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Norsk sammendrag avhandling: 
 
Norsk tittel: 
 
Molekylære metoder for typing av Streptococcus agalactiae med særlig 
vektlegging av utvikling og validering av et multi-locus variable number of 
tandem repeats assay (MLVA) 
 
Sammendraget: 
Streptococcus agalactiae eller gruppe B streptokokker (GBS) forårsaker livsfarlige 
infeksjoner hos nyfødte, gravide eller voksne med kroniske sykdommer. Den 
forårsaker også jurbetennelse i storfe. Typing av GBS gir innblikk i bakteriens 
epidemiologi og dens fylogenetiske slektskap. Ulike deler av bakteriene kan være mål 
for typingsmetoder. Eldre immunologiske metoder fokuserer ofte på 
overflateegenskaper som polysakkarid- eller proteinstrukturer. Nyere molekylære 
metoder benytter bakteriens genmateriale til typing.  
Studien undersøkte om molekylære metoder hadde potensiale til å gi en bedre 
oppløsning av en stammesamling. I detalj ble typingen av overflateproteiner med både 
immunologiske og molekylære metoder sammenlignet og en multi-locus variable 
number of tandem repeats assay (MLVA) ble utviklet og evaluert. Sistnevnte metode 
er basert på variabiliteten i repeterte områder i bakteriens genom. 
Sammenligning av sero- og genotyping av GBS overflateproteiner er kompleks på 
grunn av kryssreaksjoner mellom de ulike proteinene som er sammensatt fra "samme 
byggesett". Positive resultat for begge metoder ble funnet for 122 av 147 stammer. Av 
disse hadde 74 % overensstemmende resultater. Ikke overensstemmende resultater ble 
funnet for tre og delvis overensstemmede resultater for 29 stammer.  
Utvikling av en MLVA for GBS ble gjort gjennom analyse av publiserte, helgenomer 
for tre stammer som resulterte i testing av i alt 18 kandidatloci. Videre undersøkelser 
identifiserte fem loci som ble inkludert i studiens MLVA.  
En stammesamling av 126 stammer fra nyfødte ble delt inn i 70 grupper av MLVA 
metoden, noe som representerte en klart overlegen oppløsning sammenlignet med to 
referansemetoder. Videre ble metodens egnethet for typing av epidemiologisk 
relaterte stammer demonstrert ved å undersøke 187 stammer som hadde forårsaket 
jurbetennelse hos storfe. Stammene var samlet inn fra 34 gårder og det ble funnet 37 
typer, stort sett en type per gård. På en gård som var representert med 48 stammer ble 
en forandring av et av MLVA områdene under innsamlingsperioden observert og kan 
gjenspeile stabiliteten av repeterte områder under in-vivo forhold.  
Oppsummert ble det vist at immunologiske og molekylære metoder viser 
overensstemmende eller delvis overensstemmende resultater i det store flertall av 
stammer. Molekylære metoder er overlegen i typingssammenheng siden det fører til 
mindre tvetydighet. MLVA metoden for GBS fungerte eksellent i studien og viste 
veldig god evne til å skille stammene i epidemiologisk relaterte grupper.  
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Summary
Streptococcus agalactiae or group B streptococcus (GBS) is a commensal organism in 

humans but can cause life threatening infection in susceptible hosts such as neonates, 

pregnant women and non-pregnant adults with chronic illnesses. It is also a cause of mastitis 

in bovines. Typing of GBS is performed to gain insight into the epidemiology and the 

phylogeny of the organism. Numerous typing methods have been used over the past 80 years 

reflecting the technical possibilities of their time. Over the past 20 years molecular methods 

have become common. 

Typing of GBS usually starts with the determination of the capsular polysaccharides 

(CPS). Subtyping of strain variable surface proteins is performed by some investigators.

These proteins consist of the alpha-like proteins and the 

This typing 

has traditionally been performed by immunological methods. 

Molecular typing methods have several advantages over serotyping, among them the 

generation of more unambiguous results and they bypass the problem of immunological 

cross-reactivity. More advanced molecular methods have the ability to differentiate strain 

collections into many types. Examples of this are pulsed-field gel electrophoresis and multi-

locus sequence typing (MLST).

This study aimed at investigating the potential of molecular methods for better 

resolution for the typing of GBS. Specifically the typing of surface proteins by immunological 

and molecular methods was compared and a multi-locus variable number of tandem repeats 

assay (MLVA) was developed and investigated.

Methods used in the study were serotyping of surface proteins, genotyping of surface 

proteins and capsular polysaccharides, MLST and MLVA. The GBS strain collections used 

consisted of 147 and 126 human strains in paper I and II, respectively, and 187 bovine strains 

in paper III. 

The comparison of sero- and genotyping of GBS surface proteins is complex due to 

the mosaicism of the alpha-like proteins which results in cross-reactivity. Of the 147 isolates 

used in paper I 24 and one were non-typable by sero- and genotyping, respectively. The two 

methods produced congruent results in 73.8% of 122 strains which were typable by both 

methods, discordant results in three and partially discordant results in 29 strains. 

The construction of a MLVA was possible through in-silico screening of the genomes

of three fully sequenced strains followed by the construction and analysis of PCRs for 18 
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candidate loci. Five of these loci were selected for the proposed MLVA. The MLVA 

generated clusters which corresponded well with those observed by the two other methods but 

provided a considerably higher degree of diversity. The strain collection of 126 strains was 

divided into 70 types by MLVA, 36 by MLST and 19 by the combination of CPS and surface 

proteins. The strains were clustered into comparable groups. 

To demonstrate the suitability of the MLVA method for high resolution typing of 

epidemiologically related strains we investigated 187 bovine strains. The strains were 

collected at 34 farms. MLVA analysis divided this strain collection into 37 types. In 29 farms 

all GBS strains had identical MLVA profiles specific for each farm. In one farm represented 

with 48 isolates, four MLVA variants with differences in one repeat locus were observed 

during the collection period of almost three years. Similar variations were observed at four 

other farms. This might reflect the stability of repeat loci under in vivo conditions.

In summary the study showed that typing of GBS surface proteins by immunological 

and molecular methods provides concordant or partially concordant results for the large 

majority of strains. Genotyping is superior to serotyping in this setting since it is able to type 

almost all strains and leads to less ambiguity. The MLVA typing scheme for GBS designed as 

part of the study performed excellently with very good discrimination. MLVA typed the 

strains into epidemiological groups comparable to MLST and typing of CPS and surface 

proteins. MLVA analysis of bovine GBS allocated a specific genotype to almost every farm 

while isolates from one farm were always identical or closely related. Taken together the 

results indicate that the MLVA is highly applicable for elucidating epidemiological 

relationships in GBS. 
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1 Introduction
Streptococcus agalactiae or group B streptococcus (GBS) is a commensal organism in 

humans but can cause life threatening infection in susceptible hosts such as neonates, 

pregnant women and non-pregnant adults with chronic illnesses (Schuchat et al., 2006). It is 

also a cause of mastitis in bovines (Keefe, 1997). Typing of GBS has provided many insights 

into the epidemiology of the species. Serotyping of the capsular polysaccharides (CPS) has 

uncovered high prevalence of serotype III in neonatal disease and the emergence of serotype 

V in adult disease (Blumberg et al., 1996). The surface proteins of GBS have also been 

studied extensively and used by some groups for adding further resolution to CPS typing. 

Both GBS surface structures are important targets for the ongoing development of a capsule 

based vaccine. Multi-locus sequence typing (MLST) which was introduced in 2003 revealed

predominance of sequence type 17 among newborns infected by serotype III strains and that 

most GBS belong to four major clonal complexes (Jones et al., 2003). Although MLST and 

pulsed-field gel electrophoresis (PFGE) are valuable typing methods they have some 

drawbacks, being time-consuming, expensive and need expert personnel. Further MLST is not 

a high resolution method and PFGE has limitations in the exchange and storage of results. 

Multi-locus variable number of tandem repeat assays (MLVA) have in recent years been 

proposed for several bacterial species as methods which are faster, cheaper and easier to 

perform. They can have high resolution depending on the choice of loci and the numerical 

results are easy to exchange and store. 

1.1 Group B streptococci

1.1.1 Bacteriology of GBS

Streptococcus agalactiae is a species in the genus of Streptococcus. Streptococcus is 

part of the family of Streptococcaceae in the order of Lactobacillales. The members of the 

genus are facultative anaerobic, catalase-negative gram-positive cocci. Their metabolism is 

mainly fermentative and lactic acid is the predominant end product (Whiley and Hardie, 

2009). Streptococci divide in one plane and therefore occur as pairs or chains. Streptococci 

may display beta-hemolytic, alpha-hemolytic and non-hemolytic reactions on blood agar.

Those with beta-hemolytic ability, i.e. to lysate erythrocytes completely in blood agar, were 

subdivided by their reaction to specific antisera against their group-specific cell wall anchored 

carbohydrate (Kilian, 2010). These tests were initially done with immunoprecipitation. The 
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classification of these streptococci was described by Rebecca Lancefield. In this classification 

S. agalactiae is the only species belonging to the serogroup B (Lancefield, 1934). This has led 

to a synonymous use of the term “group B streptococcus”, abbreviated GBS for the species. 

Chains are formed by GBS usually with more than 4 cells. Chains can be long, 

especially in liquid media and clinical material. Colonies of overnight cultures of GBS on

blood agar media tend to be >0.5 mm in diameter, typical for the large-colony-forming 

streptococci of the pyogenic group and differentiating GBS from the minute-colony-forming 

streptococci. The colonies are usually grayish-white but some strains can be pigmented from 

yellowish to brick-red which is unique in the genus (Whiley and Hardie, 2009). A small zone 

of complete hemolysis around the colonies is typical. The hemolysis is in some strains only 

apparent when colonies are removed from the agar (Spellerberg and Brandt, 2011). The 

hemolysin in GBS does not appear to be a major virulence factor and is not related to the 

streptolysins of Streptococcus pyogenes (Weiser and Rubens, 1987). About 1% of GBS 

- or non-hemolytic (Edwards and Nizet, 2011).

The cell wall of gram-positive bacteria has interlinked layers of peptidoglycan which 

add up to a thickness of 15 to 30 nm. This structure gives the cell rigidity and is important in 

controlling the intracellular turgor. Interspersed into this skeleton are secondary polymers 

such as teichoic acid structures. Polysaccharides and surface proteins are bound into the 

peptidoglycan and several of them protrude into the extracellular space often conferring 

virulence as discussed below (Beveridge and Matias, 2006). Surface proteins are anchored to 

the cell surface in different ways, the most common way is C-terminal anchoring including a 

well conserved LPXTG motif which is positioned right at the outer surface of the cytoplasmic 

membrane (Figure 1) (Fischetti, 2006).



15

Presumptive identification of streptococci from bovine mastitis was first made 

possible in the 1920s by analysis of sodium hippurate hydrolysis (Ayers and Rupp, 1922) and 

later by the above mentioned Lancefield typing system (Lancefield, 1933). The CAMP-test, 

introduced in 1944 (Christie et al., 1944) became later a standard test for identification of 

GBS. It uses the synergistic hemolytic effects of Staphylococcus aureus sphingomyelinase C

together with a GBS co-hemolysin. Today rapid tests, which usually include antisera from the 

six most important Lancefield groups, are available from several suppliers, usually based on

latex agglutination.

1.2.2 Short history of GBS

Historically Nocard and Mollereau were in 1887 the first to report the isolation of 

streptococci from bovine mastitis (Nocard and Mollereau, 1887). Several reports in the 

Figure 1: Major surface structures of the cell wall of gram-positive bacteria. Linked to the surface
of the peptidoglycan, many gram-positive organisms have polysaccharide structures that in
some cases are used for their immunological classification. Surface proteins are linked by three
mechanisms. (i) Lipoproteins have a lipid linked through a cysteine at the N terminus. (ii) C-terminal-
anchored proteins are attached and stabilized in the peptidoglycan through a C-terminal
complex containing an LPXTG motif. (Most surface proteins are anchored in this way.) (iii) Certain
surface proteins are attached through hydrophobic and/or charge interactions to the cell surface.
(Some proteins are bound ionically to the lipoteichoic acid.) The teichoic acids (TA) are a
common feature of the gram-positive cell wall. TA is usually composed of a repeating carbohydrate-
phosphate polymer linked through a phosphodiester linkage to the peptidoglycan. Lipoteichoic acid
(LTA) is composed of a similar polymer linked to the cytoplasmic membrane through a fatty acid.
Figure reprinted from (Fischetti, 2006) with permission from the publishers.
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following years described streptococci as pathogens of mastitis, among them Lehmann and 

Neumann in 1896 using the term Streptococcus agalactiae (Lehmann and Neumann, 1896).

In humans Hare and Colebrook noticed the difference between hemolytic streptococci isolated 

from vaginal samples in parturient women with or without puerperal fever. The streptococci 

of from parturient women without puerperal fever resembled those found in mastitis in cattle

(Hare and Colebrook, 1934). A closer investigation of these streptococci was made as 

mentioned above by Lancefield in her extensive research on hemolytic streptococci 

(Lancefield, 1933, 1934; Lancefield and Hare, 1935). This research provided the typing 

system for hemolytic streptococci bearing her name which is based on the group specific 

polysaccharides. Further research on GBS discovered the capsular polysaccharides (CPS).

Initially four types of CPS were demonstrated and found to be strain specific (Lancefield, 

1934, 1938). This provided the first typing system for GBS.

The initial isolations of GBS were made in cases of bovine mastitis and at that time 

this was seen as the main manifestation of GBS disease, despite a few reports linking GBS to 

puerperal septicemia (Fry, 1938; Lancefield and Hare, 1935) or invasive disease in children 

(Plummer, 1941; Wheeler and Foley, 1943).

The association of GBS to human disease was not properly recognized until the end of 

the 1950s (Eickhoff et al., 1964) and became generally accepted through the 1960s (Finn and 

Holden, 1970). This sudden emergence of GBS as human pathogen seems to be genuine

although other developments may have had an impact. The introduction of antibiotics through 

the 1950s led to the disappearance of puerperal fever as the major problem of the perinatal 

period. This may have led to increasing awareness for other diseases. Improvements in 

laboratory technology may also have contributed (Ross, 1984). Before the introduction of 

pasteurization cow milk contaminated with bovine GBS may have contributed to the 

epidemiology of GBS in humans. Contemporary reviews of this development were written 

e.g. by Finn and Holden (Finn and Holden, 1970), Jelínkoá (Jelínkoá, 1977) and Ross (Ross, 

1984).

1.2 Major antigens of GBS

1.2.1 Group B antigen

GBS has two types of surface polysaccharides, the group B antigen and type specific 

capsular polysaccharides of which ten have been described so far. The group antigen 

encountered in all GBS consists of rhamnose, N-acetyl glucosamine, galactose and specific 
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for GBS glucitol (Madoff et al., 2006; Pritchard et al., 1981). These sugars form a tetra-

antennary structure protruding from the cell surface (Michon et al., 1987). Group B-specific

antibodies have shown opsonizing activity on bovine strains which often possess low levels of 

CPS. On human strains which usually are highly encapsulated group B-specific antibodies are 

not able to bind to the group B antigen. (Madoff et al., 2006; Marques et al., 1994).

1.2.2 Capsular polysaccharides

GBS is usually encapsulated by a polysaccharide capsule, which is a major virulence 

determinant. Ten different of these capsular polysaccharides (CPS), designated Ia, Ib and II to 

IX, have so far been identified. By serotyping about 5-10% of strains are found to be non-

typable, although the genetic information for CPS formation is almost always present when 

the strains are typed by PCR (Kong et al., 2002; Slotved et al., 2003). The different 

polysaccharides occur at different frequencies, with CPS types III and V as the most common 

followed by Ia, II and recently IV (Diedrick et al., 2010; Madoff et al., 2006). There are,

however, geographical variations in the prevalence of CPS types, e.g. in Japanese women 

types VI and VIII are predominant (Lachenauer et al., 1999). Also certain CPS types are 

found more often in certain groups of patients, most notably, type III which causes up to 50% 

of newborn infections (Diedrick et al., 2010; Edwards and Nizet, 2011).

The polysaccharides are built up of subunits of oligosaccharides with a backbone

structure and side chains as illustrated in Figure 2. The oligosaccharide subunits are composed 

of four to seven monosaccharides depending on the serotype. Glucose, galactose, N-

acetylglucosamine, rhamnose and sialic acid are used in varying amounts (Madoff et al., 

2006). The subunits are repeated, usually 100 or more times (Rubens et al., 1987). The 

composition and architecture of backbone and side chain varies, resulting in immunological

distinct CPS types. The polysaccharide capsule interferes with the deposition of complement 

components on the bacterial surface. Sialic acid is present in all nine types that are 

investigated while no data are available for the recently described CPS type IX (Slotved et al., 

2007). Sialic acid holds the terminal position of the side chain and is a pathogenicity factor in 

itself because it inhibits the activation of the alternative complement pathway (Edwards et al., 

1982; Madoff et al., 2006; Marques et al., 1992; Wessels et al., 1989). Antibodies against CPS 

can mediate type specific protective immunity.
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1.2.3 Surface proteins

GBS express a variety of surface proteins, some of which are present in every strain such as 

the Sip or the FbsA protein discussed below. Other proteins are found in some but not all 

strains, and have been used for sero-subtyping purposes, most importantly the alpha-like 

protein (Alp) group. A comprehensive overview of GBS surface proteins was published in 

2005 (Lindahl et al., 2005).

1.2.3.1 Alps and other strain variable surface proteins

Of the GBS surface proteins, the strain variable alpha-like proteins have been most 

extensively studied. The Alps include six known proteins Alp1, Alp2, Alp3, 

Alp4 and R4. One of them is found in almost all GBS strains but only very rarely more than 

one Alp is present. The nomenclature is incoherent. The prototype protein of the group 

(Madoff et al., 2006). Strains which are positive for protein usually harbor

protein as well which is discussed below. Alp1

termed Epsilon by some authors (Creti et al., 2004; Puopolo and Madoff, 2003). Strains with 

Alp1 usually do not poss originally detected in a bovine GBS strain,

occurs infrequently and has to our knowledge never been encountered in human strains. The 

R4 protein was shown to be identical to the Rib protein, both designations are still in use 

(Bevanger et al., 1995; Smith et al., 2004). The genes for all of these six Alps have been

sequenced, except for Alp4 for which only a partial sequence is available. The genes are 

named bca for the protein, alp1 (or epsilon) for Alp1, alp2 (Alp2), alp3 (Alp3), alp4

Figure 2: Illustration of the structure of the oligosaccharide subunits of the GBS capsular 
polysaccharides. The subunits consist of a backbone with side chains. The subunits are usually 
repeated 100 times and more. Type III with a subunit with five monocaccharides, type V with 
seven are shown here.
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(Alp4) and rib (R4). When tested immunologically some strains do not react with any of the 

Alp antisera even if the genetic information for the protein is present in the genome. One of 

these genes has been found in almost every GBS strain tested. The proportion of 

immunologically non-typeable strains may depend on the strain collection, antisera used and 

the immunological methods. The Alps are usually associated with certain capsular types, e.g.

CPS type Ia is usually found together with Alp1, type III with R4 and type V with Alp3

(Lindahl et al., 2005).

All Alps are constructed in a similar manner; they consist of a C-terminal end 

containing the LPXTG motif, typical for the cell wall anchoring part of surface-anchored

proteins in gram-positive bacteria. Towards the N-terminal this is followed by a variable 

region and then long tandem repeats of different length and repeat number. The bca gene 

encoding A909 has nine completely identical 

repeats of 246 nucleotides (Michel et al., 1992). These large repeats result in Western-Blot 

patterns with a typical ladder formation (Madoff et al., 2006). It was shown strains 

isolated from mothers and their newborn children that the strains from children had fewer 

repeats than the strains from the mothers. The low repeat mutants were less efficiently

opsonized for phagocytic killing than the strains from mothers (Madoff et al., 1996; Madoff et 

al., 2006). The N-terminal end is distinct for each protein, except for Alp2 and Alp3, and it 

often harbors a specific antigenic site. Alps are built of interchangeable units in a mosaic 

fashion (Lachenauer et al., 2000). For instance, R4 and Alp3 have nearly identical repeat 

-termini

(Kvam et al., 2011). These similarities can probably explain the immunological cross-

reactivity observed. Cross-reactivity due to the mosaic structure however, makes the use of 

these proteins for subtyping challenging. This is especially a problem for the Alp3 protein 

which is thought to have no protein specific antigenic sites of its own, but reacts with antisera 

against Alp2 and R4. Typing of this protein by immunological methods is therefore difficult.

Also Alp1 is difficult to distinguish by serotyping. The existence 

of Alp1 was suspected through immunological studies and confirmed by sequencing in 1994 

(Brady et al., 1988; Madoff et al., 2006). Studies published before the recognition of Alp1 

would have reported strains containing

was due to strong immunological cross-reactivity. In a recent study an Alp1 specific antigenic 

site has been described (Kvam et al., 2011).

Proteins of the Alp-family may also be found in other streptococci. The R28 protein in 

Streptococcus pyogenes is nearly identical to the Alp3 protein of GBS. It might have arisen in 
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GBS and may later have been acquired by S. pyogenes by horizontal gene transfer

(Stalhammar-Carlemalm et al., 1999). In a Streptococcus dysgalactiae subsp. equisimilis

strain a chimeric protein of R4 and Alp2 was demonstrated (Creti et al., 2007).

mentioned above, the R3 and 

the Z proteins ; often in CPS type Ib strains (Madoff 

et al., 2006). It was first recognized as part of the C protein of which a trypsin resistant 

component was found to be and a trypsin sensitive component was (Bevanger and 

Maeland, 1979; Wilkinson and Eagon, 1971). is a 130-kDa membrane bound protein. The 

bac is known, among others from the fully sequenced strain A909. It

does not have large repeats as those found in alpha-like proteins. has a domain in its N-

terminal half with high affinity to human IgA binding it in a non-immunological fashion.

Immunization of mice with this protein protected their neonatal pups from GBS infection 

(Madoff et al., 1992). It has therefore been proposed as a conjugate component for a possible 

conjugate vaccine (Madoff et al., 1994). The R3 protein was described in 1972 as one 

of four R proteins found in streptococci (Wilkinson, 1972). Like the Alps described above, it 

is also a trypsin resistant and ladder forming protein. It is usually found in combination with

an alpha-like protein. The sequence of the gene encoding R3 is not known. In most strain

collections a low prevalence of R3 was found (< 10%) but in two Zimbabwean collections it

was found in more than 20 % of all strains and in over 75% of serotype V strains 

(Mavenyengwa et al., 2008; Moyo et al., 2002). R3 may therefore be more important in 

certain geographical areas than in others. The Z protein was recently described and usually

occurred in strains which also carried the R3 protein (Mavenyengwa et al., 2009).

1.2.3.2 Other surface proteins

Several other surface proteins have been identified and tested for their involvement in 

GBS virulence. The scpB-lmb composite transposon codes for C5a-peptidase and laminin-

binding protein. Homologues of this transposon were found in the genomes of S. pyogenes

and S. dysgalactiae subsp. equisimilis. The scpB-lmb genes are separated by a spacer region 

of 164 bp. Alternatively an insertion element named IS1548 may be inserted into this 

intergenic spacer or as a third possibility another element named GBSi1 might be found. 

Interestingly these two inserted elements were shown to be associated with two CPS type III 

clonal complexes (CC, as determined by multi-locus sequence typing discussed below).

IS1548 was always found in CC19 and GBSi1 always in CC17 (Granlund et al., 2001; Hery-

Arnaud et al., 2005). The C5a peptidase encoded by scpB cleaves the complement component 
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C5a which is a potent chemotaxin for polymorphonuclear leukocytes (Beckmann et al., 2002).

Further the peptidase mediates binding of GBS to human immobilized fibronectin and has 

been shown to be involved in the invasion of epithelial cells by GBS (Cheng et al., 2002). The 

lipoprotein encoded by lmb mediates binding of GBS to human laminin and thereby to 

epithelial cells (Bröker and Spellerberg, 2004). The scpB and lmb genes seem to be harbored 

by all human GBS, but is rarely found in bovine strains (Dmitriev et al., 2004).

The FbsA protein is a surface exposed protein which binds to human fibrinogen and is 

therefore involved in the adhesion of GBS to human cells (Schubert et al., 2002). It has 

typical features of a surface located protein with a signal peptide sequence at the N-terminus, 

a cell wall spanning region and the typical anchoring motif LPXTG. Its most striking feature 

however is the middle part consisting of tandem repeats of 48 bp which is highly variable in 

number (Schubert et al., 2002). The number of repeats has been shown to have effects on the 

binding efficiency of FbsA to fibrinogen. Those strains with lower repeat counts had the 

highest efficiency in these experiments. Most of these strains belong to the clonal complex 17

(Rosenau et al., 2007).

The bibA gene encoding the BibA protein has been found in all GBS strains tested.

The protein harbors the LPXTG motif but surface exposure is only found in about half of the 

strains tested. Surface exposure of the protein was associated with protection in mice 

immunized with BibA. The protein confers resistance to phagocytic killing and confers 

adhesion to host cells (Santi et al., 2007). The protein has been found in four allelic variants 

which are associated with specific capsular types and MLST clonal complexes (Lamy et al., 

2006; Santi et al., 2009). One of the four variants is strongly associated with the CC17 and a

PCR assay has been developed based on bibA for presumptive identification of the CC (Lamy 

et al., 2006).

The sip gene, encoding the surface immunogenic protein, is found in virtually all GBS 

strains. Its sequence is highly conserved (Brodeur et al., 2000). It may therefore be used for 

the detection of GBS by PCR (Bergh et al., 2004; Bergseng et al., 2007). Since immunization 

of mice with the Sip protein produced protective antibodies against challenge with several 

CPS types it is considered a vaccine candidate (Martin et al., 2002). The exact function of this 

protein is still unknown. 

The serine-rich repeat protein Srr-1 is secreted extracellular and transported to the cell

surface where it is heavily glycosylated. It was reported to promote colonization by enhancing 

adhesion, also an enhanced penetration of the blood-brain barrier by GBS in mice was 

reported (Sheen et al., 2011; van Sorge et al., 2009). Homologs of the protein exist in several 
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streptococcal species. A second serine-rich repeat protein Srr-2 has been described and seems 

to be associated with the important CPS III, sequence type 17 (Seifert et al., 2006).

Hyaluronate lyase is encoded by hylB and is thought to be associated with cell 

invasion. The insertion element IS1548 mentioned above can sometimes be found in several

copies in the genome and may be inserted into the hylB gene. These strains, many of which 

are invasive, can not generate hyaluronate lyase and its importance as a virulence factor is 

therefore doubtful since strains with or without the lyase seem to be equally virulent

(Sukhnanand et al., 2005; Yildirim et al., 2002).

1.2.4 Pili

Pili on the surface of bacteria are promoting adherence to epithelial cells. Other 

functions may be to facilitate the formation of microcolonies and biofilms and to promote 

transepithelial migration (Margarit et al., 2009). In GBS, pili were found in 2005 by a reverse 

genetics approach (Dramsi et al., 2006; Lauer et al., 2005) which subsequently led to the 

discovery of pili in S. pyogenes and S. pneumoniae (Barocchi et al., 2006; Mora et al., 2005).

Further studies in GBS showed three types of pili, termed 1, 2a and 2b. The encoding genes 

for type 1 and 2a/2b are located at two different locations in the genome (Telford et al., 2006).

At least one of the three has been found in virtually all GBS strains tested and they often 

appear in combinations. Certain pili or combinations seem to be associated with certain 

serotypes. They have evoked protective immunity in mice and are therefore considered as

new candidates for a GBS vaccine (Margarit et al., 2009).

1.2.5 Other virulence factors

Several other virulence factors of which most are secreted have been described in 

GBS. The CAMP factor used for presumptive identification of GBS has been shown to act as 

a co-hemolysin together with the Staphylococcus aureus hemolysin sphingomyelinase. They

produce an enhanced hemolysis when cultured together on blood agar plates. CAMP factor 

has the ability to produce pores in target cells. Its pathogenicity has, however, been 

questioned (Hensler et al., 2008).

A cell-surface-associated protein (CspA) has been identified as an extracellular surface 

associated protease. The protein can cleave human fibrinogen and selected chemotaxins 

(Bryan and Shelver, 2009; Harris et al., 2003). CspA has been shown to be important for GBS 

to be fully virulent.
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The hemolysin responsible for GBS -hemolytic activity is -hemolysin/cytolysin

encoded by the cyl operon. It is a pore forming cytolysin. It is not related to the streptolysins 

in S. pyogenes which are major virulence factors of that species. The occasional appearance of 

non-hemolytic clinical isolates suggests that the hemolysin is not vital for the pathogenicity of 

GBS. It has not enhanced GBS virulence in rats (Weiser and Rubens, 1987). More recent

studies found cytotoxic activity in the neuronal tissue of rats which might involve the protein 

in the pathogenesis of meningitis (Reiß et al., 2011). Non-hemolytic strains seem to have a 

insertion sequence in their cyl operon disturbing hemolysin production (Spellerberg et al., 

1999).

1.3 Genetics of GBS

In 1995 the genome of a Haemophilus influenzae strain was published (Fleischmann et 

al., 1995), the first free-living organism to have its entire genome sequenced. This was 

possible because of advances in sequencing technology, especially the chain termination 

technology (Sanger et al., 1977) and the sophistication of this by fluorescence detection of 

DNA fragments (Smith et al., 1986). This technology was afterwards used to sequence the 

genome of other bacterial species. For the Streptococcus genus two genomes each of 

Streptococcus pyogenes and Streptococcus pneumoniae were published in 2001 and 2002.

Later in 2002 two whole genome sequences of GBS were published by two independent 

groups at the Pasteur institute (Glaser et al., 2002) and the TIGR institute (Tettelin et al., 

2002). Comparisons of the genomes of the three species showed that most of the proteins 

found in the GBS genome had orthologs in at least one of the two other species. The 

chromosomal order is highly conserved between GBS and S. pyogenes, underscoring the 

relatedness of these two species (Glaser et al., 2002).

The Pasteur institute in Paris sequenced the strain NEM316 of CPS type III, Alp2

surface protein and multi-locus sequence type (MLST) 23. Strain 2603V/R (CPS type V, 

protein R4, MLST110) was sequenced by the TIGR institute in Maryland, United States.

These genomes were sequenced by the shotgun procedure and afterwards assembled and 

annotated. Both are somewhat atypical representatives of their serotypes, both with regard to 

surface proteins and sequence types (as determined by multi-locus sequence typing discussed 

below). NEM316 (ATCC12403) is a strain from before the Second World War and was given 

to Lancefield by Colebrook according to the ATCC catalogue (LCG_Standards, 2011). It is 

often referred to as an invasive neonatal strain, but this has been questioned (Sørensen et al., 
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2010). Its surface protein is Alp2 instead of the expected R4 and the sequence type is ST23,

whereas a typical pathogenic type III strain would be expected to be ST17 or ST19. Further it 

is lactose fermenting, which is more typical for bovine strains. The strain 2603V/R displays

the R4 protein instead of the more common Alp3 and it is of ST110 (clonal complex 19) and 

not ST1 which would have been typical for a CPS type V strain. Capsule switching might be 

responsible for the finding of CPS type V in 2603V/R (Davies et al., 2004). Another fully 

assembled genome is published for strain A909 (CPS type Ia, pro ST7) (Tettelin 

et al., 2005), also in this strain the presence of Alp1 more 

typical for a Ia strain. Five additional strains were shotgun sequenced but not fully assembled

(strain 515 (Ia, epsilon, ST23), H36B (Ib, ST 6), 18RS21 (II, ST19), COH1 (III, 

ST17) and CJB111 (V, ST1) (Tettelin et al., 2005). In 2010 an additional shotgun sequence 

became available as part of the human microbiome project (ATCC13813, Ic, GeneBank 

accession number: AEQQ00000000) and in 2011 the genome of a strain from bovine mastitis

assembled to only eight contigs was published (Richards et al., 2011).

GBS has a circular genome of around 2.2 mill bp with a low G+C content of ca. 35%, 

typical for streptococci. The bovine strain sequenced by Richards et al. had a considerably 

larger genome of 2.45 mill bp mainly due to insertion sequences (Richards et al., 2011). The 

GBS genome contains about 2100 genes of which two-thirds have assigned biological roles 

(Tettelin et al., 2002). While about 55% of the genes in the genome of strain NEM316 have 

orthologes in the genome of S. pyogenes, most of the genes that do not have orthologes, are 

clustered in 14 genomic islands initially described as putative pathogenicity islands (Glaser et 

al., 2002). Further studies confirmed this assumption for four of these (Herbert et al., 2005).

Bacterial genomes have been divided into a conserved core genome and a more 

variable accessory genome. The core genome consists of genes encountered in all strains of 

the species and the accessory genome is the sum of all genes not present in all strains in 

sequenced strains of a species. Together they represent the pan-genome of the species 

(Tettelin et al., 2005). In a comparison between streptococcal genomes, the genome of GBS 

has been found to have a larger pan-genome than the closely related S. pyogenes possibly 

reflecting the adaption to a broader habitat by GBS (Lefebure and Stanhope, 2007). On the 

other hand the core genome of GBS seems to be better conserved than that of S. pyogenes 

with 18% and 37% putative recombinant genes, respectively. Because of the broader habitat 

the size of the GBS pan-genome is thought to be less well estimated by the sequences of eight 

genomes, a statement that is underscored by the bigger size of the recently sequenced bovine 

strain with 183 genes specific to this strain (Richards et al., 2011).
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1.4 Epidemiology of GBS

GBS is regularly found in humans as a colonizing organism without causing 

symptoms. The main habitat of the bacterium is the gastrointestinal tract; this location leads to 

a colonization of the female genitourinary tract (Edwards and Nizet, 2011). GBS from women 

in childbearing age has been recovered at variable frequencies, but with recto-vaginal samples 

and optimized culture techniques frequencies of 21-35% have often been reported in newer

studies (Bergseng et al., 2007; Madzivhandila et al., 2011; Mavenyengwa et al., 2010; Van 

Dyke et al., 2009). In a recent review of colonization rates in Europe a range from 6.5% 

(Turkey) to 36% (Denmark) was noted (Barcaite et al., 2008). Colonization with GBS in 

pregnant women is intermittent in a considerable number of women. Late antenatal cultures 

performed no longer than 5 weeks before delivery are therefore considered fairly accurate in 

predicting the carrier status at delivery (Yancey et al., 1996). GBS can also be found in the 

urethra and is an unusual cause of urinary tract infection. Other locations such as the oro-

pharynx and upper airways have been reported, however at much lower frequencies. During 

delivery, the child of a colonized mother can become infected. Colonization in late pregnancy 

is therefore a risk factor for newborn disease, and screening for GBS colonization is 

performed in several countries. To determine the GBS colonization status it is recommended 

to culture swabs collected from the lower vagina and rectum. The use of selective enrichment 

broth is recommended and improves the chance of laboratory detection of GBS substantially

(Verani et al., 2010).

1.4.1 Infection and disease in humans

GBS is a colonizing organism in humans but can occur as an opportunistic pathogen.

Three patient groups can be separated: nonpregnant adults, newborn children and pregnant 

women. About two-thirds of all invasive GBS cases in the USA in 2001 were encountered 

among nonpregnant adults and the frequency of invasive diseases in this patient group seems 

to increase further (Skoff et al., 2009), an observation also made in Norway (Figure 3). Most 

of the patients in this group do have underlying diseases such as diabetes or malignancies 

(Farley, 2001). The risk of GBS disease is also increasing with age. While septicemia without 

identifiable focus is observed regularly in nonpregnant adults, syndromes such as skin and/or 

soft tissue infection, pneumonia and septic arthritis are also common (Schuchat et al., 2006;
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Skoff et al., 2009). Cases of necrotizing fasciitis are observed infrequently (Sendi et al., 

2008).

Among newborn children, GBS is a leading cause of invasive bacterial disease (Schuchat et 

al., 2006). The neonatal patients are classified into two groups: those who become ill on days 

0-6 of their life, referred to as early onset disease (EOD) and those affected on days 7-90 after 

birth, referred to as late onset disease (LOD). Colonization of the newborn child is a 

prerequisite of EOD. Vertical transmission of GBS from colonized mothers to their newborns 

occurs in about 50 % of births (Edwards and Nizet, 2011). Transmission might occur by the 

ascending route into the uterus, through translocation through intact membranes, through 

ruptured membranes, or by contamination during passage through the birth canal. There is an 

increased risk of colonization of the newborn if the mother is heavily colonized (Ferrieri et al., 

1977; Regan et al., 1996). Overall only few neonates develop invasive GBS disease; usually 

less than one per 1000 life births in industrialized countries, however the incidence may be 

higher in developing countries (Madhi et al., 2003). Most cases of invasive disease occur in 

adults but the incidence is considerably higher in newborns. In Norway the annual incidence 

rate for neonatal disease is 0.70/1000 for the period 2001-2010 (Folkehelseinstituttet, 2011).

Few newborns, usually between less than 0.5 to 1/1000 live births, will develop EOD.

The annual incidence rate in Norway for EOD for the years 2005-2010 is 0.42 (own data). In 

the USA a prevention strategy has succeeded in reducing the incidence from around 2/1000 

Figure 3: Number of cases of invasive group B streptococcal disease for three age groups as notified to the 

Norwegian Surveillance System for Communicable Diseases (www.MSIS.no), years 1997-2011
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live births to 0.34 in 2003-2005 (Phares et al., 2008). When considering a maternal

colonization rate of 25-33% and a newborn colonization rate of ca. 50%, about 12.5-17.5% of 

newborns become carriers of GBS at birth and are at risk for EOD. Most fatal cases in 

newborns occur in the EOD group. The case-fatality rate is reported to be 20% in infants 

before 33 weeks of gestation and about 2-3% among full-term infants (Verani et al., 2010).

EOD will typically develop as septicemia, pneumonia, meningitis or other serious syndromes.

About 85% of EOD cases occur within 24 hours of birth. Most premature infants tend to be in 

this group while babies with onset after 24 hours tend to be born at term (Edwards and Nizet, 

2011).

About 20 to 40 % of neonatal cases have been classified as LOD but with successful 

EOD prevention programs the proportion of LOD will necessarily increase. In the USA the 

proportion has been reported to be around 50% (Phares et al., 2008). Among babies who

develop LOD 65% of cases may develop septicemia without identified focus (Edwards and 

Nizet, 2011). Meningitis is a common presentation and found in 25% of cases. About 50% of 

these cases suffer from long-term neurodevelopmental sequelae (Bedford et al., 2001). Risk 

factors for LOD are less well defined than for EOD. GBS is acquired perinatally, from 

community sources or nosocomially. Prematurity is the best recognized risk factor for LOD, 

however in term infants, obvious risk factors can often not be identified (Edwards and Nizet, 

2011; Jordan et al., 2008; Lin et al., 2003). A minority of cases might be associated to GBS in 

breast milk (Gagneur et al., 2009; Kotiw et al., 2003).

Pregnant women may develop GBS related diseases during their pregnancy, childbirth 

or the postpartum period (Schuchat et al., 2006). Urinary tract infection caused by GBS is 

sometimes observed during pregnancy. More serious conditions such as chorioamnionitis or

bacteremia may occur. Studies found that such diseases accounted for 11% (Zangwill et al., 

1992) and 6.3% (Schrag et al., 2000) of all invasive GBS cases. Further, infections of the 

mother may lead to premature delivery and low birth weight infants or late abortions 

(Daugaard et al., 1988). Also GBS can be found after stillbirth and late abortion in autopsies 

and may be considered a causative agent (Gibbs et al., 2004; McClure et al., 2010). GBS may 

be found in breast milk with mastitis symptoms in about 21% of mastitis cases and in 10% of 

controls (Kvist et al., 2008).

1.4.2 Prevention of GBS disease

Two main strategies for prevention of human GBS disease are focused upon in the 

research community today: intrapartum antibiotic prophylaxis (IAP) and development of a 
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vaccine against GBS. It is well documented that vertical transmission of the agent in 

newborns can be reduced by administration of intrapartum prophylactic antibiotics to the 

mother (Verani et al., 2010). This strategy has succeeded in reducing the incidence of EOD in 

the USA (Phares et al., 2008). Vaccination would have the potential to prevent LOD and adult 

disease as well. Several candidate vaccines have been tested successfully and clinical trials 

are underway (Heath, 2011).

Prevention of EOD in newborns is possible when antibiotics are given to the mother

during delivery, i.e. intrapartum antibiotic prophylaxis. Selection of pregnant women for IAP

follows two main strategies; either a risk-based approach or an approach based on screening 

for recto-vaginal GBS colonization in pregnancy week 35-37. The risk-based strategy 

includes a set of criteria known to increase the risk of EOD in newborns. The following risk 

factors have been defined: GBS colonization, GBS bacteriuria as a marker of heavy 

colonization or GBS urinary tract infections of the mother during pregnancy, preterm birth 

before 37th week or low birth weight infants, prolonged rupture of membranes >18 hours, 

temperature > 38ºC, and a previous infant with GBS disease (Verani et al., 2010). If any of 

the risk factors is present the woman should receive IAP. The drug of choice in this setting is 

intravenous penicillin, while clindamycin or erythromycin is used if penicillin is 

contraindicated. IAP also reduces the frequency of invasive GBS disease in mothers (Phares 

et al., 2008).

The screening- or culture-based strategy includes screening of all pregnant women for 

GBS colonization in pregnancy week 35-37. All colonized women should then receive IAP. 

This approach has been adopted in the USA through the 1990s with U.S. American national 

guidelines describing these measures first released in 1996 and updated in 2002 and 2010 

(Verani et al., 2010). This strategy has resulted in a considerable reduction in cases of EOD 

from 1.7 cases per 1000 live births in the early 1990s to 0.5 in 1999 and 0.34-0.37 cases in 

2003-2008 (Jordan et al., 2008; Verani et al., 2010). Most European countries chose to follow 

the risk based strategy in the 1990s because of a generally lower incidence of EOD. In recent 

years however the apparent success of the screening based strategy has caused countries like 

France and Germany to adopt American guidelines. Other countries such as Norway and the 

UK are following the risk based approach (Hordnes et al., 2010).
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1.4.2.1 Vaccines

IAP prevents only EOD while vaccination is expected to prevent LOD as well. D

(Heath, 2011). A vaccine could be administered to adolescent females or late in pregnancy. 

Also adults at risk (>65 years, diabetics) could be selected for targeted immunization. 

Many antigens of GBS have been proposed as candidates for a vaccine. Most efforts 

have concentrated on using CPS as immunoprophylactic antigens. The CPS type most 

frequently encountered in neonatal disease is type III followed by types Ia, Ib, II and V.

Together they are responsible for about 96% of neonatal and 88% of adult cases in the USA 

(Phares et al., 2008). A CPS vaccine should therefore include these antigens. Candidate 

vaccines using CPS alone have shown poor immunogenicity. In newer candidate vaccines

CPS are therefore conjugated to protein carriers. Several proteins have been tested as 

conjugates, e.g. tetanus toxoid or CRM197, a non-toxic diphtheroidal protein. GBS surface 

proteins have been used successfully as conjugates with CPS in mice and have an obvious 

attraction as they confer immunity on their own (Heath, 2011; Madoff et al., 1994). Other 

targets than CPS for a GBS vaccine have been proposed. Several surface proteins of GBS 

have been shown protective in animal studies, e.g. Sip (Brodeur et al., 2000) and C5a 

peptidase (Santillan et al., 2008). Both proteins are present in all GBS strains and would have 

obvious advantages in design over vaccines combined of several CPS types. The recent 

discovery of pili has been a result of genome mining and has added another interesting group 

of antigens to the list of GBS vaccine candidates (Margarit et al., 2009).

1.4.3 Infection in animals

GBS infection has been reported in several different animal species such as bovines, 

dog, cat, goat, elephant, fish, crocodile and frog (Bishop et al., 2007). In veterinary literature 

mastitis is studied mainly in domestic cattle, but other milk producing animals such as camels

or sheep can develop GBS mastitis (Linage and Gonzalo, 2008; Tibary et al., 2006). In other 

animal species GBS may infect different organ systems resulting in outbreaks of

meningoencephalitis and septicemia in fish farms or outbreaks of necrotizing fasciitis on 

crocodile farms (Bishop et al., 2007; Pereira et al., 2010).

1.4.3.1 Infection in cattle

In cattle, GBS is an obligate pathogen of the udder leading to acute mastitis or to 

subclinical mastitis (McDonald, 1977). Other sites of infections in cattle are virtually 

unknown in veterinary literature (Zadoks et al., 2011). Acute mastitis with fever and 



30

inflammation of one or several quarters of the udder is usually readily diagnosed and treated. 

Subclinical infection is at least equally common and does not have a high self-cure rate

(Keefe, 1997). It leads to an inflammation of the milk ducts and gradual scaring with 

decreasing milk production. Animals with subclinical disease are thought to be the reservoir 

for maintaining outbreaks in herds by going unnoticed and spreading the bacterium to other 

individuals. In a Danish Study the udder was artificially infected with GBS strains obtained 

from humans or bovines. Results suggested that the strain origin might have an influence on 

the outcome. If the strain was a human colonizing strain it lead to acute mastitis with a 

tendency towards self-cure. If the strain was of bovine origin the acute disease tended to be 

milder, however self-cure was unusual (Jensen, 1982). Studies analyzing outbreaks of GBS 

identify usually a single strain responsible for an outbreak in a herd, while different herds 

have different strains (Barkema et al., 2009; Duarte et al., 2004; Zadoks et al., 2011).

Mastitis makes a serious economical impact on milk production. The annual costs of 

mastitis were estimated to be around 245 million Norwegian kroner in 2000. This is a result of 

the combined costs of diagnostics and treatment, discarded milk in the disease period, reduced 

milk production afterwards and reduced prices because of elevated cell counts in the milk 

(Østerås and Lystad, 2001). Previously, GBS was a major cause of mastitis in dairy cows, 

especially in the pre-antibiotic era (Keefe, 1997). E.g. for Danish herds in the 1950s a 

prevalence of GBS infected herds of 20-30% was observed (Jensen, 1980). Due to the high 

prevalence eradication programs were instituted to control GBS mastitis. Measures included

education of farmers and infection control measures in stables. When GBS was found in a 

herd, treatment of infected animals was instituted. In more severely affected herds all animals

were screened, subclinical infections were treated and finally animals which remained

infected after repeated treatment attempts were culled. Surveillance of mastitis is usually 

carried out by screening the cell count in bulk milk. High cell counts indicate the presence of 

leukocytes and inflammation and should trigger follow-up measures (Keefe, 1997;

McDonald, 1977). The efforts to eradicate bovine GBS mastitis succeeded in reducing the 

incidence through the last 30-40 years, and mastitis by GBS was rarely encountered in 

Scandinavia since the 1980s, e.g. Denmark had a herd prevalence of <2% through the 1980s 

and 1990s (Agger et al., 1994). This success led to the abandonment of screening of bulk milk 

for GBS in Norway in 1996. 

During the last ten years a reemergence of GBS mastitis has been observed in several 

Scandinavian countries, and in 2008 close to 6% of Danish herds were found positive 

(Barkema et al., 2009; Katholm and Rattenborg, 2009; Zadoks et al., 2011). Newer



31

developments towards free stalls, bigger herds, milking robots and organic farming have been 

suggested as contributing factors (Persson and Landin, 2009).

Given the close relationship between humans and cattle through history, the idea of a 

mutual exchange of this common pathogen is obvious. The cohabitation of bovines and 

humans on farms has given ample opportunity for GBS transmission between humans and 

bovines in many situations including the ingestion of unpasteurized milk as a possible source

for transmission to humans. It is likely that there was a common ancestor. One of the most 

important epidemiological questions of today is if an exchange of strains between human and 

cattle still occurs or if human and bovine strains are distinct entities. The possibility of a more 

easy clearance of human strains from infected udders may be an indication of separate entities 

(Jensen, 1982). Several studies based on phenotypic markers concluded that GBS isolated 

from bovines and humans are separate ecovars. This was based on tests such as hemolysis, 

pigmentation and fermentation of salicin and lactose (Butter and de Moor, 1967; Finch and 

Martin, 1984; Jelínkoá, 1977). These older reports have been supported in newer studies using 

molecular methods. Most of these more recent studies argue that bovine GBS are distinct 

from human GBS (Bohnsack et al., 2004; Martinez et al., 2000; Sukhnanand et al., 2005;

Sørensen et al., 2010). Also the first published genome of a bovine strain indicates that bovine 

and human GBS represent distinctive lineages (Richards et al., 2011). Some evidence exists 

for bovine ancestry of the human serotype III, ST17 strains often found in neonatal disease. It 

was shown to be related to bovine ST61 strains (Bisharat et al., 2004; Hery-Arnaud et al., 

2007).

1.5 Laboratory detection of GBS

GBS grows readily on blood agar, in broth or blood culture vials. The detection of the 

bacterium in samples from the vagina and/or rectum can be more challenging. The use of 

enrichment broths such as Todd-Hewitt broth, with antimicrobial agents suppressing gram-

negative flora is therefore recommended for detection of colonization (Spellerberg and 

Brandt, 2011; Verani et al., 2010). After enrichment in broth, subculture on blood agar plates 

is used for further processing. The CAMP-test or latex agglutination tests reacting with the 

group B antigen will usually lead to the identification of GBS (Spellerberg et al., 1999).

Lately chromogenic media have been introduced to alleviate the detection of GBS in 

multibacterial samples. A color change in the presence of colonies of GBS facilitates 

detection. Identification of non-hemolytic strains however may be challenging (Verani et al., 

2010).
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Gene-based test such as probes or PCR have also been used to identify GBS. Real-

time PCR assays allow the rapid detection of GBS with high sensitivity. Several GBS genes 

have been used as targets such as the cfb gene coding for the CAMP factor (Ke et al., 2000),

the sip gene (Bergh et al., 2004; Bergseng et al., 2007) or the pts1 gene (Uhl et al., 2005).

Although the sensitivity of such PCRs can be excellent even without previous enrichment 

(Bergseng et al., 2007), American guidelines recommend the use of enrichment to maximize 

sensitivity (Verani et al., 2010).

For screening purposes the use of enrichment broth and subsequent culture on agar 

media results in a sample turnaround time of at least two days. Fast gene-based tests without 

enrichment would theoretically allow screening of pregnant women in labor and give a more 

correct diagnosis of colonization than screening in week 35-37. Several studies have 

investigated the performance of gene-based tests without enrichment. Commercial PCR tests

designed for this purpose are available, e.g. the BD GeneOhm system (Becton Dickinson, 

Trondheim, Norway) and the GeneXpert system (Cepheid Europe, Maurens-Scopont, France),

both using the cfb gene. With rapid processing, these systems may be able to detect the GBS 

colonization status at delivery and thereby replace screening in weeks 35-37 by antepartum or 

intrapartum screening. The tests have shown good sensitivity and specificity in some but not 

all studies as summarized by Verani (Verani et al., 2010). Because of their variable 

performance, the problem of turnaround time under obstetric routine conditions, eventual

delays in administration of antibiotics, costs and other unsolved problems, gene-based tests at 

delivery are for the present regarded as supplemental to screening by culture and risk-based 

approaches (Spellerberg and Brandt, 2011; Verani et al., 2010).

In cattle with acute mastitis milk from infected quarters of the udder should be 

cultured and GBS or other bacteria causing mastitis can be identified by standard 

microbiological methods. In subclinical mastitis individual or composite samples of all four 

quarters should be cultured. The demonstration of GBS in bulk milk indicates infected 

individuals in a herd and should result in follow up sampling (Keefe, 1997). Lately multiplex-

PCR systems have become commercially available which are able to diagnose several mastitis 

pathogens in one assay, among them GBS (Koskinen et al., 2009).

1.6 Considerations regarding the typing of bacteria

An evaluation of the relatedness of bacterial isolates may be necessary in several

settings. For the microbiological routine laboratory or in a reference laboratory the need for 
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typing of bacteria will often arise when two or several samples are suspected to be 

epidemiologically connected, e.g. in nosocomial or food-borne outbreaks. Another setting 

might be the epidemiological surveillance of an infectious disease over time to follow disease 

trends and designing possible ways of infection control. As part of a surveillance approach, it

is highly desirable to store typing results from outbreaks for comparison with future outbreaks

or other research. Typing methods which produce numerical, unambiguous results will

alleviate the exchange and comparison of results in scientific networks, e.g. through databases 

accessible via the internet (van Belkum et al., 2007). Another possible application of typing 

methods is the comparison of strains of a bacterial species in a single patient to differentiate

pathogenic from nonpathogenic or endogenic from exogenic strains. Finally, typing systems 

may be used to determine the intraspecies population structure and lead to phylogenetic 

hypotheses (Feil, 2004; Smith et al., 1993; van Belkum et al., 2007). Phylogenetic analysis 

needs a careful selection of markers. Slowly evolving markers such as ribosomal or 

housekeeping genes are thought to represent a better estimate of the phylogeny of species than 

more quickly evolving genes of surface proteins or repeated sequences (Feil, 2004). In 

research established methods or dedicated typing tools might be designed for epidemiological 

comparisons, phylogenetic studies, study of virulence markers or other characteristics. The 

methods used in the different situations sketched above will group the isolates according to 

the discriminatory power of the method. The discriminatory power refers to the ability of a 

method to assign a different type to two unrelated strains sampled randomly from the 

population of a given species (Foxman et al., 2005; van Belkum et al., 2007).

In 2005 a publication which introduced the concept of a bacterial pan-genome used 

GBS as an example organism (Tettelin et al., 2005). In this concept, as mentioned previously, 

the pan-genome includes all genes ever found in strains of a given bacterial species. The pan-

genome is divided into a core genome and a dispensable or accessory genome. The core 

genome consists of genes encountered in all strains of the species. These are housekeeping 

genes, ribosomal genes and other genes necessary for the basic functions of the cell (Feil, 

2004). The accessory genome contains all genes ever found in one or more strains of the 

species, except for those of the core genome. The genes of the accessory genome usually 

encode for accessory properties such as pathogenicity. The accessory genome will become 

larger with each new sequenced strain. Based on the information from the eight strains in the 

article by Tettelin et al. mathematical modeling extrapolated that the pan-genome of GBS will 

increase by about 33 new genes (CI 22-42) with each new sequence becoming available. With 

this concept the additional genome will increase while the core-genome will slowly decrease, 
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as genes previously classified as part of the core genome may be found to be lacking in some 

strains as more genome sequences become available.

Typing methods are dependent on variations in the bacterial genome. The genetic 

events leading to such variation are mainly recombination and point mutation (Bessen, 2010).

Recombination events are more frequent than mutations with rates of about nine to one (Feil 

et al., 2001). Recombination events change stretches of sequences while point mutations may 

affect only single nucleotides. Recombination is thought to be the main force of genetic 

change in several streptococci, among them GBS (Bessen, 2010; Brochet et al., 2008;

Lefebure and Stanhope, 2007). Recombination and point mutations can occur throughout the 

whole genome but at different frequencies. Conserved parts of the genome usually encode 

proteins involved in processes which are essential for the functioning of the cell. Examples 

are housekeeping genes or ribosomal proteins. Successful mutations in these genes are 

uncommon since many mutational events may be lethal or leave the strain severely 

disadvantaged and exposed to negative selection (Didelot and Falush, 2007).

Conserved genes constitute the stable backbone of the genome. Genetic islands in a 

genome, on the other hand, are sequences which differ by a number of features from the 

backbone of the genome. Genetic islands are usually identified by a different G+C content 

than the core genome (Schmidt and Hensel, 2004). They are often thought to have been 

acquired and integrated into the genome by horizontal gene transfer. Genomic islands may or 

may not have retained features of movable genetic elements, but some, such as transposons, 

integrases and genomic material from bacteriophages will usually be detectable. The most 

integrated of these genetic islands may have lost all features of mobility and have become part 

of the core genome of the species. Islands which have gone through such adaptation may have 

contributed considerably to the fitness of the host organism (Hacker and Kaper, 2000).

Less integrated islands are usually the “hotspots” for variability. Mutations in these 

regions may potentially have influence on cell functions, but are usually not essential for the 

survival of the cell. Variability can also be favorable; it may lead to adaption to the host, or be 

involved in the control of gene expression. Pathogenicity islands can either be considered as

genomic islands of their own, encoding virulence factors, or they may be part of larger 

genomic islands (Hacker and Kaper, 2000). The conserved and variable parts of the genome 

of bacteria described above have a different mutation rate, sometimes referred to as molecular

clock speed. Examples of genetic events leading to different rates of mutation are negative 

selection as described above, horizontal gene transfer, homologous recombination or slipped 

stream mispairing in repeated sequences. In the context of typing, genes with low mutation 
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rates are preferable in the investigation of phylogenetic relationships and population 

dynamics. On the other hand genes with high mutation rates are well suited for outbreak 

investigation (Achtman, 2008; Foxman et al., 2005; van Belkum et al., 2001; van Belkum et 

al., 2007).

Repetitive sequences are often located upstream and downstream of genetic islands. 

Such repeated areas in the proximity of coding genes can affect the function of the genes 

(Hacker and Kaper, 2000). Especially short sequence repeats (SSR) of less then 9 bp per 

repeated unit can disturb the physical integrity of the gene by disrupting or modifying open 

reading frames (Janulczyk et al., 2010; van Belkum, 1999). Repeated sequences can also be 

part of functional DNA domains. These sequences tend to have longer repeat units. If they are 

diverse in their number of repeats, they are termed variable number of tandem repeats loci 

(VNTR). The tandemly repeated parts in the genes of proteins will often translate into helical 

or coiled structures on the cell surface (Fischetti, 2006). The alpha-like protein group of GBS 

is an example of this with rather long repeat units.

The need for subdivision of bacterial strains within a species has led to the 

development of many typing methods over time. Methods have been dependent on the 

technical possibilities of their time and many have become outdated and replaced by newer 

methods. Other typing methods have survived the test of time or have been adapted to new 

technical possibilities. An example for the latter is the typing of the capsular polysaccharides 

of GBS which was originally done by immunological methods, but is often done by gene-

based methods today. The reproducibility of results achieved by a given typing method, both 

intra- and interlaboratory, should be determined since good reproducibility is a prerequisite 

for comparison of results between different test runs in the same laboratory or between 

different laboratories. For PFGE, an otherwise excellent method with high discriminatory 

power, this has been a central issue (van Belkum et al., 2007). Also resource limitations, such 

as costs, personnel competence and available equipment, may hamper the choice of an 

optimum method. 

Historically phenotypic methods have been important for typing. Simple phenotypic 

methods such as colony appearance, biochemical differences and antibiotic susceptibility

profiles might be used as initial or impromptu techniques. Immunological methods, phage 

typing or multi-locus enzyme electrophoresis (MLEE) have been used for typing of strains 

and can have high discriminatory power. Serotyping of Salmonella might be used as an 

example where immunologically based typing still is used as a standard method. More 

advanced phenotypic methods are often cumbersome and involve the maintenance of libraries 
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of antisera, standardization problems and problems of reproducibility. Such methods often 

depend on specialized personnel for interpretation. Raman spectroscopy is a new promising 

typing method which might be considered as a phenotypic method. It has the potential of 

rapid, high throughput typing of bacteria without extensive expert hands-on work (Willemse-

Erix et al., 2009).

Methods based on the investigation of the genome of microbes have over the past 20 

years in many settings replaced phenotypic methods and offer several advantages such as 

usually better resolution and in many cases better reproducibility. Such molecular methods are 

often technically advanced and may therefore be less convenient in resource limited settings 

which is often the case in developing countries. A wide variety of typing methods has been 

developed to investigate the diversity of bacterial genomes. Several methods use DNA 

hybridization where immobilized DNA is probed with selective DNA molecules. Array 

technology uses hybridization with a large number of targets and is able to screen all 

identified genes in prokaryotic species. Fragment based methods use restriction enzymes and

analysis of the fragments by e.g. gel electrophoresis. Such methods might be combined with 

PCR-amplification steps such as in amplified restriction fragment length polymorphism 

(AFLP). PCR has been used in different typing methods, e.g. to amplify regions of known 

variability such as in multi-locus variable number of tandem repeats assays (MLVA).

Methods based on sequencing of single or several loci in the genome are often used and have 

become the most important typing methods in some bacterial species. MLST, discussed 

below, is the main example of this (Pourcel and Vergnaud, 2011). A typing method targeting 

the gene for Staphylococcus aureus protein A, spa, uses a combination of the size variability 

of the gene due to VNTR and the variability of the sequence of the locus resulting in excellent 

discriminatory power (Harmsen et al., 2003; Koreen et al., 2004).

The genomes of bacterial species have different levels of diversity. Some species are 

considered monomorphic such as Bacillus anthracis, Yersinia pestis and the Mycobacterium 

tuberculosis complex. These bacteria are thought to have emerged relatively recently as 

pathogens in humans (Achtman, 2008). Typing of these species is challenging because most 

of the genome is highly conserved. The sequencing of housekeeping genes did therefore 

uncover little or no diversity and MLST was consequently not suited for these species

(Achtman, 2008). Several other methods have been developed for monomorphic species, 

however the use of MLVA has gained general acceptance for this group of species. The 

analysis of CRISPR (clustered regularly interspaced short palindromic repeats) loci as a 
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related method has been introduced for species, e.g. M. tuberculosis (Pourcel and Vergnaud, 

2011).

The analysis of the whole genome of strains revealed that the methods mentioned 

above are not able to describe the complete genetic diversity of a bacterial genome (Tettelin et 

al., 2005). In contrast, whole-genome sequencing allows a much deeper understanding of the 

evolution of a bacterial species either within the species or in comparison to other species. 

Genetic sequencing has become accessible for more and more laboratories since the costs 

have decreased dramatically. While sequencing itself has become affordable, the costs for the 

subsequent bioinformatic work and necessary confirmatory experiments have not changed in 

the same way. Therefore the assembly of a sequenced genome into contigs that allow 

interpretation and comparison with other genomes is still a considerable challenge.

(Nagarajan et al., 2010).

1.7 Typing of GBS

Typing of GBS is done to follow the overall composition of GBS strains in a 

geographic region, for research purposes or for outbreak investigations e.g. in hospitals or in 

cattle herds. Typing of GBS starts usually with the determination of its capsular 

polysaccharide and, in some centers, of the strain variable Alp surface proteins. In both cases 

immunological methods have traditionally been used, while in later years, methods testing for 

the gene-content of the CPS or proteins have become available. A method combining 

multiplex PCR and reverse line blotting integrates typing of CPS, surface proteins and 

antibiotic resistance genes in one assay (Kong et al., 2005; Zeng et al., 2006). Even if these 

markers are combined, their discriminatory power is comparably low and therefore 

supplementary methods have been developed of which pulsed-field gel electrophoresis 

(PFGE) and multi-locus sequence typing (MLST) have been most frequently used in recent 

years. PFGE is used as a tool for high resolution typing to elucidate epidemiological relations 

between strains. Multi-locus sequence typing (MLST) was introduced for GBS in 2003 and is 

well suited for phylogenetic typing to follow long term developments in strain collections but 

might also be used for epidemiological typing (Jones et al., 2003). Both PFGE and MLST 

require sophisticated equipment, well trained personnel and are expensive. Newer more 

simple and less expensive methods have also been developed such as the MLVA described in 

this work or analysis of sets of single-nucleotide polymorphisms (SNPs) (Honsa et al., 2008).
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1.7.1 Capsular polysaccharides

The CPS antigens can be detected by antibodies raised in rabbits or mice. The classic 

immunoprecipitation method was described in the 1930s (Lancefield, 1934). Fluorescent 

antibody tests (FAT) (Bevanger and Maeland, 1977) or agglutination of latex particles 

(Slotved et al., 2003) have also been used. The degree of encapsulation of GBS varies 

between strains; especially bovine strains can have little or no capsule (Madoff et al., 2006).

Such strains tend to be difficult to type with immunological methods. 

Horizontal transfer of genes that are relevant for the synthesis and assembly of the 

CPS may occur en-bloc and cause a switching of CPS type (Cieslewicz et al., 2005; Luan et 

al., 2005). This capsule switching may disrupt the phylogenetic relationship of a strain and 

assign it to a serotype which is not in concordance with results of other typing methods such 

as MLST. This has to be kept in mind when interpreting CPS typing results.

Several groups employ in-house methods for typing of CPS such as our group which 

uses indirect fluorescence antibody test with antibodies raised in rabbits or mice. The Statens 

Serum Institut in Copenhagen produces a commercially available latex based kit which is 

widely used by reference laboratories (Afshar et al., 2011).

The sequences of the variable CPS type-specific regions have been available the last 

ten years (Cieslewicz et al., 2005; Kong et al., 2002; Slotved et al., 2007). This made it 

possible to design PCRs for CPS genotyping both as single or multiplex PCRs (Imperi et al., 

2009; Kong et al., 2005; Poyart et al., 2007). As mentioned above, PCR based typing showed 

that strains which were found non-typable by immunological methods, did usually harbor the 

genetic information for the synthesis of these polysaccharides. This problem seems to be 

especially common in bovine strains (Zhao et al., 2006b).

1.7.2 Surface proteins

Some groups have also used the strain variable surface proteins for subtyping of CPS

types. The proteins typically appear in combination with certain CPS-types, e.g. III and R4 or 

unusual CPS/protein combinations may be interesting 

epidemiologically. Surface protein typing can be done by immunologic methods such as

immunoprecipitation or FAT. Several PCR-based methods for detection of the genes coding 

for these proteins have been published. Multiplexed PCRs are a convenient approach (Creti et 

al., 2004). As with CPS, immunologically non-typable strains usually harbor a surface protein 

encoding gene (Imperi et al., 2009).
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1.7.3 Pulsed-field gel electrophoresis

Pulsed-field gel electrophoresis (PFGE) has been used for typing of GBS since the 

early 1990s (Fasola et al., 1993). The method is based on the macrorestriction of bacterial 

DNA by an endonuclease into large fragments. These fragments are then separated by gel 

electrophoresis where the electric field switches its direction, thereby allowing the large DNA 

fragments to migrate through the gel. An image of the distribution of bacterial genomic 

fragments in the gel is interpreted visually or by dedicated software. As for many other 

bacterial species PFGE is a convenient method for typing of GBS. This method has however 

some known drawbacks. The procedure is laborious and requires specific, expensive 

equipment. It is difficult to obtain comparable images of the same strain in different 

laboratories with PFGE. This requires rigorously standardized protocols and quality control 

(van Belkum et al., 2007).

For PFGE analysis of GBS the restriction enzyme SmaI, which cleaves the DNA chain 

relatively infrequently, is usually chosen. In an investigation of a broad selection of 78 

Norwegian strains, Skjaervold et al. could distinguish 62 different types (Skjaervold et al., 

2004). In an article by Tenover on interpretation of PFGE, it is suggested that at least ten 

fragments should be identifiable on the gel for sufficient discrimination (Tenover et al., 1995).

In GBS this is in our hands often not achieved as a number of strains only produce 7-9 bands. 

Therefore PFGE with SmaI might be less discriminative for GBS compared to other species. 

Other restriction enzymes might be added for additional resolution but this would add to the 

complexity of the method. 

1.7.4 Multi-locus sequence typing

In 2003 Jones et al. published a multi-locus sequence typing (MLST) system for GBS

(Jones et al., 2003). It is based on the sequencing of 400-500 bp parts of seven housekeeping 

genes. Since mutations in these genes are usually not well tolerated, successful mutations 

occur less often than in other parts of the genome. A web-based database is available for 

comparison and registration of new GBS sequence types (http://pubmlst.org/sagalactiae/). 

Over 570 different strains are registered in the database as of January 2012. Most of these 

belong to clonal complexes (CC) of which four seem to be especially predominant: CC1, 

CC17, CC19 and CC23 (Brochet et al., 2008). One of the most important findings of MLST 

was the high prevalence of CC17 among strains from invasive neonatal disease. CC67 is often 

found in strains from bovine mastitis (Sørensen et al., 2010).
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Drawbacks of MLST are its comparable high costs, a sample processing time of 3-4

workdays and the need for a considerable amount of expert hands-on work. This has led to the 

development of simpler methods which try to assign presumptive sequence types for the most 

important types by PCR or SNP analysis (Honsa et al., 2008; Lamy et al., 2006).

1.7.5 Other typing methods used

Other less frequently used methods for typing of GBS include restriction fragment 

length polymorphism analysis (RFLP) (Blumberg et al., 1992), ribotyping (Blumberg et al., 

1992; Huet et al.), multi-locus enzyme electrophoresis (MLEE) (Quentin et al., 1995), random 

amplification of polymorphic DNA-analysis (RAPD) (Limansky et al., 1998; Zhang et al., 

2002) and amplified cps restriction polymorphism analysis (Manning et al., 2005).

1.7.6 Multi-locus variable number of tandem repeats assay

Repetitive sequences which may be located both in bacterial genes or intergenic 

regions are common in prokaryotic genomes (Lindstedt, 2005). Repetitive sequences are 

challenging for the genetic copying system of bacteria and deletion or insertion of one or 

several repeats can occur. This leads to a different number of repeats in the bacterial 

descendant and consequently a different size of the locus (Figure 4). The molecular model for 

this phenomenon is termed slipped strand mispairing (Torres-Cruz and van der Woude, 2003).

A single gene locus with such variations is called a variable number of tandem repeats locus 

(VNTR). If mispairing occurs it can be repaired by a DNA repair system but the efficiency of 

these systems is variable (Caporale, 2003). As mentioned previously repeated sequences 

found in intergenic regions are often polymorphic (Pourcel and Vergnaud, 2011). Repeats can 

also be located in a promoter region of a gene where they can influence the strength of a

promoter and cause variation in gene expression (Martin et al., 2003; Willems et al., 1990).

Repeat count variations inside coding regions of genes have been shown to be involved in 

adaption of bacteria to the host immune system as has been described for the surface proteins 

of GBS. If the repeat sequence is not a multiple of 3 bp, changes in the repeat number will 

lead to a frameshift and may result in alterations of gene functions. Other repeated sequences

are well conserved which might indicate that they are vital for the correct function of a gene 

(Pourcel and Vergnaud, 2011). For typing purposes variations in the number of repeats results

in size variations of the locus which are detectable in PCR products.
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Software such as the Tandem Repeats Finder (http://tandem.bu.edu/trf/trf.html) is 

available for screening of genomes for repeated sequences (Benson, 1999). When more than

one sequenced genome is available the sequences can be compared and polymorphism in 

VNTR loci uncovered in silico (Figure 4). Several VNTR loci can be combined into a multi-

locus variable number of tandem repeats assay, sometimes also called multi-locus variable 

repeats assay (MLVA). A prerequisite for the design of a MLVA is the availability of at least 

one fully sequenced genome of the targeted species. It is therefore not surprising that the first 

MLVA published was for typing of Haemophilus influenzae, the first fully sequenced 

bacterium (van Belkum et al., 1997).

The H. influenzae MLVA was described in 1997, about the same time as the first 

MLST (Maiden et al., 1998). In the following years MLVA did not gain the same acceptance 

as MLST. This situation changed somewhat when MLVAs were developed for monomorphic 

species such as Bacillus anthracis and Yersinia pestis (Kattar et al., 2008; Keim et al., 2000;

Le Fleche et al., 2001). For typing of these species MLVA was an important improvement 

since other typing methods were not able to uncover sufficient diversity or the results were 

not considered to reflect the phylogeny of the species (Achtman, 2008). MLVA has gained

increasing acceptance for several enteropathogenic bacteria for which outbreak investigations

are often needed and where comparisons between laboratories are of great benefit, such as 

Salmonella typhimurium or enterohemorragic E. coli (Lindstedt, 2011). Generally the MLVA

method is reproducible, rapid, and easier to perform and produces data that are easier to 

analyze and share via databases than comparable methods such as PFGE or MLST.

Standardization of MLVA regarding choice of loci, laboratory protocols and nomenclature is 

an important issue (Larsson et al., 2009; Lindstedt, 2011; Pourcel and Vergnaud, 2011).

MLST in contrast is a more standardized procedure where the choice of loci is usually given 

and the underlying evolution of the housekeeping genes is known. This may explain the 

broader acceptance of MLST compared to MLVA.
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Technically MLVA is a fast and comparably straightforward typing method. A PCR 

spanning the whole repeat locus is designed by locating suitable primer sites as close as 

possible upstream and downstream of the repeated region. These flanking sequences should 

be conserved. For a MLVA, several VNTR loci may be amplified simultaneously in a 

multiplex PCR. Variable numbers of repeats will yield PCR products of different sizes and 

this can be determined either by gel or capillary electrophoresis. When using gel 

electrophoresis the results may be determined against reference strains with known numbers

of repeats. This method will need a certain repeat size since short sequence repeats (SSR) 

smaller than approximately 9 bp will be difficult to distinguish on a gel and excludes 

multiplexing of PCRs (Pourcel and Vergnaud, 2011). Capillary electrophoresis by a genetic 

analyzer will generate a quite accurate estimate of the base pair count of the fluorescently

labeled PCR products. Therefore also small repeats of 6 or even 3 bp can be separated in a 

MLVA using capillary electrophoresis. On the other hand, interpretation of PCR products 

larger than the upper limit of the size standard used will be difficult. The base pair count 

>1993465-1993889 Streptococcus agalactiae A909, 
complete genome
TTTCAATAGCTTTTTTAACCGCCAAGTTTCCGC
TAGTATTAACCGATTTTTTGGTTG
CTGGTTTGGCTT
CTGGTTTAGCCT
CTGGCTTAACGT
CTGGTTTAACTT
CTGGCTTAGCCT
CTGGTTTGGCCT
CTGGCTTAACGT
CTGGTTTAACTT
CTGGCTTAGCCT
CTGGTCTGGCCT
CTGGCTTAACGT
CTGGTTTAATTT
CTGGTTTAGCCT
CTGGTTTGGCTT
CTGGCTTAGCCT
CTGGTTTAACTT
CTGGCTTAACGT
CTGGCTTAACGT
CTGGCTTAACAT
CTGGTTTGGCTT
CTGGTTTAACTT
CTGGCTTAGCTT
CTGGTTTGGCTA
CTTTTTTATCTTTTAATTCTAAACTTTGTAAAGC
ATCACGTAGCTTGTTAGCTAATTGATTTGCTTG
ATCAGTGGTAATAAATTTTCCCTCT

>2089975-2090315 Streptococcus agalactiae 
NEM316, complete genome
AATAGCTTTTTTAGCCGCCAAGTTTCCGCTA
GTATTAACCGATTTTTTGGTTG
CTGGTTTGGCCT
CTGGTTTAGCTT
CTAGCTTAGCCT
CTGGTTTAGCTT
CTGACTTAGCCT
CTGGTTTAGCTT
CTGGCTTAGCCT
CTGGTTTAACGT
CTGGTTTAGCTT
CTGGCTTAACGT
CTGGCTTAGCTT
CTGGTTTGGCCT
CTGGCTTAGCTT
CTGGCTTAGCTT
CTGGCTTAGCTT
CTGGCTTAGCTT
CTGGTTTGGCCT
CTGGTTTGGCTT
CTGGTTTGGCTA
CTTTTTTATCTTTTAATTCTAAACTTTGTAAA
GCATCACGTAGCTTGTTAGCTAATTGAT

Figure 4: The same VNTR locus in two fully sequenced GBS strains. In strain A909 this locus has 23
repeats, in strain NEM316 it has 19 repeats. The VNTR is used in our MLVA and designated SATR3. 
Underlined, primer sites. Note some sequence variation between single repeats.
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generated by capillary electrophoresis allows an exact calculation of the repeat count. For this 

the offset must be subtracted from the PCR product size and the result must be divided by the 

repeat size. The offset consists of the primers and the sequences between the primers and the 

start/end of the repeat sequence (Figure 5).

1.7.6.1 Analysis of MLVA results

Typing methods classify the individuals of a population into groups. Both the number 

of groups and the size of each group generated by the method have to be taken into account to 

make predictions on the discriminatory power of a method. Simpson’s index of diversity is a 

statistical tool to calculate this (Simpson, 1949). By calculating Simpson’s index for different 

typing methods used to type the same strain collection, the methods can be compared 

regarding their ability to discriminate. The index should only be used when the strain 

collections are epidemiologically unrelated (Hunter and Gaston, 1988). The modifications of

Simpson’s index described by Hunter and Gaston are especially useful in small strain 

collections or if the diversity index is less than 0.90.

Comparison of VNTR loci or MLVA profiles may be done using different algorithms 

suitable for the analysis of character data sets. Most often the distance coefficient used is a 

categorical coefficient (Hamming’s distance), e.g. given a repeat copy number of five for a 

locus the distance to a repeat copy number of six is considered equally distant as a repeat 

count of nine. The generated distance coefficient can be used for clustering for which several 

methods are available. In MLVA the unweighted pair group method using average linkages 

(UPGMA) is often used, a relatively simple algorithm assuming that the rate of evolution is 

repeated sequence

repeat singleoflength
offset)Roffset(Fbpnumberrepeat

Examples:

SATR 2: fragment analysis result 225, offset 
85, repeat length 18 = 8 repeats

SATR 3: Fragment analysis result 562, offset 
92, repeat length 12 = 39 repeats

F primer R primer

F offset R offset

Figure 5: Illustration of the structure of a VNTR and flanking sequences. The 
offset is the primer plus the nucleotides between primer and start/end of the repeat 
sequence. Examples for the calculation of a repeat number from fragment analysis
for GBS-VNTR loci SATR2 and SATR3. F forward, R reverse, bp basepair count 
of repeated sequence. 
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constant in all branches of the tree (Dethlefsen et al., 2011; Pourcel and Vergnaud, 2011). If a 

locus mutates in a plus or minus one repeat (stepwise) fashion other distance coefficients 

should be chosen. The mutation pattern for each VNTR locus should be determined 

experimentally (Vogler et al., 2007).
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2 Aims of the study
The general aim of the study was to investigate the potential of molecular methods to achieve 

more discriminatory and robust typing of GBS. More specific aims were to:

study the relationship between results of serotyping and genotyping of GBS surface 

proteins 

develop a MLVA typing method for rapid, highly discriminatory genotyping of GBS

show the feasibility of and validate the developed MLVA method on a well 

characterized strain collection

investigate the applicability of the MLVA in circumstances where epidemiologically 

related strains are expected.

3 Material and Methods

3.1 Strain collections

Previously well characterized collections of human GBS strains were used for papers I and II,

while bovine GBS strains were investigated for paper III. In the study presented in paper I 147 

strains were selected from a larger collection of strains from New Zealand and Australia. The 

selection included all ten CPS types and the most common CPS types were represented in 

higher proportions than the less common. The strains were in part (129 isolates) from invasive 

cases, these were also used in a previous study (Zhao et al., 2008), and in part (18 isolates)

from antenatal, vaginal swabs. For paper II 126 strains were included. Of these, 113 were 

invasive strains from neonates born in Norway which were routinely submitted to the national 

GBS reference laboratory at St. Olavs University Hospital in Trondheim from other medical 

microbiology laboratories nationwide. Additionally nine international reference strains, two 

CPS type IX strains from a Danish collection and two colonizing strains from a Zimbabwean 

collection were included. For paper III all bovine GBS isolates (n=148) identified by the

Trondheim section of the Norwegian Veterinary Institute between April 2007 and November 

2010 were included. The samples were taken from individual udder quarters when considered 

indicated by the referring veterinarian or farmer. Additionally 39 strains from the four other 

sections of the Norwegian Veterinary Institute (Oslo, Sandnes, Bergen and Harstad) and from 

the Tine Norwegian Dairies BA, Mastitis Laboratory in Molde were included. 
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3.2 Typing methods

Paper I was the result of cooperation between the Centre for Infectious Diseases and 

Microbiology of the Westmead Institute in Sydney, Australia and the Norwegian national 

reference laboratory for GBS at St. Olavs University Hospital in Trondheim, Norway. The 

Australian group had established a gene-based typing method for GBS to detect the genes for 

the strain variable surface proteins of the alpha-like protein (Alp) family bca (encoding the 

protein), alp1 (Alp1), alp2 (Alp2), alp3 (Alp3), alp4 (Alp 4) and rib (R4/Rib). Additionally 

encoding gene bac was analyzed. The method was based on multiplex PCR 

followed by the demonstration of the PCR products by reverse line blot hybridization (Kong 

and Gilbert, 2006; Zhao et al., 2006a). The group in Trondheim serotyped the same strains by 

fluorescent antibody tests based on in-house antisera. Of the seven antisera used, sera reacting 

with C were monoclonal antibodies raised in mice

(Bevanger et al., 1992; Kvam et al., 1999; Maeland et al., 2004; Naess et al., 1991) and sera 

reacting with Alp2/3 common, Alp2 specific and R4 specific were polyclonal antibodies

raised in rabbits (Maeland et al., 2004; Moyo et al., 2001).

Paper II described the construction and assessment of a MLVA for GBS. All strains 

used in the study were typed for CPS, surface proteins and MLST. For the Norwegian strains 

the results for these three markers were known from a previous study (Bergseng et al., 2009).

The MLVA was developed by exploring the three fully sequenced and annotated genomes of 

GBS reference strains A909, NEM316 and 2603V/R for repeated sequences using the 

Tandem Repeats Finder program and other software. Eighteen candidate loci were identified 

and tested by PCR and gel electrophoresis or using the Agilent 2100 Bioanalyzer with the 

DNA 1000 chip (Agilent Technologies, Santa Clara, CA). This led to the selection of five 

VNTR loci which were combined to a MLVA. In a further step a multiplex-PCR including all 

five loci was constructed using the Qiagen multiplex-PCR kit (Qiagen, Hilden, Germany). 

The forward primers for the five loci were fluorescently labeled and the nucleotide count of

the PCR product was estimated in a capillary electrophoresis instrument (ABI 3130xl Genetic 

Analyzer; Applied Biosystems, Foster City, CA) using the LIZ1200 size standard. This 

standard allows estimates of PCR product sizes up to 1200 bp. In paper III, the same MLVA 

methods as in paper II was used except for a modification of the multiplex-PCR. Here the 

SATR5 locus was amplified in a separate PCR reaction. In this paper a repeat count of zero 

indicated that no PCR product was detected(Figure 1, Paper III).
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3.3 Analysis of results

In paper II Simpson’s index of diversity was calculated. Phylogenetic trees were generated 

with the Bionumerics software (Applied Maths, Sint-Martens-Latem, Belgium) version 6.0 

(paper II) and 6.1 (paper III). Phylogenetic trees were generated using the Bionumerics 

software. The algorithm used was the unweighted pair group method with arithmetic means

(UPGMA) and categorical values.

4 Results

4.1 Paper I

Classic serotyping and genotyping of the strain variable GBS surface proteins were compared

in a selected panel of 147 human strains. The comparison of the two methods employed is 

complex and reflects the complicated immunology of these proteins. At least one surface 

protein was detected by serotyping in 123 (83.7%) of the strains, while a surface protein 

encoding gene was detected in all but one of the strains (146 strains, 99.3%). In total, 122 of 

147 strains were typable by both antibody-based and molecular methods. Results were 

concordant for 90 (73.8%) strains, partially concordant for 29 strains (23.8 %) and discordant 

for three (2.5 %). When the serotyping result was C /Alp1, either bca or alp1 was present.

The bca gene was detected in 41 isolates and alp1 in 30. Of these 71 strains, 55 (77.5%) were 

serotyped as C /Alp1. The monoclonal antibody used cannot distinguish between C and 

Alp1. was identified in only nine of 31 isolates in which the corresponding gene, bac was 

detected. The discordant results occurred mainly with the polyclonal antibodies detecting 

Alp2 and Alp2/3 common (Table 1, Paper I). Ten of 24 non-serotypable strains contained rib

which means that the polyclonal antibodies did not recognize the protein in 22 of 32 strains 

genotyped as rib. We detected R3, for which no corresponding gene has been identified, in 

five isolates (3.4%).

The genotyping approach did very well in identifying the genes for surface 

proteins. The problem of cross-reactivity which hampers the performance of serotyping is not 

an issue in genotyping. Especially typing problems in both Alp3, which is an immunologic 

chimera of Alp2 and R4 without known antigenic sites of its own, and of C and Alp1, which 

are hardly distinguishable immunologically (Brady et al., 1988; Kvam et al., 2011), were not 

encountered. The only non-typable strain by genotyping posed also difficulties in the 

serotyping approach and no definite type could be assigned (result: Alp2 or 3). 
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4.2 Paper II

4.2.1 Construction of a GBS-MLVA

In this study a MLVA was constructed consisting of five VNTR loci in the genome of 

GBS. The applicability of the MLVA was demonstrated on a collection of 126 well 

characterized invasive strains. The construction of the MLVA involved several steps. An 

initial in silico analysis of the three complete genomes of strains A909, NEM316, and

2603V/R identified 18 candidate loci which were analyzed further by designing PCR primers 

and examining these in eleven selected strains. Seven loci were not found suitable for further 

analysis and were therefore excluded. In six of these no or little diversity was found while 

problems to obtain a PCR product led to the exclusion of the last. The remaining eleven loci 

were tested in all strains. In this part of the study seven loci were found to have three or more 

alleles. Of these the five most diverse were chosen. In each of the three loci designated 

SATR1, TR9 and TR13 three different alleles were found among the 126 strains. Based on the 

results of the calculation of Simpson’s index of diversity for each locus only SATR1 was 

included in the MLVA (Table 2, Paper II). For each of the four other loci included in the 

MLVA four or more alleles were detected.

The location of the five loci in the genome of the three reference strains 2603V/R, 

NEM316 and A909 and the designation of the loci are given in Table 1. The five loci had 

different characteristics which can be summarized briefly as follows:

1. SATR1 is a CRISPR-like region with 16 bp direct repeats and 44 bp spacer regions, 

each repeat/spacer was therefore 60 bp long. We did only find three different alleles in 

our collection of human strains and a fourth in our bovine collection, while a Russian 

group encountered eight different types in their work with the same region 

(Rozhdestvenskaya, 2008).

2. The repeats in the SATR2 locus had a repeat size of 18 bp. Nine different alleles were 

found. Strains devoid of a PCR product were also considered as one type; this result 

was encountered in 14 of the 126 strains. 

3. The SATR3 locus had a repeat unit of 12 bp. In this strain collection 19 different 

alleles were found, rendering SATR3 the second most diverse locus. The repeated 

sequence is part of a predicted surface-anchored protein designated BibA (Santi et al., 

2007). Large PCR products, between 736 and 750 bp with the chosen primer set, were 

encountered in 31 strains. Sequencing of PCR products demonstrated that the strains 

with the largest products had had two copies of an insert of 216 bp. All but one of 
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these strains were of MLST clonal complex 17. This insert has also been proposed as a 

target for a PCR for the rapid presumptive identification of ST17 (Lamy et al., 2006).

In 25 strains no PCR product was found, most of these were of serotype III/R4 and of 

clonal complex 19.

4. Amplification of the SATR4 locus resulted in the smallest PCR products of the five 

loci. The underlying repeat of 18 bp was quite degenerated; in some strains part or all 

of the repeats consisted only of 15 bp. For convenience of typing all alleles were

assigned as times of 18 bp in the calculation of repeat numbers. A PCR product was 

observed in all strains and five different types were present in this collection. The 

repeat is located in the pcsB gene, encoding a protein found to be important for cell 

wall separation (Reinscheid et al., 2001).

5. The SATR5 locus was the most diverse separating the strain collection into 24

different types. The underlying repeat is rather large with 48 bp and strains with more 

than 20 repeats were found in some strains. Five strains had more than 21 repeats, 

resulting in PCR products which exceeded the size standard limit of 1200 bp. In the 

analysis they were considered as one type with the arbitrary repeat number of 50

although they showed diversity among each other  by standard gel electrophoresis. 

When the PCR product was equivalent with the offset (21 strains) the strain was 

usually of MLST19. A result of six repeats was found in 22 strains, 18 of which 

belonged to ST17. SATR5 is located in the gene encoding the fibrinogen binding 

protein FbsA (Rosenau et al., 2007; Schubert et al., 2002).
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4.2.2 Comparison between MLVA, serotyping, and MLST

MLVA analysis using the five proposed loci differentiated the 126 strains into 70 different

types, considerably more than MLST which differentiated them into 36 STs. The two largest 

groups of strains with identical MLVA profiles consisted of 19 and 13 strains, respectively.

Of the former, 16 belonged to ST17 and 9 of the latter to ST19. All 27 of the ST17 strains in 

this work clustered together but were resolved into 12 different MLVA types within this 

cluster. Apart from the ST17 MLVA profile present in 16 strains, the eleven remaining 

profiles were found in single strains only (Fig. 2, Paper II). Similarly, all 11 CPS III/ST19 

strains were assigned to the same MLVA cluster and resolved into four MLVA types; 7 of the

strains had identical profiles. Most of the type V strains belonged to ST1 (21 out of 30 type V 

Table 1: Location of the five MLVA Loci. Position and annotation in reference genomes.

2603V/R NEM316 A909 Note

SATR1 142905-143227

Hypothetical protein 

SAG0134

142937-143139

Intergenic region

152958-153160

Hypothetical 

protein SAK_0192

CRISPR 

neighbouring 

transposase 

(sequence 

inversed)

SATR2 666413-666676

Hypothetical protein 

SAG0677

Not found 745915-746218

Hypothetical 

protein SAK_0805

SATR3 2043303-2043801

Pathogenicity 

protein SAG2063

2090028-2090347

Surface adhesion 

protein gbs2018

1993422-1993889

Intergenic region

Upstream of a 

neighbouring 

translocase 

(sequence 

inversed),

designated BibA

SATR4 29490-29744

PcsB protein

29563-29817

PcsB protein

29486-29698

PcsB protein

Involved in cell 

wall seperation

SATR5 1062519-1062709

Intergenic region 

(no repeats)

1132283-1133330

Hypothetical protein 

gbs1087

1118169-1119009

Fibrinogen binding 

protein SAK_1142

Sequence 

inversed,  FbsA 

protein
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strains); 20 of these 21 were in a cluster consisting of 12 MLVA types, mostly because of 

heterogeneity in SATR5.

4.3 Paper III

In this study 187 bovine GBS strains were investigated by genotyping of CPS and

surface proteins and by MLVA. The following CPS types were found: Ia (seven strains, 3.7 

%), Ib (six strains, 3.2 %), II (three strains, 1.6 %), III (three strains, 1.6 %), IV (64 strains, 

34.2 %), V (101 strains, 54.0 %), IX (one strain, 0.5 %) and two strains  (1.1 %) were non-

typable. CPS type V and type IV accounted together for 88 % of the 187 strains, an 

overrepresentation compared to other strain collections. Genes for five of the six strain 

variable alpha-like proteins were found except the rarely encountered Alp4; additionally the

The combination of CPS and protein typing separated the strain 

collection into twelve different types (Table 2, Paper III). 

The MLVA was equally applicable on bovine strains as on human strains. The 187 

strains were differentiated into 37 MLVA profiles (Figure 1, Paper III). In 29 of 34 farms all 

GBS isolates on each farm had identical MLVA profiles, different from strains from other 

farms. On the remaining five farms more than one profile was encountered (Table 3, Paper 

III). Usually one profile predominated while a single strain with a divergent repeat number in 

one locus was observed. One MLVA profile was found on three farms in the same 

municipality. This was presumably the result of transmission due to cooperation between

these farms. Three other profiles were found on several farms, however these were located in 

different counties and an epidemiological connection was regarded unlikely.

Automated milking systems (AMS) were used on 12 of the 34 farms (35%). Not 

unexpectedly, those farms which had invested in AMS had bigger herd sizes (61.4 versus 27.7 

cows). Of the 187 strains, 133 were provided by farms with AMS (71%). Also the AMS farms 

provided 0.18 isolates per cow against 0.09 isolates per cow in non-AMS farms. On average, 

11 strains were available from farms with AMS compared to 2.45 strains from those with 

conventional milking. 

One farm was represented with 48 samples collected over a period of almost three 

years. Four different MLVA profiles were found among these with polymorphisms occurring 

in SATR5 of 13, 15, 17 and 50 repeats, respectively. In the first part of the observation period 

isolates with 17 repeats occurred in 19 samples (sampled until September 2009), replaced 
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later by isolates containing 13 repeats (in 27 samples, collected from August 2009 onwards).

The other two profiles were only found in single strains.

Seven of the MLVA profiles from cattle were also encountered in our recent study on 

human strains (Radtke et al., 2010). In a sub-analysis the relatedness of bovine and human 

strains was investigated. 47 of the bovine strains (representing at least one strain per farm and 

MLVA profile) and seven human strains were examined for lactose fermentation, bacitracin 

sensitivity, and presence of the scpB gene. In this analysis all but one of the bovine strains 

fermented lactose, while none of the seven human strains did. The scpB gene was found in 

about two-thirds of our bovine strains while other investigators found that a negative result 

was strongly associated to bovine strains (Franken et al., 2001; Sørensen et al., 2010). Also 

Bacitracin was less reliable in differentiating between bovine and human strains.

5 General discussion
In this work we investigated selected typing techniques for GBS, i.e. serotyping and 

genotyping of strain variable surface proteins and the MLVA developed in this study. The 

typing of bacteria within a species is usually done for surveillance, epidemiologic or research 

purposes. Which methods are chosen will depend on the scientific problem and the methods

available. Different methods have different resolution; i.e. the ability to classify a strain 

collection into groups. A basic typing method, e.g. the typing of the GBS polysaccharide 

capsule, will separate GBS strains into only ten different groups, while the perhaps ultimate 

typing technique of the future, whole genome sequencing, must be expected to characterize 

almost no strains as identical. This will lead to an extreme version of the problem common for 

high resolution methods such as MLVA or PFGE, i.e. how much divergence between results

can be accepted before strains are no longer considered related or closely related, a question 

discussed by van Belkum (van Belkum et al., 2007) or for the case of PFGE by Tenover

(Tenover et al., 1995). If strains are obtained over a longer period of time, such as the strains 

in our paper III which were sampled over three years, a greater divergence of strains should

be tolerated in the comparison of strains since some degree of mutation has to be expected 

over time.

Technical advances continuously generate new microbiological typing methods which 

have to be compared with established techniques in order to investigate their congruence and

to secure continuity in the typing of bacteria. Such comparisons will enable the scientific 
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community to discuss allocations of strains into concordant groups on the background of

different typing methods. 

In this study we compared immunological serotyping of surface proteins with newer 

genotyping (paper I). Further we aimed at and succeeded in developing a MLVA method for

GBS and compared its typing results with genotyping of capsular polysaccharides, surface 

proteins and MLST (paper II) and applied it in an investigation of strains from GBS mastitis 

in cattle in Norway (paper III).

5.1 Typing of surface proteins 

The main objective of paper I was to investigate if immunological serotyping and 

genotyping of GBS surface proteins produced concordant results. Ideally both methods should 

show complete concordance. This however was not to be expected since non-typable strains 

are regularly encountered in serotyping and immunological cross-reactivity is a well known 

problem in typing of Alp proteins (Lindahl et al., 2005). A previous study addressed this 

problem for a limited number of surface proteins (Persson et al., 2008).

The Department of Medical Microbiology at St. Olavs University Hospital in 

Trondheim holds an extensive collection of antibodies against the strain variable surface 

proteins of GBS. For the current work, this was paired with a thoroughly designed genotyping 

approach for these surface markers by the contributors from Australia (Zhao et al., 2006a).

Genotyping is usually a straightforward test and identifies the gene for the protein in question 

if the corresponding PCR is carefully designed. Apart from the Alps the study also targeted 

two proteins which are not part of the alpha-like protein family:

is well known and usually part of typing of surface proteins, R3 is less often looked for and in 

contrast to the others the genetic sequence is not known and therefore no PCR is available.

For typing of GBS surface proteins the study indicates that genotyping should be 

preferred, as it leaves only few strains non-typable and gives usually unambiguous results. 

Serotyping may be used as a supplementary method. Immunologically the phenomenon of 

non-typability or cross-reactivity might reflect problems with the specificity of the antibodies

or other assay related problems. However, this could also reflect changes in the proteins such 

as deletion of repeats or mutations at antigenic sites leading to immunologic variation.
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5.2 MLVA typing of GBS

The method of multi-locus variable number of tandem repeats analysis has several 

advantages compared to other typing methods. MLVA uses PCR assisted amplification of 

repeat loci and size assessment of the PCR products by electrophoresis. These are fast and 

comparably straightforward methods using less complicated laboratory protocols compared to

e.g. MLST or PFGE. The equipment needed for MLVA is available in many microbiological 

laboratories, especially when gel electrophoresis is used. The results can be given in repeat 

count, particularly if PCR product size is analyzed by fragment analysis. Fragment analysis by 

capillary electrophoresis gives an estimate of the PCR product size in base pairs. This can be 

computed into the repeat count which is easily exchangeable between laboratories (Figure 5).

Websites for exchange of these data have been established for several bacterial species. The 

resolution achieved by the method is depending on the variability and number of VNTRs 

used. A published MLVA has to be considered as a selection of possible loci and further 

investigation of the genome of a bacterial species might find additional loci which can be 

combined with previously described into an even more discriminating assay. 

These characteristics render MLVA a tool which is especially well suited for 

investigation of outbreaks. For phylogenetic typing or other issues, where less discriminative 

assays might be preferred, MLVA might also have a place, particularly when databases are 

accumulating many strains/types and consensus on what to consider as related strains has 

been reached (Pourcel and Vergnaud, 2011). Although variable genetic areas are often 

associated with repeats, the speed of mutation can be very different. Depending on the 

intention of the analysis, selecting VNTRs for phylogenetic studies or the evaluation of long-

term epidemiology might be possible. A selection of slowly mutating loci can result in a

MLVA with characteristics closer to MLST. Even without such a selection the phylogenetic 

trees in paper II showed that the strains are grouped with good congruence with the results of 

the phylogenetic reference method MLST, in which clonal complexes are usually thought to 

reflect phylogenetic linages. The proposed MLVA could theoretically be used to assign 

presumptive clonal complexes of MLST. 

In Paper II we investigated the stability of loci by passaging three strains 40 times in 

vitro without observing variability. Findings made in paper III indicated that the stability of 

VNTR loci in GBS and their mutation rate could be observed in cattle in vivo. In this study of 

Norwegian bovine GBS we had the opportunity to investigate strains which were collected on 

distinct farms over almost three years. We detected repeat count changes on five farms. On 
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four of these, changes appeared at only one locus, on the fifth farm with two available 

samples, differences at two loci were detected. The most notable example for variability was

observed in the SATR5 locus at a farm represented in the study by 48 samples. We propose

that the term Single Locus Variants (SLV), by analogy to MLST, may be applicable for such 

MLVA results.

The epidemiology of GBS in humans has to take into account the large proportion of 

gastrointestinal carriers of the bacterium. Disease arises from the translocation of the 

bacterium into usually sterile compartments such as blood, cerebrospinal fluid or synovial 

fluid. The bacterium is ubiquitous among humans and outbreaks are not common. Small 

outbreaks have occurred on maternity wards or in dialysis units; however they are usually 

limited to a small number of cases (MacFarquhar et al., 2010). In animals on the other hand 

outbreaks of GBS disease are common, especially as mastitis in cattle (Keefe, 1997; Zadoks 

et al., 2011). The collection of strains used in paper III reflects an increased occurrence of 

GBS as a cause of mastitis in Norwegian cattle in recent years. The MLVA performed 

excellently in discriminating the 187 bovine strains into 37 different profiles. Almost every 

farm had its own profile and a farm-specific profile was usually not encountered on other 

farms, as mentioned above and in the paper. This is in accordance with the information that 

animals are usually isolated at their farm without the possibility of direct contamination from 

other farms. Farms with long lasting GBS problems might therefore be used to study the 

microevolution of a GBS strain genetically. For the case of MLVA, this might give 

information about the in vivo stability of the selected VNTR loci under immunological 

pressure. 

A French group has recently proposed a MLVA for GBS consisting of six VNTR loci 

(Haguenoer et al., 2011). Interestingly three of their loci are also included in our MLVA. An 

additional VNTR selected by them was investigated by us (TR9 in paper II), but not included

into our MLVA. Haguenoer et al. also compared their MLVA with MLST results. While our 

paper II focuses on pediatric invasive strains, their selection of 186 strains was broader with 

human invasive, human colonizing and bovine strains. Their MLVA was as well able to group 

strains with good congruence to MLST results. The group emphasizes that they looked for 

VNTRs which were present in all their strains. This was done to avoid problems “in terms of 

resolution and reproducibility”. Their argument for this was that a negative result could occur 

either if the repeat locus is lacking or the primers fail to anneal due to variable flanking 

regions. In our opinion this only represents a problem if different primers are used by 

different groups. A negative result is also a valid typing result of a VNTR locus. When using 
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different primer pairs for the same VNTR it should be ascertained that they achieve identical

results. An eventual cumulative MLVA from these two works should have consensus primer 

sets for those loci which are present by both approaches. 

5.3 GBS and bovine mastitis

The epidemiology of GBS infections in bovines is strikingly different from

epidemiology in humans. The route of GBS transmission into herds is not obvious. 

Colonization of the gastrointestinal tract does not seem to occur and the udder is thought to be 

the only location of GBS infection (Agger et al., 1994; Zadoks et al., 2011). Therefore 

eradication of GBS from bovine herds might be possible and has been widely achieved

through infection control measures in the 1970s and 1980s in Scandinavia (Katholm, 2010b;

Zadoks et al., 2011). The question of evolution of human and bovine GBS is of importance in 

this setting and for human disease. If bovines are a reservoir for human disease this should be 

addressed in the discussion of prevention of human disease. If human strains infect bovines,

total eradication of bovine disease will be difficult to achieve. Several investigators 

addressing the relationship of human and bovine GBS tend to conclude that they are separate 

entities (see chapter 1.4.3). Experiments from the 1980s with artificial infections of bovine 

udders suggest that human strains could cause symptomatic mastitis but might not lead to

subclinical infection (Jensen, 1982).

A reemergence of GBS mastitis in Scandinavian farming has been observed over the 

last 10 years (Katholm, 2010a; Persson and Landin, 2009; Zadoks et al., 2011). This is best 

documented in Denmark, but has also been observed in Norway and Sweden. Several possible 

reasons for this have been mentioned. Herd size has increased and GBS eradication is more 

complex on such farms. Another development involves free stalls instead of boxed stalls, 

facilitating more physical contact between the animals. Finally automated milking systems 

have been introduced and are suspected to be associated with the reemergence of GBS 

mastitis (Persson and Landin, 2009).

5.4 Limitations of the study

In paper II we chose to compare our MLVA with MLST. Considering that MLVA is 

foremost a tool for high resolution typing which is well suited for outbreak investigation, a

comparison of the method with PFGE might have been equally interesting. Usually PFGE 
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will result in a higher resolution compared to MLST and might therefore be better suited for a 

comparison of epidemiological typing methods. As mentioned above, PFGE in GBS with the 

restriction enzyme Sma1 has in our hands not given the resolution expected from this method. 

The MLST method used here is well suited for phylogenetic comparisons and the most 

common used method for this kind of questions in later years (Feil, 2004; Pourcel and 

Vergnaud, 2011). MLVA and MLST clustered the strains into similar groups and MLVA 

could be used to assign a presumptive clonal complex to a strain, given more experience with 

MLVA.

The problem of mutation frequency and pattern of VNTRs was addressed both in 

Paper II and III but a thorough study of these questions should be performed with dedicated in 

vitro experiments. The investigation of farms with long lasting GBS problems might be an 

alternative way to observe this in vivo.

In paper III the strains were submitted to the microbiological laboratory at the farmer’s

or veterinarian’s choice. It is therefore not known if the strain collection was representative 

and definite conclusions about the extent of the problem in Norway could not be made.

However, GBS mastitis was only very rarely encountered in the last two decades and the 

frequency of GBS isolations in the Trondheim laboratory of the Norwegian Veterinary 

Institute was considerably higher than in the other regions. Further prospective studies should 

be done. In particular such studies might compare farms with and without AMS.

6 Conclusions

Typing of GBS surface proteins by immunological and molecular methods provides 

concordant or partially concordant results in the large majority of strains. 

Genotyping is superior to serotyping since it is able to type almost all strains and leads 

to less ambiguity.

A MLVA typing scheme for GBS was designed based on five VNTR loci.

The MLVA performed excellently with very good discrimination. MLVA typed the 

strains into epidemiological groups comparable to MLST and typing of CPS and 

surface proteins.

MLVA analysis of bovine GBS allocated a specific genotype to almost every farm 

while isolates from one farm were always identical or closely related. 
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7 Future aspects
Routine typing of GBS surface proteins should be performed by PCR. However, for 

confirmation of ambiguous PCR results and for immunological studies serotyping should be 

available as a supplementary method. The gene encoding the R3 protein should be identified.

The MLVA method presented in this work should be validated further and used for 

typing of strain collections from other geographic regions. Although some sequencing of PCR 

products from the five MLVA loci was done during the development of the method, 

sequencing of further alleles is desirable for verification and further study of the diversity of 

the loci. The method presented here should be compared with the method published by 

Hagenouer et al. Ideally consensus primers for the three common loci should be agreed upon. 

Further a common database on the internet with a consensus designations should be 

established. The mutation pattern for each locus should be determined since this would have 

implications for phylogenetic analysis.
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We compared serotyping to genotyping of group B streptococcal (GBS) surface proteins in 147 Australasian
isolates. Results were concordant for the two methods in 73.8% of 122 isolates, discordant for three and
partially discordant for 29 isolates. For the purpose of epidemiological typing of GBS, genotyping is superior
to serotyping.

© 2009 Elsevier B.V. All rights reserved.

Streptococcus agalactiae (group B streptococcus, GBS) is an im-
portant human pathogen, particularly perinatally. Capsular polysac-
charides (CPS) and surface proteins are important antigens, which are
used extensively for basic epidemiological serotyping (Cole, 2008;
Johri et al., 2006; Nizet and Rubens, 2006; Pannaraj et al., 2008) and
serosubtyping (Kong et al., 2002; Kvam et al., 1995), respectively.
S. agalactiae strains almost always express one of a family of surface-
anchored, so-called alpha-like proteins (Alp), of which Cα, Alp1, Alp2,
Alp3 and R4/Rib have been studied extensively. They are charac-
terized by long repetitive elements and mosaicism due to recombina-
tion, resulting in sharing of epitopes and antigenic cross-reactivity
(Lachenauer et al., 2000). This cross-reactivity suggests that a
common protein vaccine could provide broad spectrum protection
against GBS disease (Seifert et al., 2006). Cß is an IgA binding surface
protein, which does not belong to the Alp family, but is also used for
typing, and a potential vaccine component (Yang et al., 2007).

Serotyping methods are laborious and some isolates are non-
typable, despite harbouring surface protein genes. However, serotyp-
ing does not require knowledge of the genetic sequences encoding the
proteins or their flanking regions. For example, this is unknown for R3,
although it is identifiable with antisera. Methods based on demon-
stration of genes encoding surface proteins have been developed and
are becoming standard in GBS-protein typing, but there has been little
direct comparison of methods (Kong et al., 2002). The aim of this

study was to compare serotyping with antisera against most known
GBS surface proteins with PCR-based genotyping, using a representa-
tive panel of GBS isolates.

A panel of 147 was selected from a large collection of well-
characterized GBS isolates to include all 10 CPS serotypes (Ia, Ib, II–IX),
expressing the main protein antigens Cα, Cß, Alp1, Alp2, Alp3 and R4/
Rib (Kong et al., 2008; Zhao et al., 2008). The majority (129 isolates)
had been isolated from blood or cerebrospinal fluid (Zhao et al., 2008)
and the remainder from vaginal swabs collected for routine antenatal
screening by laboratories in Australia or New Zealand. Isolates were
stored in skim milk broth at−80 °C and subcultured on to blood agar
before testing. Genotyping was performed in Sydney, Australia and
isolates were sent on chocolate agar slopes to Trondheim, Norway, for
serotyping; both methods were performed without knowledge of the
results of the other.

Serotyping was performed by whole-cell, indirect immunofluores-
cence assaywith in-house antibodies as described elsewhere (Bevanger
and Maeland,1977). Murine monoclonal antibodies (mAb) against Cα/
Alp1(Bevanger et al., 1992); Cß (Naess et al., 1991); R3 (Kvam et al.,
1999) and R4/Alp3 common (Maeland et al., 2004) and rabbit
polyclonal antibodies to Alp2/3 common (Moyo et al., 2001), R4 specific
and Alp2 specific (Maeland et al., 2004) were used. Fluorescent anti-
murine or anti-rabbit immunoglobulin conjugates were used as
recommended by the manufacturer (Dako A/S, Glostrup, Denmark).
Fluorescence was assessed on a Nikon Eclipse fluorescence microscope
and graded from 0 to 3+, where scores of 2+ and 3+were interpreted
as positive. If isolates reacted with Alp2/3 common antiserum, they
were further tested to distinguish Alp3 from Alp2 using polyclonal Alp2
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and mAb R4/Alp3 common antibodies (Fig. 1). The Cα/Alp1 mAb,
originally considered specific for Cα, is now known to recognize both
Cα and Alp1 (unpublished data).

A multiplex PCR-based reverse line blot hybridization assay
(mPCR/RLB) was used for identification of protein and CPS genes, as
previously described (Kong and Gilbert, 2006; Zhao et al., 2006).
Briefly it involves, after DNA extraction (Wang et al., 2008), the use of
primer pairs targeting GBS (species-specific control) and seven
protein encoding genes: bca (Cα), rib (R4/Rib), alp1/ε (Alp1/epsilon),
alp2 (Alp2), alp3 (Alp3) and bac (Cβ). Amplicons are detected by
hybridization with target-specific probes fixed to a nylon membrane
and resolved by chemiluminiscence. In the same assay the CPS type
was determined as described previously (Kong et al., 2005). Serotype
IX was identified separately (Kong et al., 2008; Slotved et al., 2007).

Serotyping detected at least one protein in 123 of 147 isolates
(84%) and 24 (16%) were non-typable (Table 1). The most common
were Cα/Alp1, in 55 isolates (37%) and Alp2, Alp3 or Alp2/3 common
in 46 (31.2%). R4/rib was found in 22 (15%) isolates, R3 in five (3.4%).
Cß was detected in nine (6.1%) isolates, seven of which expressed at
least one additional protein, most commonly Cα/Alp1. Overall, eleven
isolates (7.4%) contained more than one protein (Table 1). Genotyping
detected at least one protein gene by mPCR/RLB in all but one of 147
isolates tested (Table 1). The only combination detected was bca and
bac. Typing of CPS was also done by mPCR/RLB and the surface
proteins detected generally corresponded with the CPS types with
which they are usually associated (Table 2).

122 of 147 isolates were typable by both antibody-based and
molecular methods. Results were concordant for 90 (73.8%) isolates,
discordant for three and partially discordant for 29 isolates (Table 1).
When Cß, Alp2, Alp3 or R4/Rib were found by serotyping, genotyping
always detected the corresponding gene. When the serotyping result
was Cα/Alp1 either bca or alp1 was present; bca was detected in 41
isolates and alp1 in 30 and, of these, 55 were serotyped as Cα/Alp1
(77.5%). The antibody used cannot distinguish Cα and Alp1 but
whether they are distinct immunologically remains to be demon-
strated. Cß was identified in only nine of 31 isolates in which the bca/
bac combination was detected. Discordant results occurred mainly
with Alp2 and Alp2/3 common polyclonal antibodies (Table 1). Ten of
24 non-serotypable isolates contained rib. We detected R3 – for which
no corresponding gene has been identified – in five isolates (3.4%), one
of which was the only one that was nontypable by mPCR/RLB; the
other four expressed other proteins, in addition to R3 and three of
these contained the corresponding genes.

GBS surface proteins are composed ofmodular subunits (Lachenauer
et al., 2000) in different combinations, which interfere with the spe-
cificity of some antibodies. Genotyping can resolve this cross-reactivity,
which is highly desirable in epidemiological typing. In a recent study
of GBS protein typing, Persson et al. studied 297 Swedish isolates
(Persson et al., 2008), using mAbs against Cα, Cß and R4/Rib and a
multiplex PCR to detect bca, alp1/ε, rib and alp2/3. Serotyping and
genotyping were performed by the same laboratory that did the
serotyping in this study. The R4/Rib mAb cross-reacted with several
strains containing alp3, as predicted from previous studies (Maeland
et al., 2005).

In the present study, eight antisera were used, including an
approach to resolve cross-reactions with Alp2/3 common antisera
(Fig. 1). The absence of cross-reactions between Alp2/3 and R4/Rib
confirmed the specificity of the polyclonal R4 antibody. Most isolates
with alp3 reacted with either Alp2/3 common or Alp3, one with Alp2
and three with none of the antisera. To our knowledge, Alp3 is a
chimera of Alp2 and R4/Rib and has no unique binding site, but binds
only antibodies which also react with other GBS surface proteins
(Maeland et al., 2005).

The polyclonal R4/Rib antibody failed to recognize a high
propotion of rib-positive isolates, many of which were non-serotyp-
able. Whether this represents low-level protein expression or reduced
antibody binding caused by antigenic variation was not investigated.
The latter has been demonstrated for Cα, in which variable repeat
numbers cause antigenic variation (Gravekamp et al., 1996).

R3 is one of the classical R proteins (Wilkinson, 1972) but has not
been sequenced. Therefore genotyping is unavailable. The frequency
of R3 (3.4%), among these Australasian isolates is comparable to that
(6.5%) among Norwegian isolates (Kvam et al., 1999), but lower than
that (N20%) in Zimbabwe (Mavenyengwa et al., 2008; Moyo et al.,
2002).

Mosaicism and structural variation of GBS surface proteins are
important features for immunological and vaccine research, but cause

Fig. 1. Algorithm for testing Alp 2/3 common positive isolates.

Table 1
Results of serotyping and genotyping of 147 group B streptococcal isolates.

Grey fields: concordant results in both typing methods.

Table 2
Distribution of capsular polysaccharide serotypes and their associated surface proteins.

Capsular serotype Total Protein encoding gene (n=)

Ia 28 alp1 (23), alp2 (2), bca (2), bca+bac (1)
Ib 30 bca+bac (29), bca (1)
II 13 rib (7), alp3 (5), bca (1)
III 28 rib (25), alp2 (2), alp3 (1)
IV 5 alp1 (4), alp3 (1)
V 32 alp3 (30), alp1 (1) , negative (1)
VI 7 bca (5), alp1 (2)
VII 2 alp3 (2)
VIII 1 alp3 (1)
IX 1 bca+bac (1)
Total 147
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discriminatory problems for epidemiological typing. We have shown
that GBS surface protein genotyping is superior, as almost all isolates
are typable and the results are unambiguous.
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Several methods have been used for typing of Streptococcus agalactiae (group B streptococci [GBS]). Methods
currently in use may provide inadequate resolution (e.g., typing of capsular polysaccharides and surface
protein) or are labor-intensive and expensive (e.g., multilocus sequence typing [MLST] or pulsed-field gel
electrophoresis). This work describes the construction and use of a multiple-locus variant-repeat assay
(MLVA) on 126 well-characterized human GBS strains, consisting mostly of invasive Norwegian strains and
international reference strains. Based on in silico whole-genomic analysis of the genomes of strains A909,
NEM316, and 2603V/R, 18 candidate loci were selected and investigated by PCR. Eleven loci showed diversity,
and the five most diverse loci were used for the construction of an MLVA, consisting of a multiplex PCR
followed by fragment analysis with capillary electrophoresis. The assay generated clusters which corresponded
well with those observed by other methods. However, it provided a considerably higher degree of diversity, with
70 different MLVA types compared to 36 types generated by MLST. Simpson’s index of diversity for the 5-locus
MLVA was 0.963, compared to 0.899 for the MLST in this strain collection. MLVA results will generally be
available within 2 days, which is usually faster than MLST. In our hands, MLVA of GBS represents a rapid,
easy, and comparably inexpensive method for high-resolution genotyping of GBS.

Streptococcus agalactiae is the only species within the group
B streptococci (GBS) of Lancefield’s classification of hemolytic
streptococci. It is well recognized as a human pathogen, espe-
cially for causing septicemia, meningitis, and other serious
invasive disease in neonates; it is also associated with stillbirth.
In addition, it is known to cause serious maternal infections
and serious infections in elderly and immunocompromised pa-
tients.

Different approaches for typing of GBS have been devel-
oped through the years. Most commonly, GBS strains are
assigned to one of the 10 capsular polysaccharide (CPS) types.
Typing of surface proteins and analysis of the antibiotic resis-
tance pattern can add further resolution to typing of pheno-
typic features. Examination of CPS or surface proteins can be
done by immunological methods or, more recently, by detect-
ing the corresponding genes by PCR (6, 8, 10). Multilocus
sequence typing (MLST) was developed to study the long-term
evolutionary development of a species. The total number of
GBS sequence types (STs) is currently around 490 (http:
//pubmlst.org/sagalactiae/). Pulsed-field gel electrophoresis
(PFGE) based on macrorestriction fragment analysis of
genomic DNA is considered highly discriminatory. For GBS,
the restriction enzyme SmaI is often used, generating only 8 to
12 restriction fragments, which may be suboptimal with respect
to discriminating capacity (2, 19, 21). Since PFGE is an image-
based method, it may be difficult to compare results between

different laboratories. Both MLST and PFGE are labor-inten-
sive techniques requiring experienced personnel and usually
several days of work before results are available.

DNA loci consisting of repeated sequences are widespread
throughout the genome of bacteria and have a tendency to vary
in repeat number from strain to strain, so-called “variable
number of tandem repeats” (VNTR). The combination of sev-
eral VNTR loci in an assay (multiple-locus variant-repeat assay
[MLVA]) has been shown in various bacterial species to gen-
erate strain-specific profiles that can be compared, exchanged,
and reproduced in different laboratories. The technique has
been employed successfully for the typing of an increasing
number of bacterial species (23). The aim of the present study
was to explore the GBS genome for variably repeated genetic
regions and to investigate the feasibility of an MLVA method
for typing the bacterium.

MATERIALS AND METHODS

Selection, culture, and DNA extraction of GBS strains. A panel of 126 GBS
strains was selected to represent a broad range of CPS and surface proteins and
sequence types. Most of these (n � 113) were invasive strains submitted to the
Norwegian reference laboratory for GBS. They were also used in a previous
study of invasive GBS in infants (3). In addition, nine international reference
strains were included, among them all eight fully sequenced strains. Two Zim-
babwean colonizing strains and two Danish CPS type IX strains were also
included. The distribution of CPS types was as follows: Ia, 12 strains; Ib, 10
strains; II, 6 strains; III, 55 strains; IV, 9 strains; V, 30 strains; VI, 1 strain; and
IX, 3 strains. Strains stored at �80°C were grown overnight on blood agar plates.
For nucleic acid extraction, 4 to 5 colonies were added to 200 �l lysis solution
containing 12 �l (20 mg/ml) lysozyme (Sigma-Aldrich Corp., St. Louis, MO), 4.8
�l (20 mg/ml) proteinase K (Sigma), 4.8 �l (10,000 U/ml) mutanolysin (Sigma),
and 178.4 �l Tris-EDTA (TE) buffer and incubated at 37°C and 65°C for 15 min
each. DNA was purified on a Qiagen BioRobot M48 instrument using the
MagAttractDNA Mini 48 kit (Qiagen, Hilden, Germany) and eluted in a volume
of 50 �l. The eluate was diluted 1:10 for PCR.

* Corresponding author. Mailing address: Andreas Radtke, Norwe-
gian University of Science and Technology, Department of Laboratory
Medicine, Children’s and Women’s Health, Olav Kyrres gt. 9, 7489
Trondheim, Norway. Phone: 47 725 73 253. Fax: 47 725 76 416. E-mail:
andreas.radtke@ntnu.no.

� Published ahead of print on 26 May 2010.
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Detection of VNTRs, PCR protocols, and analysis of fragments. Genomes
were analyzed using the Tandem Repeats Finder program, version 4.00 (1). The
Variable Region Finder available at the Health Protection Agency website (http:
//www.hpa-bioinformatics.org.uk/variable_region_finder/index.html) was also
used. Primers were designed using Oligo 6.71 software (Molecular Biology In-
sights, Inc., Cascade, CO). The loci were consecutively termed TR1 through
TR18, while the five loci proposed for the subsequent MLVA were renamed
SATR1 to SATR5 in the later phase of the study. Analysis of the repeats was
generally done with single PCRs in 25 �l of reaction mixture containing 50 �M
(each) dATP, dCTP, dGTP, and dTTP; forward and reverse primers (0.5 �M);
2.5 �l 10� PCR buffer with 15 mM MgCl and 0.75 U AmpliTaq Gold DNA
polymerase (both of the latter by Applied Biosystems, Foster City, CA); a 1-�l
aliquot of the purified, diluted DNA template; and RNase-free water. The PCR
conditions were 5 min at 95°C for activation of the polymerase and then 35 cycles
of 30 s at 95°C, 30 s at annealing temperature, and 60 s at 72°C. The annealing
temperature used initially was that proposed by the primer design software, but
the temperature was later changed to 55°C. The PCR was performed on an MJ
Research PTC-200 instrument (MJ Research, Inc., Watertown, MA). Amplicon
size was determined with an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA) using the DNA 1000 chip. Later, amplicon size was determined
by either 2% agarose gel electrophoresis for the VNTRs that showed only two or
three alleles or by fragment analysis with capillary electrophoresis. The Qiagen
multiplex PCR kit was used for the subsequent multiplex PCR. The manufac-
turer’s recommendations were followed, except for the annealing temperature,
which was set to 55°C. In addition, the concentrations of the individual primers
in the primer mix were adjusted to 1.5 �M for SATR1 and -5, 1 �M for SATR2
and -3, and 0.5 �M for SATR4, and the total PCR volume was reduced to 25 �l.

Fragment analysis was done on an ABI 3130xl genetic analyzer. Hi-Di form-
amide, GeneScan 1200 LIZ size standard, and the PCR product were mixed (9
plus 0.5 plus 0.5 �l). The standard protocol for fragment analysis with 36-cm
capillaries and POP7 polymer was used. The product sizes were analyzed using
the GeneMapper 4.0 software. (All products used for fragment analysis were
from Applied Biosystems.)

For analysis of the stability of the alleles, three strains (06/14, 06/123, and
07/15) were passaged on blood agar plates 40 times over a period of 4 months.

Serotyping and MLST. Typing of CPS and surface proteins was done by PCR
(6, 11, 24), except that immunofluorescence microscopy was used for the nine
Norwegian strains collected in 2005 (4). MLST was performed as described
elsewhere (9). Results were available for all 126 of the strains. STs of most of the
Norwegian strains were available from a previous study (3), whereas the ST of
the international reference strains was available from a recent publication (22).

Analysis of results. For cluster analysis, BioNumerics 6.0 software (Applied
Maths, Sint-Martens-Latem, Belgium) was used. Simpson’s index of diversity was
calculated either via the VNTR DIversity and Confidence Extractor (V-DICE)
software at the Health Protection Agency website (Health Protection Agency,

Colindale, London, United Kingdom; http://www.hpa-bioinfotools.org.uk/cgi-bin
/DICI/DICI.pl) or manually (18). The number of repeats was determined by
subtracting the offset (the number of nucleotides between the primers and the
start/end of the repeat) and dividing the remaining number of nucleotides by the
repeat length (Table 1).

Sequence verification. For DNA sequencing, loci were amplified in PCRs with
unlabeled primers as described above. The PCR products were purified by using
ExoSAP-IT (USB Corporation, Cleveland, OH) following the instructions of the
manufacturer. BigDye 3.1 and BigDye terminator 3.1 (Applied Biosystems)
reagents were used according to the manufacturer’s instructions for sequencing
PCR and subsequent purification. Capillary electrophoresis of sequencing PCR
products was performed on an ABI 3130xl genetic analyzer (Applied Biosys-
tems). The resulting sequences were analyzed using Sequencher 4.2 software
(Gene Codes Corporation, Ann Arbor, MI).

RESULTS

Identification of tandem repeats in GBS. The sequences of
the three complete genomes of strains A909, NEM316, and
2603 V/R were analyzed in silico using the Tandem Repeats
Finder program or the Variable Region Finder website. Can-
didate loci were compared via the BLAST website with the
eight published whole-genome sequences, namely, the three
above mentioned and five not fully assembled and annotated
shotgun sequences (strains 515, H36B, 18RS21, COH1, and
CJB111) (22). Most loci were excluded from further investiga-
tion for reasons such as large size, poorly conserved repeats, or
poorly conserved flanking sequences. For the 18 remaining loci
(Table 1), primers were designed. Their presence and their
suitability for an MLVA were tested in 11 GBS strains. Seven
loci (marked with asterisks in Fig. 1) were found unsuitable
because they did not show variability or were not amplified
even after several primer pairs were designed and tested.

The remaining 11 loci were investigated in all 126 strains.
Four of the loci had four or more alleles, and three had three
alleles, while the remaining four loci had two alleles in this
strain collection. Six of the 11 diverse loci did not generate a
PCR product in some strains (indicated as �1 repeats in Fig.
1). Amplification of SATR4 and SATR5 generated a PCR

TABLE 1. Properties of 18 assumed variable genetic loci in Streptococcus agalactiae

Namea Strainb Position in
strain genome

Repeat size and count in
original strain (offset size) Annotation in genome

TR1 (SATR1) 2603 V/R 143000 60 bp � 3 (139 bp) Hypothetical protein SAG0134, CRISPR
TR2* A909 115500 9 bp � 4
TR3 (SATR2) A909 746100 18 bp � 6 (85 bp) Hypothetical protein SAK_0805
TR4* A909 1159300 18 bp � 2
TR5* A909 1256100
TR6 (SATR3) A909 1993600 12 bp � 23 (92 bp) Surface adhesion protein gbs2018 in NEM316
TR7* A909 2071160
TR8 (SATR4) NEM316 29700 18 bp � 3 (99 bp) pcsB protein
TR9 NEM316 107750 24 bp � 2 Chaperone protein, dnaJ
TR10* NEM316 476780
TR11* NEM316 1547230
TR12 (SATR5) A909 1118500 48 bp � 14 (161 bp) Putative fibrinogen-binding protein, SAK_1142
TR13 2603 V/R 451800 45-bp insert upstream of alp proteins
TR14 NEM316 857700 53-bp insert, gene gbs0831
TR15* NEM316 917600
TR16 NEM316 1010700 66-bp insert, hypothetical protein gbs0966
TR17 NEM316 1269700 45-bp deletion in A909, intergenetic between gbs1230 and ung
TR18 NEM316 1624650 44-bp deletion, gbs1557

a *, not surveyed further after initial screening.
b The strain column refers to the strain in which the locus was found originally.
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FIG. 1. Cluster analysis of 126 GBS strains using categorical values and the UPGMA (unweighted-pair group method using average linkages) algorithm,
generated with Bionumerics 6.0 software. Numbers in the SATR1 to -5 columns indicate repeat count (�1 repeat, no PCR product). CPS, capsular
polysaccharide. The country column gives the origin of the strain: NO, Norway; INT, international reference strain; DK, Denmark; and ZW, Zimbabwe. Strains
marked with asterisks were used in the initial analysis of 18 variable loci. There is an overlap of three strains between the two panels.
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product devoid of the repeat in 1 strain and 21 strains, respec-
tively (indicated as 0 repeats in Fig. 1). The number of alleles
for the 11 loci and their calculated diversity index are shown in
Table 2. All 11 loci were stable in three strains that were
passaged 40 times.

Construction of an MLVA. The five most diverse loci were
chosen for the construction of a GBSMLVA with fluorescently
labeled primers and size estimation by capillary electrophore-
sis. The five proposed MLVA loci (SATR1 to -5) were ampli-
fied in one multiplex PCR. Due to uneven amplification effi-

ciency, the primer concentration had to be adjusted as
described above. Fragment sizes were estimated on an ABI
3130xl Genetic Analyzer using the 1200 LIZ size standard.
This standard was chosen because SATR3 and SATR5 had
large PCR products in some strains: up to around 750 bp in
SATR3 and above 1,200 bp in the latter.

The five loci are described in more detail as follows.
(i) SATR1 (TR1). This SATR1 repeat locus consisted of

well-conserved repeats of 60 bp and was present in all strains
investigated with one to three repeats. This locus was previ-

FIG. 1—Continued.
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ously described by Dmitriev et al. (7, 17) as consisting of 16-bp
direct repeats and 44-bp spacer regions.

(ii) SATR2 (TR3). The SATR2 repeats were well conserved,
consisting of 18 bp, and the strains contained 3 to 15 repeats.
All sequenced strains had an insert of 9 bp found between
repeats 2 and 3. The only strains having 15 repeats were the
three strains in this study of the recently described serotype IX
(20). In 14 strains (11%), no PCR product was detected.

(iii) SATR3 (TR6). The SATR3 repeat locus gave compara-
bly large products from 297 to 750 bp. The repeat unit of 12 bp
was quite well conserved. The repeat count was computed to
18 to 54 repeats; however, sequencing demonstrated that the
strains with the largest amplicons had 18 repeats and an in-
serted sequence of two 216-bp repeats. This combination was
found in 33 strains (26.4%), all but one of which belonged to
MLST clonal complex 17. A similar observation was made by
Lamy et al. (12), as discussed below. SATR3 was not amplified
in 25 strains (20%), most of which were of serotype III/R4 and
MLST clonal complex 19.

(iv) SATR4 (TR8). The SATR4 repeat gave the smallest
PCR products, ranging between 99 and 168 bp. The underlying
repeat of 18 bp was quite degenerated; in some strains, some
or all of the repeats were only 15 bp. For convenience of
typing, all alleles are assigned as multiples of 18 bp in the
calculation of repeat numbers. A PCR product was observed in
all 126 strains, and five different alleles were found. The repeat
is located in the pcsB gene, encoding a protein which is im-
portant for cell wall separation (15).

(v) SATR5 (TR12). The SATR5 locus is the most diverse
repeat locus in this study, with 24 different alleles in the 126
strains and a Simpson’s index of diversity of 0.913 (confidence
interval [CI], 0.900 to 0.922). The repeat of 48 bp was quite well
conserved, and an amplification product was detected in all but
one strain. Of 21 strains with a PCR product size equivalent to the
offset (0 repeats), 13 were of ST19. A result of six repeats was
found in 22 strains, 18 of which belonged to ST17. Some strains
had an insert after the repeat locus, causing a variable offset.
However, for typing purposes, the offset was set to 161 bp with the
primers chosen. The larger products of this locus, especially those

above 900 bp, did give weak signals in spite of attempts to opti-
mize both multiplex PCR and fragment analysis. If SATR5 did
not yield a product in the multiplex PCR, it was repeated in a
single PCR. In five strains, the SATR5 locus was calculated to be
more than 1,400 bp by the GeneMapper software, although this
was above the upper limit of the 1200 LIZ size standard and
therefore unreliable. When the five strains containing SATR5
amplicons above 1,200 bp were analyzed by gel electrophoresis,
they showed diversity. In the analysis, however, these five strains
were assigned a repeat count of 50. SATR5 is located in the gene
encoding the fibrinogen binding protein FbsA (16).

Comparison between MLVA, serotyping, and MLST. MLVA
analysis with the five proposed loci resolved the 126 strains into 70
different types with a Simpson’s index of diversity of 0.963, while
MLST separated them into 36 STs with an index of 0.899. The
two largest groups of identical MLVA profiles consisted of 19
strains and 13 strains, most of which belonged to ST17 and ST19,
respectively. These two MLST types are common subgroups of
CPS type III (Fig. 1). All 27 of the ST17 strains in this work
clustered together but were resolved into 12 different MLVA
types within this cluster; 16 of them had identical profiles (Fig. 2).
Similarly, all 11 CPS III/ST19 strains belonged to the same
MLVA cluster and were resolved into four MLVA types; 7 of
them had identical profiles. CPS type V has previously been
described as relatively homogenous, possibly due to a recent in-
troduction of this group as a human pathogen (5). Most of the
type V strains belonged to ST1 (21 out of 30 type V strains); 20 of
these 21 were in a cluster consisting of 12 MLVA types, mostly
because of heterogeneity in SATR5.

A simpler MLVA analysis using SATR1 to -4 resulted in 43
different types for the 126 strains (Simpson’s index of diversity,
0.926), also corresponding very well with the clustering by the
other typing methods.

DISCUSSION

This study identified VNTR loci in the genome of GBS that
are suitable for MLVA typing. MLVA is a relatively new typing
method with several advantages compared to other methods.

TABLE 2. Primers, fluorescent dyes, and Simpson’s index of diversity for 11 VTNR loci in GBS

Locus
Sequence (5�33�)a

Diversity
indexb 95% CI Kc max(pi)d

Forward primer Reverse primer

SATR5 (TR12) 6-FAM-AGTCACCTTGACTAGAGTG AATAAAATAGGTTTTAGAACTTGG 0.913 0.903–0.923 24 0.173
SATR3 (TR6) VIC-CCGCCAAGTTTCCGCTAG AGCTAACAAGCTACGTGATGC 0.869 0.856–0.881 19 0.220
SATR2 (TR3) PET-GTTGATAAAGTTGATGT

TCCG
AGCCTTCTTCAACTATAGGTG 0.703 0.675–0.732 9 0.472

SATR1 (TR1) NED-ACTTGTGAAAGTGTATCGGT AAATCAGTGTTTTAACAGCAGC 0.643 0.626–0.661 3 0.465
SATR4 (TR8) VIC-AAAGCATCTTTAATTCAGGCA CTGTGGCAGACTCAACTTGTG 0.633 0.608–0.658 5 0.504
TR9 TGTCTAAGAAATACCATCCAG TTCAAAACTTAAATTAACACG 0.470 0.444–0.496 3 0.643
TR13 TGTTTCTAAGAAAAAAGAGG ACCTTACATTTGATTACACC 0.470 0.444–0.496 3 0.643
TR16 ATCAAAAAACCAGATACTGC CAATGCTTTAACCGAACCAG 0.455 0.431–0.478 2 0.651
TR14 ATTATAGAGGACGTTACTCG CAACCATCCGACCTGTAATA 0.172 0.133–0.212 2 0.905
TR18 ATGACAGTTGAACATGTGGA TACCATGTACCAACAGACTG 0.031 0.011–0.051 2 0.984
TR17 AATTTGGTTCCGTTTGGCT ATGCTCGAAAGAAAAAGTCG 0.016 0.001–0.030 2 0.992

a Certain primers were labeled with the fluorescent dyes 6-FAM (6-carboxyfluorescein), VIC, PET, and NED, as indicated.
b The diversity index (for VNTR data) is a measure of the variation of the number of repeats at each locus, ranging from 0.0 (no diversity) to 1.0 (complete diversity).

The most diverse loci are shown at the top.
c K, number of different repeats present at this locus in a collection of 126 GBS strains.
d max(pi), fraction of samples that have the most frequent repeat number in this locus (range, 0.0 to 1.0).
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Mainly, MLVA is easy to perform at moderate costs, and
results are in most cases available within 2 days, which will
usually be more rapid than MLST or PFGE. Since MLVA
generates numeric results, comparison of strains between dif-
ferent laboratories may easily be done. In the present study, 18
candidate loci were identified in the GBS genome by compu-
tational studies. Initial laboratory analysis found seven of these
not suitable. The remaining 11 loci were tested in 126 strains,
and the five most diverse loci were selected for an MLVA
based on multiplex PCR and capillary electrophoresis for de-
termination of the number of repeats.

The strain collection analyzed consisted of Norwegian inva-
sive GBS strains and international reference strains which to-
gether represented a wide selection of CPS types and STs. The
Norwegian strains, mostly from neonates, had been submitted
to the national reference laboratory from hospitals throughout
the country in the years 2006 and 2007. It is therefore reason-
able to assume that there was no epidemiological association
between most patients. Based on the high discriminatory
power of the MLVA shown in this study, the method may well

be suited for outbreak investigation. This should be addressed
in a study with epidemiologically related strains.

Typing with MLVA in this study did generally correspond
with the clustering of strains observed in CPS/surface protein
typing or MLST. The 5-locus MLVA provided a very high
degree of resolution, discriminating the 126 GBS strains into
70 different MLVA types (Fig. 1). The discriminatory power of
this MLVA is superior to those of both MLST and combined
CPS/protein typing, which resolved the strains into 36 and 19
types, respectively. The strains could have been resolved fur-
ther if SATR5 alleles above 1,200 bp had been differentiated,
which could be necessary under certain circumstances. If re-
quired, this will imply the use of other methods for exact size
enumeration of SATR5 and consequently a delay of results.
For SATR4, the diversity due to the degenerate character of
the repeat should be kept in mind. In addition to the repeat
count, the fragment size may be considered, especially if the
MLVA is used in epidemiological investigations. As an alter-
native option for providing rapid results, a 4-locus MLVA,
consisting of the loci SATR1 to -4 was also analyzed. Even this
4-locus MLVA was capable of providing higher resolution than
MLST or CPS/protein typing. Conversely, some or all the six
loci mentioned in Table 2 but not included in the 5-locus
MLVA analysis (e.g., TR9, TR13, and TR16) could be added
to the MLVA if an even higher degree of resolution is desir-
able.

Some of the loci selected for the 5-locus MLVA have been
investigated previously for other purposes. SATR1 has been
addressed by a Russian and Slovakian group (7, 17) who found
eight alleles in 112 bovine strains. Strictly speaking, this locus
is a clustered regularly interspaced short palindromic repeat
(CRISPR) but worked very well as component of this MLVA.
SATR3 is located in the gene of surface adhesion protein
gbs2018 previously analyzed by Lamy et al. (12). They de-
scribed three alleles, one of which included the insert of 216 bp
with two repeats mentioned above and found it as well strongly
correlated with ST17. GBS belonging to ST17 account for a
high proportion of newborn infections (3, 9, 14); however,
whether these GBS represent a hypervirulent cluster is under
discussion (13). SATR5 is the most diverse repeat locus and is
responsible for a substantial part of the overall resolution ob-
tained with this assay. Analyzed alone, it did cluster some of
the MLST groups such as ST17 and ST19 well, while others
(e.g., CPS type V/ST1) were more dispersed. On the other
hand, SATR5 resolved CPS-type V/ST1 into many different
types in the MLVA, while other typing techniques tend to give
a much more homogeneous picture of this subgroup. In
SATR2, the finding of 15 repeats was indicative for CPS type
IX. This was also observed in three additional type IX strains
not included in this study. Results that were indicative of cer-
tain sequence types were, e.g., the finding of 54 or 55 repeats
in SATR3 for ST17 (Fig. 2). Similarly, an ST19 could be ex-
pected when SATR3 had no PCR product (�1 repeats) and
SATR5 had 0 repeats.

To summarize, the present study identified VNTR loci in the
genome of Streptococcus agalactiae suitable for MLVA analy-
sis. Five loci were selected for a multiplex PCR protocol fol-
lowed by capillary electrophoresis, enabling a very discrimina-
tory GBS typing assay. The 5-locus MLVA resolved a strain
collection of 126 GBS strains considerably better than MLST

FIG. 2. MLVA cluster analysis of 27 ST17 strains included in the
study using categorical values and the UPGMA algorithm, generated
with Bionumerics 6.0 software. Numbers in the SATR1 to -5 columns
indicate the repeat count.
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and with less workload. This method is well suited for typing of
GBS, e.g., by national reference laboratories and for research
purposes. Further work with this method would include refine-
ment of the method, comparison with PFGE with epidemio-
logically related strains, as well as analysis of other strain col-
lections, such as non-Norwegian strains and noninvasive and
animal strains, and establishment of a website for international
collaboration and strain comparison.
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Multiple-locus variant-repeat assay (MLVA) is a useful tool for molecular
epidemiologic analysis of Streptococcus agalactiae strains causing bovine
mastitis

Andreas Radtke a,b,*, Torkjel Bruheim c, Jan Egil Afset a,b, Kåre Bergh a,b

aNorwegian University of Science and Technology, Department of Laboratory Medicine, Children’s and Women’s Health, Trondheim, Norway
b St. Olavs University Hospital, Department of Medical Microbiology, Trondheim, Norway
cNorwegian Veterinary Institute, Trondheim, Norway

1. Introduction

Bovine mastitis caused by Streptococcus agalactiae

(group B streptococci, GBS) is a serious problem to animal
health and farm profitability. GBS mastitis can either be
an acute or subclinical disease, the latter leading to
gradually diminishing milk production and risk of
infecting other members of the herd. Since the 1960s

eradication programs have been used to control this
obligate udder pathogen and succeeded in reducing the
incidence of GBS mastitis (Keefe, 1997; McDonald, 1977).
Before year 2000 the prevalence of infected herds was
less than 2% in Scandinavia. Since then a reemergence of
GBS mastitis has been observed in Scandinavia; a
prevalence rate of 5.8% was reported for Denmark in
2008 (Katholm, 2010a,b; Zadoks et al., 2011). In Norway
the Norwegian Veterinary Institute (NVI) observed an
increased frequency of GBS positive milk samples from
0.09% in 2002 to 1.49% in 2010. The total number of milk
samples analyzed was about 16,000 per year and
constant during the decade (Ståle Sviland, NVI, personal
communication).
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A B S T R A C T

Group B streptococci (GBS) were considered a major cause of mastitis in cattle until

preventive measures succeeded in controlling the disease in the 1970s and 1980s. During

the last 5–6 years an increasing number of cases have been observed in some Scandinavian

countries. A total of 187 GBS isolates from mastitis cases were collected from 119 animals

in 34 Norwegian farms in the period from April 2007 to November 2010. 133 (71%) of the

isolates were from farms with automated milking systems. The strains underwent typing

of capsular polysaccharides (CPS) and surface proteins, and were analyzed by multi-locus

variable repeat assay (MLVA) to investigate the epidemiological relationship of strains

within and between farms. The GBS strains were differentiated into 12 types by CPS and

surface protein analysis, with CPS types V (54%) and IV (34%) predominating. MLVA was

superior to CPS and protein typing for strain differentiation, resolving the 187 strains into

37 types. In 29 of 34 farms all GBS strains had identical MLVA profiles specific for each farm.

However, in one farm represented with 48 isolates, four MLVA variants with differences in

one repeat locus were observed during the almost 3-year long collection period. Similar

variations were observed at four other farms. This might reflect the stability of repeat loci

under in vivo conditions. Farms with automated milking systems were overrepresented in

this material. In conclusion, the five-loci MLVA allowed rapid high-resolution genotyping

of the bovine GBS strains within and between farms.
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Basic typing of GBS usually determines the capsular
polysaccharide (CPS) type. This can be done by immuno-
logic methods, but many bovine strains have been found to
be non-typable (Jensen and Aarestrup, 1996; Zhao et al.,
2006). Genotyping studies using PCR, however, demon-
strated the genes for CPS in almost all bovine isolates
(Sørensen et al., 2010; Zhao et al., 2006). Surface protein
typing adds information to the basic typing. Newer
molecular methods such as pulsed-field gel electrophor-
esis (Baseggio et al., 1997; Merl et al., 2003), randomly
amplified polymorphic DNA analysis (Martinez et al.,
2000; Pereira et al., 2010) and multi-locus sequence typing
(Bisharat et al., 2004) are considerably more discrimina-
tive.

Recently we described a multi-locus variant-repeat
assays (MLVA) for GBS using five variable number of
tandem repeat (VNTR) loci (Radtke et al., 2010). This MLVA
was more discriminatory than CPS and protein typing or
multi-locus sequence typing. The increased occurrence of
GBS-related mastitis in Norway prompted us to investigate
the applicability of MLVA in elucidating epidemiological
relationships.

2. Materials and methods

2.1. Selection, culture and DNA extraction of GBS strains

Milk samples from individual udder quarters were
submitted to the Norwegian Veterinary Institute (NVI) for
diagnostic bacteriology when considered indicated by the
referring veterinarian or farmer. GBS isolates identified by
the NVI laboratory in Trondheim between April 2007 and
November 2010 were stored at �80 8C. The other local NVI
laboratories (Oslo, Sandnes, Bergen and Harstad) and the
Tine Norwegian Dairies BA, Mastitis Laboratory in Molde
were asked for GBS isolates collected in the same period. A
total of 187 GBS-isolates (148 from Central Norway, 39
from other parts of Norway) were available for analysis.
The 187 samples were collected from 34 farms; 14 farms
were represented by one isolate, 10 farms by 2–3 isolates
and further 10 farms had four or more isolates (range 4–
48). An overview of herd sizes is given in Table 1. For 181
strains isolated from 119 animals, information about the
infected cow was available. Of the 119 cows, 73 were
represented with one sample, 35 with two, eight with
three, two with four and one with six samples. In the 46
animals that had more than one sample available, these
were either taken on the same day but from different teats
or taken on different occasions. Strains were cultured and
subcultured on blood agar plates containing 5% ox blood at
35 8C in 5% CO2. Fermentation of lactose was examined in
phenol red broth base supplemented with 0.3% meat

extract and 1% lactose (Sørensen et al., 2010). Tubes were
incubated for 2 days at 35 8C. Bacitracin resistance was
recorded after overnight culture on blood agar plates using
bacitracin impregnated BBL Taxo Discs (Becton, Dickinson
and Company, Sparks, MD, USA). For nucleic acid extrac-
tion, one colony was added to 200 ml lysis solution
containing 100 ml lysozyme (Sigma-Aldrich Corp., St.
Louis, MO, USA; 20 mg/ml) and 100 ml TE buffer, and
was incubated at 37 8C for 15 min. DNA was purified from
this lysate on a Qiagen BioRobot M48 instrument using
MagAttract DNA Mini 48 Kit (Qiagen, Hilden, Germany)
and eluated in a volume of 100 ml.

2.2. Detection of VNTRs, PCR protocols and analysis of

fragments

Typing methods for the detection of genes encoding CPS
types Ia, Ib and II through IX and surface proteins Ca, Alp1,
Alp2/3, Alp4, R4 and Cb were used as described elsewhere
(Creti et al., 2004; Imperi et al., 2009; Zeng et al., 2006).

A five-loci MLVA was used as described previously
(Radtke et al., 2010). Briefly, loci SATR1–4 were amplified
in a multiplex-PCR with fluorescence labeled primers
using the Qiagen Multiplex PCR kit (Qiagen). The
manufacturer’s recommendation was followed except
for the annealing temperature which was set to 55 8C,
and the concentrations of the individual primers in the
primer mix were adjusted to 2 mM for SATR1 and 1 mM for
SATR2, 3 and 4, and the total PCR volume was reduced to
25 ml. SATR5 was amplified in a separate PCR as described
previously (Radtke et al., 2010), using the same PCR
conditions as for the multiplex-PCR. PCRs were performed
on a MJ Research PTC-200 instrument (MJ Research, Inc.,
Watertown, MA, USA).

Amplicon size was determined by fragment analysis
with capillary electrophoresis on an ABI 3130xl Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA). The
products from the two PCR reactions were both diluted
1:10 in water and mixed afterwards. Then 9 ml Hi-Di
Formamide, 0.5 ml GeneScanTM 1200 LIZ Size Standard and
0.5 ml of the mixed, diluted PCR products were blended.
The standard protocol for fragment analysis with 36 cm
capillaries, POP7 polymer and the LIZ1200 standard was
used. The product sizes were analyzed using the Gene-
Mapper 4.0 software (all products used for fragment
analysis supplied by Applied Biosystems). In six strains the
SATR5 amplicon was larger than 1200 bp, which is the
upper limit of the size standard. For these strains, a repeat
count of 50 was assigned.

PCR for scpB was performed with previously published
primers (Dmitriev et al., 2004) under the following
conditions: 5 min at 95 8C, followed by 35 cycles of steps
of 95 8C, 55 8C and 72 8C at 30 s each, and a final elongation
step of 72 8C for 10 min. The PCR-products were analyzed
with an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA) using the DNA 1000 chip.

2.3. Cluster analysis

The BioNumerics 6.1 software (Applied Maths, Sint-
Martens-Latem, Belgium) was used for cluster analysis,

Table 1

Herd size of 33 farms of 34 included in the study, data for one farm (Farm

ID: NS) were not available. Mean number of animals per farm and range

are calculated for all 33 farms, the farms with automated milking systems

(AMS) and the non-AMS farms, respectively.

Mean Range

All farms (n = 33) 39.9 7–93

AMS farms (n = 21) 61.4 46–93

Non-AMS farms (n = 12) 27.7 7–82
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using categorical values and the UPGMA (unweighted-pair
group method using arithmetic means) algorithm.

3. Results

In this study 187 bovine GBS strains were investigated
by genotyping of capsular polysaccharides, surface pro-
teins and MLVA. Typing of the polysaccharide capsule
yielded the following results: Ia (seven strains, 3.7%), Ib
(six strains, 3.2%), II (three strains, 1.6%), III (three strains,
1.6%), IV (64 strains, 34.2%), V (101 strains, 54.0%), IX (one
strain, 0.5%) and two strains (1.1%) were non-typable. CPS
type V and type IV together accounted for 88% of the 187
strains. CPS type V strains represented an even higher
proportion of strains from Central Norway where 94
(63.5%) of 148 strains were CPS type V. From the farm
(Farm ID: SS) where the two NT strains were isolated, two
further strains (different cows, same timeframe) were
found to be CPS-type IV. All four strains had an identical
MLVA profile which may reflect a mutation in the CPS
coding genes.

Genes for five of the six strain variable alpha-like
proteins were found except for the rarely encountered
Alp4; additionally the gene for Cb was detected. The
combination of CPS and protein typing resulted in twelve
different types (Table 2).

The 187 strains were differentiated into 37 MLVA
profiles (Fig. 1). In 29 of 34 farms all GBS isolates on each
farm had identical MLVA profiles, different from strains
from other farms. Four MLVA profiles, however, were
found in more than one farm (Fig. 1). For three of these
profiles the respective farms were located in different
counties and some of the samples had been collected at
different times. The occurrence of the fourth MLVA profile
was explained by the cooperation of the involved farms
(see below). On five farms more than one MLVA profile was
encountered. Usually one profile predominated while a
single strain with a divergent repeat number in one locus
was observed (Table 3). On one farm (Farm ID: RSA)
represented by two animals, the two strains encountered

were different in two loci. Such in-farm polymorphisms
were detected in all the five VNTR loci surveyed here. In 42
of 46 animals from which more than one sample was
available, the samples for each animal had identical MLVA
profiles. All four animals from which different MLVA
profiles were recovered, belonged to the same farm
discussed below, and the samples were taken on different
occasions.

Automated milking systems (AMS) were used on 12
(35%) of the 34 farms. Herd size was known for all but one
of the farms with an average size of 39.9 animals (Table 1).
Farms that had invested in AMS had bigger herd sizes (61.4
versus 27.7 cows). Of the 187 strains, 133 (71%) were
collected on farms with AMS, with 0.18 isolates per cow
compared to 0.09 from non-AMS farms. On average, 11
strains were available from farms with AMS compared to
2.5 strains from farms with conventional milking.

One farm (Farm ID: EH) was represented with 48
isolates from 22 cows, collected between December 2007
and September 2010 (Fig. 2). Four different MLVA profiles
were found among these strains with polymorphisms
occurring in SATR5 of 13, 15, 17 and 50 repeats,
respectively. Two profiles predominated; in the first part
of the observation period the SATR5 allele with 17 repeats
occurred in 19 samples, until from September 2009
onwards an allele with 13 repeats predominated (detected
in 27 strains). The other two SATR5 alleles were found only
in one animal each (15 and 50 repeats); the latter was first
infected with a 50 repeats strain and 2 month later with
the predominant 17 repeats strain. (The strain arbitrarily
sized to 50 repeats had an estimated PCR product size that
would translate to 23 repeats, but the product size
exceeded the size standard used.) The other animal had
an infection with the 15 repeats strain and one and a half
year later with the then predominant 13 repeats strain
(Fig. 1). Further two cows were infected by the 17 repeats
strain and later with the 13 repeats strain in a subsequent
episode. The time interval between their two infections
was 18 and 9 months, respectively.

One cluster of 23 samples had an identical MLVA profile
in 22 samples and a single locus variant in SATR3 in the
last. It originated from three farms located in the same
municipality. In Farm NS several cases of GBS mastitis were
diagnosed in the autumn of 2007. The farmer planned to
merge his farm with another, which had not encountered
problems with GBS. In preparation of this all infected cattle
were treated, retested and culled if they remained infected.
Thereafter an extended waiting period of almost 2 years
free of acute mastitis passed before the two farms merged.
After the two had merged (Farm ID: MSM) however, the
problem with GBS infections reemerged and spread to
another cooperating farm (Farm ID: AS). This farm had
several cases of mastitis but only one GBS strain was
available for this study.

Seven of the bovine MLVA profiles were also encoun-
tered in our recent study on human GBS strains (Radtke
et al., 2010). In a sub-analysis the relatedness of bovine and
human strains was analyzed further. 47 of the bovine
isolates (representing at least one strain per farm and
MLVA profile) and seven human strains were examined for
lactose fermentation, bacitracin sensitivity, and presence

Table 2

Distribution of capsular polysaccharide (CPS) and surface protein types

among 187 bovine GBS strains from 34 Norwegian farms. The number of

MLVA types and number of farms per CPS/surface protein type are also

given.

CPS Protein No. of

strains

No. of MLVA

types

No. of farms

Ia Alp2/3 2 2 1

Alp1 1 1 1

Non-typable 4 2 2

Ib Ca, Cb 6 1 1

II Alp2/3 2 1 1

Ca, Cb 1 1 1

III Alp2/3 3 3 3

IV Alp1 64 10 10

V R4, Cb 1 1 1

Alp2/3 100 14 13

IX Ca, Cb 1 1 1

Non-typable Alp1 2a (1) (1)

Sum 187 37 34
a These two strains had an identical MLVA profile as two type IV, Alp1

strain. All four strains were from the same farm.
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Fig. 1. Cluster analysis of 187 bovine group B streptococci strains using categorical values and the UPGMA (unweighted-pair group method using average

likages) algorithm, generated with Bionumerics 6.1 software. Numbers in the SATR1–5 columns indicate repeat count. CPS, capsular polysaccharide;

Protein, surface protein; Strains (n=), number of strains in cluster; Farm ID, unique ID of each farm; NT, non-typable. CPS and surface proteins were inferred

from the gene content investigated by PCR.
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of the scpB gene encoding C5a peptidase. All three tests had
previously been used to distinguish between bovine and
human strains (Finch and Martin, 1984; Sørensen et al.,
2010). All but one of the bovine strains fermented lactose,
while none of the seven human strains did. The only
lactose negative bovine strain did not have a MLVA profile
encountered among the human strains. All strains, both
bovine and human strains, were resistant to bacitracin.
Gene content for the C5a peptidase (scpB) is common in
human strains. All seven human strains contained the scpB
gene, as did 35 (74.5%) of the 47 animal strains.

4. Discussion

The current study of 187 bovine GBS strains from 34
farms showed that the MLVA method was capable of
discriminating the strains into 37 genotypes. MLVA as a
method for typing of GBS was found equally applicable on
bovine as on human strains, a finding supported by a
recently published second GBS-MLVA scheme which
included both human and bovine strains (Haguenoer
et al., 2011). The discrimination in our study was achieved
despite the close relatedness of the majority of the strains
judged from their CPS and surface protein profiles. As a rule

a herd was infected by one specific MLVA type not
encountered in other herds. MLVA profiles found within
one herd were usually identical for all animals in that herd,
with a possibility for single-locus variations in single
animals (Table 3). An exception was a farm represented by
only two samples with variations in two loci. One might
speculate if these two loci variants are the progenies of a
hypothetical common ancestor. Another interesting
exception was the farm represented with 48 samples,
which had a switch of genotype during the collection
period, indicating that mutations could establish them-
selves throughout a herd (Fig. 2). One may assume that two
single locus variants of the outbreak strain with 13 and 17
repeats in SATR5 predominated on this farm, while two
other single locus variants with 15 and 50 repeats where
detected in only one isolate each. This indicates that herds
with persisting problems caused by GBS infections could
be suitable for observation of the mutation pattern for
different VNTR loci in vivo. Such information would be
valuable to increase the quality of MLVA cluster analysis
(Pourcel and Vergnaud, 2011; van Belkum et al., 2007). In
our recent study on human GBS strains using MLVA, three
strains were passaged 40 times in vitro without observing
mutations. In this study of bovine strains with collecting
periods of up to 3 years, in-farm variations in repeat
numbers were detected in all five MLVA loci, demonstrat-
ing some degree of instability of these repeated genetic
loci. By analogy to MLST, the term single locus variants
(SLV) might also be applicable to epidemiologically related
isolates differing at one locus only.

CPS encoding genes were demonstrated in all but two
strains of this bovine GBS collection. Other studies using
genotyping also found the genes for CPS in almost all
strains (Sørensen et al., 2010; Zhao et al., 2006). In these
two reports CPS-types Ia, II and III were predominant.
Many veterinarian reports have used immunological
methods for CPS-typing resulting in many non-typable
strains, often above 50% (Martinez et al., 2000). Subsequent
genotyping of the strain collection used by Martinez et al.
found the gene content for CPS in 99% of the strains (Zhao
et al., 2006). Merl et al. (2003) could not type CPS in 52 of
79 bovine strains. A Norwegian study from 1981, before
the emergence of CPS-type V, found that type III, Ic and II
were predominant, and that at least 20% of the bovine

Table 3

Five farms on which more than one MLVA type was found. MLVA profile

(SATR1–5), number of cows and number of samples are given. In all cases

a mutation in the predominating MLVA profile is encountered. Alterations

are found in one or two (Farm ID: RSA) loci. Farm EH with 48 isolates is

discussed in more detail in Section 3.

Farm ID MLVA profile (repeats) Cows (n) Samples (n)

EH 3-8-0-3-17 11 19

3-8-0-3-15 1 1

3-8-0-3-50 1 1

3-8-0-3-13 13 27

PB 3-4-40-3-14 12 18

1-4-40-3-14 1 1

3-4-40-2-14 1 1

M-SM 3-8-39-3-19 13 18

3-8-0-3-19 1 1

NB 3-0-39-1-8 6 8

3-3-39-1-8 1 1

3-4-39-1-8 1 1

RSA 1-0-19-3-15 1 1

1-3-19-3-5 1 1

Fig. 2. Number of samples collected per month and the SATR5 repeat count for each sample are shown for a farm (Farm ID: EH) with 48 GBS samples

collected over almost 3 years. Note the shift of the predominating type in SATR5 around September 2009.
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strains were non-typable (Haug et al., 1981). In a Danish
collection of bovine strains from 1996 serotype III was the
most prevalent, and 12 of 45 strains were non-typable
using immunological methods (Jensen and Aarestrup,
1996; Katholm and Rattenborg, 2009). CPS antibodies
are usually raised after immunization with human GBS
strains. This might, at least in part, explain the high
proportion of non-typable bovine strains by serotyping.

Capsular polysaccharide type V (54% of samples) and IV
(34%) were overrepresented in our study compared to
other publications. In cattle, type V has to our knowledge
not been described as an important and predominant
source for mastitis. Neither type IV has been reported as a
frequent cause of mastitis. Type V has been encountered in
increasing numbers in human invasive disease since it was
first described in the early 1990s (Blumberg et al., 1996). It
has established itself as the most common serotype of
invasive GBS disease in adults in Norway (Bergseng et al.,
2008). Lately, serotype IV has come into focus as an
emerging pathogen in humans (Diedrick et al., 2010; Kiely
et al., 2011), a development that has also been observed in
Norway (own data, not shown). Based on the emergence of
types IV and V in humans one could speculate about
human to cattle transmission as a possible route of
introducing GBS into herds. Systematic research on this
important topic is scarce (Manning et al., 2010), and
relevant studies tend to conclude that bovine and human
strains are distinct entities (Richards et al., 2011; Sørensen
et al., 2010).

Herds in Norway tend to be isolated on their farm,
largely without immediate contact with other herds.
Insemination is usually done artificially and trading of
milking cows is very limited. Some contact among
neighboring herds can occur during summer grazing.
Transmission of GBS is therefore not very likely between
farms. The finding that almost every farm in this study had
its specific MLVA profile might support this.

On several of the farms with multiple samples, strains
with identical or single locus variant profiles were
encountered over a period of several years, indicating
subclinical infection and transmission between the ani-
mals of a herd, well known traits of GBS mastitis. Farms
with automated milking systems were overrepresented
and did provide 0.18 GBS isolates per animal against 0.09
in farms with conventional milking. This could either be
explained by a more professional approach to infections,
making AMS farms more prone to order a microbiological
analysis. However, an alternative explanation could be a
problem associated with AMS machines. Data from the
current study are not suited for a conclusive comparison of
GBS prevalence between AMS and conventional dairy
farms, due to the retrospective nature with possibly biased
sample collection. Prospective, controlled studies addres-
sing this subject are warranted.

In conclusion, this five-loci MLVA can be regarded as a
tool well suited for rapid, highly discriminative genotyping
of bovine GBS isolates, and was found to be equally
applicable to bovine GBS as to human GBS strains. All but
one farm had identical or single locus variant MLVA
genotypes found in all animals, which was distinct from
MLVA profiles from other farms. The increased occurrence

of GBS in Norwegian cattle reported in this study might in
part be connected to newer concepts and technology in the
dairy industry, and the old principles for GBS infection
control should be brought to mind again.
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