speculated that each herd might have its own reservoir of 

extramammary CoNS microbiota (De Visscher et al., 2014). 

 

CoNS infections can persist for long periods in the mammary gland, although there 

are differences between the species (Taponen et al., 2007; Thorberg et al., 2009; 

Supré et al., 2011; Fry et al., 2014). The spontaneous elimination rate of CoNS IMI is 

reported to vary from 15% to 64.5% (Timms and Schultz, 1987; McDougall, 1998; 

Taponen et al., 2006). The mild signs and moderate elimination rate of bacteria are 

probable contributing factors to the observed persistence. On the other hand, the 

udder might be an excellent environment for establishing a protective CoNS 

http://www.bacterio.net/staphylococcus.html
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microbiota. CoNS are suggested to enhance the immune response, compete for living 

space and nutrients, as well as secrete inhibitory substances against other more 

pathogenic bacteria (Lam et al., 1997; De Vliegher et al., 2004; Iwase et al., 2010). 

 

The prevalence of CoNS species in different lactation stages and in differently aged 

cows is variable. Staph. chromogenes usually causes IMI in primiparous cows, 

whereas Staph. epidermidis (Thorberg et al., 2009) and Staph. simulans (Taponen et 

al., 2006) appear to be a problem of multiparous cows. The prevalence of CoNS IMI 

is higher in primiparous cows, and these cows already acquire CoNS IMI in the early 

stages of lactation (Taponen et al., 2007; Sampimon et al., 2009). 

 

CoNS species are traditionally identified using phenotypic biochemical methods. Due 

to the limitations of these methods, the focus in mastitis diagnostics has moved 

towards molecular identification supported by better genotype knowledge and 

advanced instrumentation (Zadoks and Watts, 2009). Twenty-seven CoNS species 

have been sequenced (“NCBI Genome Staphylococcus,” 2015), facilitating the design 

of more precise primers for species-specific molecular identification. 

 

Antibiotic resistance is increasing frequently encountered in CoNS IMI, although 

cows with CoNS mastitis are seldom treated with antibiotics. Mastitis surveys in 

Finland between 1988–2001 revealed that the prevalence of CoNS isolates showing 

resistance to at least one antimicrobial agent increased from 26.6% to 66.8% (Myllys 

et al., 1998; Pitkälä et al., 2004). Resistance against benzylpenicillin was the most 

common (32%) in 2001 (Pitkälä et al., 2004). During the last decade benzylpenicillin 

resistance has been remained at the same level (37.5% in FINRES-Vet 2010-2012) 

(Nykäsenoja et al., 2015). Penicillin resistance is mainly caused by the blaZ gene alone 

or in combination with other resistance genes (Frey et al., 2013). The prevalence of 

the methicillin resistance gene (mecA) among bovine CoNS is by far the highest in 

Staph. epidermidis (Frey et al., 2013; Gindonis et al., 2013). CoNS might also be a 

potential source of antimicrobial resistant determinants for humans. Thus, it is worth 

evaluating genotypic and phenotypic resistance from time to time. 

2.1.2 STREPTOCOCCUS UBERIS: A MAJOR CAUSE OF BOVINE 

MASTITIS 

Streptococcus uberis is a ubiquitous environmental pathogen colonizing and 

infecting dairy cattle (McDougall et al., 2004; De Vos et al., 2009). This Gram-

positive bacterium was already characterized in the 1930s (Diernhofen, 1932). Strep. 

uberis has been isolated from bovine tonsils, rumen, rectal and genital regions, the 

coat, and from bedding in the stall (reviewed by Leigh, 1999). 

 

The conventional typing methods for Strep. uberis have been based on the cell wall 

polysaccharides. However, serological and biochemical tests or antibiotic resistance 

patterns are not optimal for the identification of Strep. uberis. Based on analysis of 

the 16S rRNA gene sequence, Strep. uberis is placed into the pyogenic group together 

with Strep. pyogenes, Strep. agalactiae, Strep. dysgalactiae, Strep. equi, Strep. 
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parauberis, Strep. porcinus Strep. canis, and Strep. iniae (Bentley et al., 1991). The 

phylogenetically distinct genotypes (I and II) are considered as two separate species: 

Strep. uberis and Strep. parauberis, respectively (Williams and Collins, 1990; 

Jayarao et al., 1991; Bentley et al., 1993). The development of a multilocus sequence 

typing (MLST) scheme currently provides the most informative strain typing method 

for Strep. uberis (Zadoks et al., 2005). 

 

Intramammary infections caused by Strep. uberis can vary from subclinical to clinical 

mastitis (Koivula et al., 2007). Subclinical infection often goes unnoticed. Long-

lasting subclinical infection can sometimes progress to a clinical mastitis with drastic 

changes in milk (clotting, hemorrhage) and in the udder (pain, swelling), as well as 

systemic signs (fever, loss of appetite). Strep. uberis was observed to be the most 

common cause of clinical IMI in the UK (23.5%) (Bradley et al., 2007). A similar 

prevalence of Strep. uberis IMI has been reported in New Zealand, France, and 

Switzerland (Botrel et al., 2010; Guélat-Brechbuehl et al., 2010; Petrovski et al., 2011). 

The prevalence of Strep. uberis in other EU countries and in Australia is reported to 

be between 10–20% (Koivula et al., 2007; Shum et al., 2009; Kalmus et al., 2011; 

Persson et al., 2011). 

 

The mammary gland is more susceptible to Strep. uberis infection, particularly 

during the dry period (Marshall et al., 1986). Prophylactic antibiotic treatment at this 

stage significantly reduces the incidence of new Strep. uberis infections (Williamson 

et al., 1995). On the other hand, Strep. uberis is isolated more frequently from milk 

samples of lactating than non-lactating cows (Petzer et al., 2009). Strep. uberis is 

found to be more often present in chronic infections than in new subclinical cases 

(Persson et al., 2011). These observations suggest that Strep. uberis might be able to 

persist within the udder. 

 

The recommended treatment for Strep. uberis IMI is penicillin (Pyörälä, 2009), 

although some evidence of more resistant Strep. uberis isolates has been published 

(Haenni et al., 2010b; Overesch et al., 2013). Haenni et al. (2010a) found mutations 

in genes encoding penicillin-binding protein (PBP) to cause decreased susceptibility 

to penicillin in both laboratory-evolved isolates as well as in clinical isolates. In a 

Finnish survey (FINRES-Vet 2010-2012), the elevated minimum inhibitory 

concentration (MIC) values of penicillin and its derivatives have also been observed 

(Nykäsenoja et al., 2015). 

2.2 BACTERIAL STRATEGIES IN INTRAMAMMARY 

INFECTIONS 

Virulence is the capacity of a pathogen to cause disease. Bacteria have to multiply, 

digest milk to obtain nutrients, and resist the host immune response mechanisms. 

They also have to ascend through the teat canal into the udder and adhere to 

mammary epithelial cells. Although numerous virulence-associated factors are 

known, few have been shown to contribute to the virulence of CoNS and Strep. uberis 
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(Table 1). The range of virulence-associated genes among Strep. uberis clinical 

isolates was also observed to vary (Reinoso et al., 2011). This suggests a possible 

involvement of unknown conserved virulence factors in Strep. uberis strains. 

Knowledge of the virulence factors and genes is fundamental to understanding 

bacterial pathogenesis and to vaccine development. 

 

Table 1 

Virulence-associated factors in staphylococcal and streptococcal strains. The various factors 

are grouped based on their most relevant biological context and the corresponding section in 

this thesis is indicated. SU = Strep. uberis, SE = Staph. epidermidis, SPyo = Strep. pyogenes, 

SPneu = Strep. pneumoniae, SM = Strep. mutans, SA = Staph. aureus, SS = Staph. simulans, 

SH = Staph. hyicus, SX = Staph. xylosus, SC = Staph. chromogenes; Abbreviations for 

virulence factor (ligand) names are explained in the text and in the list of abbreviations (page 

12). 

 

Virulence factor 

(Ligand) 

Host protein 

(Receptor) 

Function Bacteria 

Adhesion and biofilm (2.2.1 and 2.2.2) 

LTA TLR-2 Adhesion SU1, SE2 

SclB Collagen Adhesion SU3 

SUAM Bovine lactoferrin 

(bLF) 

Adhesion SU4,5 

Fbe/SdrG Fibrinogen Adhesion SE6 

SesC Fibronectin Adhesion SE7 

Embp Fibronectin Adhesion SE8 

GehD Collagen Adhesion SE9 

SDH (GAPDH) Fibronectin, 

Lysozyme, 

Plasminogen 

Adhesion, invasion Streptococcus10,11,12 

Enolase (Eno) Plasminogen, 

Laminin 

Adhesion, ECM 

degradation 

SPyo13, SPneu14, SA15 

SrtA - Cell wall anchor SU16 

Atl  Polymer surface Adhesion, autolysin SE17 

ClpP Polymer surface Adhesion, PIA 

production, Biofilm 

formation 

SM18, SE19, 

Bap Polymer surface, 

Bacteria 

Adhesion, 

accumulation 

SA20, SE21, SS21, 

SH21, SX21, SC21 

Aae Fibrinogen, 

Fibronectin, 

Vitronectin 

Adhesion, autolysin SE22 

Fimbriae/Pilus Host cells Adhesion, 

Maturation 

SPyo23,24 

M protein family Form complexes 

with LTA 

Adhesion SPyo25 

Adhesion and inactivation of host factors (2.2.1 and 2.2.3.1) 



 

19 

PIA / PGA  Adhesion, 

Resistance to 

antimicrobial 

activity 

SA26, SE27,28  

Capsule, protective 

surface proteins 

 Adhesion, 

Antiphagocytic 

SU29, SE30,31 

Lbp bLF Resistance to 

antimicrobial 

activity 

SU32 

Inactivation of host factors (2.2.3.1) 

Hyaluronidase Host tissue Invasion SU33 

Hemolysins  Cell lysis Streptococcus, 

Staphylococcus 

SCPA C5a Inhibition of 

chemotaxis and 

PMNs infiltration 

SU34, 35 

Nutrient acquisition and bacterial competition (2.2.3.2 and 2.2.3.3) 

MtuA Metal ions Mn2+ acquisition, 

Essential for 

infection 

SU36 

OppA/F  Casein Nutrient utilization SU37 

PauA/PauB Plasminogen Nutrient utilization SU38,39 

Esp Keratin, C5, 

Fibrinogen, 

Fibronectin, 

Vitronectin 

Nutrient utilization, 

Bacterial 

competition 

SE40,41,42 

Bacteriocins  Bacterial 

competition 

SU43, 44, 45 

 
1 Almeida et al., 1996; 2 Jones et al., 2005; 3 Leigh et al., 2010; 4 Almeida et al., 2006; 5 Chen et al., 2011; 

6 Hartford et al., 2001; 7 Shahrooei et al., 2009; 8 Williams et al., 2002; 9 Bowden et al., 2002; 10 

Lottenberg et al., 1992; 11 Pancholi and Fischetti, 1992; 12 Jin et al., 2005; 13 Pancholi and Fischetti, 1998; 

14 Bergmann et al., 2005; 15 Tristan et al., 2003; 16 Leigh et al., 2010; 17 Heilmann et al., 1997; 18 Zhang et 

al., 2015; 19 Wang et al., 2007; 20 Cucarella et al., 2001; 21 Tormo et al., 2005a; 22 Heilmann et al., 2003; 

23 Kimura et al., 2012; 24 Manetti et al., 2007; 25 Courtney et al., 2009; 26 Ulrich et al., 2007; 27 Rupp et 

al., 2001; 28 Costa et al., 2009; 29 Almeida and Oliver, 1993a; 30 Muller et al., 1993; 31 Shiro et al., 1994; 32 

Chaneton et al., 2008; 33 Feldman et al., 2007; 34 Cleary et al., 1992; 35 Ji et al., 1996; 36 Smith et al., 2003; 

37 Smith et al., 2002; 38 Leigh and Field, 1991; 39 Leigh and Field, 1994; 40 Moon et al., 2001; 41 Iwase et 

al., 2010; 42 Sugimoto et al., 2013; 43 Wirawan et al., 2006; 44 Wirawan et al., 2007; 45 Heng et al., 2007 

2.2.1 ADHESION MECHANISMS 

Adhesion is an active process, involving a series of attachments and detachments. 

Multiple bacterial adhesins with different structures (polysaccharides, proteins) are 
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involved as ligands attaching to their receptors on the host. Interactions between 

ligands and receptors can vary from weak to strong and they can be dynamic or static. 

Adhesion to host-derived receptors is a highly relevant process in bacterial infections. 

 

Gram-positive bacteria are decorated with peptidoglycan and teichoic acids (TA) as 

cell membrane-associated acidic polysaccharides, or with a lipid moiety called 

lipoteichoic acids (LTA) (Madigan et al., 2000a). LTA acts as an adhesive element, as 

well as an immunomodulative molecule (reviewed by Ginsburg, 2002). In Strep. 

uberis, LTA has been suggested to co-operate with cell wall-anchored proteins in 

bacterial adhesion to host cells (Almeida et al., 1996). Immunonostimulatory effects 

of LTA are observed to mainly be transmitted through Toll-like receptor (TLR)-2 

(Han et al., 2003; Ryu et al., 2009). The chemical structure of LTA in Strep. uberis 

has recently been investigated and it has been observed to be similar to the structures 

of LTA in Strep. agalactiae and Strep. dysgalactiae (Czabańska et al., 2012). The 

chemical structure of LTA is schematically presented in Figure 2A. The role of TA in 

the virulence of CoNS is not yet completely understood. However, a short secreted 

LTA molecule, lipid S (sec-LTA) of Staph. epidermidis, has been shown to mediate 

host pro-inflammatory responses (Jones et al., 2005). 

 

Bacterial proteins initiating primary adhesion are called microbial surface 

components recognizing adhesive matrix molecules (MSCRAMM). MSCRAMMs are 

anchored to the bacterial cell wall by the enzyme sortase A (SrtA) (reviewed by Becker 

et al., 2014) and/or the LPXTG motif. Bacteria are able to bind to polystyrene and 

host components such as collagen and fibronectin/fibrinogen via MSCRAMMs. 

Collagen-like protein protease (ClpP) has been shown to be involved in initial 

attachment to polymers in biofilm formation by staphylococci (Wang et al., 2007) and 

streptococci (Zhang et al., 2015). Staphylococcal MSCRAMMs such as autolysins Atl 

and Aae (Heilmann et al., 1997, 2003), extracellular matrix binding protein Embp 

(Williams et al., 2002), serine-aspartate repeat protein G (SdrG) (Hartford et al., 

2001), Staphylococcus epidermidis surface-exposed protein C SesC (Shahrooei et al., 

2009), and lipase GehD (Bowden et al., 2002) are able to bind to extracellular matrix 

(ECM) components of the host. The cell wall anchoring motif LPXTG has been 

identified in eleven proteins of the Staph. epidermidis genome (Bowden et al., 2005). 

Of these, serine aspartate repeat protein family member SdrG and three Ses family 

proteins were found to be expressed during infection and elicit an immune response 

in humans (Bowden et al., 2005).  

 

In Strep. uberis, the main MSCRAMMs bind to collagen and lactoferrin and mediate 

adhesion to epithelial cells (Almeida et al., 1999; Almeida and Oliver, 2001; Patel et 

al., 2009). Strep. uberis gene sclB encodes a collagen-binding protein (SclB) 

anchored to the cell membrane with the LPXTG motif (Ward et al., 2009). In a study 

by Leigh et al. (2010), SclB was shown to be needed for full virulence. The other 

membrane-associated protein of Strep. uberis that binds to mammary epithelial cells 

is called Streptococcus uberis adhesion molecule (SUAM) (Almeida et al., 2006; Chen 

et al., 2011). SUAM and bovine lactoferrin (bLf) build a molecular bridge between 

bacteria and epithelial cells (Patel et al., 2009). SUAM also promotes the invasion of 

bacteria into bovine mammary epithelial cells (MAC-T) in vitro (Almeida et al., 2006; 
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Chen et al., 2011). Furthermore, SUAM is a promising vaccine candidate. It is 

immunogenic and found in all studied Strep. uberis strains (Yuan et al., 2014). 

Recombinant SUAM (rSUAM) has been shown to be able to induce specific antibodies 

in cattle, with an inhibitory effect on adhesion and internalization of Strep. uberis 

into MAC-T cells (Almeida et al., 2011; Prado et al., 2011). 

 

Another Strep. uberis surface-localized protein interacting specifically with bLf is 

lactoferrin-binding protein (Lbp) (Fang and Oliver, 1999; Moshynskyy et al., 2003). 

Bovine Lbp does not mediate Strep. uberis attachment to epithelial cells in vitro 

(Moshynskyy et al., 2003), even though Lbp is anchored to the cell wall with the 

classical LPXTG motif and sortase (srtA) (Egan et al., 2010). SrtA has been proposed 

to be a critical component for Strep. uberis virulence, as it is the only known protein 

for anchoring several membrane-associated proteins needed in the pathogenesis of 

Strep. uberis (Leigh et al., 2010). However, Lbp has partial similarities with group A 

streptococcus (GAS) M-protein, as well as with its positive regulators (Moshynskyy et 

al., 2003; Ward et al., 2009). These fimbrial cell membrane structures in GAS were 

found to be essential for attachment to human tissues, as well as for the formation of 

a three-dimensional biofilm layer (Manetti et al., 2007; Kimura et al., 2012). 

Members of the M protein family were observed to interact with LTA and enhance the 

bacterial attachment of Strep. pyogenes (Courtney et al., 2009). To our knowledge, 

biofilm formation related to fimbrial structures in Strep. uberis has not been 

reported. 

 

Fibronectin-binding protein (Fbp) has been considered as one of the major virulence 

factors in many bacteria, as it promotes their adhesion and further internalization 

into host cells (Fowler et al., 2000; Christie et al., 2002). It also prevents phagocyte 

functions (Baiano et al., 2008). Although Strep. uberis gene fbpS encoding 

fibronectin/fibrinogen-binding protein has been assigned to the core genome of 

Strep. uberis, advocating its significance in virulence (Ward et al., 2009), it has not 

been found to be as important as collagen for Strep. uberis adhesion (Almeida et al., 

1999; Almeida and Oliver, 2001; Lammers et al., 2001). 

 

Anchorless virulence-associated proteins are cytoplasmically localized enzymes that 

are exported on the bacterial membrane. Surface dehydrogenase protein (SDH) or 

plasmin-binding protein (plr) is also known as glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), an intracellular glycolytic enzyme (Pancholi and Fischetti, 

1992; Winram and Lottenberg, 1996). In GAS strains, SDH is described to be 

enzymatically active and to bind to several proteins related to adhesion and the innate 

immunity of the host, such as fibronectin, lysozyme, and plasminogen (Lottenberg et 

al., 1992; Pancholi and Fischetti, 1992). SDH has been shown to be expressed in an 

active, tetrameric form on the cell surface (Pancholi and Fischetti, 1992) and 

mentioned as a housekeeping gene in Strep. uberis (Zadoks et al., 2005). The other 

glycolytic enzyme, enolase (encoded by eno), is also known as laminin-binding 

protein (Carneiro et al., 2004). It has been commonly found as an adhesion gene in 

staphylococcal infections (Tristan et al., 2003; Seo et al., 2008; Simojoki et al., 2012). 

The anchorless cell wall proteins are proposed to be vaccine candidates in Strep. 
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uberis as well as in Staph. aureus (Fontaine et al., 2002; Leigh, 2002; Glowalla et al., 

2009). No anchorless cell wall proteins have yet been found among CoNS. 

 

Some additional host components or characteristics have been observed to influence 

adhesion. Milk β-casein enhanced the adhesion of Strep. uberis to and internalization 

into mammary gland epithelial cells (Almeida et al., 2003). The shape of the host cells 

might also be relevant. Strep. uberis preferred cubic cells over elongated cells in vitro 

(Lammers et al., 2001). 

2.2.2 BIOFILM PRODUCTION 

Bacteria use biofilms to avoid the host’s killing mechanisms and to potentiate their 

own pathogenicity. A biofilm is defined as an organized colony of adherent bacteria 

inside a self-produced matrix (reviewed by Costerton et al., 1995). The steps in biofilm 

production (see Figure 1) have been described in several review articles (Donlan and 

Costerton, 2002; Flemming and Wingender, 2010; Li and Tian, 2012; Becker et al., 

2014): (1) planktonic (freely floating) bacteria need to promote adhesion to a surface 

and to each other, and they need to find a way to communicate with their own kind; 

(2) the bacterial aggregates should be embedded in matrix and after the maturation 

stage (3) biofilm may disaggregate and disperse and (4) new biofilm colonies might 

appear when planktonic bacteria reattach. Several factors facilitate these steps and a 

number of unknown genes are speculated to be involved in this process. 

 

Figure 1 

Biofilm formation: bacteria (purple), extracellular matrix (ECM) (yellow) 

 

CoNS biofilm production was discovered when Staph. epidermidis was found to bind 

and produce glycocalyx in catheters and other artificial materials (Marrie and 

Costerton, 1984a, 1984b). Staphylococcal biofilm production in human infections has 

been actively investigated and the potential mechanisms for persistence and 

resistance to antibiotics have been explored (reviewed by Høiby et al., 2010). There is 
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no evidence of biofilm formation in the mammary gland in vivo. In vitro biofilm 

formation of CoNS mastitis strains did not correlate with the persistence status 

(Simojoki et al., 2012). However, the association of strong biofilm production with 

later stages of lactation suggests a possible correlation between biofilm formation and 

persistence in CoNS (Tremblay et al., 2013). 

 
The ability of Strep. uberis to form biofilms was only recently described (Crowley et 

al., 2011; Varhimo et al., 2011), although biofilms are a well-studied and characterized 

phenomenon in some other streptococci, such as Strep. mutans (reviewed by 

Krzyściak et al., 2014). Biofilms formed by Strep. uberis in vitro were shown to be 

degraded by proteinases (Varhimo et al., 2011), illustrating the protein nature of 

Strep. uberis biofilm. Crowley et al. (2011) reported that Strep. uberis isolates from 

clinical mastitis formed a larger amount of biofilm in vitro than isolate from healthy 

udder. 

2.2.2.1 Adhesion 

The first step in biofilm formation is adhesion to a biotic or abiotic surface. The 

clinical relevance of biofilms in humans has focused on bacterial adhesion to abiotic 

surfaces such as catheters, and most biofilm detection assays are also based on 

adhesion to polystyrene. In addition to utilizing physiochemical forces, bacteria have 

evolved multiple ways to adhere, as described in the previous section (2.2.1). 

2.2.2.2 Matrix 

After adhering to a surface, the biofilm-forming bacteria initiate the production of a 

matrix, also known as slime (Hall-Stoodley et al., 2004). This matrix is composed of 

biopolymers, termed extracellular polymeric substances (EPS), which can be 

exopolysaccharides (Danese et al., 2000; Zogaj et al., 2001; Vaningelgem et al., 2004; 

Koo et al., 2010), structural proteins (Cucarella et al., 2001; Branda et al., 2006; 

Romero et al., 2010; Vélez et al., 2010) or enzymatic proteins (Mootz et al., 2013; 

Tielen et al., 2013), extracellular DNA (Whitchurch et al., 2002; Vilain et al., 2009; 

Das et al., 2010), and other polymers (e.g. lipids) (Davey et al., 2003; Mirani and 

Jamil, 2013). These different EPS can have a great variety of functions, including the 

construction of structures, sorption and transportation of substances, activation of 

enzymes, transmission of information (genetic and chemical), and being a source of 

nutrition and shelter (Flemming et al., 2007; Flemming, 2011). In addition to 

cementing the bacteria to surfaces, the exopolysaccharides are hypothesized to serve 

as a scaffold for the presentation and delivery of proteins in the biofilm matrix 

(Absalon et al., 2012). 

 

Polysaccharide intercellular adhesin (PIA), also known as polymeric N-

acetylglucosamine (PNAG), is a substantial component in the biofilm matrix formed 

by Staph. epidermidis. PIA is produced by enzymes encoded by the intracellular 

adhesion operon icaADBC (Heilmann et al., 1996). The basic structure of PIA 

contains N-acetylglucosamine (GlcNAc) (Rohde et al., 2010), as is also the case in 
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LTA (Figure 2B) and the hyaluronic acid capsule (Figure 2C). PIA is known to be 

crucial for adhesion, biofilm formation, and the biocidal effects of antimicrobials or 

host immune cells (Rupp et al., 2001; Ulrich et al., 2007; Costa et al., 2009), although 

ica genes are not always found in clinically relevant isolates (Qin et al., 2007; Rohde 

et al., 2007). The other Staph. epidermidis exopolymer, poly-γ-DL-glutamic acid 

(PGA), appears to mediate resistance to antimicrobials and phagocytosis and be 

especially efficient in high salt concentrations (Kocianova et al., 2005). Staph. 

epidermidis forms morphologically different biofilms depending on the distribution 

and localization of intercellular adhesins (PIA, accumulation-associated protein 

(Aap), and Embp) within the biofilm (Schommer et al., 2011). Biofilm-associated 

protein (Bap) mediates both attachment as well as matrix accumulation in Staph. 

aureus (Cucarella et al., 2001). Bap orthologous genes are found from major IMI-

causing CoNS species, and they are described to induce an alternative, PIA-

independent mechanism of biofilm formation (Tormo et al., 2005a). 

 

 
 

Figure 2 

Illustration of N-acetylglucosamine residue localization in the chemical structures of cell wall 

component LTA (A), staphylococcal exopolymer PIA (B), and capsular component hyaluronic 

acid (C). GlcNAc = N-acetylglucosamine, R = ester linked succinate, D-Ala = D-Alanine 

residues. Figures A, B, and C were modified from Gründling and Schneewind (2007), Rohde 

et al. (2010), and Haward et al. (2013), respectively. 
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2.2.2.3 Quorum sensing 

Quorum sensing is a means of communication between bacterial cells. It was first 

described in the marine bioluminescent microbe Vibrio harvey (Hastings and 

Nealson, 1977). Three events are needed before quorum sensing can be established. 

Firstly, a critical density of bacteria needs to be reached for signaling molecules to 

accumulate. Secondly, specific receptors need to detect a signal in the cytoplasm or 

on the cell membrane. Finally, signaling molecules should activate the expression of 

other genes and induce their own production (Kaplan and Greenberg, 1985; Seed et 

al., 1995; reviewed by Rutherford and Bassler, 2012). Bacteria use quorum sensing to 

coordinate their behavior and to save metabolically expensive products or to prevent 

the exposure of immunogens before they are needed. 

 

In Gram-positive bacteria, quorum sensing signaling molecules called autoinducing 

peptides (AIP) are sensed by a two-component system (TCS), or they are transported 

into the cell and bind to transcription factors affecting gene expression (reviewed by 

Rutherford and Bassler, 2012). In Strep. mutans, quorum sensing is known to be 

involved in the biofilm structure and resistance to detergents and antibiotics (Merritt 

et al., 2003). Quorum sensing in staphylococcal species includes an accessory gene 

regulator (agr) (Dai et al., 2012) and an AIP-mediated effect on the icaADBC locus 

(Xu et al., 2006; reviewed by Becker et al., 2014). In Staph. epidermidis, both 

mechanisms repress biofilm formation (Vuong et al., 2003; reviewed by Becker et al., 

2014). 

 

The role and mechanism of TCS in quorum sensing are discussed in more detail in 

section 2.2.4. 

2.2.3 BACTERIAL STRATEGIES TO AVOID OR RESIST 

PHAGOCYTOSIS AND TO SURVIVE IN HOST TISSUES 

Macrophages are the resident phagocytic cells in bovine milk (Thomas et al., 1994; 

Fitzpatrick et al., 1992). A couple of hours after pathogen invasion into the udder, 

chemotactic agents (e.g. chemokines, interleukins (IL) and cytokines) summon an 

influx of polymorphonuclear neutrophils (PMN) from the blood to the milk 

compartment (Smits et al., 1998; Pedersen et al., 2003; Bannerman et al., 2004a). 

Although present in great numbers, somatic cells in milk do not necessarily function 

efficiently enough to eliminate bacteria (Rambeaud et al., 2003). For example, the 

stage of lactation affects to the capacity of macrophages to eradicate Strep. uberis. It 

has been observed that during the dry period, their capacity to kill Strep. uberis is 

elevated (Denis et al., 2006). Specific bacterial inhibitory factors and mechanisms are 

discussed below. 

2.2.3.1 Inactivation of host factors 

Some bacteria are able to produce a capsular material, also called glycocalyx 

(polysaccharides, proteins), to shelter the bacterial cell. A bacterial capsule masks 
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antigenic cell wall structures and prevents desiccation. The capsule of Strep. uberis is 

composed of hyaluronic acid (Almeida and Oliver, 1993b), which is made up of 

glucuronic acid and N-acetylglucosamine (GlcNAc) units (Figure 2C). Its synthesis 

mostly depends on enzymes encoded by the has operon: hyaluronate synthase 

encoded by hasA and UDP-glucose pyrophosphorylase encoded by hasC (Ward et al., 

2001). HasA is present in the majority of Strep. uberis clinical isolates (Pullinger et 

al., 2006). The capsular material of Strep. uberis is suggested to be in an 

enzymatically released form or in a form where it is bound to the bacterial cell wall 

(Almeida and Oliver, 1993b). Bacteria with a capsule are considered to be more 

virulent than their non-capsular counterparts. The capsule itself has been shown to 

have antiphagocytic properties (Almeida and Oliver, 1993a), and isolates expressing 

genes in the has cluster display an enhanced resistance to phagocytosis (Ward et al., 

2001). An encapsulated Strep. uberis strain has been shown to adhere more 

efficiently to extracellular matrix (ECM) components than the non-encapsulated 

strains, whereas adhesion to mammary epithelial cells was reduced in the 

encapsulated strain (Almeida et al., 1996). The Strep. uberis hyaluronic acid capsule 

and secreted hyaluronidase enzyme inhibited the proliferation of cells of a bovine 

mammary epithelial cell line (MAC-T) in vitro (Matthews et al., 1994). However, a 

non-capsulated Strep. uberis strain was able to survive in the presence of 

polymorphonuclear cells, as well as induce IMI (Field et al., 2003). 

 

The CoNS capsule is structurally similar to adhesin PIA, and both are produced by 

enzymes encoded by genes in the ica locus (McKenney et al., 1998). Basic components 

of capsular polysaccharide (GlcNAc) are substituted with ester-linked succinate or 

acetate (Figure 2B) (McKenney et al., 1998). CoNS capsular material is found to 

mediate adhesion (Muller et al., 1993), as well as functioning as a protective element 

against phagocytosis (Shiro et al., 1994). 

 

Other inactivation mechanisms exist besides encapsulation. Some streptococci avoid 

the host immune response (e.g. complement and phagocytosis) by producing a 

biofilm (Domenech et al., 2013) or by presenting protective surface proteins such as 

streptococcal surface protein (spa) and M-protein (Dale et al., 1999; McLellan et al., 

2001). 

 

Even though the host defense in bovine mastitis does not always rely on complement 

activation (Leigh and Field, 1994; Grant and Finch, 1997), inactivation of complement 

cascade factor C5a delays the host innate immune responses. C5a is chemotactic for 

PMNs (Murphy et al., 2007). Streptococcal C5a peptidase (SCPA) has affinity to C5a 

and has been observed to eliminate the chemotactic signals (Cleary et al., 1992) and 

to obscure PMNs infiltration (Ji et al., 1996). ScpA is conserved among Strep. uberis 

strains and is therefore referred to as a classical virulence gene (Ward et al., 2009). 

Staph. epidermidis extracellular serine protease (Esp) is capable of degrading 

complement protein C5 (Moon et al., 2001). 

 

Lysis of host cells is a common virulence mechanism in pathogenic bacteria. As 

reviewed by Facklam (2002), the characterization of hemolysis types has been used 

to categorize bacteria for diagnostic purposes. Three different types of hemolysis have 
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been characterized in streptococci: α-, β- and γ-hemolysis. β-hemolytic streptococci 

are linked to more severe cases of disease (Madigan et al., 2000b). Although Strep. 

uberis belongs to the pyogenes group, it does not display the same β-hemolysis type 

as the other members of this group (Khan et al., 2003). However, the Strep. uberis 

genome encodes a hemolysin-like protein (Ward et al., 2009). 

 

Although CoNS do not have a Staph. aureus-like cytolytic toxin repertoire, Staph. 

epidermidis is able to use protease SepA and antimicrobial peptide sensor/regulator 

Aps for survival in neutrophils (Cheung et al., 2010). Among CoNS, all hemolysin 

classes are observed, γ-hemolysin being the most prominent (84%) (da Silva et al., 

2005). Genes encoding proteins similar to Staph. aureus superantigens are also 

found to be present in CoNS strains (Park et al., 2011), although their role in infections 

has not yet been established. CoNS also produce several other toxins (enterotoxin, 

toxic syndrome toxin-1) (Kuroishi et al., 2003), enzymes (DNAse, elastase) (Bedidi-

Madani et al., 1998), peptides such as phenol-soluble modulin (Vuong et al., 2004), 

and metalloproteases (Zhang and Maddox, 2000) that interact and interfere with host 

cells. 

 

Bacteria are able to use factors of host tissue integrity for their own benefits. 

Plasminogen is an essential component maintaining homeostasis in fibrinolysis. 

Using plasminogen activators such as streptokinases and staphylokinases, and 

receptors such as enolase and SDH, bacteria can exploit the fibrinolytic activity of 

host plasminogen to adhere to host cells and to degrade ECM (reviewed by Bergmann 

and Hammerschmidt, 2007). The GAS glycolytic enzyme streptococcal surface 

enolase (SEN) has been shown to bind tightly to plasminogen (Pancholi and Fischetti, 

1998). In Strep. pneumoniae, the glycolytic enzyme enolase is also known to be a 

potent agent for enhanced adhesion and ECM degradation (Bergmann et al., 2005). 

2.2.3.2 Nutrient acquisition 

Bacteria need nutrients for their growth. Sometimes, nutrients are available in a 

ready-to-use form, but proteolytic activities are sometimes needed for the acquisition 

of essential amino acids and other essential factors for bacterial growth. Milk is a 

unique habitat and bacteria living in it have acquired mechanisms to utilize this 

nutrient-rich environment. The exposure to milk components has also been 

associated with enhanced resistance to phagocytosis in vitro (Leigh and Field, 1991, 

1994). In Strep. uberis, the oligopeptide permease protein genes oppA and oppF are 

involved in the amino acid utilization from casein (Smith et al., 2002) and further 

have a role in the quorum sensing signaling system (Taylor et al., 2003). The metal 

transporter uberis A gene mtuA has been found to be essential for manganese 

utilization by Strep. uberis, and a mutation in this gene reduces the bacterial growth 

in milk and infectivity in the mammary gland (Smith et al., 2003). MtuA includes 

lipid moiety. The processing of MtuA utilizes the same enzymes in Strep. uberis as in 

the other Gram-positive bacteria, but some functional differences in its localization 

and release have been observed (Denham et al., 2008, 2009). 
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Another milk environment-related virulence factor, plasminogen activator, is able to 

convert host-derived plasminogen to plasmin, which in turn degrades casein to 

smaller peptides. Plasminogen activator genes are common in streptococcal strains. 

Strep. uberis pauA and pauB encode for an extracellular streptokinase (Johnsen et 

al., 1999; Rosey et al., 1999; Ward and Leigh, 2002). PauA is widely distributed in 

Strep. uberis isolates (Johnsen et al., 1999; Zadoks et al., 2005), whereas pauB is 

found more infrequently (Ward and Leigh, 2002). Nevertheless, PauA is not essential 

for growth in milk or for infection of the mammary gland (Ward et al., 2003). In the 

case of Staph. epidermidis, the acquisition of nutrients from keratin and other 

glutamic acid-rich proteins by extracellular serine protease (Esp) has been observed, 

but the physiological relevance remains to be proven (Moon et al., 2001). 

 

The requirement for iron has not proven to be as critical for the growth or virulence 

of Strep. uberis as it is for some other Streptococcae (Lei et al., 2002; Chaneton et al., 

2008; Romero-Espejel et al., 2013). Bacteria can utilize iron from host lactoferrin and 

transferrin. On the other hand, anti-microbial effects as well as anti-inflammatory 

activities of lactoferrin are beneficial to the host (reviewed by Ward et al., 2005). 

Strep. uberis lactoferrin-binding protein Lbp did not bind to transferrin, whereas 

binding to bLf was observed (Fang and Oliver, 1999). 

2.2.3.3 Bacterial survival and competition for living space 

Bacteria can secrete multiple enzymes to secure their niche. They are able to alter 

their mode of growth in order to survive in harsh environments. Bacterial peptides 

with antimicrobial activity are usually referred to as bacteriocins. They function in 

bacterial competition, but they can also be considered as potential antimicrobial 

drugs (reviewed by Dischinger et al., 2014). A Lactococcus lactis-derived nisin-based 

formulation is found to be an even more potent treatment against staphylococcal and 

streptococcal bacteria than antibiotics (Cao et al., 2007). Strep. uberis produces a 

diversity of bacteriocins to secure its own niche. Nisin U (nsuA, in Strep. uberis strain 

ATCC27958), ubericin A (ubaA, in Strep. uberis strain E), and uberolysin (ublA) 

reduce the growth of other Gram-positive bacteria (Wirawan et al., 2006; Heng et al., 

2007; Wirawan et al., 2007). The putative virulence factor gene encoding for the 

CAMP (cationic antimicrobial peptide) factor was not found to be present in most of 

the screened Strep. uberis strains, and it was therefore considered as non-essential 

for Strep. uberis virulence (Ward et al., 2009). In group B streptococcus (GBS) 

strains, the CAMP factor is not necessary for virulence, either (Hensler et al., 2008). 

More recently, a new CAMP factor II, encoded by a mobile genetic element in Strep. 

agalactiae isolates, was also detected in other streptococci (Chuzeville et al., 2012). 

The staphylococcal variety of bacteriocins is diverse. Epidermin produced by Staph. 

epidermidis is observed to be an effective antimicrobial agent against multiresistant 

pathogens (Sandiford and Upton, 2012). Specific EPS in mixed-species biofilms can 

be advantageous to one bacterial species while eliminating another. Staph. 

epidermidis extracellular serine protease (Esp) inhibits biofilm formation and nasal 

colonization by degrading the biofilm-associated proteins of Staph. aureus (Iwase et 

al., 2010; Sugimoto et al., 2013). 
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Hydrolytic enzymes facilitate bacterial invasion of host tissues. In streptococci, the 

enzyme hyaluronidase is proposed to facilitate the spread of the pathogen into 

connective tissue and to potentiate the action of other virulence factors (Feldman et 

al., 2007; reviewed by Girish and Kemparaju, 2007). Hyaluronidase of GAS has also 

been proposed to facilitate the utilization of host or bacterial hyaluronic acid as an 

energy source (Rivera Starr and Engleberg, 2006). Some Strep. uberis isolates are 

described to produce hyaluronidase (Khan et al., 2003; Lasagno et al., 2011), although 

homologues of the GAS hyaluronidase encoding genes hylA or hylP are not found in 

Strep. uberis strain 0140J (Ward et al., 2009). 

 

Survival and securing of a niche can be achieved by a change in phenotype. CoNS from 

human diseases grow as small colony variants (SCV) when exposed to environmental 

stress (Onyango et al., 2013). Staph. aureus SCV were observed to persist within 

mammary epithelial cells in vitro (Atalla et al., 2010), and both Staph. aureus and 

CoNS are found to resist antimicrobials more efficiently in the SCV form (Brouillette 

et al., 2004; Maduka-Ezeh et al., 2012). SCV formation in vitro is associated with the 

downregulation of genes involved in oxidative stress in a bovine mastitis isolate and 

one of the studied human isolates (Savijoki et al., 2014). In addition to growing as 

SCV, Staph. epidermidis is also able to resist antibiotics by adhering and forming a 

biofilm with an unusually persistent and dense bacterial population (Qu et al., 2010). 

2.2.4 REGULATION OF VIRULENCE-ASSOCIATED FACTORS  

The regulation of virulence-associated factors has an impact on the outcome of 

infection and survival of bacteria. The acquisition, evolution, and regulation of 

virulence genes are influenced by host and environmental challenges. Various 

environmental parameters such as temperature, ion concentration, osmolarity, iron 

levels, pH, carbon, and oxygen availability, as well as different stages of the bacterial 

life cycle can affect the regulation of virulence-associated factors (reviewed by Finlay 

and Falkow, 1997). Changes in the DNA sequence, regulation at transcriptional, 

translational or post-translational levels, as well as the multiple ways to activate and 

repress genes by proteins, RNA, receptors, and transcriptional factors affect bacterial 

virulence and pathogenicity (Vasil and Darwin, 2012). These regulatory effects of 

virulence-associated factors can be accomplished by direct or indirect mechanisms 

involving metals (reviewed by Fillat, 2014), small regulatory RNAs (reviewed by 

Fröhlich and Vogel, 2009; Oglesby-Sherrouse and Murphy, 2013), alternative sigma 

factors (reviewed by Kazmierczak et al., 2005), or two-component systems 

(Gooderham et al., 2009; Duque et al., 2011). 

 

Two-component systems (TCSs) are widely used regulation mechanisms to transfer 

environmental stimuli and convert them to an adaptive bacterial response (see Figure 

3). A TCS is based on phosphotransfer from a histidine kinase to a response regulator 

(RR) protein (Stock et al., 1985; Nixon et al., 1986). Numerous processes in bacteria, 

such as metabolism, motility, virulence, and alteration of cell morphology, can be 

directly or indirectly regulated by TCSs (Gooderham et al., 2009; Duque et al., 2011). 

Besides a conserved N-terminal region, some subfamilies of response regulators have 
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a C-terminal domain that is able to bind to DNA and regulate the transcription of 

target genes (Stock et al., 1989). 

 
Figure 3 

Schematic representation of the basic components 

of a two-component system (simplified from Jordan 

et al., 2008). Environmental stimuli cause 

phosphotransfer from the sensor histidine kinase to 

the response regulator. The dimeric response 

regulator binds to DNA and either activates or 

inhibits gene expression. 

 

 

 

 

 

 

 

 

 

 

 

 

Communication by quorum sensing makes use of the signal transduction machinery 

of the TCS (reviewed by Li and Tian, 2012). Streptococcal communication by quorum 

sensing is known to be directly connected to the ability of bacteria to form biofilms 

(Li et al., 2002) and to survive (Zhang et al., 2009). To our knowledge, however, few 

descriptions of streptococcal two-component systems have been published in the 

context of biofilm formation. The two-component system LiaSR in Strep. mutans is 

involved in the cell envelope stress response (Suntharalingam et al., 2009). In Strep. 

pyogenes, the TCS CovRS was observed to have impact on capsule expression and 

adhesion, regardless of the biofilm formation and survival of any particular strain 

(Sugareva et al., 2010). In staphylococci, several TCSs have been mentioned to be 

involved in the regulation of biofilm formation. The Staph. epidermidis two-

component systems agr, LytSR, SaeRS, and ArlRS have been suggested to participate 

in biofilm regulation (Vuong et al., 2003; Zhu et al., 2010; Lou et al., 2011; Wu et al., 

2012). 

 

Not all transcriptional regulators associate with sensory elements such as sensor 

histidine kinases. The protein Mga in Strep. pyogenes is not regulated by 

phosphorylation (reviewed by Kreikemeyer et al., 2003) or associated with any 

obvious cognate sensor histidine kinase (McIver et al., 1995). The Mga regulon is 

activated by changes in temperature, CO2, or iron levels (Caparon et al., 1992; McIver 

et al., 1995). Mga is mostly expressed in the exponential growth phase and regulates 

the essential genes for bacterial adhesion, internalization, and immune evasion 

(McIver and Scott, 1997). A Mga homologue, the putative stand-alone regulator Vru, 

is suggested to be essential for Strep. uberis virulence. The mutated vru- clone was 

significantly impaired in its capacity to cause mastitis (Egan et al., 2012). Vru was 
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also found to alter the expression of known as well as putative virulence determinants 

(Egan et al., 2012). Staphylococcal transcriptional regulators (SarAXZ) have been 

shown to bind ica promoter and upregulate genes in ica locus to enhance the 

expression of enzymes involved in biofilm production in Staph. epidermidis (Tormo 

et al., 2005b; Handke et al., 2007; Wang et al., 2008; Rowe et al., 2011). 

2.3 HOST INNATE IMMUNE RESPONSE 

The host immune response has multiple ways to hinder bacteria from entering the 

udder. The immune response is divided into innate and acquired immune responses. 

The main components of the innate immune response include the mechanical 

(physical) first line defense, resident or recruited cellular defense, and the actions of 

soluble factors such as complement proteins and mediators such as cytokines. The 

innate immune cells include monocyte-derived macrophages, polymorphonuclear 

neutrophils (PMNs), dendritic cells (DCs), and natural killer (NK) cells. In addition, 

mammary gland epithelial cells are able to initiate the innate immune response via 

secreted cytokines (Brenaut et al., 2014). Innate immunity is not specifically targeted 

at a particular pathogen. Instead, the recognition of pathogens is based on conserved 

bacterial molecular patterns (microbe/pathogen-associated molecular pattern; 

MAMP/PAMP) expressed on bacterial membranes. The recognition occurs via host 

cell membrane anchored or cytosolic receptors, such as Toll-like receptors (TLRs). 

Acquired immunity develops throughout the host life and it is based on antigen-

specific cells and immunologic memory. The cellular and soluble factors of the innate 

immune response link innate immunity to acquired immunity for a targeted and 

enhanced response. (reviewed by Rainard and Riollet, 2006; Murphy et al., 2007). 

 

The first mechanical barrier, the udder skin, has its own commensal microbiota. The 

teat canal is a hostile environment to invading pathogens, with fluidic milk, a keratin 

lining, bacteriostatic compounds, sphincter muscle and mucosal barriers. 

Nevertheless, these anatomical and physiological factors might fail and the next level 

of innate immunity is activated. 

2.3.1 IMMUNE CELLS PRESENT IN THE UDDER 

Milk always contains some host-derived cells (see Figure 4 for a schematic 

presentation of the udder). Macrophages are a heterogeneous group of sentinel cells 

derived from blood monocytes (Duffield, 2003; Sladek et al., 2006). They are 

considered as the main cell type in normal milk (reviewed by Sordillo et al., 1997). 

They initiate the inflammatory process by phagocytosing bacteria and secreting 

cytokines. However, milk macrophages appear to be relatively deficient in secreting 

pro-inflammatory cytokines (Denis et al., 2006). The phagocytic activity is not only 

targeted at bacteria but also at clearing other phagocytes during the post-

inflammatory resolution phase (Rysanek and Sladek, 2006). The variety of functions 

of milk macrophages makes them interesting players in the defense of the mammary 

gland. Macrophages are capable of killing pathogens and initiating inflammation 
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(Duffield, 2003). They are also involved in healing and tissue repair processes 

(Duffield, 2003). 

 

 
Figure 4 

Schematic representation of the bovine mammary gland (udder quarter) (A), gland 

parenchyma with secretory units and milk ducts (B), and alveolus (C) of the udder with 

bacteria and immune cells. 

 

Polymorphonuclear neutrophils (PMNs) are another major host-derived cell type in 

the udder. PMNs are recruited from the blood by multiple innate immune mediators 

such as cytokines and chemokines, and migrate from the blood into infected 

mammary gland tissue and milk (reviewed by Sordillo et al., 1997; Rambeaud et al., 

2003). The influx of PMNs, revealed by the milk somatic cell count (SCC), is a widely 

used indicator of mastitis. The SCC rapidly increases from the basal level during first 

hours of IMI. The main task of PMNs is to phagocytize and kill bacteria and to further 

trigger the inflammatory processes (reviewed by Sordillo, 2005; Rainard and Riollet, 

2006). Milk PMNs have a lower capacity to phagocytose and kill bacteria than 

neutrophils in the blood (reviewed by Paape et al., 2003). This might be due to 

engulfed milk components (fat, casein) and decreased pseudopod formation 

(reviewed by Paape et al., 2003). Nevertheless, PMNs in bovine milk are not a 

uniform population, although they are divided into functional subpopulations based 

on their phagocytic capacity (Rivas et al., 2002). 
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Although the innate immunity of the bovine mammary gland has been intensively 

studied, some research on acquired immunity has additionally been published. It has 

been observed that non-phagocytic immune cells also play some role in mastitis. The 

number of CD8+ T lymphocytes is elevated in milk after exposure to E. coli and Staph. 

aureus (Park et al., 1993; Mehrzad et al., 2008). The memory function of CD8+ T cells 

isolated from milk and blood after infection with Strep. uberis has been observed, and 

furthermore these cells showed a killing capacity in vitro towards Strep. uberis (Denis 

et al., 2011). 

2.3.2 CYTOKINES AND ACUTE PHASE PROTEINS: 

REFLECTORS OF THE HOST INNATE IMMUNE RESPONSE 

OR CONTRIBUTORS TO THE DEVELOPMENT OF 

DISEASE? 

Innate immune responses are triggered and promoted or inhibited by multiple 

mediators. These mediators are small molecules produced and secreted by 

macrophages, neutrophils, and epithelial cells. Acute phase proteins (APP) are 

produced by the liver or locally in response to infection. The main APPs are serum 

amyloid A (SAA), and its counterpart in the mammary gland, milk amyloid A (MAA), 

haptoglobin (Eckersall et al., 2001), and LPS-binding protein (LBP) (reviewed by 

Bannerman, 2009). They have multiple functions, such as recruiting leukocytes by 

chemotaxis, increasing leukocyte adhesion to endothelial cells (Badolato et al., 1994; 

Xu et al., 1995), and promoting phagocytosis (Badolato et al., 2000). MAA is a more 

sensitive reflector of mastitis than SAA (Eckersall et al., 2001). It also responds 

differently to different pathogens (Pyörälä et al., 2011). LBP facilitates the recognition 

of bacterial cell wall components (reviewed by Bannerman, 2009), whereas 

haptoglobin binds to hemoglobin and acts as a bacteriostatic and immunomodulative 

agent (reviewed by Petersen et al., 2004). The main factors regulating APP production 

are growth factors and corticosteroids or members of cytokine families IL-6 and IL-1 

(reviewed by Suffredini et al., 1999; Vels et al., 2009). 

 

In the bovine mammary gland, cytokines and chemokines (Table 2) are involved in 

normal tissue maintenance as well as in inflammatory reactions. Pro-inflammatory 

cytokines IL-1β and tumor necrosis factor (TNF)-α are produced by 

monocytes/macrophages, neutrophils and epithelial cells in the early stages of IMI, 

and they mediate local and systemic responses by inducing the expression of adhesion 

molecules and recruiting neutrophils to the mammary gland (reviewed by Oviedo-

Boyso et al., 2007). However, in Strep. uberis-induced IMI, the levels of these early-

stage cytokines are elevated quite late after clinical signs have developed (Rambeaud 

et al., 2003; Bannerman et al., 2004a). Pro-inflammatory cytokine IL-6 also acts as 

an anti-inflammatory cytokine by facilitating the exchange of neutrophils with 

monocytes (reviewed by Oviedo-Boyso et al., 2007). Most of the anti-inflammatory 

cytokines e.g. IL-4, IL-10, IL-13, and transforming growth factor (TGF)-β, suppress 

the production of inflammatory cytokines (reviewed by Oviedo-Boyso et al., 2007). 

Some chemokines, such as CXCL8 (IL-8), CCL5/RANTES, and CCL2, recruit 

granulocytes or monocytes into the udder, while others, such as CCL20, recruit cells 
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of acquired immunity (T cells, B cells) (Schukken et al., 2011). Other mediators 

bridging innate and acquired immune systems include IL-12 (Trinchieri, 1995) and 

interferon IFN-γ (reviewed by Schroder et al., 2004). The levels of these molecules in 

milk are found to be elevated in the late stages of IMI with persistent characteristics 

(Bannerman et al., 2004a; Kauf et al., 2007). IL-2 mostly regulates T- and B-cell 

proliferation (reviewed by Oviedo-Boyso et al., 2007). Although IL-2 is detected in 

bovine milk, its exact role in IMI is not known (reviewed by Alluwaimi, 2004). In 

general, the kinetics of cytokines reflect the status of the mammary gland, e.g. the 

severity of the disease and tissue damage, as well as the activity of the host innate 

immune responses (Bannerman et al., 2004a). 

 

Table 2 

Actions and sources of some cytokines related to immune responses in the mammary gland 

(Murphy et al., 2007; Oviedo-Boyso et al., 2007; Bannerman, 2009; Schukken et al., 2011). 

 

Cytokine/ 

chemokine 

Action Source 

IL-1β Pro-inflammatory, fever, T cell 

activation, macrophage activation, APP 

activation  

Macrophages, monocytes, 

DCs, endothelial cells, 

epithelial cells, fibroblasts, 

lymphocytes  

TNF-α Pro-inflammatory, endothelial 

activation, recruits neutrophils, fever, 

APP production 

Macrophages, NK cells, T 

cells, neutrophils, epithelial 

cells 

IL-4 B-cell activation, IgE (immunoglobulin 

E) switch, promote TH2 response 

T cells, mast cells 

IL-2 T- and B-cell proliferation, activates 

NK cells 

T cells 

IL-6 Pro- and anti-inflammatory, T- and B-

cell growth and differentiation, APP 

production, fever 

Macrophages, endothelial 

cells, T cells, monocytes, 

neutrophils, epithelial cells, 

fibroblasts 

IL-10 Anti-inflammatory, suppress 

macrophage functions, production of 

pro-inflammatory cytokines, shifts 

adaptive immune response to 

humorally mediated 

Monocytes, macrophages, B 

cells, TH2 lymphocytes, 

eosinophils, mast cells 

IL-13 B-cell proliferation and differentiation, 

inhibition of macrophage cytokine 

production and TH1 response 

T cells 

IL-12 Activates macrophages, cytotoxic T 

cells, NK cells, induces TH1 response 

Macrophages, DCs, 

neutrophils, T cells 

IL-8 (CXCR-8) Recruits neutrophils and T cells, 

enhances the neutrophil function 

Monocytes, macrophages, 

endothelial cells, epithelial 

cells, neutrophils, T cells, 

fibroblasts 
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Humoral defense via antimicrobial peptides and enzymes such as lactoferrin, 

lysozyme, and lactoperoxidase, as well as complement factors, replenishes and 

improves the innate immune response in the mammary gland (reviewed by Oviedo-

Boyso et al., 2007). 

 

CCL5/RANTES Recruits eosinophils, T cells, 

monocytes 

Epithelial cells 

CCL2 (MCP-1) Recruits monocytes Epithelial cells 

CCL20 Recruits DCs, T cells, B cells Epithelial cells 

IFN-γ Macrophage, neutrophil activation, 

suppress TH2 response, Ig class switch 

T cells, NK cells 

TGF-β Anti-inflammatory, inhibits cell 

growth, IgA switch 

Monocytes, macrophages, T 

cells, DCs, epithelial cells, 

chondrocytes 
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3 AIMS OF THE STUDY 

The general aim of this thesis study was to investigate host-microbe interactions in 

bovine intramammary infection. The host response, bacterial phenotypic 

characteristics, and host-microbe interactions were examined in vivo as well as in 

vitro. Three udder pathogens were studied. Staph. simulans (PM198) and Staph. 

epidermidis (PM221) represent coagulase-negative staphylococci and are considered 

as minor opportunistic pathogens. Strep. uberis is a major environmental udder 

pathogen. We aimed to increase understanding of these different types of udder 

pathogens in the context of intramammary infection, and also sought to identify some 

characteristics related to bacterial pathogenesis. 

 

The specific aims were as follows (Figure 5): 

 To investigate the pattern of bovine innate immune response parameters in 

experimental infection with Staph. simulans (PM198) and Staph. epidermidis 

(PM221) in relation to spontaneously eliminated or persistent infections (I); 

 To identify Strep. uberis genes potentially involved in the regulation of biofilm 

formation (II); 

 To analyze and compare biofilm formation, adhesion, and susceptibility to 

phagocytosis among Strep. uberis clinical and subclinical isolates (III). 

 

 

Figure 5 

Aspects of host-microbe interactions in bovine mastitis investigated in this thesis study. 
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4 MATERIALS & METHODS 

4.1 BACTERIAL STRAINS AND CULTIVATION (I, II, 

III) 

The coagulase-negative staphylococcal strains Staph. epidermidis (PM221) and 

Staph. simulans (PM198) were isolated from persistent subclinical IMI of two dairy 

cows (Taponen et al., 2007). The strains were identified by conventional methods, the 

API Staph ID 32 test and using amplified fragment length polymorphism (AFLP), as 

described by Taponen et al. (2007). The strains were stored at -80 °C and refreshed 

by culturing on blood agar (Tammer-Tutkan maljat®) at 37 °C for 18 h. For broth 

cultivation, two colonies were inoculated into Műller-Hinton broth (Becton 

Dickinson, Difco) and cultured for another 18 h at 37 °C. Bacterial density was 

determined with a spectrophotometer at 550 nm. Before use in experimental 

infection, the bacterial culture was pelleted and washed three times with phosphate-

buffered saline (PBS) by centrifugation (1209 x g, 15 min). 

 

We used an ISS1-based random mutant library of Strep. uberis EH58 (Varhimo et al., 

2007) to study the clones with altered growth and biofilm formation. The clones (N = 

5664) were stored in 96-well microtiter plates at -80 °C and grown in THY broth (3% 

(weight volume ratio (w/v)) Todd-Hewitt Broth with 1% (w/v) yeast extract (BD 

BactoTM)), overnight (o/n) without shaking at 37 °C. 

 

Collections of Strep. uberis isolates were obtained from the Finnish Food Safety 

Authority Evira. Clinical isolates (originating from cows with visible signs of mastitis) 

were obtained from routine cases of clinical mastitis from different parts of Finland 

(Finres Vet 2005-2006 (FRV05) (Myllyniemi et al., 2007); N = 77 isolates), and 

subclinical isolates (no visible signs apart from an increase in milk SCC in the affected 

quarter) were from a survey by Pitkälä et al. (2004) (Utareterveys 2001 (UT01); N = 

42). The isolates had been identified beforehand as described by Pitkälä et al. (2004) 

and Myllyniemi et al. (2007). For the present study, the isolates were refreshed on 

blood agar plates, cultivated in THY broth and stored at -80 °C. Prior to the in vitro 

infection assays, isolates were cultured in THY broth o/n without shaking at 37° C. 

Positive (Strep. uberis clinical isolate PV168 (Varhimo et al., 2011)) and negative 

(Strep. uberis 0140J) control strains for biofilm formation were included. 
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4.2 IN VIVO AND IN VITRO INFECTION ASSAYS (I, 

III) 

4.2.1 EXPERIMENTAL INFECTION (I) 

The bacterial suspension was diluted in saline to 0.8 x 106 cfu (colony forming 

units)/ml. The inoculate used contained 5.7 x 106 cfu in 7 ml of 0.9% NaCl. The 

infection dose was checked with a dilution series on blood agar plates. The infection 

dose used was based on previous studies with Staph. chromogenes by Simojoki et al. 

(2009). 

 

Eight primiparous cows (seven Ayrshire and one Holstein-Friesian) were included in 

this experiment, four at the same time. The cows were clinically healthy at the 

beginning of the study, and the udder quarters had a low SCC (<100 000 cells/ml) 

and no bacterial growth. Each cow was infected twice with different bacteria, and one 

udder quarter served as a control while another was experimentally infected. The 

control quarter was inoculated with 7 ml of 0.9% NaCl. A challenge was performed 

30 min after morning milking with a blunt cannula through the teat canal. Before the 

infusion, the teat end was disinfected with chlorhexidine (5 mg/ml), and afterwards 

it was closed by gently pressing with the fingers and the inoculation dose was 

massaged upwards. 

 

Blood samples were taken from either of the jugular veins through fixed cannula for 

five days, and the remaining samples were taken by needle. Milk samples were milked 

from the experimental and control quarters. Both samples (blood and milk) were 

collected at 24 h and 0 h before the challenge and then at 4, 6, 12, 21, 27, 30, 36, 45, 

54 (only milk sample), 69, 72 (only milk sample), 93, 102 (only milk sample), 117, 126 

(only milk sample) and 141 h post-challenge (PC), and on the 7th, 10th and 14th day PC. 

From blood samples, serum was separated and stored at -80 °C for later 

determination of serum amyloid A (SAA) and cytokines. Milk samples were stored at 

-80 °C for later determination of bacterial and SCC counts, milk N-acetyl-β-d-

glucosaminidase (NAGase) activity, and the concentration of cytokines and milk 

amyloid A (MAA). Before measurement of cytokine concentrations, thawed milk 

samples were centrifuged (16 100 x g) at 4 ºC for 30 min, and whey was separated 

from the fat layer and cell pellet. 

 

Besides the samples, the clinical status was examined and recorded at every sampling, 

consisting of the general attitude of the cow, appetite, body temperature, rumen 

function, consistency of the udder, and milk appearance. Scoring from 1 to 3 

according the severity of signs (1 = no signs; 3 = severe signs) was used (modified 

from Anderson et al., 1986). The total and quarter milk yield were additionally 

recorded. Pain was measured using the hock-to-hock distance according to Kemp et 

al. (2008). During study periods, the cows did not receive any medical treatment. The 

ethics committee of University of Helsinki approved the study protocol. 
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4.2.2 PHAGOCYTOSIS AND ADHESION ASSAYS (III) 

Resistance to phagocytosis was analyzed by incubating the bacteria with mouse 

macrophage cells (J774A.1) (kindly provided by Professor Timo Korhonen, University 

of Helsinki) and estimating the frequency of phagocytosed bacteria as revealed by 

Giemsa stain. J774A.1 cells were cultured in DMEM media with 4.5 g/l glucose 

(Lonza), 10% fetal bovine serum (EuroClone), and 1% glutamine (GIBCOTM 

GlutaMAXTM) using 75 cm2 cell culture flasks (Sarstedt or NuncTM, Thermo 

Scientific). Cells were split into 25 000 cells per well in 96-well cell culture plates 

(CELLSTAR®, Greiner Bio-one) and grown in a volume of 200 µl overnight in a 37 

°C, 5% CO2, humidified chamber prior to infection. 

 

Adhesion of Strep. uberis isolates to bovine mammary epithelial (BME) cells (kindly 

provided by Paula Hyvönen, University of Eastern Finland) (Lamote et al., 2004) was 

analyzed using an adhesion assay modified from the phagocytosis assay. BME cell 

culture media contained 40% Ham’s F12 (Invitrogen), 30% RPMI 1640 (Lonza), 20% 

NCTC 135 (Invitrogen), 10% fetal bovine serum (EuroClone), 0.1% lactose, 0.1% 

lactalbumin hydrolysate, 1.2 mM L-glutathione, 10 μg/ml L-ascorbic acid, 1 μg/ml 

hydrocortisone, 1 μg/ml insulin, and 2% antibiotic antimyotic mix (Sigma-Aldrich). 

The cells were split into 25 000 cells per well and grown at 37 °C, in 5% CO2 in a 

humidified chamber. Prior to infection, the medium was replaced by a medium that 

did not contain the antibiotic antimyotic mixture. 

 

From this point onwards, both assays were performed in a similar manner. The 

medium was reduced to 50 µl/well and 10 µl of planktonic bacteria (o/n culture) was 

added. Plates were centrifuged 80 x g, 5 min, at room temperature (RT) and incubated 

for 1 h at 37 °C in 5% CO2 in a humidified chamber. The wells were then washed three 

times with PBS (1x) by pipetting. The cells were fixed with methanol (100 µl/well, 10 

min) and stained with Giemsa (Giemsa’s azur eosin methylene blue solution, Merck 

KGaA) (1:10 dilution, 12.5 min, RT). Phagocytosed and adhesive bacteria were 

observed under a light microscope (Leica DM IL; Leica Microsystems GmbH). In the 

analysis of adhesion, an arbitrary scale for the intensity of adherence to bovine 

mammary epithelial cells from 1 to 4 was used (Figure 6). For phagocytosis, an 

arbitrary scale from 1 to 3 was used for classification (Figure 7). 

 

       

Figure 6 

Classification of the bacterial adhesion (1 = weak adhesion, 2–3 = moderate adhesion, 4 = 

strong adhesion) 

 

1 2 3 4 
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Figure 7 

Classification of susceptibility to phagocytosis (1 = none or few phagocytosed bacteria, 2 = 

moderate number of phagocytosed bacteria, 3 = phagocytes are full of bacteria) 

4.3 HOST INNATE IMMUNE RESPONSE (I) 

4.3.1 ENZYME IMMUNO-ASSAY (EIA) 

Concentrations of IL-8 in serum and milk were determined using a commercially 

available kit for human IL-8 (DY208 R&D Systems) according to the manufacturer’s 

protocol. After the analysis was completed, the recombinant bovine IL-8 was released 

(RPOIL8I, Thermo Scientific) and the data were further transformed by multiplying 

by 100, as the EIA kit detected the human rIL-8 approximately 100 times more 

efficiently than bovine rIL-8 (I / Figure 1). 

 

Concentrations of IL-1b and TNF-α in serum and milk were determined by sandwich 

EIA as described by Bannerman et al. (2003, 2004b), with some modifications. Flat-

bottomed 96-well microtiter plates (Greiner Bio-One) were coated overnight at 4 ºC 

with mouse anti-sheep monoclonal IL-1β (MCA1658 AbD Serotech) (4 µg/ml) or 

mouse anti-bovine monoclonal TNF-α (MCA2334 AbD Serotech) (1 µg/ml). Wells 

coated with PBS alone were used as a background control to determine non-specific 

binding. Plates were washed three times with PBS pH 7.2–7.4 containing 0.05% 

Tween20 and blocked with 1% bovine serum albumin (BSA) (Sigma-Aldrich) for 1 h 

at RT. Plates were washed as described above and 100 µl of non-diluted whey and 

serum samples or serially diluted recombinant protein standards (recombinant 

bovine IL-1β; PBP008 AbD Serotech, recombinant bovine TNF-α; PBP005 AbD 

Serotech) were added to each well in triplicate. After 2 h of incubation at RT, the 

plates were washed and biotin-conjugated mouse anti-bovine IL-1β (AHP851B AbD 

Serotech) or biotin-conjugated mouse anti-bovine TNF-α (MCA2335B AbD Serotech) 

diluted in 1% BSA-PBS (2 µg/ml, 2.5 µg/ml, respectively) was added, followed by 

incubation for 2 h at RT. After washing, streptavidin-conjugated horseradish 

peroxidase (DY998 R&D Systems) diluted (1:200) in 1% BSA-PBS was added to each 

well and incubated in the dark for 20 min at RT. After this, the plates were washed 

and 100 µl of substrate containing 0.1% 3,3’,5,5’-tetramethylbenzidine (Sigma-

Aldrich), 0.11 M sodium acetate (BDH Prolabo) and 0.006% hydrogen peroxide 

(Riedel de Haen) was added. The reaction was stopped by adding 50 µl 2 M H2SO4. 

The absorbance (A) was read at A450 nm on a Multiscan EX microplate reader 

(Thermo Fisher Scientific). The background correction was performed by subtracting 

1 2 3 
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the absorbance of PBS coated wells from the measurements. The concentrations of 

measured cytokines were extrapolated from standard curves on each plate using 

Ascent Software 2.6 (Theorem Electron Oy). The intra-assay coefficient of variation 

(CV) was <15%. 

4.3.2 INDICATORS OF INFLAMMATION IN MILK  

The somatic cell count (SCC) was determined with a fluoro-optical method using a 

Fossomatic instrument at the laboratories of Valio Ltd, Finland. The upper 

quantification limit for SCC was 10 x 106 cells/ml. 

 

Milk N-acetyl-β-d-glucosaminidase (NAGase) activity was measured using a fluoro-

optical method (Kitchen et al., 1978) with in-house microplate modifications (Mattila 

and Sandholm, 1985; Hovinen et al., 2014). The calibrated milk sample was replaced 

with a control milk sample with a known 4-methyl-umbelliferon (4-MU) 

concentration. NAGase activity was expressed as picomoles of 4MU/min/µl of milk 

at 25 ºC. The upper detection limit for NAGase activity was 24.5 pmol 4MU/min/µl. 

The inter-assay and intra-assay CV for the NAGase activity were 5% and 4%, 

respectively. 

 

Milk amyloid A (MAA) was measured using a commercial kit (Tridelta Development). 

The detection limit of the kit was 0.005 mg/ml. Samples were initially diluted 1:50 or 

further to 1:100 if results exceeded the standard curve (7.5 mg/ml). The inter-assay 

and intra-assay CV for MAA was <10% and <5%, respectively. 

4.3.3 INDICATORS OF INFLAMMATION IN BLOOD  

Serum amyloid A (SAA) was detected in similar way to MAA. Dilutions were ten times 

higher than in MAA, the first dilution being 1:500 or further to 1:1000 if results 

exceeded the standard curve (75 mg/ml). The inter-assay and intra-assay CV for SAA 

was <10% and <5%, respectively. 

4.4 STREP. UBERIS BIOFILM DETECTION AND 

MUTANT LIBRARY RELATED ASSAYS 

4.4.1 BIOFILM STAINING ASSAYS (II, III) 

Bacteria were cultured o/n in THY broth without shaking in aerobic conditions.The 

inoculation 1:100 from o/n bacterial culture was performed using clear polystyrene 

flat-bottomed tissue culture treated 96-well microtiter plates (BD, Biosciences), and 

the plates were incubated o/n without shaking at 37 °C. The medium and planktonic 

bacteria were discarded and the plates were photographed and analyzed using 
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AlphaImager (AlphaEase®FC software v. 4.1.0 AlphaImager Innotech Corporation). 

The clones with altered biofilm formation were selected for further analyses as 

described by Varhimo et al. (2011), with some modifications. 

 

For crystal violet (II, III) staining, plates were emptied and washed three times with 

200 μl PBS. The wells were incubated with 0.5% (w/v) crystal violet solution (Sigma-

Aldrich) at RT for 5 min and were then rinsed with water until the excess stain was 

removed. The addition of 99% ethanol dissolved the crystal violet stain in 10 min 

incubation with shaking (220 rpm) at RT, and the absorbance A545nm was measured 

using a Victor3 1420 multilabel microtiter plate reader (Perkin Elmer). 

 

For resazurin (III) staining, plates were emptied and washed three times with 200 μl 

PBS, and 200 μl fresh THY broth was added. Resazurin (resazurin sodium salt, 

Sigma-Aldrich) solution (50 μg/ml; 0.5 μg/well) was added and the plates were 

incubated at 37 °C for 1 h. The fluorescence was measured using a Victor3 1420 

multilabel microtiter plate reader (Perkin Elmer) at excitation and emission 

wavelengths of 550 nm of 590 nm, respectively. 

4.4.2 DETERMINATION OF INTEGRATION SITE OF THE ISS1 

ELEMENT (II) 

The integration site of the ISS1 element was determined by inverse polymerase chain 

reaction (PCR) (primers 1-3, Table 3) and sequencing. To prepare the selected clones 

for determination of the integration site, genomic DNA (Wizard genomic purification 

kit, Promega) of the selected clones was isolated and continued by digestion with one 

of the following enzymes (HindIII, EcoRI, SalI, ClaI (Fermentas, Thermo Fisher 

Scientific)) and self-ligation (T4 DNA ligase, Fermentas, Thermo Fisher Scientific). 

The PCR was performed with 10 μl of 2x Phusion master mix, 4.75 μl (2mM) each of 

3’ and 5’ primers (1–3) and 0.5 μl of template in a final reaction volume of 20 μl. 

Amplification consisted of 30 cycles of the following steps: denaturation for 10 s at 98 

°C, annealing for 5 s at 58/62 °C, extension for 45 s at 72 °C. PCR products were run 

in a 0.8% agarose - 5‰ ethidium bromide gel and visualized by ultraviolet light. The 

PCR products were purified and sequenced in the DNA sequencing and genomics 

laboratory of the Institute of Biotechnology, University of Helsinki. 

 

Based on the sequencing results, the primers were designed to inspect the excision of 

the transposed vector. The clones were plated for a single colony on TSYE agar (3% 

(w/v) tryptic soy broth, 0.3% (w/v) yeast extract and 1.5% (w/v) Bacto agar (BD 

BactoTM)) supplemented with tetracycline 1 μg/ml and incubated o/n at 37 °C. Single 

colonies were picked up and cultured in THY broth o/n at 28 °C and re-cultivated 

each day until colony PCR and missing tetracycline resistance confirmed the excision 

of the vector. Genomic DNA was isolated and the specific integration site was 

determined by sequencing using ISS1 primers 4 and 5 (Table 3). Strep. uberis EH58 

was used as a positive control throughout the study. 
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Table 3  

Primers used in determining the integration site of the ISS1 element 

Number Primer Nucleotide sequence (5’ 3’) 

1 ISS1 (+) AGTTCATTGATATATCCTCGCTGTC 

2 ISS1 (-) CGGTATCTACTGAGATTAAGGTCTTAATGGG 

3 ISS1 (+) long ACTTCATTGATATATCCTCGCTGTCATTTTTATTC 

4 ISS1 (+) seq CTGTCATTTTACACTAAAATAGACTTATCAGAAAAC 

5 ISS1 (-) seq GAGATTAAGGTCTTAATGGGAATATTAGCTTAAG 

4.4.3 PROTEIN IDENTIFICATION AND ANALYSIS (II) 

Strep. uberis EH58 and its liaR mutant were cultured in the mid-logarithmic growth 

phase (Optical density (OD) 0.6–0.8), disrupted, and the proteins were extracted and 

labeled with Cy2, Cy3, or Cy5 dyes (GE Healthcare). 2DE separation was performed, 

gels were scanned, and DeCyder 2D 7.0 software (GE Healthcare) was used to analyze 

the protein abundance differences (Koskenniemi et al., 2011). The protein spots were 

silver stained (O’Connell and Stults, 1997) and the interesting spots with at least 1.5 x 

divergent protein expression levels were selected for further identification and 

analysis as described by Koskenniemi et al. (2009). The obtained data from LC-

MS/MS were searched against an open reading frames database derived from Strep. 

uberis 0140J (NBCI acc. no NC_012004) with an in-house Mascot search engine 

(www.matrixscience.com) ver. 2.2 through the ProteinPilot 3.0 interface (Applied 

Biosystems/MDS SCIEX) (Koskenniemi et al., 2009). 

 

In the semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) 

for potential target genes, RNA was extracted (RNeasy® Mini kit with RNase-Free 

DNase set, Qiagen) from mid-logarithmic cultures after treatment with RNAprotect® 

Bacteria reagent (Qiagen). A total of 500 ng of RNA from two biological replicates per 

strain as templates, the gene specific primers (Table 4), and the OneStep RT-PCR kit 

(Qiagen) were used for reverse transcription and cDNA amplification. The PCR 

program used was reverse transcription (50 °C for 30 min), PCR activation (95 °C for 

15 min), followed by 20 cycles of denaturation (94 °C for 30 s), annealing (50 °C for 

30 s), extension (72 °C for 10 min), and a final extension step (72 °C for an extra 10 

min). The internal control was constitutively expressed gyrB, and the possibility of 

DNA contamination was excluded by performing a control reaction without the RT 

step for gyrB. RT-PCR products were run in 0.8% agarose gel and intensities were 

quantified using AlphaImager (AlphaImager Innotech Corporation). 
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Table 4 

Gene-specific primers used in RT-PCR 

Primer Nucleotide sequence (5’  3’) 
Amplicon 

(bp) 

SUBdipept_FOR 

SUBdipept_REV 

SUBmanL_FOR 

SUBmanL_REV 

SUBliaS_FOR 

SUBliaS_REV 

SUBsua_FOR 

SUBsua_REV 

SUBcysM_FOR 

SUBcysM_REV 

SUBarcC_FOR 

SUBarcC_REV 

SUBgyrB_FOR 

SUBgyrB_REV 
 

ACGAACACGGGGTTTCCATG 

AGAACACACGAGAGCGGTTG 

CATGCCAAACGAAGGACCTGA 

TTGGAATTGCACCTTGGGCA 

GCGAACGAAAACGAATTGCCA 

ATCCATGTCAAAGCCAACACC 

GTGACGCAAGGTGCTCAAGA 

GACCGGAGCACTTGGGTTTG 

AAAGACCGTATCGCACTCGC 

ACTTTCGAAGGCCTCCAGGA 

ACAACAAGCAGCAGCAGATTC 

TGGCACCACTTTACGCCATC 

TACCCATGAGGGTGGGACAC 

TAGCTGACCCTCCAGCTGAG 
 

477 

 

365 

 

467 

 

360 

 

372 

 

310 

 

476 

 

4.4.4 OVEREXPRESSION, PURIFICATION, AND 

PHOSPHORYLATION OF LIAR PROTEIN (II) 

The gene of interest (liar, SUB1382) was amplified from American type culture 

collection (ATCC) BAA-854 strain, cloned into a vector, overexpressed as a His-

tagged protein, and affinity purified. The amplification of liaR was performed with 

modified primers containing the BamHI and HindIII restriction sites (RR-BamHI-

FF 5’ –CAGGGGATCCGATAAAATAAAAGTGATAC, RR-HindIII-REV 5’ -

GGCTAAGCTTTTAATTATCATCTTGTGGC). The PCR product was purified and 

digested with BamHI and HindIII. The insert was cloned into an E. coli pQE30 vector 

in the multiple cloning site (MCS) between the BamHI and HindIII sites. Cloning was 

checked by PCR and digestion. Transformation into E. coli M15 pREP4 was 

performed using the manufacturer's protocol (Qiagen GmbH). Competence cells were 

prepared from E. coli M15 pREP4 o/n culture by diluting 1:100 in prewarmed Luria-

Bertani (LB) broth containing 25 μg/ml kanamycin (Sigma-Aldrich) and growing the 

culture at 37 °C with shaking (220 rpm) until OD600 = 0.5. The culture was placed on 

ice for 5 min and centrifuged at 4 °C for 5 min at 4000 x g. The supernatant was 

carefully removed and cells were resuspended in cold buffer 1 (100 mM RbCl, 50 mM 

MnCl2, 30 mM potassium acetate, 10 mM CaCl2, 15% glycerol, pH 5.8; sterile filter) 

for 90 min. Cells were harvested by centrifugation as above and resuspended in cold 

buffer 2 (10 mM MOPS, 10 mM RbCl, 75 mM CaCl2, 15% glycerol, adjust to pH 6.8 

with KOH, sterile filter). Cells were aliquoted, frozen in liquid nitrogen and stored at 

-80 °C. Competent M15 cells were transformed with pQE30-response regulator 

plasmid by incubating them on ice for 20 min, heating them at 42 °C for 70 sec and 

incubating in 500 μl Psi broth (LB broth; 4mM MgSO4; 10mM KCl) for 60 min at 37 

°C. Transformation mixture was plated on LB agar plates containing 25 μg/ml 
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kanamycin and 100 μg/ml ampicillin (Sigma-Aldrich) and incubated at 37 °C o/n. 

Transformants were checked by colony PCR and digestion after plasmid DNA was 

isolated from a single colony culture. Glycerol stocks of true transformants were 

prepared and stored at -80 °C for further use. 

 

Response regulator protein LiaR was produced and purified according to the 

manufacturer’s protocol. First, the solubility of the target protein was determined. A 

culture was grown with antibiotic selection at 37 °C o/n with shaking, inoculated at 

1:20 into prewarmed medium with antibiotics, and grown with vigorous shaking until 

OD600 = 0.5–0.7. Then, 1 mM IPTG was added to induce the protein expression and 

the culture was incubated for an additional 4–5 h. Cells were harvested by 

centrifugation (4000 x g, 20 min, RT). Non-induced and induced samples were 

collected before and after IPTG induction. The cell pellet was resuspended in lysis 

buffer (50 mM NaH2PO4; 300 mM NaCl; 10 mM imidazole; 0.05% Tween 20, pH 8.0) 

containing 1 mg/ml lysozyme and incubated on ice for 30 min. Samples were 

sonicated 6 times for 10 s with 10-s pauses. Lysates were centrifuged (10 000 x g) at 

4 °C for 30 min. Supernatant contained the soluble protein fraction and the lysate 

pellet the insoluble fraction. Samples were resuspended in 2x Laemmi buffer (0.125 

m Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 10% 2-ME, 0.006% BromPhenolBlue in 

H2O), heated at 95 °C for 5 min, and loaded into a 12% SDS-PAGE gel. The target 

protein was found to be soluble, so the supernatant was the start material for 

production and purification of the protein. Purification was carried out under native 

conditions as follows. The 50% Ni-NTA slurry was added to the cleared lysate (1:5) 

and gently mixed on rotary shaker (200 rpm) at 4 °C for 60 min. The mixture was 

washed (1000 x g, 1 min, 4 °C) three times with washing buffer (50 mM NaH2PO4; 

300 mM NaCl; 20 mM imidazole; 0.05% Tween 20, pH 8.0) and eluted with elution 

buffer (50 mM NaH2PO4; 300 mM NaCl; 250 mM imidazole; 0.05% Tween 20, pH 

8.0). Eluted protein was checked to be the correct one from the RP chromatograph 

and N-terminal MALDI-TOF mass spectrum (Institute of Biotechnology, University 

of Helsinki). 

 

The phosphorylation of the LiaR (50 µmol/l) was performed with 50 mmol/l lithium 

potassium acetyl phosphate (Fluka, Sigma-Aldrich) in buffer containing 50 mmol/l 

Tris, 50 mmol/l KCl and 20 mmol/l MgCl2 for 1 h at 37 °C. 

4.4.5 ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA) (II) 

The purified LiaR protein was used for EMSA to confirm the binding between the 

promoter regions and LiaR. DNA fragments of the upstream region of the target genes 

were amplified by PCR using primers with TAMRA (6-carboxytetramethyl-

rhodamine) fluorochrome at their 5’ ends (Table 5). Binding reactions consisted of 

TAMRA-labeled DNA amplicons (25 ng corresponding to 200 fmol) and His-tagged 

LiaR (1–30 μg corresponding to 20–600 pmol) in 1X binding buffer (10 mM Tris, 50 

mM KCl, 1 mM DTT; pH 7.5), 100 ng salmon sperm DNA (Invitrogen, Life 

Technologies Ltd) and 2.5% glycerol. Electrophoresis was conducted using a native 

5% polyacrylamide gel in 0.5X Tris-borate-EDTA (TBE) at 4 °C for 30 min at 100V. 
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The gels were scanned with a Fuji FLA-5100 Scanner (Fuji Photo Film) using a 490 

nm excitation laser, 600 V output voltage, and 532 nm emission filter. 

 
Table 5  

Primers for DNA fragments used in EMSA 

Primer Nucleotide sequence (5’ 3’) 
Amplicon 

(bp) 

Dipeptidase operon FF TGGATGTTCGTTTGAACCATT 226 

Dipeptidase operon REV AAAATGTAGGCGCTTCCAAA  

Dipeptidase non-binding FF GATGTTCGTTTGAACCATTT 158 

Dipeptidase non-binding REV TTGTGACATTTTCCGTAAT  

RR complex operon FF TTTTCACATGCGACTCCTTC 156 

RR complex operon REV GCGGGACTTGATCCAAATAA  

RR internal FF TATTTCAGCGGCACTTGATG 153 

RR internal REV AAGGTTGCTTCAACACCACC  

PTSmannose operon FF ACCGATATTTAGGGAAAAATGAT 164 

PTSmannose operon REV TCCAAAATCATTTGGCAATTC  

PTSmannose non-binding FF AAAGGTATTGCTTTTTACTTGAA 102 

PTSmannose non-binding FF GAATAATCTCCTTCCAAAATCA  

SUAM operon FF CCAAGAAGTGCGAGTGTTGA 238 

SUAM operon REV AGGAGTGGCTGTTTTTGCTG  

SUAM non-binding FF CCCAACTTCAACGACGACTT 118 

4.4.6 ELECTRON MICROSCOPY (PUBLISHED IN THIS THESIS) 

O/n cultured bacteria were collected (2 min, 2300 x g, RT) and suspended in 0.1M 

sodium-phosphate buffer. The primary fixation medium was changed (2% 

glutaraldehyde in 0.1M sodium-phosphate buffer) and bacteria were incubated for 2 

h at RT. The bacteria were washed with 0.1M sodium-phosphate buffer three times 

and finally resuspended in 0.1 M sodium-phosphate buffer and stored at 4 °C until 

other procedures for thin sectioning. Samples were post-fixed with 1% osmium 

tetroxide (EMS) for 1 h at RT. After that, they were dehydrated with a graded series 

of ethanol (70%, 96%, and 100%) and incubated with transitional solvent acetone. 

Finally, samples were gradually embedded in Epon (TAAB Laboratories Equipment 

Ltd) and sectioned. Uranyl acetate post-stained thin sections were analyzed with a 

JEOL 1200 EX II transmission electron microscope (TEM) (Institute of 

Biotechnology, University of Helsinki). 

4.4.7 DETECTION OF HYALURONIC ACID CAPSULAR 

MATERIAL (N-ACETYLGLUCOSAMINE) (PUBLISHED IN 

THIS THESIS) 

Measurement of the presence of hyaluronic acid (HA) (Figure 2C) was based on the 

method described by Reissig et al. (1955). The colorimetric method used shows the 

reaction between the Ehrlich's reagent (DMAB) and the N-acetyl-D-glucosamine 

reducing end of each HA chain. Strep. uberis isolates were grown o/n at 37 °C and 
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pelleted by centrifugation (4500 x g, 5 min). Bacteria were suspended in 80–200U of 

hyaluronidase from bovine testes (Sigma-Aldrich) and incubated for 1 h at 37 °C to 

detach the HA. Reaction mixtures were centrifuged (16 100 x g, 10 min) and the 

supernatant containing the capsular material was filtered (0.22 μm, Millipore). As a 

standard, we used a two-fold dilution series starting from 1 mM of N-acetyl-D-

glucosamine (D-GlcNAc) (Sigma-Aldrich), and as a positive control, 100 μg/ml of HA 

sodium salt from Streptococcus equi (Sigma-Aldrich). The colorimetric assay was 

performed as described by Ward et al. (2001). 

4.4.8 SEQUENCE ANALYSES (II) 

Sequence analyses were performed in Geneious ver. 5.4.3 (Biomatters, 

www.geneious.com). The identification of inverted repeats was conducted with 

einverted script in the EMBOSS suite (Rice et al., 2000) with a threshold of 20. 

4.5 STATISTICAL ANALYSIS (I, II, III) 

Statistical analyses for host immune responses (I) were carried out using SAS version 

8.2 (SAS Institute). Data on cytokines, SCC, SAA, MAA, bacterial counts, and NAGase 

were not normally distributed, and logarithmic transformation was carried out. 

Analysis of variance for the log-transformed area under the curve (AUC) was used 

when analyzing CoNS species and the status of persistence or cure. The models used 

included the effect of the period (1st or 2nd inoculation) and the sequence of the 

inoculation (Staph. simulans (PM198) - Staph. epidermidis (PM221) versus Staph. 

epidermidis (PM221) - Staph. simulans (PM198)) as fixed effects. The model also 

included the inoculation sequence in the analysis of persistent and transient 

infections. Analysis of covariance (ANCOVA) for repeated measurements was used in 

the analysis of milk production and comparison of concentrations of cytokines, 

including the analysis of possible interactions with time points. Results were 

presented as the mean values and the standard error of the mean (SEM) of the groups. 

In study I, p < 0.05 was considered as statistically significant. 

 

Statistical analyses of the adhesion of Strep. uberis to plasticware stained with crystal 

violet (II) and clinical signs in correlation with biofilm formation, adhesion to 

epithelial cells, and susceptibility to phagocytosis (III) were carried out in R (R 

Development Core team, 2013). In the results published in this thesis and in study II, 

the non-parametric Kruskal-Wallis Wilcoxon signed rank test, one-way analysis of 

variance (ANOVA) (II), and the Nemenyi-Damico-Wolfe-Dunn test were used (II). The 

protein abundance differences (II) were analyzed with one-way ANOVA and two-way 

ANOVA. In study III, Fisher’s exact test for count data and the Wilcoxon Mann-

Whitney rank sum test were used to analyze the independence between the presence 

of clinical signs in relation to biofilm formation, epithelial adhesion, and 

susceptibility to phagocytosis (Hollander et al., 2013). An approximative linear-by-

linear association test for ordered data was used to study the association of biofilm 

formation detected by crystal violet staining or the resazurin reduction assay with 

http://www.geneious.com/
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epithelial adhesion and susceptibility to phagocytosis (Hollander et al., 2013). 

Spearman’s rank correlation with correction for multiple testing by Holm’s method 

was used for analyzing the pairwise correlations between biofilm formation, epithelial 

adhesion, and susceptibility to phagocytosis (III). The p-values considered 

statistically significant were p < 0.01 (comparisons of crystal violet stained groups 

(II)) and p < 0.05 (2D-DIGE protein expression levels (II) and in all analyses (III)). 
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5 RESULTS 

5.1 ESTABLISHING IMI: STAPH. EPIDERMIDIS 

(PM221) AND STAPH. SIMULANS (PM198) CAN 

INDUCE AN ACUTE AND PERSISTENT 

INFECTION (I) 

Both CoNS strains (Staph. simulans (PM198) and Staph. epidermidis (PM221)) were 

capable of infecting all the cows (N = 8+8) used in this experimental infection. The 

peak bacterial count in milk samples was measured at the second sampling at 6 h 

post-challenge (PC) (mean values: Staph. simulans (PM198) 11.8 natural logarithm 

(ln) of colony forming units (cfu)/ml and Staph. epidermidis (PM221) 9.3 ln cfu/ml) 

(I / Figure 2). After this peak, most bacteria were eliminated in 6 h and the bacterial 

count remained at a constant level (3.5–5 ln cfu/ml). There was no statistically 

significant difference between the CoNS species, although Staph. simulans (PM198) 

was detected at slightly higher counts at 21, 27, 30, and 36 h PC. IMI persisted to the 

last sampling (at 336 h PC) in 11 quarters of 16 (68.8%), six infected with Staph. 

simulans (PM198) and five with Staph. epidermidis (PM221). One cow was able to 

eliminate both infections. 

5.2 HOST INNATE IMMUNE RESPONSES TO 

EXPERIMENTAL IMI (I) 

5.2.1 SYSTEMIC IMMUNE RESPONSE 

Clinical signs ranged from mild to moderate (Table 6). Fever (t > 39.5 °C) was 

observed in 9 cows at 6 or 12 h PC, and three Staph. epidermidis (PM221)-infected 

cows and five Staph. simulans (PM198)-infected cows displayed a slightly depressed 

general attitude. No statistically significant differences in the clinical signs were found 

between animals infected with Staph. epidermidis (PM221) and Staph. simulans 

(PM198). 

 

Systemic innate immune responses were monitored in this study by the serum 

concentrations of TNF-α, IL-1β, IL-8, and SAA. We were unable to observe any 

statistically significant changes in the serum concentrations of any of the cytokines at 

any time point PC (data not shown). In contrast, the concentration of SAA peaked at 

45 h PC (Table 6, I / Figure 3). However, the concentration of SAA did not 

significantly differ between the bacterial species or groups with persistent vs. 

spontaneously eliminated infection. 
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5.2.2 LOCAL IMMUNE RESPONSE 

The local immune response in the affected quarter was substantial. The milk SCC 

increased during the first 30 h PC. In quarters infected with Staph. simulans 

(PM198), the increase in the SCC appeared to be stronger (p = 0.07) (I / Figure 4a). 

MAA levels started to increase at 21 h PC, but no significant differences between the 

species were observed (p = 0.15). Spontaneously eliminated and persistent infections 

did not differ significantly in milk SCC (p = 0.52) (I / Figure 5a) or the concentration 

of MAA (p = 0.99). Milk NAGase peak activity at 30 h PC was slightly higher in Staph. 

simulans (PM198)-challenged cows, but no statistically significant differences 

between the species (p = 0.48) or spontaneously eliminated versus persistent 

infections were observed (p = 0.54) (I / Figure 7). 

 

Cytokine concentrations in milk were higher in Staph. simulans (PM198)-challenged 

quarters (Figure 8A–C). The response of IL-1β (p = 0.03) and IL-8 (p = 0.04) to 

Staph. simulans (PM198) was significantly stronger in AUC analysis, whereas the 

response of TNF-α was not (p = 0.25). In addition, the concentration of TNF-α varied 

between individual cows more than the concentrations of IL-1β or IL-8. The groups 

of spontaneously eliminated vs. persistent infections (Figure 8D–F) did not differ 

significantly for any cytokine (IL-1β; p = 0.44, TNF-α; p = 0.36 and IL-8; p = 0.27), 

although in persistent infections TNF-α concentrations reached the highest point 

later and remained elevated longer than in spontaneously eliminated infections 

(Figure 8E). The IL-8 response had three types: an early response (peak at 12h PC), a 

delayed response (peak at 30 h PC), and a dual response (peaks at 12 h and 30 h PC). 

The local signs were milder and IL-8 concentrations lower in the delayed response 

group. 
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5.3 VIRULENCE-ASSOCIATED FACTORS: 

REGULATORS AND EFFECTORS IN IMI  

5.3.1 BIOFILM FORMATION OF STREP. UBERIS  

5.3.1.1 Screening of random transposon mutant library (II) 

Screening of the Strep. uberis mutant library (N = 5664 clones) revealed 14 clones 

with more intense adhesion to plasticware than the parent strain EH58. This was an 

indication of potential biofilm formation. The transposon mutant library clones with 

altered adhesion were identified by inverse PCR and sequencing to determine the 

integration site for the ISS1 element and interrupted genes. A different target gene 

was found in 13 clones (beta-glucosidase was targeted in two clones). The adhesive 

(biofilm-forming) phenotype was confirmed with crystal violet staining (nine 

replicates). Based on this, the clones were classified into statistically differential 

groups 1–3 (α = 0.01) (Table 7, II / Figure 1 and Table 1). 

 

Table 7 

The ISS1-targeted genes identified by inverse PCR and sequencing. Groups based on crystal 

violet staining represent 1 for low (background subtracted A545nm <0.015), 2 for medium 

(0.015–0.08), and 3 for intensive (>0.08) biofilm producers. The gene symbols (only 

published names are shown) and protein descriptions are from NCBI Reference Sequence 

NC_012004.1 and (Ward et al., 2009). *The identity of liaR was confirmed in this study (II). 

 

Insertion 
site 

Gene Protein Number 
of 

clones 

Biofilm 
Groups 

SUB0198  beta-glucosidase 2 2 & 3 

SUB0232  hypothetical protein 1 1 

SUB0279  
type I restriction-modification system M 
protein 

1 1 

SUB0429 clpP 
ATP-dependent Clp protease proteolytic 
subunit 

1 2 

SUB0440  hypothetical protein 1 2 

SUB0699  glycosyl transferase 1 3 

SUB0877 nox NADH oxidase 1 2 

SUB0944 coaC phosphopantothenoylcysteine decarboxylase 1 3 

SUB1134 miaA 
tRNA delta(2)-isopentenylpyrophosphate 

transferase 
1 2 

SUB1206 uidA beta-glucuronidase 1 2 

SUB1382 liaR* response regulator protein 1 2 

SUB1697 hasA hyaluronan synthase 1 3 

SUB1810  NUDIX hydrolyase 1 2 
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5.3.1.2 Mutant characteristics of Strep. uberis hasA (published in 

this thesis) 

ISS1 element integration to the hyaluronan synthetase gene hasA (SUB1697) caused 

increased biofilm formation (Table 7). Transmission electron microscope (TEM) 

analysis of uranyl acetate-stained thin sections of isolates revealed that the hasA 

mutant strain has fimbrial structures similar to the parent strain EH58 (Figure 9) and 

wild type strain 0140J (data not shown). However, the hasA mutant strain attached 

to other bacterial cells with the multiple attachment regions, whereas the parent 

strain EH58 attached on the opposite poles, leading to chain formation (Figure 9).  

 

 

Figure 9 

Thin sections of Strep. uberis isolates stained with uranyl acetate and analyzed by TEM: A) 

parent strain EH58, B) hasA mutant strain. Scale bar o.2 µm.  

 

Further evaluation of the effects caused by the mutated has gene revealed a slightly 

decreased N-acetylglucosamine (GlcNAc) concentration in the hasA mutant strain, 

but the difference between the strains was not statistically significant (p = 0.066) 

(Figure 10). 

 

Figure 10 

Boxplot of GlcNAc concentrations of 

the parent strain EH58 and hasA 

mutant. The thick horizontal line 

represents the median. The box 

extends from the lower to the upper 

quartile. Whisker lengths are 

determined by the most distant data 

point within 1.5 x the interquartile 

range from the upper or the lower 

quartile. N = 6. 

 

 



 

55 

5.3.1.3 SUB1382 is homologous to the Bacillus subtilis LiaR 

response regulator (II) 

SUB1382 response regulator gene was studied in greater detail. The best blastp hit 

from the UniProtKB/Swiss-Prot database was the two-component response regulator 

LiaR (o32197.1) from Bacillus subtilis subsp. subtilis str. 168 (55% sequence identity, 

96% query coverage). Further, the adjacent genes (SUB1382–SUB1384 in Strep. 

uberis and liaR, liaS and liaF in B. subtilis) were confirmed to have a corresponding 

location and a reciprocal best blastp hit relationship. Based on this conservation, we 

have used gene names based on the liaFSR operon for SUB1382–SUB1384. Relying 

on the conserved domain database (CDD) (Marchler-Bauer et al., 2010) and the 

prokaryotic two-component system database (www.p2cs.org) (Barakat et al., 2009), 

we made a schematic view of the genomic region of liaR and adjacent genes (Figure 

11A). SUB1382 LiaR contains an N-terminal signal receiving domain, C-terminal 

LuxR-like DNA-binding effector domain with a helix-turn-helix motif and specific 

structural features such as a phosphorylation site at amino acid 56, two 

intermolecular recognition sites at amino acids 59–60 and 62–64, and five 

dimerization interfaces at amino acids 106–108, 160, 162, 195–197, and 203–204 

(Figure 11B). ISS1 element insertion at nucleotide 324 interrupts the predicted 

protein sequence at amino acid 109. A stop codon follows 18 codons later. If 

expressed, the truncated mutant protein lacks the DNA-binding effector domain, as 

well as most of the predicted dimerization interface (Figure 11B–C). 

 

 

 

Figure 11 

Schematic view of the wild type and mutant liaR (response regulator) in the Strep. uberis 

genome. A) The location of wild type liaR and adjacent genes in the Strep. uberis genome. 

Genes belonging to the same operon are shown in grey (liaF, putative membrane protein and 

liaS, sensor histidine kinase), RF = reading frame, T = putative rho-independent terminator 

motif predicted by FindTerm (Softberry Inc.) and mfold (mfold.rna.albany.edu). The region 

http://www.p2cs.org/
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is drawn to scale, representing 5.8 kb. B) The schematic structure of liaR with the insertion of 

the ISS1 element illustrated at nucleotide 324. Duplicated bases are represented in bold font, 

the signal receiver domain with a striped area and a C-terminal DNA-binding domain with a 

dotted area. P = phosphorylation site, i = intermolecular recognition site, and d = dimerization 

interfaces. C) Partial nucleotide sequence of the targeted gene with the putative translated 

peptide sequence demonstrating a premature stop codon. Original figure published in II 

(2015), reprinted with permission from John Wiley and Sons. 

5.3.1.4 LiaR regulates the expression of a putative secreted 

dipeptidase (II) 

The comparison of proteome of the parent strain EH58 and the liaR mutant from 

planktonic cultures using 2D DIGE revealed five differentially expressed proteins (II 

/ Figure 3). The expression of dipeptidase (SUB1738) was decreased 6.3-fold in the 

liaR mutant (II / Table 2). This was further confirmed by semi-quantitative RT-PCR 

(II / Figure S1). 2D DIGE expression levels in other identified proteins were as 

follows: CysM (SUB1379) fold change -3.9; ArcC (SUB1324) fold change -2.4; ManL 

(SUB1482) fold change +1.6, and SUAM (SUB1635) fold change +2.0 (II / Table 2). 

Fold changes were all statistically significant (p < 0.05). 

 

Response regulators are typically phosphorylated and able to regulate their own 

expression by binding to their own promoters. In silico analysis revealed the presence 

of five pairs of inverted repeats upstream of liaF (II / Figure S2), typical for 

prokaryotic promoter regions, but these did not include any of the previously 

published LiaR binding sites (Jordan et al., 2006). Gel filtration chromatography 

revealed that the purified LiaR protein was in monomeric (60%) and dimeric (40%) 

forms (II / Figure S3). The phosphorylation step enhanced the dimerization of LiaR, 

as well as its binding capacity for the upstream region of liaF (II / Figure 4). However, 

Strep. uberis LiaR did not bind target DNA in a sequence-specific manner under the 

applied reaction conditions. The semi-quantitative RT-PCR revealed similar levels of 

liaS in the parent strain EH58 and liaR mutant (II / Figure S1). This result indicates 

that liaR might not regulate its own expression. 

5.3.2 PRESENCE OF CLINICAL SIGNS IN STREP. UBERIS IMI IN 

RELATION TO IN VITRO BIOFILM FORMATION, 

ADHESION, AND SUSCEPTIBILITY TO PHAGOCYTOSIS 

OF THE ISOLATE (III) 

Biofilm formation detected by crystal violet staining (adherent material on plastic) or 

the resazurin reduction assay (metabolic activity of bacteria) did not differ between 

clinical or subclinical isolates (p = 0.06 (Figure 12A) and p = 0.18, respectively). 

Biofilm formation detected by crystal violet staining revealed a significant linear 

association with adhesion (p < 0.01) and susceptibility to phagocytosis (p < 0.01). 

Crystal violet staining intensity was negatively correlated with adhesion (Spearman’s 

rank correlation coefficient r = -0.52, p < 0.01) and positively correlated with 
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susceptibility to phagocytosis (r = 0.33, p < 0.01) (Figures 12D and 12E). The 

correlation between biofilm detected by crystal violet staining and adhesion was 

similar regardless of the presence of clinical signs (Spearman’s rank correlation 

coefficient r = -0.46 for subclinical, p < 0.01 and r = -0.54 for clinical isolates, p < 

0.01), whereas biofilm formation and susceptibility to phagocytosis were significantly 

correlated only in clinical isolates (Spearman’s rank correlation coefficient r = 0.08 

for subclinical, p < 0.6 and r = 0.39 for clinical isolates, p < 0.01). Biofilm formation 

detected by the resazurin reduction assay did not have a significant linear association 

with adhesion (p = 0.1) or susceptibility to phagocytosis (p = 0.61). 

 

The adhesion of Strep. uberis isolates to BME cells and the type of infection (clinical 

vs. subclinical) were not significantly correlated (p = 0.51) (Figure 12B). Clinical and 

subclinical isolates were co-cultured with bovine mammary epithelial (BME) cells, 

and adherent bacteria were visually quantified using an arbitrary scale from 1 (weak 

adhesion) to 4 (strong adhesion) (Figure 6). 

 

The presence of clinical signs was significantly negatively correlated with the 

susceptibility to phagocytosis (r = -0.22, p = 0.015) (Figure 12C). The subclinical 

isolates were more susceptible to phagocytosis than the clinical isolates (p < 0.01) (III 

/ table 2). Susceptibility to phagocytosis was investigated from a co-culture of Strep. 

uberis isolates and mouse macrophage cell line (J774A.1). The phagocytosed bacteria 

were visually quantified using an arbitrary scale from 1 (not phagocytosed) to 3 

(phagocytosed) (Figure 7). 

 

 

Figure 12 
Pairwise comparisons of the presence of clinical signs (clinical vs. subclinical infection), 

biofilm formation, epithelial adhesion and susceptibility to phagocytosis: A) signs vs. biofilm 

formation, B) signs vs. epithelial adhesion, C) signs vs. susceptibility to phagocytosis, D) 

biofilm formation vs. epithelial adhesion, E) biofilm formation vs. susceptibility to 

phagocytosis, and F) epithelial adhesion vs. susceptibility to phagocytosis (on the y-axis and 
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x-axis, respectively). Spearman’s correlation coefficient (r) including the 95% confidence 

interval (CI) for the pairwise comparisons is represented with colored rectangles in A–F. The 

color coding for r-values is represented with the bar on the y-axis (red negative correlation, 

blue positive correlation). The dotted line represents the r-value zero. The p-values adjusted 

by Holm’s method are shown for each comparison. 

 

The distribution of isolates in relation to epithelial adhesion and susceptibility to 

phagocytosis revealed an inverse relationship between these two characteristics. A 

statistically significant (p < 0.01) negative correlation (r = -0.46) was found between 

these in vitro analyzed characteristics (Figure 12F). The correlation was similar, 

regardless of the presence of clinical signs (Spearman’s rank correlation coefficient r 

= -0.48 for subclinical and r = -0.45 for clinical isolates). 

 

The Figure 13 schematically illustrates the negative correlation of adhesion and 

susceptibility to phagocytosis. The isolates with weak adhesion were more often 

susceptible to phagocytosis, whereas strongly adherent bacteria were not 

phagocytosed so easily. These observations in relation to clinical signs showed that 

61.3% of clinical and 80.0% of subclinical isolates were phagocytosed if bacteria 

adhered weakly to BME cells. On the other hand, if bacterial adhesion was strong, the 

quantity of phagocytosed bacteria was approximately 30% lower: 26.1% in clinical 

and 50.0% in subclinical isolates. Between these extremities (phagocytosed and not 

phagocytosed) lay the moderately phagocytosed category. This group was larger when 

the adhesion increased: in clinical isolates from 29.0% phagocytosed in the weak 

adhesion group to 37.0% phagocytosed in the strong adhesion group, and in 

subclinical isolates from 15.0% phagocytosed in the weak adhesion group to 27.3% 

phagocytosed in the strong adhesion group. 

 

 

Figure 13 

Schematic representation of the distribution of clinical and subclinical isolates according to 

epithelial adhesion and susceptibility to phagocytosis. Adhesion categories (weak = 1 & 2 and 

strong = 3 & 4) were combined to increase the number of isolates per category. Macrophages 
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are represented in green, clinical isolates in deep purple (strong adhesion) or pink (weak 

adhesion), and subclinical isolates in blue (strong adhesion) or light blue (weak adhesion). 

Percentages of isolates (clinical and subclinical separately) in weak as well as in strong 

adhesion are summed to 100% when not phagocytosed, moderately phagocytosed, and 

phagocytosed categories are aggregated. Visualization of bacteria is represented suggestively 

with the scale one bacteria = 10%. Percentages presented in III / Table 3. 
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6 DISCUSSION 

In this thesis, mechanisms related to enhanced bacterial virulence such as biofilm 

production, adhesion and avoiding phagocytosis are discussed. These characteristics 

are reviewed in relation to two different bacterial groups, minor pathogens of 

coagulase-negative staphylococci (CoNS), Staph. epidermidis (PM221) and Staph. 

simulans (PM198), as well as a major pathogen, Strep. uberis. Clinical and subclinical 

intramammary infection (IMI) and the innate immune response from the host 

perspective (cytokines) and the bacterial perspective (persistent or spontaneously 

eliminated infection) are also discussed. 

 

Here, the study material and the methods used are reviewed. In general, such a review 

can open new insights into the analysis and conclusions of the study. The notable 

aspect of all in vitro and in vivo studies is the degree of control. In biological systems, 

a highly controlled research frame inevitably diminishes the diversity of components 

and their interactions. On the other hand, the more complicated a system is, the less 

control and more variables exist. 

6.1 EVALUATION OF MATERIALS AND METHODS 

6.1.1 BACTERIA 

The studied bacteria included isolates from field collections (isolates in I and III) as 

well as laboratory strains (II). The diversity of the used material made it possible to 

choose representative material for evaluating host-microbe interactions, as well as to 

include specific and well-characterized laboratory strains for molecular studies. 

 

The bacteria from field collections included Strep. uberis clinical isolates (III) that 

were part of national zoonotic agent and animal pathogen surveys. Milk samples from 

clinical mastitis were collected, and only one isolate per pathogen per herd was 

included (Myllyniemi et al., 2007). Strep. uberis subclinical isolates were randomly 

collected from selected herds throughout Finland. Some of these subclinical isolates 

might originate from the same farm as where all the cows of the herd were sampled 

(Pitkälä et al., 2004). Staph. epidermidis (PM221) and Staph. simulans (PM198) (I) 

were isolated from two different cows with persistent subclinical IMI. Randomly 

sampled field isolates (III) represent an accurate collection of udder pathogens and 

the observations are more reliably generalizable. On the other hand, isolates from 

individual natural infections (I) always represent a very narrow and possibly skewed 

perspective. 
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A risk of contamination and mutations is present when working with bacterial 

samples. To ensure the stability of bacteria, they were stored in glycerol aliquots at -

80 °C. Cultivation and assays were performed with caution to reduce the risk of 

contamination. Biological replicates were used to confirm the obtained findings. 

 

The level of experimental control and manipulation was increased to a high level in 

the study using the modified laboratory Strep. uberis strains (II). We used random 

insertion mutant library strains, which were originally derivatives of the Strep. uberis 

0140J strain with a deletion in the umuC gene (this strain was named as EH58). The 

umuC mutation was not observed to have any effect on biofilm formation or the 

morphological features of the bacteria, but it had an impact on the mutation 

frequency (Varhimo et al., 2007). In random insertion mutagenesis, the transposon 

ISS1 element, with a thermosensitive plasmid, was integrated into the bacterial 

genome, and this insertion interrupted the gene at the site of integration. The excision 

of the thermosensitive plasmid leaves only the ISS1 element in the bacterial genome. 

This construct has been shown to elicit efficient mutagenesis and stable mutant 

strains with no foreign markers (Maguin et al., 1996). The obtained constructs can be 

further evaluated by direct cloning of DNA surrounding the insertion. This type of 

construct is a powerful tool for studying the effect of single genes on the phenotype. 

6.1.2 EXPERIMENTAL MODELS AND HOST-DERIVED CELLS 

We used the cow as an experimental model animal (I), as well as mouse macrophage 

and bovine mammary gland epithelial cell lines (III). Research on host-microbe 

interactions demands animal models, or at least material originating from the host. 

Mastitis has mostly been studied in cows, goats, sheep, or mice, as well as mammary 

gland derived cells from different hosts. Analyzing cows in field circumstances is 

highly challenging. A more controlled design is based on an experimental infection 

model in which all the players are present: the host with its functioning immune 

system and the pathogen. The experimental infection model gives the researcher an 

opportunity to observe the infection from the very beginning and to control, for 

instance, the quantity of bacteria in the inoculate and the schedule of sampling. The 

model animal of IMI in our case (I) was the cow, a large and expensive animal. 

Therefore, the number of experimental animals was limited. Our study protocol 

allowed experimental infection using both studied strains in the same cow. This type 

of study protocol reduced the variation between hosts, as well as the number of 

experimental animals. The study design was taken into account in statistical analysis 

to exclude possible biases. 

 

An alternative, non-ruminant model animal for bovine mastitis research is the mouse. 

Mammary glands in mice are anatomically similar to those in bovines. Therefore, 

mice have been used since the 1970s as an animal model for bovine mastitis 

(Chandler, 1970). The small size of the mouse mammary gland allows the study of the 

whole gland (Brouillette et al., 2005). The major udder pathogens have been the main 

subject of mouse mastitis studies. Recently, Breyne et al. (2015) has extended the 

application of the mouse model to in vivo CoNS IMI research. The study of pathogens 
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in the context of IMI, as well as vaccine and drug studies, can benefit from the mouse 

mastitis model (reviewed by Notebaert and Meyer, 2006). However, there are 

differences in the number of resident phagocytic cells, the analysis of milk SCC, and 

milk composition between the mouse and cow (reviewed by Notebaert and Meyer, 

2006). In any case, it is crucial to replicate all key findings relevant to bovine mastitis 

in cows. 

 

In vitro cell lines (III) are valuable, as they ensure a better repeatability of the assays 

than freshly isolated primary cells. On the other hand, cell lines do not necessarily 

express all the same characteristics as primary cells in tissues, and the environment 

is always artificial. Because we had a large number of bacterial strains to evaluate, it 

was necessary to use a cell model with minimal variation between experiments. 

 

The resident immune cells in the udder are macrophages, so we used a macrophage 

cell line in our assays. Bovine cell lines are rare, and although at least one bovine 

macrophage cell line (BOMAC) has been established, we conducted our experiments 

with a mouse macrophage cell line (J774A.1). Two mouse macrophage cell lines 

(J774A.1 and RAW264.7) were tested, as well as two human-derived phagocytic cell 

lines (THP-1 and U937). In our investigations, J774A.1 cells were the most 

consistently behaving cell line of the tested ones. J774A.1 is a widely used cell line for 

examining bacterial interaction with macrophages, phagocytosis, and intracellular 

survival (Cumley et al., 2012; Zhang et al., 2013; Aamri et al., 2014). In future studies, 

a bovine cell, tissue, or animal model should be used to validate our findings. 

6.1.3 DO BACTERIA ADHERE OR DO THEY FORM A BIOFILM? 

Biofilm formation begins with bacterial adhesion. The development of a mature 

biofilm requires the further formation of extracellular matrix (ECM) and signaling via 

a quorum sensing system (Figure 1). The differentiation between adhesion to an 

abiotic surface and biofilm formation has not been thoroughly evaluated in the 

context of assays used to detect biofilms. To detect a biofilm, several staining and 

microscopic methods are used. Over three decades, the main method has been crystal 

violet staining (Christensen et al., 1985). As we needed an easy and cost-effective 

method for high-throughput analysis, the crystal violet assay (II, III) was considered 

the most practicable. However, this method is not the most informative one. This is 

due to the basic nature of the dye, which stains all negatively charged molecules 

attached to a plastic surface. Therefore, no discrimination between live or dead 

bacteria or the production of ECM components can be made. More quantitative 

methods have been developed and evaluated to discriminate live and dead bacteria in 

biofilms (Peeters et al., 2008). In study III, we also used the resazurin reduction test. 

Resazurin is non-fluorescent compound that is reduced to fluorescent resorufin by 

the metabolic activity of cells (O’Brien et al., 2000; Guerin et al., 2001). The level of 

metabolic activity is reflected by the intensity of fluorescence, and it is dependent on 

the bacterial species, cell density, duration of the staining and form of bacterial 

growth (planktonic vs. biofilm) (Sandberg et al., 2009). The resazurin assay is 

sensitive to the culture conditions and the metabolic activity, which starts to 
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deteriorate in overgrown cultures. Results from crystal violet staining and from the 

resazurin reduction assay were only moderately correlated (r = 0.42) with each other, 

and differently associated with other measured variables. The differences might have 

been caused by the differential growth, metabolic activity, matrix production or 

adhesion of the isolates. Merritt et al. (1998) observed different adhesion patterns of 

Staph. epidermidis to biomedical polymers, indicating the impact of the surface 

material. 

 

Other important aspects are the environment and timeline of bacterial biofilm 

production. The in vitro methods for assessing biofilm formation in IMI are not 

optimal. In IMI, the milieu of attachment is not an abiotic surface. Furthermore, flow 

conditions are usually present in places where udder pathogens might form biofilms 

in vivo. The enhancing effects of casein or skimmed milk on biofilm formation have 

been noted (Varhimo et al., 2011; Fabres-Klein et al., 2015). Although a casein-

supplemented medium is more similar to the milk environment, we noticed that this 

supplementation does not necessarily increase biofilm formation, but more likely 

reflects precipitated casein. Casein precipitates at its isoelectric point of 4.6, and 

bacterial growth and metabolism are known to change the pH of the medium. 

Therefore, it is advantageous to take into consideration the possibility of precipitated 

casein in addition to possible bacterial biofilm formation. Some efforts in that 

direction have already been made with the design of a flow cell system for biofilm 

growth in milk (Snel et al., 2014). The incubation time has also been mentioned to be 

critical for biofilm formation. CoNS species were observed to display an increase in 

biofilm formation between 18 h and 72 h (reviewed by Vanderhaeghen et al., 2014). 

We compromised and used an in vitro crystal violet assay in static conditions without 

casein supplementation for a minimum time range to detect a biofilm (II, III). 

Although the term biofilm has been used, the crystal violet assay only reveals that 

something has attached to the studied surface. This is only a suggestive, high-

throughput assay, but it represents a first step before other studies. 

 

The composition of the biofilm itself appears to affect the results of biofilm detection. 

The production of a proteinous biofilm matrix by some pathogens has been reported 

(Qin et al., 2007; Fredheim et al., 2009; Varhimo et al., 2011). The polysaccharides in 

the biofilm matrix are usually detected on Congo red agar plates by a color change of 

the colonies (Freeman et al., 1989). The contradictory results of the Congo red agar 

assay and assays measuring adhesion to a plastic surface (Seo et al., 2008; Simojoki 

et al., 2012) might partly be caused by these differences in biofilm matrix content. As 

we gain more knowledge of the bacterial genetics involved in biofilm formation, gene 

detection-based strategies will be taken more widely into use (Arciola et al., 2006). 

The development of imaging techniques combined with fluorescent probes and 

microsensors provides more detailed information on biofilm structure and 

metabolism, especially in heterogeneous biofilms formed of multiple bacterial species 

(reviewed by Costerton et al., 1995). In the future, bacterial biofilm detection will 

increasingly rely on systems biology approaches combining several methods and 

technologies (Tan et al., 2014). 

 



Discussion 

64 

Adhesion to bovine mammary gland cells involves both bacterial activity and a more 

natural surface for bacteria to attach (III). A monolayer of epithelial cells in a culture 

medium is far from the authentic conditions of the udder and milk environment. 

However, some critical aspects of bacterial behavior, such as the ability to adhere to 

a biotic surface, can be seen under these conditions. 

6.1.4 ORIGIN OF CYTOKINES 

In experimental IMI studies, the origin of cytokines is not known. All cell types in 

close contact with milk can be a source of milk cytokines. We did not detect cytokines 

in serum (I), but this does not exclude the possibility of a more distant primary source 

of milk cytokines. Additional studies are needed to identify the primary source of milk 

cytokines. Research on the local production of milk cytokines needs to differentiate 

the source of cytokines between mammary gland epithelial cells, resident 

macrophages, and recruited PMNs. During the last decade, some studies have been 

published on the immune response of mammary gland epithelial cells to E. coli, 

Staph. aureus, and Strep. uberis (Wellnitz et al., 2006; Günther et al., 2011; Wellnitz 

et al., 2012; Im et al., 2014; Zbinden et al., 2014). These studies have focused more on 

mRNA than on mature cytokine detection. The mammary gland epithelium lines the 

milk compartment and is widely exposed to invading pathogens. This underlines the 

importance of research on the udder epithelium as a source of proinflammatory 

cytokines. 

 

The nature and handling of sample material affects the interpretation of the results. 

In our case, the milk samples were frozen and whey was separated by centrifugation 

for EIA measurements (I). These procedures ruptured the cells present in milk 

samples and released intracellular cytokines. Thus, cytokine concentrations in our 

study represented both intracellular and secreted cytokines.  

6.2 HOST INNATE IMMUNE RESPONSE 

In our experimental IMI, a strong local immune response was induced (I). Innate 

immune indicators in milk reacted in both CoNS strain challenges. Milk N-acetyl-β-

d-glucosaminidase (NAGase) activity and milk amyloid A (MAA) were moderately 

elevated, indicating a mild IMI. During inflammation, an intracellular lysosomal 

enzyme of milk neutrophils, NAGase, is released from activated or lysed neutrophils. 

NAGase and MAA both reflect tissue damage in the udder. Variation between 

bacterial species in the response intensity of these inflammatory indicators has been 

observed (Kalmus et al., 2013). Concentrations of pro-inflammatory cytokines IL-1β 

and TNF-α were at the same level as observed earlier in E. coli and Staph. aureus 

experimental IMIs (Riollet et al., 2000; Bannerman et al., 2004b). However, this does 

not mean that CoNS are as virulent as E. coli or Staph. aureus. More likely, this was 

caused by the much higher inoculation dose than in the previous studies. Previously, 

the concentration of chemokine IL-8 has been determined with human-specific IL-8 
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antibodies and standards (Riollet et al., 2000; Bannerman et al., 2004b). The 

concentration of chemokine IL-8 was ten times higher in our study (I) than observed 

earlier (Riollet et al., 2000; Bannerman et al., 2004b). This might be partly due to the 

more sensitive bovine-specific recombinant protein standard we used. In 

experimental ovine IMI with Staph. epidermidis challenge, the concentration of IL-8 

was recorded earlier (peak at 8 h PC) and over ten times higher than ours (Winter et 

al., 2003b). One explanation could be the ovine-specific EIA kit and standard protein 

used, while another might be the over three times higher inoculation dose or the fact 

that there might be differences between the immune response activity in cows and 

ewes. 

 

The serum concentration of SAA increased and other mild systemic signs were 

present in our experimental IMI model (I). Serum amyloid A (SAA) reacted to 

infection, but there were no statistically significant differences between Staph. 

epidermidis (PM221) and Staph. simulans (PM198), or between persistent and 

spontaneously eliminated infections. In addition, individual variation between cows 

was seen. However, the concentration of SAA was similar to that described earlier in 

experimental Staph. epidermidis IMI in ewes (Winter et al., 2003a). Although no 

changes in the concentrations of cytokines IL-1β, IL-8, and TNF-α in serum were 

seen, we can conclude based on the SAA response and presence of other mild systemic 

signs that a weak systemic response was induced. 

 

In our study (I), the highest concentrations of cytokines were mostly reached at 12 h 

PC, whereas in other experimental IMI studies, peak concentrations have been 

observed 4–12 h later (Riollet et al., 2000; Bannerman et al., 2004b). The cause of 

this difference is most probably the high inoculation dose used in our study. The 

differential response of IL-8 (early, delayed, and dual) has also been observed in other 

studies. An early response (peak at 12 h PC) has been observed in IMIs induced by 

Gram-negative bacteria (Bannerman et al., 2004b; Bannerman, 2009). A delayed 

response (peak at 30 h PC) has been recorded in a Strep. uberis challenged 

experimental infection (Bannerman et al., 2004a), while a dual response (peaks at 12 

h and 30 h PC) has been detected in ovine IMI induced with Staph. epidermidis 

(Winter et al., 2003b). The IL-8 response has been absent in some experimental 

Staph. aureus IMI studies (Riollet et al., 2000; Bannerman et al., 2004b). In these 

cases, the inoculation dose was quite low, which might explain the lacking IL-8 

response. 

 

The classical manifestation of mastitis, an increase in the milk somatic cell count 

(SCC), was seen in all infected quarters (I). The SCC increased at 27–30 h PC, which 

was several hours after the peak in cytokine concentrations (12 h PC). This suggests 

the possible chemoattractant nature of cytokines. However, differences between 

bacterial species and strains exist. The Strep. uberis-induced cytokine response was 

observed two days later than PMN infiltration (Rambeaud et al., 2003). Although 

quite a low inoculation dose was used, this observation suggests that other factors 

besides pro-inflammatory cytokines IL-1β, IL-8, and TNF-α may be involved in the 

recruitment of neutrophils into the udder. Other studies have also supported the 

observation of an SCC response prior to the cytokine response (Pedersen et al., 2003; 
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Bannerman et al., 2004a). The discussed differences in cytokine responses and 

profiles could be caused by different infection protocols, as well as bacterial species 

and analytical methods. Individual differences in the host response are most probably 

also involved in the differential results. 

 

Staph. simulans (PM198) appeared to be more virulent in our experimental IMI (I). 

It resulted in slightly pronounced clinical signs and a stronger innate immune 

response in milk. Staph. simulans might be better adapted to the udder environment, 

as the milk compartment is probably its natural habitat (Taponen et al., 2008; De 

Visscher et al., 2014). The observed clinical signs caused by strains originally isolated 

from subclinical mastitis (Staph. simulans (PM198) and Staph. epidermidis 

(PM221)) most probably resulted from the high inoculation dose used. During natural 

colonization, bacteria gradually invade the mammary gland and bacterial counts are 

much lower than in experimental infections. Spontaneous infection progresses slowly 

and the clinical signs are milder or absent. However, CoNS can also cause naturally 

occurring clinical mastitis (Taponen et al., 2006). We did not detect a correlation 

between spontaneous elimination of bacteria and the innate immune response, 

although differences between the mean values of cytokine concentrations were seen. 

We detected a tendency for a stronger innate immune response among spontaneously 

eliminated cases. 

6.3 GENETIC BACKGROUND OF BIOFILM 

FORMATION 

We detected 13 genes potentially involved in the initial step of Strep. uberis biofilm 

production (II). Some of these are linked to biofilm production and/or cell surface 

structures in Strep. uberis or other bacteria. Hyaluronan synthetase (hasA) has been 

related to phagocytosis and capsule formation (Ward et al., 2001), 

phosphopantothenoylcysteine decarboxylase (coaC) to biogenesis of the cell 

envelope, and ClpP has been suggested to have a role in biofilm production, stress 

tolerance, and intracellular replication (Savijoki et al., 2003; Frees et al., 2004; 

Chattoraj et al., 2010; Hou et al., 2014). The role of hasA in the production of capsular 

content (published in this thesis) is consistent with results presented by Ward et al. 

(2001). We also observed a similar fimbrial appearance in the hasA mutant to that in 

wt and parent EH58 strains. The hasA mutant preferred to attach onto the multiple 

attachment regions of other bacterial cells, whereas the parent strain, EH58, attached 

onto the opposite poles, leading to chain formation (Figure 9). The negative impact 

of hasA on biofilm formation might be causally related with the clustering pattern of 

the mutant strain. This type of intercellular adhesion might increase biofilm 

accumulation and maturation in Strep. uberis. The other explanation might be the 

sheltering effect of the capsule. In E. coli, the capsule was observed to interfere with 

some surface-exposed short adhesins (Schembri et al., 2004). 

 

The two-component system (TCS) response regulator LiaR appeared to be a potent 

component in the regulatory pathway of biofilm formation in Strep. uberis. TCS has 
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a central role in biofilm regulation, as well as in transducing and responding to 

environmental signals under environmental stress (Figure 3). The regulation of 

quorum sensing by TCS in biofilm formation has been shown to be important in 

Strep. mutans (Li et al., 2002). Consistent with Klinzing et al. (2013), we were not 

able to observe autoregulation of the operon liaFSR by LiaR. In many other bacterial 

species, the LiaFSR system is thought to be regulated by LiaR (Jordan et al., 2006; 

Yin et al., 2006; Suntharalingam et al., 2009). Phosphorylation greatly enhanced the 

DNA binding of LiaR (II). Phosphorylation has been observed to regulate biofilm 

formation by B. subtilis via modulation of DNA-binding transcriptional regulators 

(Parashar et al., 2013). We found five potential targets for LiaR, but only the 

expression of dipeptidase was affected by LiaR at the transcriptional level (II). The 

homologous Strep. gordonii dipeptidase (AbpB) has been shown to be important for 

biofilm formation and colonization on tooth surfaces (Chaudhuri et al., 2008). 

Dipeptidase could be involved in biofilm formation via casein-derived dipeptides for 

quorum sensing signaling in TCS (Bassler, 1999). From a broader perspective, the 

ability of bacteria to degrade bioactive peptides from casein to function as 

antimicrobials or immunomodulators has been suggested (Miclo et al., 2012). 

 

Recently published data on Staph. epidermidis genome differences between human- 

and bovine-associated commensal and pathogenic strains has identified several 

virulence-associated proteins, e.g. adhesive matrix proteins, lipases, proteases, and 

antigens (Savijoki et al., 2014). Biofilm production by Staph. epidermidis (PM221) 

has been demonstrated, although this strain lacked the icaADBC operon encoding 

PIA-mediated biofilm formation (Savijoki et al., 2014; Siljamäki et al., 2014). Other 

factors appear to contribute biofilm formation by Staph. epidermidis (PM221), as the 

biofilm was shown to consist of a protein- and DNA-mediated matrix (Siljamäki et 

al., 2014). 

6.4 IN VITRO BIOFILM FORMATION, ADHESION, 

AND SUSCEPTIBILITY TO PHAGOCYTOSIS  

Our results indicated that Strep. uberis biofilm formation or its tendency to adhere 

to BME cells is not reflected in the presence of clinical signs of the original infection 

(III). Although the adhesion step is the first and the most crucial stage in biofilm 

formation, there are differences depending on the surface of attachment. We 

observed a differing tendency of adhesion to plasticware and epithelial cells in Strep. 

uberis isolates. Strains that adhered to plastic did not adhere to epithelial cells 

(negative correlation between epithelial cell adhesion and biofilm formation detected 

by crystal violet staining of the wells (III)). This might reflect the different surface 

proteins and mechanisms of biofilm formation depending on the surface of bacterial 

attachment, as described in CoNS (reviewed by Becker et al., 2014). As fimbriae have 

been shown to be involved in biofilm formation by group A streptococcus (GAS) 

(Manetti et al., 2007), it is possible that similar surface structures are also involved in 

biofilm formation by Strep. uberis. In fact, fimbrial structures were present on the 
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surface of Strep. uberis isolates (Figure 9), but the detailed genetics, structure, and 

adhesion mechanisms remain to be characterized. 

 

Strep. uberis clinical isolates were more resistant to phagocytosis in vitro than the 

subclinical isolates (III). Biofilm formation indicated by adherent bacteria on plastics 

was positively correlated with the susceptibility of isolates to phagocytosis (III). If this 

also occurs in vivo, the clinical isolates might not be so easily eliminated from the 

mammary gland. Therefore, the quantity of bacteria will probably remain higher, 

intensifying the host innate immune response and the clinical signs. Highly adherent 

bacteria could also cause a more intense host immune response, especially if 

epithelial cells take part in initiating the innate immune response. Nevertheless, the 

clinical status was not statistically significantly correlated with Strep. uberis biofilm 

formation or adhesion in our study (III). A biofilm did not appear to be relevant for 

IMI development among CoNS isolates, either. Bacteria lacking the capability to form 

a biofilm generated the first clinical signs, followed by persistent IMI (Simojoki et al., 

2012). Staph. epidermidis (PM221) used in our experimental IMI is a typical biofilm 

producer (Simojoki et al., 2012), and yet Staph. epidermidis-induced IMI did not 

differ significantly from Staph. simulans IMI. 

 

Weakly adhesive Strep. uberis isolates were phagocytosed more often than strongly 

adherent bacteria (III). It could be speculated that adhesion to epithelial cells could 

be beneficial to bacteria, as this prevents their phagocytosis. Among CoNS, 

differences between species have been noted. Staph. simulans was associated with 

more intense adhesion to BME cells (Hyvönen et al., 2009), and it was capable of 

resisting phagocytosis and macrophage-mediated killing much better than Staph. 

agnetis, Staph. chromogenes, or even Staph. aureus (Åvall-Jääskeläinen et al., 2013). 

All CoNS strains were encapsulated, so a capsule was not the only factor involved 

here, although differences between capsules might exist (Åvall-Jääskeläinen et al., 

2013). 

 

Staph. simulans (PM198) caused a more intense host innate immune response than 

Staph. epidermidis (PM221) (I). This could reflect the observed differences in the 

bacterial load, possibly related to enhanced adhesion, proliferation, or resistance to 

phagocytosis. CoNS adhesion to, invasion into and intracellular replication in BME 

cells has been shown to differ between strains (Hyvönen et al., 2009). In the previous 

study by Hyvönen et al. (2009), the same CoNS strains (Staph. simulans (PM198), 

Staph. epidermidis (PM221)) were used as in our study (I). Comparison between 

Staph. simulans (PM198) and Staph. epidermidis (PM221) strains revealed that 

Staph. simulans (PM198) adhered more intensively (2.2% of bacteria adhered to 

BME cells in these conditions) than Staph. epidermidis (PM221) (0.89%). Invasion 

was higher in Staph. simulans (PM198) (0.02% of bacteria invaded BME cells in these 

conditions) than in Staph. epidermidis (PM221) (0.01%). In our experimental IMI 

(I), Staph. simulans (PM198) had a higher bacterial count in milk than Staph. 

epidermidis (PM221) during the early stages of infection. To summarize these 

findings, Staph. simulans might benefit from the adhesive nature, as the elimination 

rate is reduced. All the strains (Staph. chromogenes, Staph. simulans (PM198), and 

Staph. epidermidis (PM221)) used in two experimental studies by Simojoki et al. 
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(2009, 2011) were capable of inducing IMI manifesting clinical signs, although the 

intracellular replication rates of these CoNS species in vitro were only a fraction of 

the replication rate of the Staph. aureus clinical isolate (Hyvönen et al., 2009). 

Hyvönen et al. (2009) also observed that neither the bovine lactoferrin nor the type 

of infection (persistent or spontaneously eliminated) affected bacterial adhesion, 

invasion, or the replication rate. 

 



Conclusions 

70 

CONCLUSIONS 

Coagulase-negative staphylococcal species Staph. simulans (PM198) and Staph. 

epidermidis (PM221) cause intramammary infections with clinical, mostly local signs 

and elicit an innate immune response in the host. Staph. simulans (PM198) causes a 

more intense innate immune response and multiplies faster in the mammary gland. 

The host response to spontaneously eliminated and persistent infections did not 

significantly differ. (I) 

 

DNA-binding protein LiaR negatively regulates biofilm formation in Strep. uberis. 

(II). The gene hasA encodes for hyaluronan synthase, an enzyme needed for 

hyaluronic acid capsule production. HasA appeared to have a negative impact on 

biofilm formation by Strep. uberis. The fimbrial structures on the Strep. uberis cell 

wall might also be involved in biofilm formation. (Published in this thesis) 

 

Strep uberis clinical isolates are less susceptible to phagocytosis than subclinical 

isolates. Clinical and subclinical isolates do not differ in their ability to form a biofilm 

or adhere on epithelial cells. An association between biofilm formation and epithelial 

cell adhesion or susceptibility to phagocytosis was observed. An inverse relationship 

between epithelial adhesion and susceptibility to phagocytosis was recorded. Based 

on this, we suggest that the molecular recognition involved in the interaction between 

bacteria and epithelial or phagocytic cells might be different. (III) 

 

 

Figure 14 

A summary of the studies in this thesis presented as a schematic overview. Arrows represent 

a positive association or presumed direct or indirect stimulation and blunted lines a negative 

association or presumed direct or indirect inhibition between the items. 
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FUTURE CONSIDERATIONS 

Bacteria do not necessarily need to produce biofilms, but they might have much better 

possibilities to survive if they can adhere, although the risk of an excessively intensive 

host response exists. Some of the main aspects related to host-microbe interactions 

in bovine mastitis were covered in this thesis (Figure 14). 

 

However, several new questions were raised. A few of them are presented here as 

considerations for further study. The clinical relevance of biofilms in IMI did not 

become very clear in our studies. Therefore, innovations are needed to establish a 

method for biofilm research in the udder environment, and biofilm structural 

components such as fimbriae should be thoroughly investigated in Strep. uberis. 

Adhesion as a bacterial survival mechanism enabling virulence-associated factor 

should also be studied in vivo. On the other hand, the phagocytic capacity of milk 

macrophages and neutrophils requires further study using primary cells or even in 

vivo experiments. A more detailed evaluation of the host innate immune responses of 

the udder would be valuable. The role of mammary gland epithelial cells as the 

putative first contact cells with pathogens in the mammary gland should additionally 

be investigated. 
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