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Abstract

Streptococcus agalactiae (Group B Streptococcus - GBS), Streptococcus dysgalactiae

subsp. dysgalactiae (Group C Streptococcus - GCS) and Streptococcus uberis are relevant
mastitis pathogens, a highly prevalent and costly disease in the dairy industry due to
antibiotherapy and loss in milk production. However, molecular characterization of field
isolates of Streptococcus spp. occurring in Portugal was not known prior to our studies and is
important to improve therapeutic and disease control programs. The aims of this study were the
identification of strain molecular features, and the evaluation of antimicrobial drug resistance
patterns of S. agalactiae (n=60), S. dysgalactiae subsp. dysgalactiae (n=18) and S. uberis
(n=30) collected from bovine subclinical mastitis between 2002/2003 in Portugal.
Additionally, two S. dysgalactiae subsp. dysgalactiae strains associated with invasive disease
(one collected from cattle and the other from a human), and six Streptococcus dysgalactiae
subsp. equisimilis (group C or group G Streptococcus - GCS/GGS) strains from human
infection were included in the study, for comparative purposes.

Genotypic relationships were identified using pulsed-field gel electrophoresis
(PFGE)/BioNumerics, S. agalactiae and S. uberis multi-locus sequence typing (MLST),
macrolide and tetracycline resistance gene profiling, S. agalactiae molecular serotyping,
virulence gene profiling, PCR-amplification for screening presence of specific genes and
subsequent sequencing for phylogenetic analysis, and reverse transcriptase-PCR (RT-PCR) for
gene expression analysis of selected genes. Also, a custom-designed microarray containing 220
virulence genes of the human pathogen Streptococcus pyogenes (Group A Streptococcus -
GAS) was used to test bovine GCS S. dysgalactiae subsp. dysgalactiae and human GCS/GGS S.
dysgalactiae subsp. equisimilis. Antimicrobial resistance was assessed by disk diffusion against
penicillin, gentamicin, streptomycin, amoxicillin-clavulanic acid, cefazolin, cefoperazone,
rifaximin, erythromycin, pirlimycin, tetracycline, vancomycin, chloramphenicol and the
macrolide-lincosamide resistance phenotypes (¢cMLSg, iMLSg, M, L).

Among S. uberis three PFGE clonal groups (defined by at least 80% similarity)
comprised almost half of total isolates, and 50% of GBS isolates were included in four major
clonal groups (all farm-associated), which is indicative of a contagious route of transmission
between animals. The occurrence of PFGE patterns sharing >82.8% and 100% similarity among
S. dysgalactiae subsp. dysgalactiae isolates collected from different farms suggests an
environmental source for this pathogen in our case. By MLST, we observed that all S. uberis
sequence types (ST) were found to be novel (n=14), representing novel genomic backgrounds
for this pathogen. Among GBS only three MLST lineages (ST-2, ST-23, and ST-61/ST-554)
were detected revealing little heterogeneity among our bovine GBS collection.

Five new cpsD-cpsE-cpsF sequences of the cps locus (encoding the capsular polysaccharide)

were detected in >70% of the bovine GBS, which may represent new serotypes. Human GBS



insertion sequences were found in the CpSE gene (of the cps locus) in four bovine GBS isolates.
Theses inserts probably disrupt the expression of the capsular polysaccharide in theses strains.
Bovine GBS isolates (>20%) carry the laminin-binding protein and the C5a peptidase virulence
genes (Imb and scpB), known to be required for human GBS strains to infect the human host.
The remaining bovine GBS may have lost these genes during the adaptation to the bovine host.
S. pyogenes bacteriophage-associated virulence genes (SpeC, speM, speK, spel, spdl, sdn)
encoding superantigens, Dnase, and streptodornase were detected in bovine GCS isolates (72%)
but not in the human GCS/GGS isolates. All these genes were shown to be expressed by RT-
PCR. Phylogenetic analysis of superantigen gene sequences revealed a high level (>98%) of
identity among genes of the bovine GCS, of the horse pathogen Streptococcus equi subsp. equi,
and of the human pathogen GAS. These findings suggest that GAS phages may putatively play
a role in the bovine GCS evolution. S. pyogenes virulence determinants located in non-
bacteriophage-related mobile elements, such as the gene encoding R28 (an adhesin) and the
composite transposon Tn1207.3/®10394.4 were also detected in bovine GCS (100%).
In addition, S. pyogenes streptolysin S gene (SagA), strongly associated with invasive disease in
humans, was detected in the two S. dysgalactiae subsp. dysgalactiae invasive strains.
The bovine streptococci were susceptible to clinical relevant antimicrobials (namely penicillin,
cefoperazone and cefazolin); however resistance levels against erythromycin and pirlimycin
were high when compared with data from other countries. Co-resistance to macrolide and
lincosamide antimicrobials (corresponding to the cMLSg phenotype) was detected in 21% of
isolates and associated with the presence of ermB or ermA genes. All pirlimycin-resistant and
erythromycin-susceptible isolates (L-phenotype; n=11) carry the linB gene known to be
acquired via a transferable plasmid of Enterococcus faecium. Resistance to tetracycline was
high (>60% of total isolates) despite it’s no longer use for treating bovine infections, and
associated with the presence of tetracycline resistance determinants tetO, tetM, tetK, and/or tetS.
In conclusion, the presence of relevant GAS virulence genes in S. dysgalactiae subsp.
dysgalactiae may contribute to the increased virulence potential of these strains, and thus, S.
dysgalactiae subsp. dysgalactiae (considered a strictly-animal pathogen) should not be
disregarded as a possible human pathogen. Our results also underline the importance of locally

monitoring antimicrobial resistance for improvement of antibiotherapy programmes.

Keywords: Streptococcus agalactiae; Streptococcus dysgalactiae subsp. dysgalactiae;

Streptococcus uberis; Molecular typing; Antimicrobial resistance; Virulence.
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Resumo

Septococcus agalactiae (Streptococcus do Grupo B - GBS), Streptococcus dysgalactiae
subsp. dysgalactiae (Streptococcus do Grupo C - GCS) e Streptococcus uberis sdo agentes
patogénicos relevantes associados a mastite de bovinos, a patologia de maior impacto
econdémico na industria de lacticinios devido a utilizagdo de antimicrobianos (utilizados em
terapia para curar esta doenca) e diminui¢cdo da produgdo de leite. No entanto, a caracterizagdo
de isolados pertencentes a Streptococcus spp. responsaveis por mastite bovina em exploragdes
Portuguesas ndo era conhecida até a elaboracdo deste trabalho, o que ¢ fundamental para o
melhoramento de programas de terapéutica e controlo desta doenga. O presente trabalho visou
identificar as caracteristicas moleculares e perfis de resisténcia a antimicrobianos de estirpes
GBS (n=60), GCS (n=18) e S. uberis (n=30) causadoras de mastite subclinica de bovinos,
recolhidas entre 2002-2003 em Portugal. Adicionalmente, duas estirpes de S. dysgalactiae
subsp. dysgalactiae associadas a doenga invasiva (uma recolhida de um bovino e a outra de um
humano), e seis estirpes de S. dysgalactiae subsp. equisimilis (Streptococcus do Grupo C ou G -
GCS/GGS) de infecgdo em humanos, foram incluidas neste estudo para efeitos comparativos.

A genotipagem foi realizada utilizando electroforese de campo pulsado
(PFGE)/BioNumerics, sequenciagdo de multiplos loci (MLST), serotipagem molecular de S.
agalactiae, amplificagdo por PCR para rastrear presenca de determinados genes, e subsequente
sequenciacdo de genes especificos para efectuar andlise filogenética, transcritase reversa (RT-
PCR) para analise da expressdo genética, e utilizagdo de um microarray contendo 220 genes de
viruléncia do agente patogénico de humanos Streptococcus pyogenes (Streptococcus do Grupo
A - GAS) para testar as estirpes GCS bovinas e as estirpes GCS/GGS humanas. O perfil de
resisténcia a antimicrobianos foi avaliado através do método de difusdo em disco aos farmacos:
penicilina, gentamicina, estreptomicina, amoxicilina-acido  clavulanico, cefazolina,
cefoperazona, rifaximina, eritromicina, pirlimicina, tetraciclina, vancomicina, cloranfenicol, e
analise de fendtipos de resisténcia aos macroélidos e lincosamidas (cMLSg, iMLSg, M, e L).

Por PFGE, observou-se que em S. uberis trés grupos clonais (definidos >80% em
dendrogramas) incluiam 47% dos isolados, € em S. agalactiae quatro grandes grupos clonais
incluiam 50% dos isolados (todos associados & mesma exploragdo), o que ¢ indicativo de
transmissdo directa entre animais. Observaram-se perfis de PFGE idénticos (100% de
semelhanga) entre isolados de S. dysgalactiae subsp. dysgalactiae provenientes de explora¢des
de bovinos distintas o que sugere uma fonte ambiental para este agente patogénico. Por MLST,
verificou-se que todos os perfis alélicos (ST) encontrados em S. uberis sdo novos (n=14), o que
representa novas estruturas genémicas em S. uberis. Em GBS apenas 3 linhagens (ST-2, ST-23
e ST-61/ST-554) foram identificadas o que indica pouca heterogeneidade na colec¢ao de GBS.
Novas sequéncias cpsD-cpsE-cpsF do locus cps (que codifica o polissacarideo capsular) foram

identificadas em >70% dos isolados GBS, as quais podem representar novos serotipos.
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Observou-se a presenga de sequéncias de inser¢do (anteriormente descritas em GBS de
humanos) no gene cpsE do locus cps em quatro estirpes de GBS bovinas (7%). Estas inser¢des
provavelmente impedem a expressao do polissacarideo capsular nestas estirpes.
Isolados de GBS bovinos (>20%) contém os genes de viruléncia Imb e scpB (que codificam a
proteina laminin-binding e a C5a peptidase, respectivamente), factores considerados necessarios
para estirpes GBS de humanos infectarem o hospedeiro humano. Os restantes isolados poderao
ter perdido a regido que inclui os genes Imb-scpB durante a adaptagdo ao hospedeiro bovino.
Genes associados a genomas fagicos de GAS (speC, speM, speK, speL, spdl, sdn) que
codificam superantigénios, DNase, ¢ estreptodornase foram detectados nos isolados bovinos
GCS (72%) mas ndo nos isolados GCS/GGS de humanos. Verificou-se por RT-PCR que estes
genes sdo expressos. Através de analise filogenética das sequencias dos genes que codificam
superantigénios verificou-se elevado nivel (>98%) de identidade entre os genes dos isolados
bovinos GCS, do agente patogénico de cavalos Streptococcus equi subsp. equi, e do agente
patogénico de humanos GAS. Estes resultados sugerem que os fagos de GAS contribuem para a
evolugdo de GCS de bovinos. Determinantes de viruléncia de GAS localizados em elementos
genéticos moveis (de origem nao-fagica) como o gene que codifica a proteina R28 (adesina) e o
transposdo composto Tn1207.3/010394.4 foram detectados nos isolados bovinos GCS (100%).
Além disso, o gene sagA (que codifica para a estreptolisina S) de S. pyogenes, associado a
doenga invasiva, foi detectado nas duas estirpes S. dysgalactiae subsp. dysgalactiae invasivas.
Os isolados bovinos sdo susceptiveis aos antimicrobianos clinicamente relevantes (penicilina,
cefazolina, cefoperazona), no entanto observou-se perfis de resisténcia elevados a eritromicina e
pirlimicina quando comparados com resultados de outros Paises. A resisténcia a eritromicina e
pirlimicina (fenétipo cMLSg) em 21% dos isolados deveu-se a presenca dos genes ermB/ermA.
Os isolados resistentes a pirlimicina e susceptiveis a eritromicina (fen6tipo L; n=11) possuem o
gene linB que se sabe ser adquirido via um plasmideo de Enterococcus faecium. A resisténcia a
tetraciclina verificou-se elevada (>60%) e associada a presenca dos genes tetO, tetM, tetK, tetS.
Em conclusdo, a presenca de genes de viruléncia de GAS em S. dysgalactiae subsp.
dysgalactiae podera contribuir para o aumento da viruléncia nestas estirpes, sugerindo que S.
dysgalactiae subsp. dysgalactiae (considerado agente patogénico exclusivamente de animais)
ndo deveria ser desconsiderado como possivel agente patogénico em humanos. Salienta-se ainda
que os programas de terapéutica devem ser definidos de acordo com os perfis de resisténcia a

antimicrobianos determinados localmente, e ndo extrapolando resultados de outros locais.

Palavras-chave: Streptococcus agalactiae; Streptococcus dysgalactiae subsp. dysgalactiae;

Streptococcus uberis; Tipagem molecular; Resisténcia a antimicrobianos; Viruléncia.
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Outline of the thesis

This Ph.D. Thesis is organized in six chapters. It includes three published manuscripts and one

submitted manuscript.

Chapter 1 provides a general introduction, in particular, it is focused a brief description of the
genus, the clinical relevance and host range of the streptococcal species under study, a
description of the reported cases of bovine mastitis in Portugal and a state-of-the-art concerning

the molecular epidemiology of strains of these bovine species.

Chapter 2 is entitled “Molecular epidemiology and population structure of bovine Streptococcus
uberis” and includes a published manuscript. This Chapter provides a background knowledge
and the experimental work focused the molecular epidemiology and population structure of S.

uberis from Portugal.

Chapter 3 is entitled “Human group A streptococci virulence genes in bovine group C
streptococci” and includes a published manuscript. This chapter gives a background about the
virulence traits of the bovine GCS, phage genes of S.pyogenes and implication of GAS phages
in other human streptococci and in bovine GCS. The experimental work was focused in the

search of virulence traits of the human S. pyogenes in mastitis GCS isolates.

Chapter 4 is entitled “Virulence gene pool detected in bovine group C S. dysgalactiae subsp.
dysgalactiae isolates by use of a group A S. pyogenes virulence microarray” and includes a
published manuscript. This Chapter provides a background about the most recent panorama of
the pathogenesis of S. dysgalactiae subsp. dysgalactiae associated with invasive disease. The
experimental work comprised the comparison of bovine Streptococcus dysgalactiae subsp.
dysgalactiae and the human GAS, and S. dysgalactiae subsp. equisimilis using an array of

virulence genes from S. pyogenes.

Chapter 5 is entitled “Antimicrobial resistance traits and molecular epidemiology of
streptococci from bovine mastitis” and consists of one submitted manuscript with modifications.
This chapter provides background knowledge in antimicrobial resistance, molecular
epidemiology and population structure among streptococci associated with mastitis. The
experimental work focused in the comparative antimicrobial resistance genotyping and the
molecular epidemiology of the three species, S. agalactiae, S. dysgalactiae subsp. dysgalactiae
and S. uberis, and, a more detailed characterization of S. agalactiae by virulence genotyping and

molecular serotyping.
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Finally, Chapter 6 provides the conclusions and an outlook for future research in a same topic as

presented in Chapter 4.
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Chapter 1

1.1. The genus Streptococcus spp.
1.1.1. Brief description of taxonomy and historical perspective

The genus Streptococcus comprises numerous clinically significant species which are
responsible for wide variety of infections in human and animals. Structurally, streptococci are
Gram-positive, non-motile, non-sporeforming, catalase-negative cocci, which due to single and
parallel division plan form chains composed of two or more cells (Fig.1.1).

Most streptococci are facultative anaerobes, and some are obligate (strict) anaerobes. Some
require blood supplemented agar for in vitro growth, which is often used to observe phenotypic

differences among streptococci species (Facklam et al. 2002), (see below).

” _—— Hyalurenic
LN acid capsule
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pyogenes £ x

’ Chains
{streptococei)
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; - Polysaccharide
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Figure 1.1. Morphology of the streptococci. Streptococci divide in a single plane and tend not to separate,
causing chain formation (adapted from Patterson, 1996).

Colony morphology, hemolysis on blood agar plates, biochemical reactions, and serologic
specificity consist in phenotypic characteristics of streptococci which are used for their
classification and identification (Wyder et al., 2011).

Streptococci are divided into three groups based on their type of hemolysis reaction on blood
agar plates (Fig. 1.2): beta-hemolysis consisting in complete lysis of red blood cells (clear halo
around the colonies); alpha-hemolysis consisting in incomplete lysis of red blood cells (green
color halo around the colonies); and no lysis of red blood cells (no hemolysis is observed
around the colonies). Streptococcus agalactiae, or the Group B Streptococcus (GBS), can be
presumably identified by the CAMP test, a technique also based on the hemolytic reaction
observed in blood agar plates (see Fig. 1.3).

Rapid commercial systems, in particular the API 20 STREP® (BioMérieux, Marcy 1’Etoile,
France) involving a series of miniaturized biochemical tests, are also used for streptococci

identification (Wyder et al., 2011).
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Serologic grouping for identification of streptococci is based on antigenic differences in cell

wall carbohydrate composition, in the cell wall pili-associated protein, and in the polysaccharide

capsule (Fischetti, 2000; Mora et al., 2005; Kong et al., 2002).

A: Streptococcus agalactiae B: Streptococcus dysgalactiae C: Streptococcus uberis
subsp. dysgalactiae

Figure 1.2. Hemolysis reaction of streptococci on blood agar plates: A) beta-hemolysis; B) alpha-
hemolysis; C) no hemolysis. Agar plates were supplemented with 5% sheep blood.
(Photos: Marcia G. Rato, FCT/UNL)

Figure 1.3. The CAMP test for presumably identification of Streptococcus agalactiae or group B
streptococci (GBS) consists on visible hemolysis on blood agar media (arrow shaped) that occurs when
diffusible extracellular CAMP factor of Streptococcus agalactiae (streak A), reacts with B-hemolysin of
Staphyloccocus aureus ATCC® 25923 (streak B). Negative result for Streptococcus uberis (streak C).
(Photo: Marcia G. Rato, FCT/UNL)

Rebecca Lancefield (1933) systematized the classification of streptococci based on their type of
surface antigen, which is a standard technique still used nowadays based in agglutination tests
and labelling using capital letters: the Lancefield serological grouping (see Fig. 1.4).

Nomenclature for streptococci in particular in medical use has been largely based on the
identification of cell wall components rather than on species names (e.g., Streptococcus

agalactiae is commonly referred to as group B Streptococcus or GBS, and Streptococcus
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pyogenes is often referred to as group A Streptococcus or GAS) (Fischetti, 2008; Fischetti,
2000).

B

Figure 1.4. Specific carbohydrates are found in different Streptococcus species: A) schematic
representation of streptococcal cell covered with an outer hyaluronic acid capsule and the group
carbohydrate; B) photo showing a commercial slide agglutination test (Slidex” Strepto Kit, BioMérieux,
Marcy I’Etoile, France) for identification of Lancefield A, B, C, F and G group antigens from colonies,
based on co-agglutination of the group-specific antigen and the corresponding antibody. Here is shown
Streptococcus dysgalactiae subsp. dysgalactiae belonging to Lancefield group C.

(Photo: Marcia G. Rato, FCT/UNL).

The first description of streptococcus is though to have been made by Louis Pasteur in 1879
which described them as “chains of beads”. The generic name “Streptococcus” of the genus was
first proposed by Rosenbach in 1884, and the earliest attempt to differentiate streptococci is
thought to have been made by Shottmuller in 1903 by using blood agar plates (Evans, 1936;
Facklam, 2002).

Nomenclature and taxonomic revisions have been performed in Streptococcus genus in the last
decades. In the mid-1980s, the genus Streptococcus was split into three different genera:
Enterococcus, Lactococcus and Streptococcus (Schleifer & Kilpper-Balz, 1984; Schleifer &
Kilpper-Balz, 1987). Later, in 1995 the streptococci genus was divided into six different
divisions (pyogenic, anginosus, mitis, mutans, salivarius, and bovis) based on their 16S rRNA
gene sequence analysis (Kawamura et al., 1995), (see Fig. 1.5).

Particularly, in the late 1990s, the genotypic and phenotypic characterization of S. dysgalactiae
strains from different sources (human and animal) revealed the existence of two subpopulations
of strains within the S. dysgalactiae species (Vandamme et al., 1996; Vieira et al., 1998). Thus
the term S. dysgalactiae subsp. dysgalactiae was proposed for the group of strains from animal
origin (mostly associated with bovine mastitis) belonging to Lancefield group C, alpha-

hemolytic or nonhemolytic, and which did not exhibit streptokinase activity on human
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plasminogen (Vieira et al., 1998). The name S. dysgalactiae subsp. equisimilis was proposed for
the group of S. dysgalactiae strains (from human and animals) which belonged to Lancefield C,
G and L, groups, beta-hemolytic and exhibiting streptokinase activity on human plasminogen

(Vandamme et al., 1996; Vieira et al., 1998).

mitis group

5. acidominimus

5. vestibularis
S, salivarius

salivarius group

bovis group

S, knutans 5. cricens

mutans group NJ 0.01

8. pleomorphus

Figure 1.5. Phylogenetic relationships of 34 Streptococcus species based on their 16S rRNA gene
sequences (Kawamura et al., 1995).

Some streptococcal species, namely Streptococcus pneumoniae and Streptococcus uberis do not
possess defined group antigens and thus cannot be classified by the Lancefield serogrouping
system, a standardized method for the identification of streptococci, as mentioned above
(Facklam, 2002). Non-hemolytic and alpha-hemolytic strains (variants) have been previously
reported among human S. pyogenes and S. dysgalactiae subsp. equisimilis strains, which are
beta-hemolytic (Dierksen & Tagg, 2000; Woo et al., 2003). These variants may putatively be
misidentified in case the identification is primarly based in hemolysis type of colonies on blood
agar plates (Dierksen & Tagg, 2000; Woo et al., 2003).

For these reasons, molecular techniques are currently used in addition to phenotypic techniques,
to complement Streptococcus spp. identification, namely the 16S—23S rRNA interspacer region
analysis (Chen et al., 2004), sequencing of the manganese-dependent superoxide dismutase
gene (s0dA) (Abdelsalam et al., 2010) and inner features of 16S rRNA gene analysis (Lal et al.,
2011). These techniques are based in the analysis of molecular sequences that are generally
more revealing of evolutionary relationships than is classical techniques based in phenotypic

characteristics (Woese et al., 1990; Wyder et al., 2011).
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1.1.2. Clinical relevance and host range

Various streptococcal species are involved in colonization of human and other mammals and
can cause disease. For several decades, interest was focused in only two species that caused
human infection: S. pyogenes (GAS) and S. pneumoniae (pneumococci). However, the
pathogenic potential for humans of other streptococcal species such as those belonging to
Lancefield group B, C, or G antigens (GBS, GCS, and GGS), has been documented (Luan et al.,
2005; Eyre et al., 2010). Furtheremore, some streptococcal species are now recognized
important animal pathogens such as S. uberis (see below). Several phenotypic characteristics of

clinical relevant streptococci are listed in Table 1.1.

The major human beta-hemolytic pathogens are included in the pyogenic group. The pyogenic
group includes the following pathogens: Streptococcus pyogenes (group A Streptococcus,
GAS), Streptococcus agalactiae (group B Streptococcus, GBS), Streptococcus dysgalactiae
subsp. dysgalactiae (group C Streptococcus, GCS), Streptococcus dysgalactiae subsp.
equisimilis (group G, C, and rarely, group L and group A Streptococcus), Streptococcus equi
subsp. equi (GCS), Streptococcus equi subsp. zooepidemicus (GCS) and Streptococcus uberis.

S. pyogenes (GAS) is a strictly-human pathogen and causes a variety of diseases such as
pharyngitis, skin and soft tissue infection, impetigo (considered superficial diseases),
bacteraemia, necrotizing fasciitis, deep soft tissue infections, cellulitis, pneumonia (considered
deep infections), toxic shock-like syndrome, scarletina (toxin mediated diseases), rheumatic
fever and post-streptococcal glomerulonephritis (immunologically mediated diseases)
(Efstratiou, 2000).

S. agalactiae (GBS) is considered nowadays the leading cause of septicemia and meningitis in
human newborn infants and pregnant woman, and associated with bovine mastitis (Liu & Nizet,
2004; Rajagopal, 2009; Barkema et al., 2009). Furthermore, GBS has been isolated from dogs,
cats, goats and non-mammals such as fish, frogs and crocodiles (Bishop et al., 2007).

S. dysgalactiae subsp equisimilis (GCS/GGS) is a commensal organism, and causes a spectrum
of diseases in humans that resemble GAS infections, which include streptococcal toxic shock
syndrome, severe soft tissue infection and poststreptococcal sequelae (Efstratiou, 1997;
Takahashi et al., 2011). S. dysgalactiae subsp equisimilis is also a cause of septicaemia, arthritis
and valvular endocarditis in pigs, and lymphadenitis and placentitis in horses (Kawata et al.,
2003; Timoney, 2004).

Streptococcus dysgalactiae subsp. dysgalactiae (GCS) is considered to be associated only with
animal infections, mostly bovine mastitis (Facklam, 2002). Nevertheless, it has been recently

reported associated with severe invasive disease in dogs, bovine, ovine, fish, and in a human in
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contact (skin puncture) with raw fish (Vela et al., 2006; Chénier et al., 2008; Lacasta et al.,
2008; Koh et al., 2009).

Table 1.1. Phenotypic characteristics of B-hemolytic streptococci® (adapted from Facklam, 2002)

Species Lancefield Bac PYR Cam VP Hip Arg Esc Str Shl Tre Rib  Origin
S. pyogenes A + + - - - + v - - NA - Human
. Human,
S. agalactiae B - - + - - - - NA NA .
bovine

S. dysgalactiae
subsp. C - - - - - + v - v + +  Animals

dysgalactiae®

S. dysgalactiae

Human,
subsp. A,C,G,L - - - - - + + - - + + .
o animals
equisimilis®
S. equi subsp.
. C - - - - - + v + - - NA Animals
equi
S. equi subsp. Animals,
. . C - - - - - + v + + v NA
zooepidemicus human,
. Dog,
S. canis® G - - + - - + 4+ - - v NA
human
S. anginosus A, C,G,F,
d - - - + - + + - - + NA  Human
(group) none
. E,P,U,V, Swine,
S. porcinus - + + + v + + - + + NA
none, new human
Dolphin,
S. iniae None - + + . - . + + - NA NA Aish,
human
S. phocae C,F + - - - - - - - - NA NA Seal
S. didelphis None - - - - - + - - -+ NA Opossum

Abbreviations: Group, group carbohydrate antigen; Bac, bacitracin; Pyr, pyrrolidonylarylamidase; Cam,
CAMP reaction; VP, Voges-Proskauer reaction; Hip, hydrolysis of hippurate; Arg, deamination of
arginine; Esc, hydrolysis of esculin; Str, hydrolysis of starch; Sbl, Tre, and Rib, production of acid in
sorbitol, trehalose, and ribose broth, respectively. +, positive reaction (>95%); -, negative reaction
(>95%); v, variable reaction (6 to 94% positive); NA, not applicable.

® 'S, dysgalactiae subsp. dysgalactiae strains are not beta-hemolytic (are alpha-hemolytic) but were
included in the Table.

¢ To differentiate between the group G S. canis and group G S. dysgalactiae subsp. equisimilis, testing of
a-galactosidase, [3-galactosidase, and B-glucoronidase needs to be performed. S. canis is positive for o-
and [-galactosidase and negative for B-glucoronidase; S. dysgalactiae subsp. equisimilis gives the
opposite reactions.

¢ The S. anginosus group includes beta-hemolytic strains of S. anginosus, S. constellatus, and S.
intermedius. There are insufficient data to know the percentage of each of these beta-hemolytic species
that contain carbohydrate antigens.
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Streptococcus equi subsp. equi (GCS) is a horse-restricted pathogen, and considered to have
evolved from Streptococcus equi subsp. zooepidemicus (GCS), a zoonotic pathogen (Holden et
al., 2009). Streptococcus equi subsp. equi is the causative agent of equine strangles, and
Streptococcus equi subsp. zooepidemicus is associated with respiratory disease and metritis in
horses, respiratory diseases such as pneumonia in dogs, and bacteraemia, endocarditis,
meningitis, nephritis, and post-streptococcal glomerulonephritis in humans (Nicholson et al.,
2000; Timoney, 2004; Beres et al., 2008; Priestnall et al., 2010).

Streptococcus uberis, as far as we know, has never been reported associated with human

infections, and is a recognized pathogen associated with bovine mastitis (Ward et al., 2009).

The mitis group/division comprises streptococcal species of which almost all are isolated from
the human oral cavity or nasopharynx: Streptococcus oralis, S. mitis, S. gordonii, and S.
pneumoniae. The latter (S. pneumoniae) is associated with otitis media, bronchitis, sinusitis,
pneumonia, invasive disease, and meningitis in humans (Kadioglu et al., 2008; Mook-Kanamori
et al.,, 2011). S. pneumoniae is also associated with respiratory insufficiency in horses and
meningitis in gerbils and monkeys (Muffat-Jolly et al., 1994; Graczyk et al., 1995; Timoney,
2004).

The anginosus and salivarius divisions contain mainly streptococci from the oral cavity from
human and animal origin, and the bovis group contains streptococci from human equine and
bovine origin (Facklam, 2002). The mutans group, which is the most distant related
streptococcal group (Fig. 1.5), includes streptococci from the oral cavities associated with the
development of dental caries among humans and other mammals, namely hamsters, rats and

monkeys (Facklam, 2002).

1.2. Bovine mastitis

Mastitis is an inflammation of the bovine udder, usually as a consequence of bacterial invasion
of the mammary gland (Viguier et al., 2009). These pathogens cause injury to milk secreting
tissue and various ducts throughout the mammary gland (Almeida & Oliver, 1995; Tamilselvam
et al., 2006). Leukocytes or somatic cells present in the milk are used to define milk quality.
Elevated somatic cells in milk, in consequence of mastitis, alter milk composition which
undervalues milk, and cause a reduction of milk production (Gréhn et al., 2004; Zadoks et al.,
2004).

Clinical mastitis is easily detectable and characterized by abnormal milk production and
swelling or pain in the bovine udder, and may be accompanied by other systemic signs (Viguier

et al., 2009). Subclinical mastitis is characterized by no noticeable changes in the appearance of
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the milk or the udder, but bacteria may be present in the secretion and the composition of milk
is altered in terms of rise of somatic cells, and milk production decreases (Viguier et al., 2009).
Despite the ongoing efforts for the prevention of this disease since the “five point plan” was
established (in the 1960s), bovine mastitis remains the most important disease in the dairy
industry because of economic loss due to treatment costs (antibiotherapy), and loss in milk
production and quality (Neave et al., 1966; Bradley, 2002; Seegers et al., 2003; Erskine et al.,
2003; Zadoks et al., 2004; LeBlanc et al. 2006; Viguier et al., 2009).

Studying microbial aetiology of mastitis and evaluating antimicrobial resistance patterns has
become crucial to better control this disease (Erskine et al., 2003; White et al., 2006; Muellner
etal., 2011). As far as we know, few studies regarding microbial aetiology of bovine mastitis in
Portugal have been reported. In the central region of Portugal, a survey has been conducted
among 12 farms from February 2002 to May 2003, involving 459 milk samples collected from
bovines with subclinical mastitis (Bexiga et al., 2005). No significant differences in the
frequency of the pathogens were found when compared to a previous study performed in the
same geographical area 20 years earlier (Atalaia, 1983; Bexiga et al., 2005). Both studies
reported a higher frequency of “contagious” pathogens (i.e. S. agalactiae and Staphylococcus
aureus) when compared to “environmental” pathogens (i.e. S. uberis and Escherichia coli).

In contrast, in other countries (where microbial aetiology of bovine mastitis is extensively
studied) a major shift in the frequency of udder pathogens was reported in the last years
(Bradley, 2002; Pitkéld et al., 2004; Pullinger et al., 2007; Shum et al., 2009; Breen et al.,
2009). These studies point out that when control measures in herds are effectively implemented,
the contagious pathogens (S. agalactiae and S. aureus) are under control in farms, while
environmental pathogens (S. uberis and E. coli) are increasing in frequency and difficult to
eradicate (Bradley, 2002; Pitkéla et al., 2004; Pullinger et al., 2007; Shum et al., 2009; Breen et
al., 2009). S. uberis, in particular, considered an “environmental” pathogen, has become
nowadays a major problem in herds where control measures are efficiently implemented

(Lopez-Benavides et al. 2007).

1.3. Streptococci associated with bovine mastitis

S. uberis is traditionally considered an environmental pathogen because it may be found and
acquired in the bovine surroundings, such as straw or peat used in bedding materials, in farm
soil, nose, vagina, and rumen of the bovines (Zadoks et al., 2005[a]; Lopez-Benavides et al.,
2007; Ericsson et al., 2009). On the other hand, S. agalactiae is considered a contagious

pathogen because it is spread from infected to healthy udders, between quarters of the same
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animal and between animals (e.g., through the milking machine) and is not found in the
environment of the bovine (Barkema et al., 2009). S. dysgalactiae subsp. dysgalactiae is

considered either an environmental or contagious pathogen (Ericsson et al., 2009).

1.3.1. Population structure and evolution of genomes and its implication in

pathogenesis

1.3.1.1. Streptococcus agalactiae

Complete genome sequences were obtained for three invasive S. agalactiae strains from human
origin, and draft sequences have been obtained for another five S.agalactiae strains from human
origin (COH1, 515, CJB111, H36B, 18RS21) and one S.agalactiae strain from bovine mastitis
(FSL S3-026), (Tettelin et al., 2002; Glaser et al., 2002; Richards et al., 2011), (see Table 1.2).

Table 1.2. Characteristics of each streptoccal strain for which complete genome sequences was
obtained”

Species and strain ID  Origin  Serot. Length of the G+C Accession Reference
genome (nt) content (%) number
Streptococcus Tettelin et al.,
. human A% 2160267 35 NC_004116
agalactiae 2603V/R 2002
Streptococcus Glaser et al.,
. human I 2211485 35 NC 004368
agalactiae NEM316 2002
Streptococcus Tettelin et al.,
. human Ia 2127839 35 NC_007432
agalactiae A909 2005
Streptococcus uberis Ward et al.,
bovine NA 1852352 36 NC 012004
0140J 2009

"Draft sequences have also been obtained for another five S.agalactiae strains from human origin (COH1, 515,
CJBI111, H36B, 18RS21), one S.agalactiae strain from bovine mastitis (FSL S3-026) and one S. dysgalactiae subsp.
dysgalactiae (ATCC 27957) from bovine milk (Tettelin et al, 2005; Richards et al., 2011); Serot., serotype; NA, not
applicable. Information from the National Center for Biotechnology (NCBI) database (Bethesda, MD, USA).

Virulence factors that have been documented among human S. agalactiae isolates include the
polysaccharide capsule, the Alp family of proteins, the C5a peptidase, the Lmb protein,
fibrinogen-binding FbsA, FbsB, and Spbl, secreted hemolysin, and superoxide dismutase
(Franken et al., 2001; Liu & Nizet, 2004; Lindahl et al., 2005; Rajagopal, 2009). Few of these
virulence determinants have also been described among bovine GBS isolates (Brochet et al.,

2006). However, bovine S. agalactiae isolates are not so extensively studied.
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The virulence genes scpB and Imb (encoding C5a peptidase and Lmb protein, respectively) are
present in all human S. agalactiae strains, but usually absent in the bovine S. agalactiae strains
(Franken et al., 2001). The scpB-Imb intergenic region is known to be a hotspot for the
integration of the mobile genetic elements [S1548 and GBSil, previously described in human
GBS belonging to clonal complex 19 (CC19) and CC17, respectively, as assessed by MLST
(Safadi et al., 2010). Not much is known regarding the distribution (or absence) of these mobile

genetic elements in the few bovine GBS that carry the above mentioned genes.

GBS may be serotyped based on their capsular polysaccharides antigens (as previously
mentioned). The predominant serotypes in GBS isolates from human origin are Ia, III, and Ib, II
and V (Ippolito et al., 2010; Tien et al., 2011). In contrast, GBS isolates from bovine origin are
not serotyped frequently by the conventional serotyping method (based on agglutination with
specific serum and labelled with Ia to 1X), because they possess antigens which are distinct than
those recognized among human isolates. Also, few reports have described so far, bovine GBS
isolates studied by molecular serotyping (Kong et al., 2002; Zhao et al., 2007).

Population structure of GBS isolates from bovine origin is much less described than GBS
isolates from human origin. Most bovine GBS, described so far, belong to sequence type 61
(ST-61), ST-2 and ST-23, or are new (Bisharat et al., 2004; Brochet et al., 2006).

Human S. agalactiae strains belonging to clonal complex 17 (CC17) are strongly associated
with invasive disease of the central nervous system of neonates, and divergent opinions coexist
as to a possible emergence of this highly virulent human lineage (CC17) from a bovine lineage -
CC61 (Bisharat et al., 2004; Luan et al., 2005; Serensen et al., 2010). These two lineages
(CC17 and CC61) are close related as assessed by eBURST analysis (see Fig. 1.6).

Human GBS isolates which belong to clonal complex 1 (CC1), CC8 or CC23 are very
homogeneous in terms of their prophage content indicating that transduction mechanisms
underlining recombination in S. agalactiae may be specific to GBS subpopulations of certain

lineages (Salloum et al., 2011).

A partial genome sequence of a S. agalactiae strain from bovine mastitis has been recently
published (Richards et al., 2011). The bovine GBS genome revealed the presence of an unusual
high frequency of insertion sequences, particularly when compared to human GBS genomes

known to date, probably in result of the adaptation to the bovine host (Richards et al., 2011).
Bisharat et al. (2004) observed higher homology among a bovine GBS collection of strains than

among a human GBS collection of strains. The author considered the two populations (bovine

and human) distinct by using MLST analysis (Bisharat et al., 2004). In contrast, Brochet et al.
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(2006) observed little distinction between two collections of human and bovine S. agalactiae
strains by using MLST and microarray analysis. Further studies, in particular of bovine GBS

isolates, are in need in order to assess if human/bovine GBS represents two subpopulations.

CC17

CC1

Figure 1.6. MLST/eBURST diagram showing the relationships between S. agalactiae strains
(http://eburst.mlst.net/). Red circles indicate CC23, CC2, and CC61 (which include ST that are found
among bovine GBS).

1.3.1.2. Streptococcus uberis

A genome sequence has been obtained for a S. uberis strain (Ward et al., 2009), (Table 1.2). A
lower number of mobile genetic elements in the genome of S. uberis were described when
compared with other streptococci from the pyogenic group (Ward et al., 2009). On the other
hand, a great diversity of genes encoding sugar transport and utilization which provide this
pathogen to survive in a variety of nutritional habitats has been described, suggesting S. uberis
as an opportunistic pathogen adapted to changing environmental conditions (Lopez-Benavides
etal., 2007; Ward et al., 2009).

S. uberis is often associated with persistent infections in the bovine udder, and several proteins
involved in metabolic activities, which may be implicated in early colonization of S. uberis

during the infection process, have been described (Tamilselvam et al., 2006; Ericsson Unnerstad
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et al., 2009; Chen et al., 2011). S. uberis virulence factors include the hyaluronic acid capsule,
plasminogen activator proteins PauA and PauB, the adherence and internalization into epithelial
cells mediated by SUAM, and glyceraldehide-3-phosphate dehydrogenase (Rosey et al., 1999;
Ward et al., 2001; Ward & Leigh, 2002; Chen et al., 2011; Reinoso et al., 2011). Recently, the
ISS1-like insertion sequence found in S. uberis genome was suggested to have a role in the
virulence capacity of S. uberis, although further studies are in need to clarify this assumption
(Dego et al., 2011).

The genetic profiles available in the S. uberis MLST database include sequence types (ST) from
isolates collected mostly in United Kingdom, Australia, Sweden and Denmark
(http://pubmlst.org/suberis/; Pullinger et al., 2006). However, information regarding population
structure of S. uberis in Southern European countries has not been described as far as we know.
In particular, population structure among S. uberis isolates collected from farms in Portugal was

unknown before the present work.

1.3.1.3. Streptococcus dysgalactiae subsp. dysgalactiae

S. dysgalactiae subsp. dysgalactiae (GCS) virulence factors include M-like proteins, which are
responsible for the interaction of this pathogen with extracellular matrix proteins of bovine
epithelium from the mammary gland (Vasi et al., 2000). Indeed, S. dysgalactiae subsp.
dysgalactiae is known to persist inside the bovine mammary epithelial cells (Almeida & Oliver,
1995; Calvinho et al., 1998). Recently, this pathogen has been reported associated with invasive
disease in a diverse range of hosts, including the human host (koh et al.., 2009). However,
presence of genes usually associated with invasive disease among S. dysgalactiae subsp.
dysgalactiae isolates was not described before, with exception of sagA gene (Chénier et al.,
2008; Abdelsalam et al., 2010).

On the other hand, S. dysgalactiae subsp. equisimilis (GCS, GGS) has been reported associated
with human diseases that coincide with the diseases described for the human pathogen S.
pyogenes, which shares the same host niche in humans. Indeed, S. dysgalactiae subsp.
equisimilis and S. pyogenes have the same virulence factors, namely the M-protein, C5a
peptidase, and streptokinase (Fischetti, 2000; Geyer & Schmidt, 2000). Furthermore, cross-
species acquisition of phage-associated virulence genes, namely speM, ssa, or smeZ (strongly
associated with invasive disease) between S. pyogenes and S. dysgalactiae subsp. equisimilis are
known to occur (Igwe et al., 2003; Davies et al., 2005). However, genomic contributions of the
human S. pyogenes to the bovine group C S. dysgalactiae subsp. dysgalactiae (GCS) genome

were unknown before the present work.

14



Chapter 1

The complete genome sequencing of several S. pyogenes (GAS) strains has revealed the
presence of lysogenic bacteriophages in GAS genomes (Beres & Musser, 2007), (see Fig. 1.7).
In fact, numerous virulence characteristics in this pathogen are phage associated (Beres &
Musser, 2007). S. pyogenes phages are members of the Siphoviridae family of bacteriophages
(Canchaya et al., 2003).
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Figure 1.7. Representation of Streptococcus pyogenes exogenous elements among 12 Streptococcus
pyogenes sequenced genomes (Beres & Musser, 2007). Illustrated are the loci of integration of phages and
integrative conjugative elements (ICEs) into the core chromosome. Prophages are indicated with triangles
and ICEs with squares. Stacked triangles and squares indicate a common integration site. Elements are
colour-coded to indicate the source strain. Prophages and ICEs are numbered as they occur clockwise
around the core chromosome for each strain. Integration loci are lettered alphabetically as they occur
clockwise around the core chromosome. Gene designations are as follows: 1) secreted pyrogenic-toxin-
superantigens: speA, speC, speH, spel, speK, speL, speM, and ssa; 2) secreted DNAses: sda, sdn, spdl,
spd3, and spd4; 3) secreted phospholipase: sla; 4) antimicrobial resistance: ermA, mefA, and tetO; 5) cell
surface adhesins: R6 and R28; 6) none, these elements lack a known or obvious virulence gene.
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A complete structure of a group G S. dysgalactiae subsp. equisimilis phage (®3396) has been
sequenced (Davies et al., 2007). The GGS ®3396 phage shared overall genomic identity with
the S. pyogenes 315.1 phage family, but exhibited evidence of recombination from other
streptococcal phages (Davies et al., 2007).

Also, comparative genomic analysis between S. dysgalactiae subsp. equisimilis and S.
dysgalactiae subsp. dysgalactiae revealed that some of the differences in the virulence gene
repertoire between these two pathogens could be ascribed to prophage and integrative
conjugative elements (Suzuki et al., 2011).

Genomic comparisons between S. dysgalactiae subsp. dysgalactiae, S. dysgalactiae subsp.
equisimilis and S. pyogenes, are likely to provide further information regarding cross-species

acquisition of virulence genes that may be involved in the adaptation to new host.

1.3.2. Molecular typing

Molecular epidemiology offers unique opportunities to advance the study of diseases through
the investigation of infectious agents at the molecular level. Molecular tools are becoming more
widely available to epidemiologists and offer opportunities to increase our understanding of the
epidemiology of important pathogens affecting human and animal health (Muellner et al.,
2011).

Multiple-locus variant-repeat assay (MLVA), multilocus sequence typing (MLST), and Pulsed-
Field Gel Electrophoresis (PFGE) are some of the genotyping techniques currently in use for
typing and distinguish strains among the streptococcal species under study (Radtke et al., 2010;
http://www.mlst.net/).

PFGE is generally considered the most discriminatory method to infer relationships between
strains (Baseggio et al., 1997; Wang et al., 1999; Douglas et al., 2000). Briefly, PFGE is based
on enzymatic DNA restriction of bacterial genome (by using rare-cutting restriction
endonucleases) to generate DNA fragments, which are subsequently separated on a gel by
applying a specific voltage that is periodically switched among different directions in order to
separate the large DNA fragments. The banding pattern obtained from each isolate is then
compared with the remaining patterns in order to infer epidemiological relation between the
isolates. When two isolates show indistinguishable DNA patterns it is assumed that they are a
same strain, and if the patterns differ then its epidemiological relation must be evaluated
(Tenover et al., 1995; Van Belkum et al., 2007).

Different interpretations for analysing of relationships between isolates patterns have been

described (Zadoks et al., 2002; Van Belkum et al., 2007).
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MLST allows one to infer evolutionary relationships of strains based on mutations or
recombination within housekeeping genes, and detects genetic variation that accumulates slowly
in time (Maiden et al., 1998). MLST is presently one of the reference methods for genotyping S.
agalactiae and S. uberis (http://pubmlst.org/sagalactiae/, http://pubmlst.org/suberis/).

MLST allows strain comparison between different laboratories and different countries due to
public databases which contain the sequence type (ST) information (http://pubmlst.org; Jolley et
al., 2004).

1.3.3. Antimicrobial resistance

Public health issues in particular those involved with the presence of antimicrobial residues in
food and dissemination of antimicrobial resistance among bacteria, have determined
recommendations for a gradual reduction of antimicrobial use in veterinary medicine (WHO,
2001). The use of antimicrobials in human and veterinary medicine inevitably results in
selective pressure for drug resistance in exposed bacteria. Guidelines for a rational use of
antimicrobials in veterinary medicine have been described (WHO, 2001).

National recommendations regarding decision on which antimicrobial should be chosen as the
first choice in bovine mastitis treatment exist in certain European countries (Ekman et al., 1994;
Vaarst et al., 2002). In Portugal, such as in many other countries, due to restraints in time and
financial considerations this choice is usually performed empirically, based on previous
experience, national regional recommendations, and also on results obtained by antimicrobial
resistance studies performed in other countries. However, resistant patterns to antimicrobials are

known to vary between different countries (Kaspar, 2006; Hendriksen et al, 2008).

The antimicrobials that are presently used for treating bovine mastitis caused by streptococci in
Portugal include penicillin, ampicillin, cloxacillin, pirlimicyn, cefoperazone and cefquinome
(http://www.apifarma.pt/simposiumvet/Paginas/Pesquisaavancada.aspx).

Only rare cases of decreased susceptibility to penicillin among bovine mastitis streptococci have
been documented (Haenni et al., 2010[b]; Kalmus et al., 2011). Decrease susceptibility to
cephalosporin antimicrobials (such as cefoperazone and cefquinome) is also rare, and
cefquinome has been efficiently used for treatment of persistent subclinical mastitis (Tenhagen
et al., 2006; Kasravi et al., 2011).

On the contrary, resistance to macrolide antimicrobials is a major concern among not only
human streptococci but also bovine mastitis streptococci worldwide as previously documented
(Rossito et al. 2002; Denamiel et al., 2005; Duarte et al., 2005; Botrel et al., 2010).

Erythromycin (which is a macrolide antimicrobial) in particular, is used as first choice treatment
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in human therapy in cases where patients are allergic to P-lactam antimicrobials. In some
countries such as France and the U.S.A., macrolides are used in the treatment of bovine mastitis
(Zwald et al. 2004; Schmitt-Van de Leemput & Zadoks, 2007; Botrel et al., 2010); but not in

Portugal (http://www.apifarma.pt/simposiumvet/Paginas/Pesquisaavancada.aspx).

Macrolide (such as erythromycin) and lincosamide (such as pirlimycin) antimicrobials have a
similar antimicrobial spectra and overlapping targets in their mechanisms of action (see below),
which justifies monitoring of resistance patterns against both these antimicrobial classes.
Lincosamide antimicrobials are used in human and animal therapy. Pirlimycin in particular, is
available for bovine mastitis treatment in Portugal
(http://www.apifarma.pt/simposiumvet/Paginas/Pesquisaavancada.aspx).

Due to the implications of resistance to the above mentioned antimicrobials in human and
animal health, surveillance of resistance among veterinary field isolates is of utmost importance,
especially in Portugal where such type of information is scarce.

Evaluation of macrolide phenotypes (M, cMLSg, iMLSg, L) can be performed by using a double
disk test technique as described previously (Seppéld et al., 1993), (see Fig. 1.8). The MLSg
phenotype consists in resistance to macrolide, lincosamide, and streptogramin B antimicrobials,
while the M phenotype consists in resistance to macrolide antimicrobials only. The L phenotype

consists in resistance to lincosamide antimicrobials (and susceptibility to macrolide).

Figure 1.8. Evaluation of macrolide phenotypes: A) Double disk test showing the cMLSg phenotype in a
bovine Streptococcus agalactiae strain; B) control strain Staphylococcus aureus ATCC® 25923 used to
monitor disk diameter (mm) of erythromycin (macrolide antimicrobial) and pirlimycin (lincosamide
antimicrobial) according to the guidelines described before (CLSI, 2008).

Antimicrobial disks used: erythromycin (15ug) and pirlimycin (2pg) (Oxoid”®, Basingstoke, England).
(Photos: Marcia G. Rato, FCT/UNL)

The genetic determinants ermB and ermA encode methylases that confer resistance to
erythromycin, and inducible or constitutive resistance to lincosamide, and streptogramin B

antimicrobials (macrolide, lincosamide, and streptogramin B phenotype - iMLSg or cMLSg)
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(Weisblum, 1995). The M phenotype is associated with the presence of the genetic determinant
mefA which encodes a pump conferring resistance to the 14- and 15-membered macrolides.
Resistance to lincosamide and susceptibility to erythromycin (L-phenotype) has been previously
observed in streptococci of human and animal origin (Malbruny et al., 2004; Haenni et al.,
2010[a]). The L (or LSA) phenotype is thought to be associated with the presence of linB gene,
known to be carried by a plasmid of Enterococcus faecium from human origin (Bozdogan et al.,
1999).

Tetracycline is no longer indicated for the treatment of bovine mastitis-associated streptococci
in Portugal (http://www.apifarma.pt/simposiumvet/Paginas/Pesquisaavancada.aspx).

Resistance to tetracycline among streptococcal isolates is frequently found in high rates in
different countries (Kaspar, 2006; Hendriksen et al, 2008).

The genes encoding resistance to tetracycline are usually acquired via transferable plasmids or
transposons which also carry erythromycin resistance genes. For example, the association of
tetracycline/macrolide determinants tetM/ermB, tetO/mefA, tetO/ermA, or tetO/mefA, has been
previously described to be co-transferred in the same genetic elements among S. pyogenes
strains (Brenciani et al., 2007; Giovanetti et al., 2003; D’Ercole et al., 2005; Brenciani et al.,
2010). The tetS gene (a tetracycline resistance gene) is known to be carried by integrative
conjugative elements among human S. dysgalactiae subsp. equisimilis strains (Liu et al., 2008).
Overall this justifies surveillance for presence of antimicrobial resistance genes among bovine

field strains in order to assess the route and dissemination of these genes.
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Objectives

The main goal of the study was to provide knowledge about the molecular epidemiology,

antimicrobial resistance phenotypes and genotypes and virulence traits of streptococcal species

(S. agalactiae, S. dysgalactiae subsp. dysgalactiae, and S. uberis) usually associated with

bovine mastitis in dairy cows.

The specific aims of this Thesis were:

20

To document the molecular epidemiology and population structure of S. agalactiae, S.
dysgalactiae subsp. dysgalactiae and S. uberis associated with mastitis to help
improvement of bovine health in Portugal. The use of DNA sequencing based methods
such as multilocus sequence typing (MLST) for strain characterization (available for S.
agalactiae and S. uberis) will further allow to compare the diversity of strains of these

species collected in Portugal and in other countries.

To study the antimicrobial resistance and virulence genotypes in order to have a better
insight into the incidence, routes and mediators of gene dissemination. The study of
antimicrobial susceptibility patterns against antimicrobial drugs used in mastitis control

will also contribute to help improvement of bovine health in Portugal.

To compare virulence traits, particularly of phage origin, among S. dysgalactiae subsp.
dysgalactiae strains from bovine origin associated with mastitis and severe invasive
disease with strains of the human pathogens S. pyogenes and S. dysgalactiae subsp.
equisimilis to further inspect the role of phages and other mobile genetic elements in

lateral gene transfer.
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Abstract

The molecular epidemiology and population structure of 30 bovine subclinical mastitis field
isolates of Streptococcus uberis, collected from 6 Portuguese herds (among 12 farms screened)
during 2002 and 2003, were examined by using pulsed-field gel electrophoresis (PFGE) for
clustering of the isolates and multilocus sequence typing (MLST) to assess the relationship
between PFGE patterns and to identify genetic lineages. The 30 isolates were clustered into 18
PFGE types, using a similarity cutoff of 80%, and 3 PFGE types accounted for almost half of
the isolates (46.6%). These major types were herd specific, suggesting either cow-to-cow
transmission or infection with isolates from the same environmental reservoirs. The remaining
unrelated PFGE types of isolates were from different herds strongly suggesting environmental
sources of S. uberis infection. All 30 isolates were analyzed by MLST and clustered into 14
sequence types (ST). These ST were found to be novel, either with 10 new alleles of 6
housekeeping genes or with different combinations of previously assigned alleles. Five of these
ST were clustered into 3 clonal complexes (lineages), ST-143, ST-86, and ST-5, known to
include bovine isolates from several geographic locations (Australia, New Zealand, United
Kingdom, Sweden, and Denmark) and 9 singletons. To our knowledge, this is the first report
that documents molecular typing studies of bovine isolates of S. uberis from Portugal, which

were shown to represent novel genomic backgrounds of this pathogen.

Keywords

Bovine mastitis, Streptococcus uberis, pulsed-field gel electrophoresis, multilocus sequence

typing
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2.1. Introduction

Bovine mastitis remains a major cause of economic loss in the dairy industry worldwide, despite
the widespread implementation of mastitis control strategies. Economic losses are caused
mainly by decreased milk production, early culling and death of the animals (Seegers et al.,
2003), and increased antibiotic therapy (Erskine et al., 2003).

Contagious mastitis pathogens (such as S. agalactiae and S. aureus) have been brought under
control in dairy herds through use of management practices (Bramley and Dodd, 1984; Bradley,
2002). However, mastitis pathogens traditionally classified as environmental are not well
controlled by these methods and are, in several countries, the most frequent cause of subclinical
and clinical mastitis in both lactating and nonlactating cows, particularly on well-managed
farms (Bradley, 2002). Mastitis due to S. uberis infection was generally considered the result of
environmental exposure to this pathogen (Lopez-Benavides et al., 2007); however, cases of
cow-to-cow transmission of S. uberis have been reported (Douglas et al., 2000; Phuektes et al.,
2001; Zadoks et al., 2003).

Methods based on DNA have been successfully used in epidemiological studies aiming to
evaluate strain-specific transmission and to improve infection control measures (Khan et al.,
2003; Wieliczko et al., 2002; Zadoks et al., 2003). Pulsed-field gel electrophoresis (PFGE) is
the most discriminatory method and has been used for typing a broad range of pathogens
including bovine (Baseggio et al., 1997; Wang et al., 1999; Douglas et al., 2000) and human
pathogens, being most useful in outbreak investigations (Tenover et al., 1995; Van Belkum et
al., 2007). Multilocus sequence typing (MLST) is a valuable tool that allows further
investigation of the population structure and evolution of several pathogens (Maiden et al.,
1998; http://www.mlst.net/), including S. uberis (Pullinger et al., 2006; Pullinger et al., 2007).
For S. uberis, 2 MLST schemes have been described, one based on sequencing of 6 loci that
include virulence genes and housekeeping genes (Zadoks et al., 2005[b]) and the other based on
the sequencing of 7 housekeeping genes (Coffey et al., 2006; http://pubmlst.org/suberis/).

In this study we used PFGE and MLST (using the latter scheme referred to above) to
characterize a collection of field isolates of S. uberis from subclinical bovine mastitis occurring
in Portuguese herds during 2002 and 2003 and to document the molecular epidemiology and
population structure of the isolates, which would be useful in providing further insights into the

evolutionary and population genetics of this pathogen.

2.2. Materials and Methods

2.2.1. Streptococcus uberis collection
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A total of 30 S. uberis field isolates causing bovine subclinical mastitis were included in this
study. This collection comprised all S. uberis isolates (with the exception of 4 isolates that were
lost during storage) recovered from February 2002 to March 2003, from 261 bovine milk
samples of 215 animals with subclinical mastitis from 6 dairy farms (of 12 screened) located in
the southwestern region of Portugal (Bexiga et al., 2005). The original study (Bexiga et al.,
2005) involved milk sampling of 459 quarters from 377 animals from 12 dairy herds. Selection
criteria for the herds included in the study were geographical area and willingness of the farmers
to participate in the study. The 12 herds enrolled in the study had a mean size of 248 lactating
cows, a mean bulk tank SCC of 462,000 cells/mL, and a mean milk yield at 305 d of 7,987 kg
of milk. Farms were all zero-grazed, which is typical of continental Portuguese herds. The
program WinEpiscope 2.0 (Computer-aided Learning In Veterinary Education, CLIVE,
University of Edinburgh, UK) was used to calculate the number of cows for milk sampling in
each farm. Briefly, a representative number of animals (for an expected prevalence of 50% of
subclinical mastitis at cow level, with a margin of error of 10% and a confidence level of 95%)
was submitted to a California Mastitis Test, with quarters presenting a score of 3 being chosen
for quarter sampling (score 3 on the California Mastitis Test, used to define subclinical mastitis
on a scale of 0 to 3, with 0 being negative and 3 being strong positive). Quarters were only
sampled once during the study period. Different sampling visits distant in time on the same farm
depended on the calculated number of animals to sample.

In total, 351 of 459 samples were positive for bacterial growth. Of those, S. uberis and S. aureus
were found in 10% of the samples, S. agalactiae in 18.2%, and CNS in 34.5% (Bexiga et al.,
2005).

The distribution of the 30 S. uberis isolates on the 6 farms (coded F, K, C, D, I, and J) was as
follows: 18 isolates from farm F, 6 isolates from farm I, 3 isolates from farm K, and single
isolates from farms C, D, and J. All isolates were collected from different animals. Detailed
information about the 30 isolates, including source, date of isolation, and, where appropriate,
the identification number, breed, and disease status of the cow is available on the S. uberis

isolates MLST database (http://pubmlst.org/suberis/).

2.2.2. Streptococcus uberis identification

All isolates were cultured in sheep blood agar media and were identified as S. uberis using the
API-20 STREP (bioM¢érieux, Marcy I’Etoile, France) and BBL Crystal Gram-Positive (Becton
Dickinson and Co., Franklin Lakes, NJ) identification systems. Differentiation between S.
uberis and S. parauberis, which are phenotypically indistinguishable (Facklam, 2002), was
performed by PCR amplification of the 16S ribosomal DNA (rDNA) gene of all the isolates,
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using generic primers for gram-positive bacteria (Takahashi et al., 1997) and sequencing with
the same primers used for amplification. Automatic sequencing was carried out by Macrogen
(Seoul, Korea) or by STAB-Vida (Lisbon, Portugal). Sequence data were edited using SeqMan,
DNAstar (DNAstar Inc., Madison, WI). Each of the sequences of the 16S rDNA gene of the 30
isolates was compared with the sequence of the 16S rDNA gene of S. uberis reference strain
HN1 (GenBank accession no. AB023576) and then compared with the sequences of all the
species deposited in the GenBank database using BlastN
(http://www.ncbi.nlm.nih.gov/BLASTY/).

2.2.3. PFGE typing and cluster analysis

The 30 S. uberis isolates were analyzed by PFGE as described previously (Chung et al., 2000).
Briefly, a 6-mL culture of cells in early stationary phase was harvested and washed in 1 mL of
Tris-NaCl buffer (10 mM Tris, pH 8; 1 M NacCl), and resuspended in 200 pL of the same buffer.
Concentrations were adjusted to an optical density of 5.0 at 620 nm. This cell suspension was
then diluted 1:1 with 150 pL of 1.5% low-gelling temperature agarose (SeaPlaque, FMC
Bioproducts, Rockland, ME) in the same Tris-NaCl buffer; disks of 20 pL were allowed to
solidify for 5 min at —20°C. The cells were lysed by incubation of the disks at 37°C for 5 h with
50 pg of RNase I, 1 mg of lysozyme, and 5 U of mutanolysine in 1 mL of lysis buffer (6 mM
Tris, pH 8, 1 M NaCl, 0.1 M EDTA, pH 8, 0.2% deoxycholate, 0.5% sarkosyl, 0.5% Brij 58).
The disks were next incubated in a solution of proteinase K (1 mg/mL) in EDTAsarkosyl buffer
(0.5 M EDTA, pH 9, 1% Sarkosyl) at 50°C for 18 h. The agarose disks were washed 8 times in
13 mL of Tris-EDTA buffer (10 mM Tris, | mM EDTA, pH 7.5) for 30 min with gentle
agitation. The DNA was then considered purified and was stored in approximately 1 mL of
Tris-EDTA buffer at 4°C. The DNA was digested with 20 U of Smal (New England BioLabs,
Beverly, MA), and PFGE was performed in a CHEF DR-III (contour-clamped homogeneous
electric field) apparatus (Bio-Rad, Hercules, CA) for 23 h. The running parameters were as
follows: initial pulse = 5 s; final pulse = 35 s; voltage = 200 V; temperature = 11.3°C. Ethidium
bromide (0.5 pg/mL) was used to stain the gels. Images were captured using the Gel Doc XR
system and the Quantity One 1-D Analysis Software (Bio-Rad). The PFGE lambda marker
(New England Biolabs) was used as a molecular weight standard.

All PFGE profiles or patterns were analyzed visually and by computer-assisted cluster analysis
using the software BioNumerics v. 4.0 (Applied Maths, Sint-Martens-Latem, Belgium). Levels
of similarity between fingerprints were calculated by using Dice coefficient, and an unweighted
pair group method using arithmetic averages (UPGMA) was used for clustering to produce

band-based dendrograms (with a band position tolerance of 1.5% and no optimization). Groups

27



Molecular epidemiology and population structure of Streptococcus uberis

of patterns with no observed band differences (corresponding to a level of similarity of 100%)
were considered indistinguishable and were assigned to the same subtype of a PFGE type.
Patterns with variation up to 6 bands were considered related according to previous suggested
criteria (Tenover et al., 1995) and were clustered in most cases above 80% similarity. These
were assigned to different subtypes of a PFGE type. Patterns with variation of 6 or more bands
(corresponding to levels of similarity of less than 80%) were not considered related and were
assigned to distinct PFGE types. All PFGE types were designated with uppercase letters and

each of their subtypes (subclonal variants) was identified in addition by a numeral suffix.
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Figure 2.1. Pulsed-field gel electrophoresis (PFGE) profiles of Smal-digested genomic DNA from
Streptococcus uberis subclinical mastitis isolates collected at 6 Portuguese dairy herds. Ladder = Lambda
PFGE ladder marker (New England BioLabs, Beverly, MA). PFGE type-subtype is designated in top of
the images, each isolate code name is designated under the images, as well as the farms from where they
were collected, which are designated in capital letters.

2.2.4. MLST and eBURST analysis

All isolates were analyzed by MLST. The DNA was extracted as described for Group A
Streptococcus at http://www.cdc.gov/ncidod/biotech/strep/protocol emm-type.htm. The primers
used were described previously (www.pubmlst.org/suberis/info/protocol.shtml; Coffey et al.,
2006). The PCR amplification reactions were adapted from the method available at the S. uberis
MLST Web site (www.pubmlst.org/suberis/info/protocol.shtml). A 50-pL reaction included
1.25 U of Taq polymerase (MBI Fermentas, Vilnius, Lithuania), 30 pmol of each primer, 1.5
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mM MgCl12 (MBI Fermentas), 200 uM of deoxynucleoside triphosphate mix (MBI Fermentas),
and 2 pL of DNA. The PCR amplicons were purified using the Wizard PCR Preps DNA
Purification System (Promega, Madison, WI), and sequencing was performed as described
above. The sequences were entered at the S. uberis MLST database
(www.pubmlst.org/suberis/info/protocol.shtml) and novel alleles were assigned new numerals.
The allelic profile and sequence type (ST) of each isolate are available at the S. uberis MLST
database (www.pubmlst.org/suberis/info/protocol.shtml).

The predicted evolutionary descent of the isolates was evaluated by using e-BURST
(http://eburst.mlst.net/) of S. uberis data set (eBURSTv3 — Streptococcus uberis), which
included 1 example of each ST assigned at the S. uberis MLST database. This tool produces a
diagram displaying the way each clonal complex may have emerged and diversified from the
predicted founding genotype. This diagram is centered on the predicted founding genotype, and
the branches represent the predicted descent to the other genotypes in the group. The eBURST
uses lines to show radial links from the founder to each of its single locus variant (initial
diversification). Only single locus variant links are shown in an eBURST diagram. All isolates
that are directly linked on an e-BURST diagram will therefore differ at only a single locus, and

the cluster of linked ST represents a clonal complex.

2.3. Results

2.3.1. 16S rDNA gene sequence analysis for Streptococcus uberis identification

Comparative analysis with the 16S rDNA gene sequence of the S. uberis reference strain HN1
from the GenBank database showed that out of the 30 isolates, 13 had maximum identity of
100%, 16 isolates differed by 1 bp, corresponding to a maximum identity of 99%, and 1 isolate
differed by 3 bp, which also corresponded to a maximum identity of 99%. These variations have
been described as microheterogeneity in the 16S rDNA gene sequence within the same species
or intraspecies variation of the 16S rDNA gene sequence (Clarridge, 2004). Moreover,
sequences of the 16S rDNA gene of streptococcal species other than S. uberis (including S.
parauberis) deposited in the GenBank database were <99% identical to the 16S rDNA gene
sequences of the S. uberis isolates from the present work. Therefore, we have considered all the
isolates as S. uberis taking into account the phenotype and this genotypic tool used for

identification.
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2.3.2. PFGE profiles

Patterns obtained by PFGE ranged from 9 to 15 well-resolved fragments of approximately 10 to
485 kb (Fig. 2.1). Percentage similarity among patterns was determined by cluster analysis in a

dendrogram (Fig. 2.2).
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Figure 2.2. Dendrogram of the pulsed-field gel electrophoresis (PFGE) profiles of Streptococcus uberis
subclinical mastitis isolates, collected at 6 Portuguese dairy herds. Isolate code, farm code, and date of
isolation of each strain, and novel multilocus sequence types (ST) and clonal complexes are also
designated in the dendrogram. The dendrogram was produced by using Dice coefficients and an
unweighted pair group method using arithmetic averages (UPGMA). Default clustering settings of 0.00%
optimization (i.e., the relative distance an entire lane is allowed to shift in matching attempts) and 1.5%
band position tolerance were used. Plausible related groups (>80% similarity), or clusters, are designated
in rectangles. When isolates belonging to a same cluster were collected at different dates, a green circle is
indicated. ST, sequence type.
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Epidemiologically plausible groups (clusters) were identified using the cut-off of at least 80%
similarity as described above. Three major clusters (named I, II, and III) included more than 2
isolates at 80% or greater similarity levels (Fig. 2.2). Cluster I included 4 isolates from farm F.
Two isolates (vsu6 and vsu9, collected within a 4 month interval from 2 cows) had
indistinguishable patterns (no observed band differences; see Fig. 2.1) corresponding to a level
of similarity of 100% and were assigned to a same PFGE subtype (A-1) of PFGE type A. The 2
remaining patterns differed by up to 3 bands between isolate pairs and were assigned to
different PFGE subtypes (A-2, A-3). The 3 subtypes have 83.3% similarity. Cluster II included
4 isolates also from farm F, whose patterns differed by 1 to 6 bands between isolate pairs and
were assigned to different PFGE subtypes (B-1 to B-4) of PFGE type B with similarity levels
ranging from 96.3 to 80.1%. Cluster III included 6 isolates from farm I, whose patterns differed
by 1 to 5 bands between isolate pairs and were assigned to different PFGE subtypes (C-1 to C-
6) of PFGE type C with similarity levels ranging from 96.0 to 81.6%. A minor cluster
comprised 2 other isolates from farm F whose patterns differed by 3 bands and were assigned to
different PFGE subtypes (D-1, D-2) of PFGE type D with 82.8% similarity. The remaining

isolates were not clustered and were assigned to unique PFGE subtypes.

2.3.3. Allelic profiles and sequence types of Portuguese Streptococcus uberis isolates

The sequences of the 7 gene fragments used for the MLST scheme were determined for all 30
isolates confirmed to be S. uberis. These isolates were clustered into 14 ST, all found for the
first time in this study. These ST were novel because they had different combinations of
previously assigned alleles (ST-267, ST-285, ST-286, ST-287, ST-289, and ST-290) or
contained 10 new alleles of 6 housekeeping genes (ST-265, ST-266, ST-268, ST-269, ST-270,
ST-284, ST-288, and ST-291; Table 2.1). Within the same cluster (I, II, or III), isolates had the
same ST: cluster I included 4 isolates of ST- 265, cluster II included 4 isolates of ST-268, and
cluster III included 6 isolates of ST-267 (Fig. 2.2). Some of the PFGE subtypes with <80%
similarity shared the same ST: PFGE subtypes F-1, G-1, and PFGE subtypes B-1 to B-4 of
cluster I with 70.4% of similarity shared the same ST (ST-268); PFGE subtype H-1 and PFGE
subtypes D-1 to D-2 with 77.9% of similarity shared the same ST (ST-268; Fig. 2.2).

The 18 isolates of farm F were of seven ST (ST-265, ST-266, ST-268, ST-269, ST-284, ST-287,
and ST-288) and 11 PFGE types. The 6 isolates of farm I were of a single ST (ST-267) and a
unique PFGE type (with 6 subtypes). The 3 isolates of farm K were of 3 ST (ST-285, ST-286,
and ST-289) and of 3 unrelated PFGE types. The single isolates from farms C, J, and D were of
ST-270, ST-290, and ST-291, respectively, and of 3 unrelated PFGE types (Table 2.1).
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Three clonal complexes or genetic lineages were assigned primarily by the S. uberis MLST
database curator and all included isolates of single PFGE subtypes. Lineage ST-143 included 3
ST (ST-284, ST-288, and ST-269) of 3 isolates from farm F (vsu2, vsu29, and vsul5) and
additionally 122 S. uberis strains from dairy herds in Australia, New Zealand, and the UK;
lineage ST-5 included the ST-287 of another isolate from farm F (vsu27) and also of 170 S.
uberis strains from dairy herds in Australia, Denmark, New Zealand, Sweden, and the UK;
lineage ST-86 included ST-286 of 1 isolate from farm K (vsull) and of 41 other S. uberis
strains from dairy herds in Australia, New Zealand, Sweden, and the UK (data from

pubmlst.org/suberis). The remaining 9 ST from this study were singletons.

Table 2.1. Allelic profiles and clonal complexes of Streptococcus uberis isolates of bovine subclinical
mastitis from Portugal assigned by multilocus sequence typing (MLST).

Farm Isolate PFGE Allele Sequence Clonal e-

code code Type - . . . Types  Complex’ BURST
subtype arcC ddl gki recP tdk tpi yqil (ST) (ST) Group

F vsu6  A-1 4 1 26 3 2 2 5 265

F vsu9  A-1 4 1 26 3 2 2 5 265

F vsuld  A-2 4 1 26 3 2 2 5 265

F vsu3l  A-3 4 1 26 3 2 2 5 265

F vsu§  L-1 2 10 2 1 388 4 27! 266

I vsul0  C-1 9 1 5 3 17 4 10 267

I vsu2l  C-5 9 1 5 3 17 4 10 267

I vsu23  C-2 9 1 5 3 17 4 10 267

I vsul7  C-3 9 1 5 3 17 4 10 267

[ vsu22  C-4 9 1 5 3 17 4 10 267

I vsu30  C-6 9 1 5 3 17 4 10 267

F vsué G-l 9 1 27 2 39" 1 17 268

F vsul3  B-1 9 1 27 2 39" 1 17 268

F vsu26 B-2 9 1 27 2 398 1 17 268

F vsul2  B-3 9 1 27 2 390 1 17 268

F vsu20 B-4 9 1 27 2 398 1 17 268

F vsul  F-1 9 1 27 2 390 1 17 268

F vsu7  D-1 9 1 27 2 390 1 17 268

F vsul8 D-2 9 1 27 2 39" 1 17 268

F vsul6  H-1 9 1 27 2 39" 1 17 268

F vsul5 Q-1 38 1 2 2 29 4 3 269 143

C vsul9  I-1 6 1 5 14" 17 1 3 270

F vsu2  E-1 9 1 2 2 4" 2 3 284 143

K vsud  K-1 6 16 5 2 17 1 3 285

K vsull  R-1 10 1 3 3013 1 3 286 86

F vsu27 N-1 1 1 2 2 16 1 3 287 5 1

F vsu29  M-1 38! 1 2 2 22 4 3 288 143

K vsu5  P-1 10 1 3 2 13 1 10 289

J vsu2s  J-1 1 1 5 2 10 1 3 290

D vsu28  O-1 2 27 5 1 43" 1 3 291

'PFGE = pulsed-field gel electrophoresis.
*Novel allelic profiles or sequence types (ST).
*MLST clonal complexes (clusters of linked ST) assigned by the S. uberis MLST database curator.

*Novel allele.
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The e-BURST analysis revealed that only ST-287 from this study of lineage ST-5 was included
in a clonal complex described as group 1 by eBURSTv3 — Streptococcus uberis software
(http://eburst.mlst.net/; Fig. 2.3); ST-287 was found to be a single locus variant of the predicted
founder (ST-184) of this major clonal complex (Fig. 2.3), which includes 107 ST of the S.
uberis MLST database.

Figure 2.3. e-BURST diagram determined by eBURSTvV3 software (http://eburst.mlst.net/) using 1
example of each sequence type (ST) assigned in the Streptococcus uberis multilocus sequence typing
(MLST) database (http://pubmlst.org/suberis/info/protocol.shtml). Only ST-287 (pointed out in red) from
the present work was assigned to the major clonal complex described as group 1, which includes 107 ST
of S. uberis MLST database; ST-287 is a single locus variant (SLV) of the predicted founder ST-184 (blue
circle).

2.4. Discussion

Streptococcus uberis is one of the most prevalent pathogens in dairy herds and is considered one
of the principal causative agents of bovine mastitis, a very costly disease in dairy industry
(Leigh, 1999; Shim et al., 2004). It has been noted that the relative importance of transmission
mechanisms and control measures differs between herds and geographical areas (LeBlanc et al.,

2006). However, studies on the molecular characterization of field S. uberis isolates from
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Portugal are still not documented and are of utmost importance for a more efficient control of
bovine mastitis caused by this pathogen.

This species, together with the contagious pathogen S. aureus, accounted for 10% of all milk
samples with positive growth, S. agalactiae accounted for 18.2%, and CNS accounted for
34.5%, during 2002 and 2003, from a study on bovine subclinical mastitis among 12
commercial dairy farms in a particular region of Portugal (Bexiga et al., 2005). Greater
prevalence rates of S. uberis have been reported in other countries such as New Zealand
(Douglas et al., 2000) because the dairy industry there is mainly pasture based. However,
continental Portuguese herds are typically zero-grazed, which could explain lower rates of S.
uberis infection. Moreover, among the 12 commercial dairy farms screened, S. uberis was found
on only 6 farms (50%).

Our aim was to assess if subclinical bovine mastitis episodes were associated with multiple
PFGE types or with a limited number of dominant types, which is important information for the
implementation of targeted mastitis control programs. Additionally, we aimed to document the
genotypic properties of this species in a region not yet surveyed, contributing to increased
knowledge about the evolutionary and population genetics of this pathogen by using MLST.

The combined use of the molecular typing techniques mentioned above was a valuable approach
to achieve our aims. The prevalence of S. uberis varied between herds. The totality of the S.
uberis isolated in the survey by Bexiga et al. (2005) were included in the present study. Close to
half (44.4%; n = 8/18) of the S. uberis isolates from farm F (n = 18) were clustered into 2 large
homogeneous PFGE groups, clusters I and II. Moreover, all the S. uberis isolates from farm T (n
= 6) were clustered in 1 PFGE homogeneous group (cluster III).

The finding of a limited number of dominant PFGE clusters or PFGE types spread over farms F
and I rather than a wide heterogeneity of PFGE types strongly suggested that cows might have
been the source of infections or that acquisition from a common environmental source occurred.
Despite that, other heterogeneous PFGE types were detected on farm F, which suggests that
several environmental sources might have been the source of infections or that the replacement
policy on that farm relied more heavily on buying in animals than occurred on other farms.
Related isolates, according to the PFGE data, were seen to share the same ST; however, PFGE
and MLST did not correlate in all cases. Isolates of unrelated PFGE types F, G, and B (70.4%
similarity) were found to share the same ST (ST-268; Fig. 2.2). In addition, H and D (77.9%
similarity) shared ST-268. This result was expected because PFGE is sensitive to microvariation
and, therefore, often has more discriminatory power (Van Belkum et al., 2007) than MLST,
which detects variation that accumulates slowly in housekeeping genes (Maiden et al., 1998).
Moreover, different PFGE subtypes of a same type were observed among isolates from different

cows within the same herd collected on the same day of sampling. Examples are isolates of

34



Chapter 2

PFGE B-1 to B-4 from farm F or isolates of PFGE C-1 to C-4 from farm I (Fig. 2.2.). In
contrast, and of interest, was the finding of 2 isolates with indistinguishable PFGE patterns
(100% similarity; PFGE subtype A-1) collected from 2 cows on farm F collected within a 4-
month interval, which strongly suggests that infection of both cows was caused by the same
strain, either because of transmission during milking or by close contact with the same
environmental reservoir. Clarification of the importance of these environmental reservoirs to the
incidence of infection by typing isolates from different sites on the cow and environmental sites
will be required in the future. Nevertheless, the observed differences in PFGE banding patterns
may be due to genetic changes in persisting strains within these herds.

Prevalence of S. uberis clones as well as persistent S. uberis strains within the same herd have
been reported previously (Phuektes et al., 2001; Zadoks et al., 2003), although most studies
found that the point source of infection is uncommon and the main route of transmission is
through environmental sources (Khan et al., 2003; Tomita et al., 2008). These disparities in the
epidemiology of S. uberis may reflect differences among production systems (McDougall et al.,
2004).

More variability was expected between related isolates collected at sampling visits distant in
time. In fact, different PFGE subtypes of a same type were observed among isolates from
different cows within the same herd collected at 4-month or 10-month intervals between
sampling. Examples are isolates of PFGE A-1 to A-3, D-1 and D-2 from farm F, or isolates of
PFGE C-1 to C-4 and isolates C-5 or C-6 from farm I (Fig. 2.2).

As noted above, in most cases, the MLST results agreed with the fingerprinting data and
allowed us, in addition, to infer a population structure for our collection of isolates. All of the
ST found in this study were novel, either with 10 new alleles of 6 housekeeping genes or with
different combinations of previously assigned alleles. Presently, the S. uberis profile database
consists of 291 profiles. Among these, ST-265 to ST-270 and ST-284 to ST-291 were the ones
described in this study. Interestingly, the 2 large homogeneous PFGE clusters I and II, which
grouped almost half (44.4%) of the S. uberis from farm F were judged as singletons (ST-265
and ST-268) by MLST. On the other hand, the remaining isolates that were dispersed by minor
and unique PFGE patterns and grouped into 4 sequence types (ST-269, ST-284, ST-288, and
ST-287) were clustered into 2 clonal complexes or lineages (ST-5 and ST-143). It was
suggested that isolates belonging to clonal complexes ST-5 and ST-143 might possess virulence
factors promoting invasion of host tissue, survival in the host environment, evasion of the host
immune response, or internalization in the mammary gland (Tomita et al., 2008). Moreover, a
link was observed between clonal complexes ST-5 and ST-143 and carriage of the hasA

virulence gene (Coffey et al., 2006; Pullinger et al., 2006).
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It is intriguing why only the singletons from farm F, rather than the major PFGE cluster I and
cluster II (also from farm F), were assigned to these virulent clonal complexes, because these
strains might have been hypertransmissible among cows, and therefore would be expected to be
more virulent. Our data suggest that strains other than those of clonal complexes ST-5 and ST-
143 are also hypervirulent strains.

The occurrence of identical ST between Portugal and other countries was not detected. All ST
found in the present work are unique and were found for the first time in this collection, which
would be expected because information regarding mastitis isolates from Mediterranean
countries is lacking in the MLST database. Nevertheless, ST-287 from the present study was
found to be a single locus variant of the predicted founder ST-184 of the major group 1 clonal
complex (http://eburst.mlst.net); ST-184 includes one strain from clinical mastitis in Australia

and strains from environmental sources in New Zealand.

2.5. Conclusions

In conclusion, it seems that the contagious route of mastitis infection is still a problem in
Portugal. High prevalence of the contagious mastitis pathogens S. agalactiae and S. aureus was
found among the subclinical mastitis milk samples collected during the original study period
(Bexiga et al., 2005). Although S. uberis is traditionally classified as an environmental
pathogen, it may also be transmitted from cow to cow, probably through the milking process.
The PFGE analysis in the present study supports this view, as we observed that a limited
number of dominant PFGE types spread in farms F and I (which accounted for 46.6% of all
isolates). Nevertheless, acquisition from a common source may also be occurring: all farms
were zero-grazed and, therefore, infection with S. uberis from environmental reservoirs such as
pastures was not expected. These results may reflect a possible defect in the implementation of
mastitis control programs on these farms, and better policies for herd management may be
needed. Interestingly, presumably more virulent strains (assigned to virulent clonal complexes)
were associated with single PFGE types and not with clonal spread. To our knowledge, this is
the first report describing genetic relationships among bacterial isolates of bovine S. uberis from
Portugal, which were shown to represent novel genomic backgrounds and unique genotypes of

this pathogen.
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Abstract

Phage-encoded virulence genes of group A streptococci were detected in 10 (55.6%) of 18
isolates of group C streptococci that had caused bovine mastitis. Bovine isolates carried other
genetic determinants, such as composite transposon Tnl1207.3/®10394.4 (100%) and
antimicrobial drug resistance genes ermB/ermA (22.2%), linB (16.6%), and tetM/tetO (66.7%),

located on mobile elements.

Keywords

Bacteriophage-virulence genes, Group A streptococci, Streptococcus pyogenes, Bovine group C

streptococci, Streptococcus dysgalactiae subsp. dysgalactiae
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3.1. Introduction

Strains of Streptococcus dysgalactiae subsp. dysgalactiae are described as alpha-hemolytic or
non-hemolytic (Lancefield group C) and associated only with animal infections (bovine
mastitis), a disease with major economic consequences for the dairy industry (Vieira et al.,
1998). Group A streptococci (GAS) specific phage-associated virulence determinants encoding
pyrogenic exotoxins or superantigens (SpeM, ssa), which are strongly associated with severe
diseases such as scarlet fever, streptococcal toxic shock syndrome, and rheumatic fever, have
been described among human group C streptococci (GCS) or group G streptococei (GGS) (S.
dysgalactiae subsp. equisimilis) (Igwe et al., 2003) but not among alpha-hemolytic GCS (S.
dysgalactiae subsp. dysgalactiae) of bovine origin. In contrast, M protein or M-like proteins
were found in human GGS/GCS (S. dysgalactiae subsp. equisimilis) and in animal GCS (8.
dysgalactiae subsp. dysgalactiae) but only in beta-hemolytic strains (Zhao et al., 2007).

Composite transposons and other genetic determinants also considered to be located in specific
mobile elements such as macrolide (either encoding methylases [erm genes] or efflux pumps
[mef genes]) and tetracycline resistance determinants (tet genes) have been found among
streptococcal species of human origin. We studied a collection of field isolates of bovine GCS
S. dysgalactiae subsp. dysgalactiae to search for genetic determinants, particularly those carried

by mobile elements known to be transferred among human GAS and GGS/GCS.

3.2. Materials and Methods

We studied 18 alpha-hemolytic S. dysgalactiae subsp. dysgalactiae field isolates of Lancefield
group C that had caused bovine subclinical mastitis. Isolates were obtained from 304 milk
samples of 248 cows from 8 farms in Portugal that were included in the study. Detailed
information regarding isolation methods and identification of field isolates by biochemical
methods were described in Chapter 3 (identification by biochemical methods was carried as
described for S. uberis).

To confirm identification of S. dysgalactiae subsp. dysgalactiae, the 16S rRNA gene was
amplified by PCR and sequenced (Weisburg et al., 1999). Smal/cfr9l-digested DNA banding
patterns were obtained by pulsed-field gel electrophoresis for clone identification performed as
described for the pathogen S. uberis (see Chapter 2).

All virulence genes and antimicrobial resistance genes analyzed by PCR in the present study are
described in Table 3.1 and Table 3.2, respectively. The emm gene subtyping was performed as
described (www.cdc.gov/ncidod/biotech/strep/M-ProteinGene _typing.htm).

Samples without DNA and strains lacking (negative) or carrying (positive) specific genes were
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used as controls in the PCR. Results were consistent in 2 or 3 PCRs that included these controls.

Table 3.1. Virulence genes and primers used for the PCR analysis, among bovine GCS Streptococcus
dysgalactiae subsp. dysgalactiae.

Primer name Sequence (5°-3°) Product Reference
(bp)
Prophage-associated virulence determinants
Pyrogenic exotoxins:
ssa (for.) GTGTAGAATTGAGGTAATTG 706 Pires et
ssa (rev.) TAATATAGCCTGTCTCGTAC al., 2009
speA (for.) CTTAAGAACCAAGAGATGGC 200 Pires et
speA (rev.) ATAGGCTTTGGATACCATCG al., 2009
speC (for.) CATCTATGGAGGAATTACGC 246 Pires et
speC (rev.) TGTGCCAATTTCGATTCTGC al., 2009
speH (for.) AGATTGGATATCACAGG 416 Pires et
speH (rev.) CTATTCTCTCGTTATTGG al., 2009
spel (for.) AAGGAAAAATAAATGAAGGTCCGCCAT 217 Lingtes et
spel (rev.) TCGCTTAAAGTAATACCTCCATATGAATTCTTT al., 2007
sped (for.) ATCTTTCATGGGTACG 535 Pires et
sped (rev.) TTTCATGTTTATTGCC al., 2009
speK (for.) TATCGCTTGCTCTATACACTACTGAGAGT 233 Lingtes et
speK (rev.) CCAAACTGTAGTATTTTCATCCGTATTAAA al., 2007
speL (for.) GGACGCAAGTTATTATGGATGCTCA 460 Lingtes et
spelL (rev.) TTAAATAAGTCAGCACCTTCCTCTTTCTC al., 2007
speM (for.) GCTTTAAGGAGGAGGAGGTTGATATTTATGCTCTA 411 Lingtes et
speM (rev.) CAAAGTGACTTACTTTACTCATATCAATCGTTTC al., 2007
DNAsel:
spd1 (for.) CCCTTCAGGATTGCTGTCAT 400 Green et
spdl (rev.) ACTGTTGACGCAGCTAGGG al., 2005
Phospholipase A2e:
slaA (for.) CTCTAATAGCATCGGCTACGC 440 Green et
slaA (rev.) AATGGAAAATGGCACTGAAAG al., 2005
Composite transposon:
Tn1207.3/010394.4 CGAGGAGTTAGTATGGAAAC 473 Figueiredo
R.J." (for.) etal.,
Tn1207.3/®10394.4 CCCATAATAGGCAACTGGTCTCCAGC 2006
R.J." (rev.) .
Tn1207.3/010394.4 TCTTCGCCGCATAAACCCTATC 453/6,807* Figueiredo
L.J." (for.) etal.,
Tn1207.3/010394.4 CCTTTGACCAATGAAGTGACCTTT 2006
L.J.T (rev)
M protein
emm (for.) TATTCGCTTAGAAAATTAA variable
emm (rev.) GCAAGTTCTTCAGCTTGTTT

“R.J.: right junction; "L.J.: left junction
“The expected ampicon size was 454 bp according to the reported organization of the Tn1207.3 element
or 6,807 bp according to the reported sequence of ®10394.4 (Figueiredo et al., 2006).

"www.cde.gov/ncidod/biotech/strep/M-ProteinGene_typing.htm
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Sequencing of all virulence gene amplicons was performed with the same primers used for

amplification (STAB-Vida, Lisbon, Portugal). All sequences were compared with sequences in

GenBank by using the BLAST alignment tool (www.ncbi.nlm.nih.gov/BLAST).

Table 3.2. Antimicrobial resistance genes analyzed by PCR and primers used.

Primer Sequence (5°-3") Product Reference
name (bp)
Macrolide Resistance
mefA (for)
GACCAAAAGCCACAATTGTGGA .
?:g\flA) CCTCCTGTCTATAATCGCATG 1432 Piresetal., 2005
ermA
(for.) CCCGAAAAATACGCAAAATTTCAT .
ermA CCCTGTTTACCCATTTATAAACG 390 Pires et al., 2005
(rev.)
ermB
(for.) GGAGTGATACATGAACAAAAATA .
ermB TTCCTTTTAGTAACGTGTAACTTT 231 Pires et al., 2005
(rev.)
Tetracycline Resistance
tetM (for) TGGAATTGATTTATCAACGG .
tetM (rev.) TTCCAACCATACAATCCTTG 1080 Pires etal., 2005
tetO (for) AACTTAGGCATTCTGGCTCAC
tetO (rev.) TCCCACTGTTCCATATCGTCA 315 Ngetal,, 2001
tetT (for) AAGGTTTATTATATAAAAGTG .
tetT (rev.) AGGTGTATCTATGATATTTAC 169 Aminov et al., 2001
tetW (for) GAGAGCCTGCTATATGCCAGC .
tetW (rev.) GGGCGTATCCACAATGTTAAC 168 Aminovetal., 2001
tetQ (for) TTATACTTCCTCCGGCATCG
tetQ (rev.) ATCGGTTCGAGAATGTCCAC 904 Ngetal,, 2001
tetS (for) GAAAGCTTACTATACAGTAGC .
tetS (rev.) AGGAGTATCTACAATATTTAC 169 Aminovetal., 2001
tetL (for) TCGTTAGCGTGCTGTCATTC
tetl (rev) GTATCCCACCAATGTAGCCG 267 Ngetal, 2001
tetK (for) TCGATAGGAACAGCAGTA
tetK (rev.) CAGCAGATCCTACTCCTT 169 Ngetal, 2001
Lincosamide Resistance
linB (for) CCTACCTATTGTTTGTGGAA 05 Bozdogan et al.,
linB (rev.) ATAACGTTACTCTCCTATTC 1999
Streptogramin A resistance
vgaB (for) AAGTCGACTGACAATATGAGTGGTGG Allionct & Solh
vgaB CTGCAGATGCCTCAACAGCATCGAATATCC 1051 05 ’
(rev.)
3.3. Results

We detected bacteriophage-associated virulence genes speM, speK, speC, spdl, and speL. The

overall distribution of these GAS virulence genes in the bovine GCS isolates from the present
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study, as well as other characteristics of the bovine strains are described in Fig. 3.1. All but 1 of
the PCR products showed expected sizes (Table 3.1 and Table 3.2). The Tn1207.3/®10394.4
composite transposon left junction amplicon showed a size of 380 bp instead of 453-6,807 bp
as described for GAS (Figueiredo et al., 2006). No amplification was observed for the right
junction of this genetic element.

The emm gene encoding the antiphagocytic M surface protein was not amplified in any of the 18
bovine GCS isolates; therefore, no emm types were obtained.

Subsets of GCS isolates were erythromycin and pirlimycin resistant (MLSg phenotype) and
contained ermB or ermA genes (22.2%) or erythromycin susceptible and pirlimycin resistant and
contained the linB gene (16.6%). All isolates were tetracycline resistant with a subset (66.7%)
carrying tetM or tetO tetracycline resistance determinants. See Chapter 5 for further details
regarding results of patterns of antimicrobial drug resistance against macrolides (erythromycin),
lincosamides (pirlimycin) and tetracycline, and macrolide phenotypes tested among the bovine
GCS.

Sequences of all virulence genes were compared by using the BioEdit sequence alignment
editor (Hall, 1999). One different allele was found for each of the following gene sequences:
spdl (among 6 strains), SpeC (among 6 strains), and speL (among 4 strains). Three alleles were
found for speK (among 8 strains) (speK-1, speK-2 and speK-3), and two alleles were found for
speM gene sequences (among 2 strains) (SpeM-1, speM-2). Bovine alleles had sizes of 386 bp
(spdl), 222 bp (speC), 444 bp (spelL), 232 bp (speK), and 357 bp (speM). Examples of
alignments between bovine virulence gene alleles with sequences from GenBank (only most

similar ones) are shown in Fig. 3.2.

3.4. Discussion

Using PCR, we determined that bovine GCS S. dysgalactiae subsp. dysgalactiae strains (55.6%)
carried >1 GAS-specific bacteriophage virulence-associated genes (spdl, speC, speK, speL, and
speM). This finding suggested that bacteriophages may also play a role in the genetic plasticity
and virulence of animal GCS.

The speL allele from bovine strains showed higher similarity with the szeM allele (99%
maximum identity) from S. equi subsp. zooepidemicus than with the speL allele (97% maximum
identity) from S. pyogenes. The szeM gene encodes a superantigen in S. equi subsp.
zooepidemicus, which is primarily a pathogen of nonhuman animal species. This organism
causes mastitis in mares and cows and is most frequently found in horses (Alber et al., 2005).
We also observed that the speM alleles found among bovine strains also showed higher

similarity with superantigen-encoding gene SzeL from S. equi subsp. zooepidemicus than with
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speM gene sequence from S. pyogenes. Moreover, another allele (a speM allele) showed higher
similarity with the sdm gene from S. dysgalactiae subsp. dysgalactiae than with the speM gene
from S. pyogenes.

The remaining alleles (spdl, speC, speK-1, and speK-2) from the GCS S. dysgalactiae subsp.
dysgalactiae bovine strains showed high similarity with S. pyogenes superantigen genes (98%-—
99% maximum identity).

This finding supports our hypothesis that GAS prophages may play a role in the genetic
plasticity of this pathogen. The speC and spdl genes are known to be localized on the same
GAS prophage (Banks et al., 2002), and both genes were in fact detected in 6 bovine GCS S.

dysgalactiae subsp. dysgalactiae isolates in our study.
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Macrolide/
PFGE Type- Virulence Tetracycline
% Similarity Smal/Cfr9l profiles subtype genotype* Farms  jegistant phenotype
memeuns gl [genotype]”
" 88 R ﬁ;;;m?r| ................ | |||||||||| ....................................... A msiammsaansennnnannnns,
Cluster I =7~ A-1  speC, speK, spdl S F%Y  TET
769 _'_|: | | | || " H | A-2  speC, spekK, spdl B TET :
el UL TN BT speC spek, spdt 77 T Core el i
. 10,1 LTI e £7G T TET
Cluster| 1 L3 L | I et i G i TET :
ST R “ B MUSSTET [ermb, 0] :
: [ WITTTTTT D1 speK, speL T TET [tetM]
62.3 I:;;eru‘ [ ML TT ]| D1 speK, spel {3 TET[tetv)
' 5 | LT L] D=1 speK, spel L1 S TET frem]
579 -------- ] --------------- |--|---r- ] L1l .]....]..E._.] ----------------------------- r.(i-i‘----m. -------------------
| | | | | F-1 E TET [tetM]
I RN REIREE FoooTET
' R R L-1 J MLS,-TET [ermA, tetM]
.......... O 8 P OB » SU..-1 . O
|

Cluster IV 100 T
L I

|
||H M-1  speC, speM, spdl

L-TET [tetM, linB]

1-1 speC, speL, speK, speM, spdl

MLSg-TET [ermB, tetO]

Figure 3.1. Dendrogram and pulsed-field gel electrophoresis (PFGE) profiles of group C streptococci
(GCS) Streptococcus dysgalactiae subsp. dysgalactiae subclinical mastitis isolates from 8 dairy herds,
Portugal. PFGE type-subtype, virulence genotype, antimicrobial drug resistance phenotypes, and
genotypes of each isolate are indicated. The dendrogram was produced by using Dice coefficients and an
unweighted pair group method using arithmetic averages (UPGMA). Default clustering settings of 0.00%
optimization and 1.5% band position tolerance were used. Plausible related groups (>80% similarity), or
clusters, are designated in rectangles. When isolates belonging to a same cluster were collected at
different farms a green circle is indicated. “All isolates were negative for speA, ssa, speH, speJ, spel, slaA
genes and for Tn1207.3/®10394.4 element right junction tested by PCR; ~All isolates were negative for
mefA, tetT, tetW, tetl, tetQ, tetS, and tetK genes; TET, resistance only to tetracycline; MLSp-TET,
resistance to macrolide, lincosamides, streptogramin B and TET; L-TET, susceptibility to macrolides and
resistance to lincosamides and TET; Tn1207.3/®10394.4 element left junction was detected in all isolates.

None of the 18 alpha-hemolytic group C S. dysglacatiae subsp. dysgalactiae bovine isolates in
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this study were typed by emm-typing because amplification products in the PCR specific for the
M surface protein gene emm were not obtained. This result is consistent with those of a report

that beta-hemolytic, but not alpha-hemolytic, group C S. dysglacatiae subsp. dysgalactiae

isolates of animal origin contained the emm gene (Zhao et al., 2007).

A

N
345

L T R
455 515

spd1-bovine ATTGTCACTA ATAGTTATGC TTTATCTTGC
spd1-MGAS9429 ATTGCCACTA ATAGTTGTGC TCTATCTTGC
75 135
speK-1-bavine  TCTTTTCAGA GATATGATGA
speK-2-bovine  TCTTTTTAGA GATATGATAA
spek-MGAS315 TCTTTTCAGA GATATGATAA
545
speC-bovine GTAAGTGGCA
speC-MGAS9428 GTAAGCGGCA
D sraeslanesl I I R ——
255 365 595 675
spel-bovine TTATTATGGA AATGTCGATA ATTTATGCAG GCGAGAAAGA
szeM-S.equizoo. TTATTATAGA AATGTCGATG ATTTATGCTG GCGAGAACGA
325 365 385 465 505 515
spel-bovine CCTATACCCA AATGTCGATA TGCATTATCG GAGCTGGAAA GCATAAGAAA GATGAGACCT
spel-MGASE232 CCTACACCCA  AATGTCGATG TGCATTATCA GAGCCGGAAA GCATAAAAAA GATGATACCT
565 595 625
spelL-bovine CCAGGAGGTT  ATTTATGCAG TCAGTATGGT
spel-MGASB232 CCAGGAAGTT ATTTATGCTG TCAGTATGAT
F N T el I A R |
345 355 3685 385 575 665
speM-1-bovine AGGAGGAGGA GGTTGATATT TATGCTCTAG TGATGTTGTA AGGAAAAGTT GGTGGCACTA
speM-2-bovine AGGAGGAGGA GGTTGATATT TATGCTCTAG TGATGTTGTA AGGAAAAGTA GGTGGCACTA
speM-3-bovine AGGAGGAGGA GGTTGATATT TATGCTCTAG TGATGTTIGTA AGGAAAAGTT GGTGGCATTA
szel-Sequizoo. TTGGTGATCA TGTGAATATT TTTGCTATAG TCATGTTGTA AGGAAAAGTT GGTGGCATTA
G saalessal wos|noaal ol slosasl N [P P |
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speM-4-bovine ----AGGAGG AGGAGGTTGA ATAAAAACAA AAAACTTGAT TTCATTACAA  CACCCATCCT
speM-MGASE232 TTTAAGGAAG AAGAAGTTGA ATAAGAACAA GAAACTTGAT TTCATTATAA  CACTCATCCT

Figure 3.2. Alignments of bovine group C streptococci (Streptococcus dysgalactiae subsp. dysgalactiae)
alleles of virulence genes from 8 dairy herds, Portugal, with sequences from the National Center for
Biotechnology (Bethesda, MD, USA) database showing base differences between sequences. The
alignments were created by using BioEdit sequence alignment editor
(www.mbio.ncsu.edu/BioEdit/bioedit.html). Nucleotide differences are shown in boldface. A) spdl (99%
maximum identity); B) speK (99% maximum identity); C) speC (99% maximum identity); D) speL—szeM
(99% maximum identity); E) speL (97% maximum identity; F) speM alleles 1, 2, and 3 —szeL (98%-99%
maximum identity); G) speM allele 4 (98% maximum identity).

S. equi. zoo.: S. equi subsp. zooepidemicus; MGAS8232/9429: S. pyogenes

The successful amplification (380-bp product) of the left junction of the composite transposon
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in bovine isolates suggests that this mobile element may be inserted in a similar location, the
comEC locus, as mapped in S. pyogenes and S. dysglactiae subsp. equisimilis. Absence or
unexpected PCR products specific for any of the junctions of this element have been reported in
other studies and attributed to possible lack of homology between the target and primers used
(Figueiredo et al., 2006).

Detection of the linB gene carried by a large conjugative plasmid (Bozdogan et al., 1999) in 3 of
18 bovine GCS S. dysgalactiae subsp. dysgalactiae isolates is indicative of horizontal gene

transfer.

3.5. Conclusions

Our findings indicate that alpha-hemolytic bovine GCS isolates, which are known to be
environmental or contagious pathogens and a cause of bovine mastitis, may be reservoirs of
virulence genes encoded by prophages of human-specific GAS. These genes encode exotoxins,
superantigens, and streptodornases, which are responsible for GAS virulence and pathogenesis,
and may be transferred to other streptococci of human origin by horizontal genetic transfer.
Therefore, alpha-hemolytic isolates should not be disregarded as putative infectious disease

agents in humans.
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Abstract

A custom-designed microarray containing 220 virulence genes of Streptococcus pyogenes
(Group A Streptococcus [GAS]) was used to test group C Streptococcus dysgalactiae subsp.
dysgalactiae (GCS) field strains causing bovine mastitis and group C or group G Streptococcus
dysgalactiae subsp. equisimilis (GCS/GGS) isolates from human infections, with the latter
being used for comparative purposes, for the presence of virulence genes. All bovine and all
human isolates carried a fraction of the 220 genes (23% and 39%, respectively). The virulence
genes encoding streptolysin-S, glyceraldehyde-3-phosphate dehydrogenase, the plasminogen-
binding M-Like protein PAM, and the collagen-like protein SclB were detected in the majority
of both bovine and human isolates (94 to 100%). Virulence factors, usually carried by human
beta-hemolytic streptococcal pathogens, such as streptokinase, laminin-binding protein, and C5a
peptidase precursor, were detected in all human isolates but not in bovine isolates. Additionally,
GAS Dbacteriophage-associated virulence genes encoding superantigens, Dnase, and/or
streptodornase were detected in bovine isolates (72%) but not in the human isolates.
Determinants located in non-bacteriophage-related mobile elements, such as the gene encoding
R28, were detected in all bovine and human isolates. Several virulence genes, including genes
of bacteriophage origin, were shown to be expressed by reverse transcriptase (RT-PCR).
Phylogenetic analysis of superantigen gene sequences revealed a high level (>98%) of identity
among genes of bovine GCS, of the horse pathogen Streptococcus equi subsp. equi, and of the
human pathogen GAS. Our findings indicate that alpha-hemolytic bovine GCS, an important
mastitis pathogen and considered to be a nonhuman pathogen, carries important virulence

factors responsible for virulence and pathogenesis in humans.
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4.1. Introduction

Alpha-hemolytic Lancefield group C Streptococcus dysgalactiae subsp. dysgalactiae (GCS) is a
pathogen frequently associated with clinical and subclinical bovine mastitis, a disease that
causes major economic losses in the dairy industry (Vieira et al., 1998; Seegers et al., 2003).
Virulence determinants have been identified in this pathogen, such as surface proteins which
specifically interact with plasma or extracellular matrix proteins of the host, such as alpha-2-
macroglobulin, plasminogen, albumin, fibrinogen, fibronectin, vitronectin and collagen
(Rantamédki & Miiller, 1995; Mamo et al, 1987; Leigh et al., 1998; Valentin-Weigand et al.,
1990) and genes coding for proteins assumed to play a role in mastitis, such as alpha-2-
macroglobulin-, immunoglobulin G-, or immunoglobulin A- binding protein Mig (Jonsson &
Miiller, 1994; Song et al., 2004; Jonsson et al.,, 1994), alpha 2-macroglobulin-, or
immunoglobulin G- binding protein Mag (Jonsson et al., 1994), and fibrinogen- binding M-like
protein (Vasi et al., 2000).

Recently, S. dysgalactiae subsp. dysgalactiae was reported to be associated with toxic shock-
like syndrome in cattle (Chénier et al., 2008), suppurative polyarthritis in lambs (Lacasta et al.,
2008), bacteremia in dogs (Vela et al., 2006), systemic granulomatous inflammatory disease
and severe septicaemia in fish (Hagiwara et al., 2009) and in ascending upper limb cellulitis in
humans in contact with raw fish (Koh et al., 2009). The presence of streptococcal pyrogenic
exotoxin G gene (Spegg) and streptolysin S structural gene (SagA), which have been associated
with invasive disease in the exclusively human pathogen Streptococcus pyogenes (group A
Streptococcus- GAS), has been documented in fish isolates of S. dysgalactiae subsp.
dysgalactiae (Abdelsalam et al., 2010). We have previously reported the presence of GAS
phage-carried virulence genes among alpha-hemolytic S. dysgalactiae subsp. dysgalactiae
isolates from bovine mastitis, namely, the streptococcal pyrogenic exotoxin genes SpeK, speC,
speL, speM; the phage DNasel gene spdl; and other genes encoding antimicrobial resistance
determinants located on mobile genetic elements (MGEs) (see Chapter 4). So far, no more
information is available regarding the presence of GAS virulence genes among S. dysgalactiae
subsp. dysgalactiae strains, and nothing is known regarding the presence of GAS prophages in
S. dysgalactiae subsp. dysgalactiae. However, the exchange of lysogenic phages among GAS
and other human and animal species, particularly group C Streptococcus dysgalactiae subsp.
equisimilis (a pathogen that colonizes and infects humans with a clinical spectrum of diseases
resembling those caused by GAS), Streptococcus equi subsp. equi (exclusively horse pathogen)
and S. equi subsp. zooepidemicus (a zoonotic pathogen) isolates, was previously reported
(Vojtek et al., 2008, Holden et al., 2009).
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The aim of the present work was to use a microarray of genes encoding GAS virulence factors
(McMillan et al., 2007[a]) to have a better insight into the virulence gene pool (encoded or not
by mobile genetic elements) shared between GAS and alpha-hemolytic S. dysgalactiae subsp.
dysgalactiae isolates associated with bovine mastitis in comparison with beta-hemolytic S.

dysgalactiae subsp. equisimilis isolates associated with human disease.

4.2. Materials and Methods

4.2.1. Bacterial isolates and identification

A total of 18 alpha-hemolytic S. dysgalactiae subsp. dysgalactiae field isolates of Lancefield
group C (GCS), one of the causative agents of bovine subclinical mastitis in dairy herds in
Portugal, were used in the present study. For detailed information regarding these field isolates,
including identification and molecular typing data see Chapter 2 and Chapter 4. In addition, six
nonduplicated beta-hemolytic S. dysgalactiae subsp. equisimilis isolates of Lancefield group G
(Group G Streptococcus [GGS]) (n = 5) and group C (GCS) (n = 1) collected in Portugal,
causing pharyngitis (n = 5) and invasive disease (N = 1) in humans, were included in the study
for the purpose of comparison. The identification of S. dysgalactiae subsp. equisimilis isolates
was based on colony morphology, hemolysis in blood agar plates, and Lancefield grouping
using the Streptex kit (Remel Europe Ltd, Dartford, England) and PCR amplification of the 16S
rRNA gene and sequencing (Weisburg et al., 1991).

We have included two GCS alpha-hemolytic S. dysgalactiae subsp. dysgalactiae invasive
strains in the study, which were analyzed for the detection of selected virulence genes by PCR
only (see below). One of these strains was associated with toxic shock-like syndrome in cattle
(Chénier et al., 2008). The other strain caused ascending upper limb cellulitis in humans in
contact with raw fish (Koh et al., 2009). The latter strain was previously identified (Koh et al.,
2009) by PCR amplification of the 16S rRNA and sodA genes and sequencing (GenBank
accession numbers EU693902 and EU719068, respectively). We confirmed the identification of
the strain associated with the toxic shock-like syndrome in cattle by PCR amplification of the
16S rRNA (Weisburg et al., 1991) and of the sodA (Abdelsalam et al., 2010) genes and
sequencing. Sequences were analyzed by using the BioEdit sequence alignment editor (Hall,
1999) and compared with sequences from the National Center for Biotechnology Information
(NCBI) database (Bethesda, MD) by using the BLAST alignment tool
(www.ncbi.nlm.nih.gov/BLAST).

The new sequences from the invasive S. dysgalactiae subsp. dysgalactiae strains were deposited

in GenBank database (see Annex).
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4.2.2. Pulsed-field gel electrophoresis (PFGE) profiles for clonal characterization

A description of the bovine S. dysgalactiae subsp. dysgalactiae GCS field strains (n=18)
including typing by PFGE was described in Chapter 4. The typing of the human S. dysgalactiae
subsp. equisimilis GGS/GCS isolates (n = 6) by PFGE was carried out in this study as described
for the bovine pathogen S. uberis (see Chapter 3). Smal-digested DNA banding patterns
obtained by PFGE were analyzed visually according to previously established criteria (Tenover

etal., 1995).

4.2.3. Microarray design and hybridization

The microarray was described previously (McMillan et al., 2007[b]) and was used with minor
modifications. In brief, the array consists of 70-mer oligonucleotides from the conserved
regions of all ‘classical’ GAS virulence factors and orthologues of virulence factors found in
other bacterial species as well as putative virulence genes present in the M1, M3, and M18
genomes. In total, 220 virulence factor/extracellular protein genes, 10 housekeeping genes
(positive controls), and 10 negative controls were randomly spotted in six locations on the chip.

Genomic DNA was extracted using zirconicum beads in combination with the Qiagen DNeasy
kit (Qiagen). Genomic DNA was partially digested with Alul, yielding fragments of between
500 and 1,000 bp, and labeled with biotin. The labeled DNA was purified (PCR Purification
Kit; Qiagen) and the labeling efficiency was verified by gel electrophoresis. Array hybridization
was performed at 42°C for 16 h, followed by incubation with Streptavidin-Cy5 using a
SlideBooster SB800 instrument (Advalytix). Fluorescence signals were obtained with a DNA
Microarray Scanner (G2565CA; Agilent Technologies) at a 633-nm excitation wavelength and

quantified by using ImaGene software (BioDiscovery).

4.2.4. Microarray data processing

The raw data were corrected for background and transformed to log scale. A two-component
normal-mixture model (McLachlan & Peel, 2000) was fitted to the corrected data by a
maximum likelihood method adapted from the mclust package (Fraley & Raftery, 2006). A
discriminant function was calculated to represent the propensity of a gene for being present or
absent. Discriminant values were stored in a signal probability matrix and colored for
presentation purposes using the following scheme: black indicates state 0 (not present), green

indicates state 1 (present), and yellow indicates indecisive measurement.
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Microarray data accession number: Microarray data have been deposited in the public
ArrayExpress database (http://www.ebi.ac.uk/arrayexpress/) under accession number E-MEXP-

3168.

4.2.5. Confirmation of array data by PCR screening

In order to confirm the results obtained with the GAS array, PCR was carried out on several
genes (speH, speC, speA, speL, speK, spel, speM sdn, ssa, smeZ, sla, drs, prtf2, speG, ska,
dppA, Ibp, scpA, emm, isp, SpyM3_1736, slo, nga, spegg and sagA). The primer sequences, gene
description, and amplification length of each reaction are described in Table 4.1. Samples
without DNA and strains lacking (negative) or carrying (positive) specific genes were used as

controls in the PCR.

4.2.6. Sequence data and phylogenetic analysis of bacteriophage-associated virulence

superantigen genes

Sequences of the superantigen-encoding genes speC, speK, speL and speM of the bovine
mastitis isolates under study, with high levels of identity among them, were chosen to generate
an alignment of DNA sequences of the alleles of those genes and homologous sequences
deposited in the NCBI database, in particular sequences of the speC, speK, speL and speM
genes of S. pyogenes; seel and seeM genes of S. equi subsp. equi; szeL and szeM genes of S.
equi subsp. zooeepidemicus; and the sdm genev of S. dysgalactiae subsp. dysgalactiae.

The alignment (380 bp) was used to construct a phylogenetic tree by using MEGA, version 4,
software (Tamura et al., 2007). The p-distance parameter and neighbor-joining method were
used. Bootstrap values were calculated from 1,000 replicates. Deduced amino acid sequences
from these bovine alleles were compared with similar sequences from NCBI database by using
the BLAST alignment tool (www.ncbi.nlm.nih.gov/BLAST). Sequencing was performed by
STAB-Vida (Lisbon, Portugal) using the same primers used for amplification. Nucleotide

sequences were analyzed by using the BioEdit sequence alignment editor (Hall, 1999).

4.2.7. emm-typing

Determination of emm gene (coding the M protein) types was performed as described by the

CDC (http://www.cdc.gov/ncidod/biotech/strep/M-ProteinGene _typing.htm).
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Table 4.1. Genes and PCR primers used for screening of virulence determinants among group C
Streptococcus dysgalactiae subsp. dysgalactiae and group C and G Streptococcus dysgalactiae subsp.

equisimilis isolates.

Gene Primer target/ Primer sequence Product  Source of
description (bp) reference
f/[nlglr%%:ﬁfcyuc emm (for.) TATTCGCTTAGAAAATTAA vaiable
emm (rev.) GCAAGTTCTTCAGCTTGTTT
(chromosome)
Streptolysin S sagA (for.) TACTTCAAATATTTTAGCTACT 487 Abdelsalam
(chromosome) sagA (rev.) GATGATACCCCGATAAGGATAA etal., 2010
Pyrogenic
exotoxin H speH (for.) AGATTGGATATCACAGG 416 Schmitz et
precursor speH (rev.) CTATTCTCTCGTTATTGG al., 2003
(phage)
g Z(r)‘t’fffnlcF speF (for.) TACTTGGATCAAGACG . Schmitz et
speF (rev.) GTAATTAATGGTGTAGCC al., 2003
(chromosome)
g Zg‘t’ffﬁ% speB (for.) TTCTAGGATACTCTACCAGC 300 Jasir et al.,
speB (rev.) ATTTGAGCAGTTGCAGTAGC 2001
(chromosome)
Pyrogenic
exotoxin C speC (for.) GCAGGGTAAATTTTTCAACGACACACA 407 This stud
precursor speC (rev.) TGTGCCAATTTCGATTCTGCCGC Y
(phage)
Pyrogenic
exotoxin A speA (for.) ATGGAAAACAATAAAAAAGTATTG 755 Matsumoto
precursor speA (rev.) TTACTTGGTTGTTAGGTAGACTTC etal., 2003
(phage)
Pyrogenic
exotoxin L speL (for.) CTGTTAGGATGGTTTCTGCGGAAGAG 605 This study
precursor speL (rev.) AGCACCTTCCTCTTTCTCGCCT
(phage)
Pyrogenic speK (for.) This study/
exotoxin K TACAAATGATGTTAGAAATCCAAGGAACATATATGCT 656 Lintges ei]
precursor speK (rev.) al., 2007
(phage) CAAAGTGACTTACTTTACTCATATCAATCGTTTC ?
Pyrogenic
exotoxin I spel (for.) AATGAAGGTCCGCCATTTTC 516 Matsumoto
precursor spel (rev.) TCTCTCTGTCACCATGTCCTG etal., 2003
(phage)
Pyrogenic speM (for.) This study/
exotoxin M CCAATATGAAGATAACAAAGAAAATTGGCACCC 600 Lintges ei/
precursor speM (rev.) al., 2007
(phage) CAAAGTGACTTACTTTACTCATATCAATCGTTTC "
:Z;?ffﬂcj sped (for.) ATCTTTCATGGGTACG s Schmitz et
sped (rev.) TTTCATGTTTATTGCC al., 2003
(chromosome)
Streptodornase sdn (for.) ACCCCATCGGAAGATAAAGC 489 Matsumoto
(phage) sdn (rev.) AACGTTCAACAGGCGCTTAC etal., 2003
Streptococcal spdl (for.) CCCTTCAGGATTGCTGTCAT 400 Green et
Dnase 1 (phage) spdl (rev.) ACTGTTGACGCAGCTAGGG al., 2005
fﬁ;ﬁ;‘ﬁgﬁl ssa (for.) TCCACAGGTCAGCTTTTACAG 02 Matsumoto
ssa (rev.) TGATCAAATATTGCTCCAGGTG etal., 2003
SSA (phage)

Continued on following page
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Table 4.1. -Continued

Gene description Primer target/ Primer sequence Product Source of
(bp) reference
. sla (for.) CTCTAATAGCATCGGCTACGC Matsumoto et
Phospholipase A2 (phage) 1 (1o') AATGGAAAATGGCACTGAAAG 40 al., 2003
smeZ (for.)
Mitogenic exotoxin Z CTTCAATATTCATTGCAATAATTTC 400 Provided by G.
(chromosome) smeZ (rev.) S. Chhatwal
TGTAACTGTTGTTTTGTTAGTTGAT
speG (for.)
Pyrogenic exotoxin G of S. TGTATCTTTAGGGATTACTGATCAG .
389 This study
pyogenes (chromosome) speG (rev.)
CTCGACCTAAAAGCTTATCATCCTT
. . for.)
Pyrogenic exotoxin G of S. spegg (
dysgalactiae GCTTATGATGTTACTCCACTTGA 420 This study
hr spegg (rev.)
(chromosome) ATAACGCGATTCCGAATCATAGA
drs (for.)
. CAGCAGATGAAGCAAGTAATAGC Hartas &
Drs protein (chromosome) drs (rev.) 760 Sriprakash,
CTTGTTTGTCAATTTTGCTTTACGACC 1999
prtfl (for.)
Fibronectin binding protein TATCAAAATCTTCTAAGTGCTGAG 930 Talay et al.,
Prtfl (chromosome) prtfl (rev.) 1994
AATGGAACACTAACTTCGGACGGG
Fibronectin binding protein  prtf2 (for.) ATAGGATTGTCCGGAGTATCA 2000 Provided by G.
Prtf2 (chromosome) prtf2 (rev.) TTATGTTGCTTCTCACCA ’ S. Chhatwal
Streptolysin O slo (for.) ACGGCAGCTCTTATCATT 600 Provided by G.
(chromosome) slo (rev.) GACCTCAACCGTTGCTTTGT S. Chhatwal
C5A peptidase precursor SCPA (for.) CCAAGACTTCAGCCACAAGG 501 Provided by G.
(transposon) SCcpA (rev.) CAATTCCAGCCAATAGCAGC S. Chhatwal
Streptokinase A precursor  ska (for.) CGATCAAAGGGATCATACGG 508 Provided by G.
(chromosome) ska (rev.) AGGTTCACAGTAACGACGGC S. Chhatwal
. nga (for.)
NAD glyco}ﬁydr(’la“ ATAACGGGAATAAATTGGTCCTC 408 This study
precursor (chromosome) nga (rev.) CGCTTTCTTTGTAGACTTGTTTT
ST . Imb (for.) AACCCCAAACAGCCTACGCAAG
Laminin-binding protein .
o Imb (rev.) 375 This study
(transposon) TAAAACGGGATCCGTCCAGGTAT
. isp (for.) CAACTGAAAAAACCCCAGAGCC
Immunogenic secreted : .
tein (chromosome) isp (rev.) 429 This study
pro GGTTGAAGTCAAAGGCACCATAA
dppA (for.)
Surface lipoprotein DppA CCGTTATGGAGTCCACAATGAA 1,045 This study
(chromosome) dppA (rev.)
ACTAGCTTTGAGTTTAATAGTAATC
. .. SpyM3_1736 (for.)
Putative ATB-binding -
cassette transporter protein GAGAAGTCAAAGAGGTCTTTGTT 392 This study

(chromosome)

SpyM3 1736 (rev.)
GGTGTCATACTCTAGTTTACCTTT

* http://www.cdc.gov/ncidod/biotech/strep/M-ProteinGene_typing.htm.
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4.2.8. Gene expression assays by reverse-transcriptase PCR (RT-PCR)

For RNA extraction, all isolates were grown in Todd-Hewitt broth (Oxoid Limited,
Basingstoke, England) supplemented with 1% yeast extract (BD, Franklin Lakes) (THY) at
37°C until the mid-exponential phase was reached (optical density [OD] at 600 nm of 0.5), and
the NucleoSpin RNAII kit (Macherey-Nagel, Dueren, Germany) was used according to the
manufacturer’s instructions, followed by the addition of 2U/uL. of Dnasel (Applied
Biosystems/Ambion). RNA quality was confirmed by 1% agarose gel electrophoresis, and
images were captured by using the Gel Doc XR system and Quantity One 1-D analysis software
(Bio-Rad). To confirm that no remaining DNA was present in RNA samples, PCR assays were
performed targeting the housekeeping genes rpsL and rpsB and the genes under study, speM,
speK, speL, speC, spdl, sdn, slo scpA, ska, nga, Imb, isp, dppA, emm and SpyM3 1736, using
RNA as a template. Reverse transcriptase (RT) reactions for cDNA synthesis were performed
by using the SuperScript First-Strand Synthesis System for RT-PCR kit (Invitrogen, New
Zealand). PCR targeting those genes under study was carried out again using by using cDNA as

a template.

4.2.9. Growth curve analysis

In order to ascertain if growth curves (using the same media and conditions of growth) of six of
the bovine mastitis GCS S. dysgalactiae subsp. dysgalactiae isolates from the present study
(chosen according to their genotype) were comparable or not, an automated growth curve
analysis system (BioScreen C, Piscataway, NJ) was used as described previously (Carlos et al.,
2009). Briefly, these isolates were grown overnight in THY, and cells were centrifuged in order
to collect 10° CFU in the pellet. After re-suspended and washed in Phosphate Buffered Saline-
PBS (10 mM, pH 7.0), the pellet was resuspended in 100 pl of PBS, and 1% (vol/vol) of this
bacterial suspension was used to inoculate each of the wells of the BioScreen plaque containing
growth media. Three different growth media were tested: THY, bovine blood serum
(Probiologica), and bovine milk serum freshly prepared in the laboratory as previously
described (Melchior et al., 2009). The growth media were prepared at different pHs (6.0, 6.6,
and 7.4), and three different incubation temperatures (37°C, 38°C, and 40°C) were tested for
each growth media, which represent different environmental conditions in the bovine udder
(e.g., the body temperature of a healthy cow is around 38°C, which may rise to 40°C during a

mastitis infection).
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4.2.10. Virulence gene profiling of invasive Streptococcus dysgalactiae subsp.

dysgalactiae

Eighteen virulence genes (sagA, sla, sdn, spdl, spel, speC, speA, speB, speK, speF, speM, speH,
speL, speJ, ssa, smeZ, spegg, and prtfl) were searched for by PCR (see Table 4.1) in the two

invasive GCS strains that were included in the study.

4.3. Results

4.3.1. Identification by 16S rDNA and sodA genes sequence analyses

The identification of the bovine mastitis S. dysgalactiae subsp. dysgalactiae isolates was
confirmed in a previous work using the 16S rRNA gene sequencing (see Chapter 4). The 16S
rRNA gene sequences of all human GCS/GGS isolates from the present study showed 99-100%
identity to 16S rRNA gene sequences of S. dysgalactiae subsp. equisimilis deposited in the
NCBI database. Taking into account the phenotypic characteristics of the isolates together with
the 16S rRNA gene sequence analysis, we could confirm the six human beta-hemolytic
GGS/GCS isolates included in this study as being S. dysgalactiae subsp. equisimilis isolates.

The 16S rRNA and sodA gene sequences of the GCS strain associated with the toxic shock-like
syndrome in cattle were deposited in the GenBank database (accession numbers JF789447 and
JF789445, respectively), whereas the same above-mentioned sequences of the GCS strain
isolated from a case of ascending upper limb cellulitis in humans were already available
(accession numbers EU693902 and EU719068, respectively), as described previously (Koh et
al., 2009). Both 16S rRNA and sodA gene sequences of these two strains showed 99 to 100%
identity with S. dysgalactiae subsp. dysgalactiae 16S rRNA and SodA gene sequences available

for comparison in the NCBI database.

4.3.2. PFGE profiles
The 18 bovine S. dysgalactiae subsp. dysgalactiae isolates had 15 PFGE patterns, as shown in
Fig. 3.1 (see Chapter 3). The six S. dysgalactiae subsp. equisimilis isolates had six different

PFGE patterns with more than six band differences and were therefore considered unrelated

according to established criteria (Tenover et al., 1995).
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4.3.3. emm-typing

None of the 18 alpha-hemolytic group C S. dysgalactiae subsp. dysgalactiae bovine isolates
were typed by emm-typing, since no amplification for this gene could be obtained. The emm
gene types of the six human S. dysgalactiae subsp. equisimilis isolates were as follows: stC839
(GCS isolate; n = 1), stG485, stG480, stG6792, and stG4831 (GGS isolates; n =5).

4.3.4. Microarray data

Of the 220 GAS virulence genes on the array (McMillan et al., 2007[b]), 44 genes (20%) were
present in all bovine mastitis GCS (S. dysgalactiae subsp. dysgalactiae) and in all human
GGS/GCS (S. dysgalatiae subsp. equisimilis) isolates, whereas 66 genes (30%) were not present
in any of the isolates tested. The remaining genes (50%) showed variable distributions among
isolates of both origins. Relevant genes present in at least one isolate (bovine or human) and
genes present in all the bovine isolates (with exception of hypothetical proteins) are shown in
Table 4.2. Nine genes (ska, dppA, Imb, scpA, emm, isp, nga, slo, and SpyM3 1736) were
present in all the human isolates and absent in the bovine isolates, whereas only one gene
(SpyM3_0345), encoding an uncharacterized protein, was detected in all bovine isolates and
absent in all human isolates.

If we restrict the comparison to bacteriophage genes on the array, we observed that 65% of the
phage-related genes were present in at least one bovine GCS isolate, whereas 35% were
detected in at least one human GCS/GGS isolate. None of the 13 bacteriophage-harbored
virulence genes speC, speJd, spel, speH, ssa, mf4, slaA, speA3, speK, spelL, speM, spdl, and sdn
were detected in human GGS/GCS S. dysgalactiae subsp. equisimilis isolates, whereas at least
one of the following six genes speC, spekK, speL, speM, spdl, and sdn was detected in 72% (n =
13) of the bovine mastitis GCS S. dysgalactiae subsp. dysgalactiae isolates.

Other GAS genes on the array, located in variable and recombinatory loci of the GAS genomes
(McMillan et al., 2007[a]; McMillan et al., 2007[b]), were detected in both human and bovine
isolates. These include the Spy2009 gene, encoding a transposase (Sumby et al., 2005), and sic
(at the mga chromosomal location); the spyM18 2055 gene, coding for an amidase (at the spa
chromosomal location); malE (at the maltose chromosomal location); prtF15 and sfbl (at the
fibronectin-collagen-T antigen [FCT]-encoding region); CitE (at the cit chromosomal location);
and epf (at the sagA chromosomal location). The gene coding for the adhesin R28 carried by a

putative integrative conjugative element was present in all bovine and human isolates.
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Table 4.2. Distribution of group A Streptococcus virulence factors of the array in bovine mastitis group C
Streptococcus dysgalactiae subsp. dysgalactiae isolates and human non-invasive and invasive group C
and G Streptococcus dysgalactiae subsp. equisimilis isolates'.

Distribution (%) (no. of isolates)

Human Group A Streptococcus pyogenes Bsot‘r/:;l)eto(gg();léﬁ SC Hugé%gg%‘ég UCS/G
virulence class protein (gene) dysgalactiae subsp. dysgalactiae subsp.
dysgalactiae (n = 18) equisimilis (n = 6)
Adhesins
Antiphagocytic M protein (emm) 0 (n=0) 100 (n=6)
Laminin-binding protein (Imb)? 0 (n=0) 100 (n=6)
Collagen-like surface protein (scl)® 89 (n=16) 100 (n=6)
PAM 94 (n=17) 100 (n=6)
Putative adhesion protein (adcA) 94 (n=17) 100 (n=6)
felgfa)gve extracellular matrix binding protein 94 (n=17) 100 (n=6)
Putative pullulanase (pulA) 94 (n=17) 83 (n=5)
Collagen-like protein SclB (scIB) 100 (n=18) 100 (n=6)
((E)lﬁi;:eraldehyde-S-phosphate dehydrogenase 100 (n=18) 83 (n=5)
R28? 100 (n=18) 100 (n=6)
Putative choline binding protein _ _
(SpyM3_0025) 100 (n=18) 100 (n=6)
Putative collagen-like protein (Spy1054) 100 (n=18) 100 (n=6)
Putative enolase (eno) 100 (n=18) 100 (n=6)
Putative internalin A precursor (inlA) 100 (n=18) 100 (n=6)
Fibronectin-binding proteins
StbX 6 (n=1) 17 (n=1)
SfbI* 89 (n=16) 100 (n=6)
PrtF15° 100 (n=18) 100 (n=6)
Putative  fibronectin-binding  protein-like _ _
protein A (SpyM3_0652) 100 (n=18) 67 (n=4)
Proteases
C5A peptidase precursor (SCpA)? 0 (n=0) 100 (n=6)
Putative C3-degrading proteinase (CPpA) 22 (n=4) 0 (n=0)
Putative exfoliative toxin (SpyM3 0632) 94 (n=17) 67 (n=4)
Putative serine protease (degP) 94 (n=17) 100 (n=6)
Putative protease (SpyM3_0418) 100 (n=18) 100 (n=6)
Toxins
Streptolysin O (slo) 0 (n=0) 100 (n=6)
Putative hemolysin III (hlylll) 83 (n=15) 100 (n=6)
Putative hemolysin (hlyX) 94 (n=17) 100 (n=6)
Streptolysin S-associated protein (SagA) 100 (n=18) 100 (n=6)
Putative DNA-entry nuclease (endA) 100 (n=18) 100 (n=6)
Putative hemolysin (hlyA) 100 (n=18) 100 (n=6)
Other virulence factors
Dipeptide permease complex (dppA) 0 (n=0) 100 (n=6)
Immunogenic secreted protein precursor (iSp) 0 (n=0) 100 (n=6)
Inhibitor of complement-mediated lysis (Sic) 0 (n=0) 50 (n=3)

Continued on following page
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Table 4.2. -Continued

Distribution (%) (no. of isolates)

Human Group A Streptococcus pyogenes Bsot‘r/:;l)eto(gg();léﬁ SC Hugé%gé%‘ég UCS/G

virulence class protein (gene) dysgalactiae subsp. dysgalactiae subsp.

dysgalactiae (n = 18) equisimilis (n = 6)
Other virulence factors (continued)
NAD-glycohydrolase (nga) 0 (n=0) 100 (n=6)
Pyrogenic exotoxin G precursor (speG) 0 (n=0) 83 (n=5)
Streptokinase A precursor (ska) 0 (n=0) 100 (n=6)
Transposase (spy2009)* 22 (n=4) 83 (n=5)
Putative hyaluronidase (hyl) 28 (n=5) 100 (n=6)
Putative 6-phospho-beta-galactosidase (lacG) 39 (n=7) 0 (n=0)
Immunogenic secreted protein precursor _ _
homologue (isp.2) 67 (n=12) 100 (n=6)
Extracellular hyaluronate lyase (hylA) 78 (n=14) 50 (n=3)
Streptococcal protective antigen (Spa) 78 (n=14) 50 (n=3)
Putative penicillin-binding protein 1A
83 (n=15 33 (n=2

(pbp1A) (n=15) (n=2)
Putative glutathione peroxidise _ _
(SpyM3_0428) 89 (n=16) 100 (n=6)
Putative GTP-binding protein LepA (lepA) 89 (n=16) 100 (n=6)
Arginine deiminase (arcA) 100 (n=18) 100 (n=6)
Maltose/maltodextrin-binding protein _ _
(malE)* 100 (n=18) 100 (n=6)
67 kDa myosin-cross-reactive streptococcal _ _
antigen (SpyM3_0332) 100 (n=18) 100 (n=6)
Putative acid phosphatase (IppC) 100 (n=18) 100 (n=6)
Putative amidase (SpyM18_2055)? 100 (n=18) 100 (n=6)
Putative carbamate kinase (arcC) 100 (n=18) 100 (n=6)
Putative citrate lyase beta subunit (CitE)? 100 (n=18) 50 (n=3)
52‘;?:[&1316 cytoplasmic membrane protein 100 (n=18) 100 (n=6)
Putative dipeptidase (pepD) 100 (n=18) 100 (n=6)
Putative dipeptidase (SpyM3 _1763) 100 (n=18) 100 (n=6)
Putative ferric uptake regulator (Spf) 100 (n=18) 100 (n=6)
Putative fructose-1-phosphate kinase (fruK) 100 (n=18) 100 (n=6)
Putative lipoprotein (atmB) 100 (n=18) 100 (n=6)
Putative manganese-dependent inorganic _ _
pyrophosphatase (SpyM3_0278) 100 (n=18) 100 (n=6)
Putative metal binding protein of ABC _ _
transporter (MtsA) 100 (n=18) 100 (n=6)
i;lytsg;/e peptidyl-prolyl cis-trans isomerase 100 (n=18) 100 (n=6)
Putative protease maturation protein (prsA) 100 (n=18) 50 (n=3)
Putative proton-translocating ATPase subunit _ _
b (SpyM3_0495) 100 (n=18) 100 (n=0)
Putative PTS system IIB component _ _
(SpyM3_1679) 100 (n=18) 100 (n=6)
Putatlve _sugar transporter sugar binding 100 (n=18) 100 (n=6)
lipoprotein
Putative two-component sensor histidine _ _
kinase (yesM) 100 (n=18) 100 (n=6)
Putative uridine kinase (udk) 100 (n=18) 100 (n=6)

Continued on following page
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Table 4.2. -Continued

Distribution (%) (no. of isolates)

Human Group A Streptococcus pyogenes Bsot‘r/:;l)eto(ggéléﬁ SC Hugé%gé%‘ég UCS/G
virulence class protein (gene) dysgalactiae subsp. dysgalactiae subsp.
dysgalactiae (n = 18) equisimilis (n = 6)
Bacteriophage-encoded recognized virulence
factors
Streptodornase, phage associated (sdn) 22 (n=4) 0 (n=0)
Putative exotoxin L precursor, phage _ _
associated (speL) 22 (n=4) 0 (n=0)
Pyrogenic exotoxin C precursor, phage _ _
associated (speC) 33 (n=6) 0 (n=0)
Putative DNase, phage associated (spd1) 33 (n=6) 0 (n=0)
Streptococcal pyrogenic K exotoxin, phage _ _
associated (speK) >0 (n=9) 0 (n=0)
Putative exotoxin M precursor, phage _ _
associated (speM) 36 (n=10) 0 (n=0)
Other bacteriophage-encoded factors
Putative deoxyribonuclease 33 (n=06) 50 (n=3)
Putative lysine, phage associated 89 (n=16) 100 (n=6)
hypothetical phage protein 100 (n=18) 100 (n=6)
Putative endolysin, phage associated 100 (n=18) 100 (n=6)

4Genes associated with lateral gene transfer (non-bacteriophage related).

"Only genes present in at least one isolate (bovine or human) and genes present in all bovine group C
Streptococcus dysgalactiae subsp. dysgalactiae isolates are listed.

Hypothetical proteins are not listed in the Table.

4.3.5. Confirmation of array data by PCR screening

All PCR results confirmed the GAS microarray data (Table 4.2), except for speM, speK, and
speG genes. The speM and speK genes share high levels of identity among their DNA
sequences, which resulted in false-positive results by the array data. In addition, it was not clear
how many isolates carried the speG gene by both the array and PCR amplification results.By
using other primers (designed in this study) targeting the speM and speK genes of S. pyogenes
and spegg of S. dysgalactiae subsp. equisimilis (Zhao et al., 2007), eight bovine isolates that
carried speK, one bovine isolate that carried speM, one bovine isolate that carried speK and

speM, and five human isolates that carried spegg were found.

4.3.6. Sequence data and phylogenetic analysis of bacteriophage-associated virulence

superantigen genes
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Three speK alleles (speK-1g,y, SpeK-2g,y, and speK-3g,,) were identified among nine bovine
isolates, two speM alleles (SpeM-1g,,, and speM-25,,), were identified in two bovine isolates,
one speC allele (speCpg,y) was identified in six bovine isolates, and one speL allele (speLg,y) was
identified in four bovine isolates (GenBank accession numbers HQ724300 to HQ724305 and
HQ696925). The phylogenetic tree based on sequences of those alleles and of homologous
sequences available in the NCBI database showed four major groups, each one comprising one
of the four spe genes (speK, speM, speC, or spel) of bovine S. dysgalactiae subsp. dysgalactiae
isolates and of S. pyogenes, as shown in Fig. 4.1. The tree also shows that speM and speK
diverged more recently, as these two groups showed higher identities among them than with the
spelL or speC groups.

Amino acid sequences deduced from the bovine GCS alleles always showed 98 to 99% identity
with the homologous GAS pyrogenic exotoxins gene sequences from the NCBI database, with
the exception of bovine SpeL, which showed higher level of identity with SeeM from S. equi
subsp. equi (99%) than with SpeL from S. pyogenes (96%). In particular, and interestingly,
SpeM from bovine isolates in the present study showed 99% identity with SpeM from GAS and
100% identity with Sdm from S. dysgalactiae subsp. dysgalactiae (sequences deposited in
NCBI database).

The new alleles from the bovine S. dysgalactiae subsp. dysgalactiae isolates were deposited in

GenBank database (see Annex).

4.3.7. Gene expression assays by RT-PCR

Transcriptional analysis revealed that the bacteriophage-associated virulence genes speM, speK,
speL, speC, spdl, and sdn, detected in bovine GCS isolates, were transcribed and that the
virulence genes ska, dppA, Imb, scpA, emm, isp, SpyM3 1736, slo, and nga, detected only in

human isolates, were also transcribed.

4.3.8. Growth curve analysis

In the present study all the strains under analysis by BioScreen reached the highest OD values
when grown in the bovine blood serum media (compared to those when grown in THY and
bovine milk serum) and under infection-related conditions (at 40°C), with the end of the
exponential phase achieved relatively fast (prior to 5 h of incubation). In bovine milk serum, the
end of the exponential phase was achieved in most cases after 10 h of incubation, whereas in
THY, growth curves reached the end of the exponential phase prior to 10 h of growth, followed

by long stationary phases (no OD decrease was observed during 30 h or more of growth).
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Furthermore, we have observed differences in growth curves among isolates from the present

study, suggesting a strain-specific mode of growth.
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Fig. 4.1. Phylogenetic analysis of superantigen gene sequences of bovine group C Streptococcus from the
present study and of sequences of S. pyogenes, S. equi subsp. equi, S. equi subsp. zooepidemicus, and S.
dysgalactiae subsp. dysgalactiae available in the National Center for Biotechnology Information (NCBI)
(Bethesda, MD) database. Bovine group C Streptococcus sequences from the present study are designated
in the tree in boldface type. Other sequences are designated as follows: SESE, S. equi subsp. equi (seeL
and seeM); SESZ, S. equi subsp. zooepidemicus (szeL and szeM); SDSD, S. dysgalactiae subsp.
dysgalactiae (sdm); GAS, S. pyogenes (speK, speM, speL, and speC). GenBank accession numbers (for
bovine alleles, seeL, seeM, szel, szeM, and sdm) and gene ID numbers (for GAS speK, speM, speL, and
speC) are included in parentheses after the gene names.

4.3.9. Virulence gene profiling of invasive Streptococcus dysgalactiae subsp.
dysgalactiae

Both strains were negative for all the genes tested (n = 18) by PCR, with the exception of the
sagA gene. According to the sequences available in the NCBI database, the sagA of the animal
strain (GenBank accession number JF789442) showed 95% identity either with the sagA gene

of S. dysgalactiae subsp. dysgalactiae or with that of S. dysgalactiae subsp. equisimilis. In
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parallel, the sagA gene of the human strain (accession number JF789443) was 100% identical to
the sagA gene of S. dysgalactiae subsp. dysgalactiae and 99% identical to the sagA gene of S.
dysgalactiae subsp. equisimilis.

The new sequences from the invasive S. dysgalactiae subsp. dysgalactiae strains were deposited

in GenBank database (see Annex).

4.4. Discussion

4.4.1. Assessment of genes associated with MGEs among Streptococcus dysgalactiae

subsp. dysgalactiae and Streptococcus dysgalactiae equisilimis

An array containing 220 virulence genes from S. pyogenes (group A Streptococcus [GAS]) was
used to analyze the virulence gene pool among S. dysgalactiae subsp. dysgalactiae (group C
Streptococcus [GCS)) strains, associated with bovine mastitis, and among S. dysgalactiae subsp.
equisilimis (group C or group G Streptococcus [GCS/GGS]) isolates, associated with human
pharyngitis and invasive disease episodes. We previously reported the presence of GAS
virulence genes in bovine GCS isolates (see Chapter 4), which motivated us to further analyze
the bovine strains in a search for the presence of other GAS virulence genes (either
chromosomal or encoded by mobile genetic elements). The genes included in the array used in
this study are from M1, M3, and M18 GAS genomes, of which M1 and M3 in particular are
usually associated with severe disease in Europe and North America (Luca-Harari et al., 2009;
Sierig et al., 2003). The results showed that the genes were unevenly distributed among isolates
of different host origins. The bovine GCS and GAS shared 23% of all genes, and both the
human GCS/GGS and GAS shared 39% of all genes. A higher content of GAS virulence genes
in human GGC/GGS was expected, since both species share the same tissue niche in humans
and cause similar spectra of diseases (Davies et al., 2009; Igwe et al., 2003; Takahashi et al.,
2010). Nevertheless, and most interestingly, none of the 13 bacteriophage virulence-related
genes, all associated with GAS disease, were detected in the human GCS/GGS isolates.
However, 6 of those 13 genes were detected in the bovine GCS isolates, and we have observed
that these GAS phage-related genes (speK, speL, speM, speC, spdl, and sdn) present in bovine
GCS are expressed in vitro, suggesting that bacteriophages may also play a role in the genetic
plasticity and virulence of bovine mastitis GCS S. dysgalactiae subsp. dysgalactiae isolates.
Specifically, the distribution of genes among the bovine GCS ranged from one phage-related
gene (sdn) present in three isolates to five genes (speC-speK-speL-speM-spdl) present in one
isolate. Also, the observed linkage of genes in a same bovine GBS strain, in particular speC-

spdl (from the M1 phage), speM-speL (from the M18 phage) and speK (from the M3 phage),
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indicates polylysogeny, similarly to what was described previously for GAS (Beres & Musser,
2007). However, the lack of an association of sets of genes carried by complete phage genomes
in our bovine isolates strongly suggests a recombinatory mosaic nature of phages, as observed
previously for GAS (Beres & Musser, 2007).

Also interesting was the observation that “non-bacteriophage associated” genes previously
shown to be located in recombinatorial and mutational hotspots of the GAS genome and thus
considered to be associated with lateral gene transfer (McMillan et al., 2007[a]; McMillan et al.,
2007[b]), were detected in both the bovine GCS and human GCS/GGS isolates from the present
study (see Table 4.2). These genes (such as prtfl5, epf, citE, and sic) belong to four of the five
large chromosomal regions described previously to have variable loci in the GAS genome
(McMillan et al., 2007[b]). One of the chromosomal regions includes the FCT locus (Towers et
al., 2004), which is considered one of the major location of adhesins in GAS. Another
chromosomal region is sagA, whereas another region includes the maltose transport and cit
operons. The fourth region includes the mga and spa loci.

Furthermore, the gene encoding the cell surface-anchored adhesin R28, carried by a putative
integrative conjugative elements in GAS which resemble genetic elements of Group B
Streptococcus agalactiae (GBS) (Stalhammar-Carlemalm et al., 1999) was detected in all
bovine and human isolates. Also, the C5a peptidase precursor SCPA gene as well as the Ibp gene,
encoding the laminin-binding protein, both known to be carried by a composite transposon of
GBS (Franken et al., 2001), were detected in all human isolates and not in bovine isolates.
Together, our data highlight the importance of MGEs mediating lateral gene transfer among

different streptococcal species, including bovine GCS.

4.4.2. Nonrandom distribution of GAS virulence genes in bovine mastitis GCS isolates

Genes of GAS encoding adhesins, such as glyceraldehyde-3-phosphate dehydrogenase, a
putative enolase, PrtF15, R28, a putative internalin A precursor, and putative fibronectin-
binding protein-like protein A (Brassard et al., 2004; Cork et al., 2009; Katerov et al., 1998;
Stalhammar-Carlemalm et al., 1999; Waldemarsson et al., 2006), detected in all bovine GCS S.
dysgalactiae subsp. dysgalactiae isolates, strongly suggest that these might represent important
virulence factors in this particular subspecies. In particular, the emm gene, encoding the
antiphagocytic M protein, was not present in the bovine isolates, although 94% of these isolates
carried the gene encoding PAM, a member of the M protein family.

Also interestingly, streptolysin S, strongly associated with invasive disease caused by GAS and
associated with the beta-hemolytic phenotype of GAS and GCS/GGS (S. dysgalactiae subsp.

equisimilis) (Betschel et al., 1998; Humar et al., 2002), was detected in all bovine isolates,
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which are alpha-hemolytic (a sequence of this gene from one of the bovine mastitis isolates was
deposited in GenBank under accession number JF789444). Furthermore, the presence of the
streptolysin S gene (SagA) in alpha-hemolytic strains of group G (S. dysgalactiae subsp.
equisimilis) and group C (S. dysgalactiae subsp. dysgalactiae) streptococci, from human and
animal origins, respectively, was reported previously (Abdelsalam et al., 2010; Woo et al.,
2003).

Bovine GCS is known to grow well in mammary secretions, either during lactation or from dry
animals (Oliver, 1991; Song et al., 2005), which may be necessary to survival and establishment
in the specific environmental niche that is the bovine mammary gland. The results obtained in
the present study by using the BioScreen suggest environmental adaptability of the bovine GCS
strains, which demonstrated the ability to grow fast in bovine blood serum and also, although
with lower levels of growth, in the remaining tested media (THY and bovine milk serum).

GAS genes related to housekeeping functions were also detected in the bovine isolates from the
present study, such as arginine deiminase, a putative metal-binding protein of the ABC
transporter, a putative phosphotransferase system (PTS) IIB component, maltose/maltodextrin-
binding protein, and putative ferric uptake regulator (Casiano-Coloén & Marquis, 1988; Lei et
al., 2003; Lortie et al., 2000; Shelburne et al., 2009; Ricci et al., 2002).

The gene encoding 6-phospho-beta-galactosidase, an enzyme of the glycoside hydrolase family
1 (Cantarel et al., 2008) associated with the capacity of carbohydrate utilization, was detected in
only 39% of the bovine isolates (and absent in all human isolates). We have observed
differences in growth curves among isolates from the present study, which do not seem to
correlate with the presence/absence of the 6-phospho-beta-galactosidase gene. Variable growth
pattern of strains in bovine mammary secretions were previously described (Oliver, 1991) and
may be related with the presence or absence of genes associated with the capacity for

carbohydrate utilization but probably not of this particular gene.

4.4.3. Virulence genes detected only in the human GCS/GGS isolates

In epidemiologically and genetically unrelated S. dysgalactiae subsp. equisimilis strains from
human disease (pharyngitis and invasive), we detected nine genes that were not detected in the
bovine isolates. Out of these nine genes, five were previously described for human S.
dysgalactiae subsp. equisimilis: Ibp (encoding the adhesion Lmb, a laminin-binding protein)
(Terao et al., 2002), ska (encoding the plasminogen-activating Ska-streptokinase A protein)
(McArthur et al., 2008), slo (encoding the cytolytic streptolysin O toxin) (Sierig et al., 2003),
emm (encoding the M protein), as well as SCPA (encoding a C5a peptidase), with the latter two

genes acting on the complement pathway of the host, inhibiting bacterial opsonization and
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phagocytosis (Hollingshead et al., 1986; Chen & Cleary, 1990). Both the Ibp and scpA genes
have been found in human GBS isolates and are usually absent in bovine GBS isolates (Gleich-
Theurer et al., 2009). These latter two genes and also ska are known to be carried by a bovine
pathogen, S. uberis, although Lmb is not required for attachment of S. uberis to host epithelial
cells, and the Ska locus is devoid of plasminogen activator coding sequences (Ward et al.,
2009). The four remaining genes were found for the first time, in our study, in human
dysgalactiae subsp. equisimilis isolates: the nga gene (encoding a GAS extracellular enzyme
NAD-glycohydrolase), associated with cytotoxicity in host cells (Madden et al., 2001); the isp
gene (encoding an immunogenic secreted protein), which has an unknown function, although it
is known to be expressed by GAS in the human host and generates antibody responses (Mclver
et al., 1998); the dppA gene (encoding a dipeptide permease complex), which is a membrane-
associated transporter for dipeptides in GAS and is regulated by the multigene transcriptional
regulator Mga (Podbielski et al., 1998); and the SpyM3_ 1736 gene (coding for a putative ABC
transporter protein). By gene expression assays (RT-PCR), we observed that all these nine genes
from GAS isolates were expressed in human GCS/GGS isolates.

These observations together with the absence of these nine genes in the bovine GCS isolates
from this study suggest that they may be more important in human host streptococci than in

animal host streptococci.

4.4.4. Sequence data and phylogenetic analysis of superantigen genes of bovine group

C S. dysgalactiae subsp. dysgalactiae

The bovine alleles were distributed by the four clades according to the S. pyogenes alleles (Fig.
4.1). In the speK clade, the bovine alleles are organized together and separately from the seelL
and szeL genes of S. equi subsp. equi and S. equi subsp. zooepidemicus and the speK gene of S.
pyogenes, which was expected, since the streptococcal pathogens S. equi subsp. equi, S. equi
subsp. zooepidemicus, and S. pyogenes are known to share a phage pool (Holden et al., 2009).
In contrast, within the speL clade, the sequences of the seeM and szeM genes of S. equi subsp.
equi and S. equi subsp. zooepidemicus, respectively, were organized closer to the bovine sSpeLgoy
allele from the present study and separately to the speL sequence of S. pyogenes, suggesting a
common phage content among the animal species. Also, considering the speC clade, we may
speculate that the same or a similar phage(s) is shared between bovine S. dysgalactiae subsp.
dysgalactiae and human S. pyogenes.

The reason why the seeL and szeL sequences were not located in the speL clade and the seeM

and szeM sequences were not in the speM clade may be due to incorrect nomenclature given to
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these genes of S. equi subsp. equi and S. equi subsp. zooepidemicus. Therefore, seeL and szeL
should be named seeK and szeK, whereas szeM and seeM should be named as seeL and szeL.
The bovine GCS SpeM amino acid sequence (with a length of 177 amino acid residues) showed
100% identity with S. dysgalactiae-derived mitogen (Sdm) sequence available in the NCBI
database. Sdm (encoded by the sdm gene) was the only superantigen with mitogenic activity
described so far for S. dysgalactiae subsp. dysgalactiae (Miyoshi-Akiyama et al., 2003). In
agreement with our findings, the authors of that study (Miyoshi-Akiyama et al., 2003) also
noticed high levels of identity between sdm (from S. dysgalactiae subsp. dysgalactiae) and
speM of S. pyogenes. sdm and speM are probably the same gene, with different nomenclatures.
Our findings underline the role of GAS phages (which are known to be shared with S. equi
subsp. equi and S. equi subsp. zooepidemicus) in the genetic diversity of bovine S. dysgalactiae
subsp. dysgalactiae strains. Additionally, it would be of interest to further search for the
presence and expression of virulence factors not represented on the array, which can be either
present or not in the genomes of the strains tested. Since several genome sequences of
streptococcal species are available, whole-genome and transcriptome comparisons using a pair
of S. dysgalactiae subsp. dysgalactiae strains described in the present study (the putative
zoonotic strain and the bovine mastitis strain with a large pool of GAS virulence phage-related
genes) would certainly give further insights into the genomic plasticity of this pathogenic

subspecies.

4.5. Conclusions

In conclusion, the presence of GAS virulence genes, particularly genes encoded by MGEs,
either randomly or nonrandomly distributed among strains of bovine GCS may contribute to the
increased virulence potential of these strains, namely, the possibility of dissemination to
different tissues of the host and to take advantage of new niches. As we have pointed out
previously, S. dysgalactiae subsp. dysgalactiae should not be disregarded as an infection agent
in humans. In fact, this subspecies was associated with invasive disease in humans (Koh et al.,
2009) and here was shown to carry the S. pyogenes streptolysin S gene, further suggesting that

S. dysgalactiae subsp. dysgalactiae is an emerging zoonotic pathogen.
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Abstract

Streptococcus agalactiae (Group B Streptococcus, GBS), Streptococcus dysgalactiae subsp.
dysgalactiae (Group C Streptococcus, GCS) and Streptococcus uberis are relevant mastitis
pathogens, a highly prevalent and costly disease in dairy industry due to antibiotherapy and loss
in milk production. The aims of this study were the evaluation of antimicrobial drug resistance
patterns, particularly important for streptococcal mastitis control and the identification of strain
molecular features. Antimicrobial resistance was assessed by disk diffusion against amoxicillin-
clavulanic acid, cefazolin, cefoperazone, pirlimycin-PRL, rifaximin, streptomycin,
chloramphenicol, erythromycin-ERY, gentamicin, tetracycline-TET and vancomycin.
Genotypic relationships were identified using pulsed-field gel electrophoresis (PFGE),
macrolide and/or tetracycline resistance gene profiling, GBS capsular typing, GBS virulence
gene profiling and GBS and S. uberis multi locus sequence typing (MLST).

The majority of the isolates were susceptible to all drugs except to aminoglycoside, macrolide,
lincosamide and tetracycline. Close to half of the TET resistant isolates have tetO and tetK and
almost all ERY-PRL resistant isolates have ermB. A high degree of intra-species polymorphism
was found for GCS. The GBS belonged to ST-2, -554, -61, -23 lineages and five new molecular
serotypes and human GBS insertion sequences in the CpSE gene were found. Also, GBS of
serotype V with scpB and Imb seem to be related with GBS isolates of human origin (same ST-2
and similar PFGE). Overall our results suggested that different therapeutic programs may have

been implemented in the different farms and that in most cases clones were herd-specific.

Keywords:

Streptococcus agalactiae; Streptococcus dysgalactiae subsp. dysgalactiae; Streptococcus

uberis; Antimicrobial resistance; Virulence genes; Molecular serotypes

77



Antimicrobial resistance and molecular epidemiology of bovine streptococci

78



Chapter 5

5.1. Introduction

Streptococcus agalactiae (Group B Streptococcus, GBS), Streptococcus dysgalactiae subsp.
dysgalactiae (Group C Streptococcus, GCS), and Streptococcus uberis are pathogens most
frequently associated with bovine mastitis, a highly prevalent and costly disease for the dairy
industry due to antibiotherapy, milk production loss and other costs (Erskine et al., 2003).
While S. uberis and S. dysgalactiae subsp. dysgalactiae are considered exclusively animal
pathogens (Facklam et al., 2002; Vieira et al., 1998), S. agalactiae is also a human pathogen
that causes severe invasive neonatal infections, infection in pregnant women and elderly people
and causes mortality in immuno-compromised adults (Bisharat et al., 2004; Brochet et al.,
2000).

Surveys carried out to investigate temporal changes in the microbial panorama aim to monitor
the prevalence of contagious/ environmental agents associated with mastitis (Pitkdld et al.,
2004, Bexiga et al., 2005, Ericsson et al., 2009) including monitoring antimicrobial resistance
since patterns of resistance may differ among different countries (Hendriksen et al., 2008).

Also, molecular epidemiology tools offer unique opportunities to advance the study of diseases
through the investigation of infectious agents at the molecular level in a veterinary context
(Muellner et al., 2011). However, studies on the molecular characterization of field streptococci
isolates occurring in Portugal, which is of utmost importance in order to implement efficient
management practices in herds, are still not documented, with exception of S. uberis (Rato et
al., 2008) and S. dysgalactiae subsp. dysgalactiae (Rato et al., 2010).

The aims of this study were the evaluation of antimicrobial drug resistance patterns among S.
agalactiae, S. dysgalactiae subsp. dysgalactiae and S. uberis and the identification of strain

molecular features.

5.2. Materials and Methods

5.2.1. Bacterial isolates and identification

A total of 60 beta-hemolytic Streptococcus agalactiae of Lancefield group B (GBS), 18 alpha-
hemolytic S. dysgalactiae subsp. dysgalactiae of Lancefield group C (GCS), and 30 gamma-
hemolytic S. uberis field isolates from bovine subclinical mastitis were included in the present
study. This collection comprised all streptococcal isolates (with the exception of 4 S. uberis
isolates and 4 S. agalactiae isolates that were lost during storage) collected from January 2002
to May 2003, from 444 bovine milk samples of 365 animals with subclinical mastitis, from 11

herds located in the southwestern region of Portugal (Bexiga et al., 2005). The original study
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(Bexiga et al., 2005) involved milk sampling of 459 quarters from 377 animals from a total of
12 dairy herds. Among a total of 459 milk samples, 351 were positive for bacterial growth. Of
those, S. dysgalactiae subsp. dysgalactiae was found in 5.1% of the samples, S. uberis in 10%,
Staphylococcus aureus in 10%, Gram negative bacteria (including Escherichia coli) in 10%,
and S. agalactiae in 18.2% (Bexiga et al., 2005).

Further detailed information regarding the streptococcal field isolates that were included in the
present work, isolation and identification methods has been previously described in the
“materials and methods” section of Chapter 2.

Confirmation of identification of S. agalactiae isolates was performed by Lancefield grouping
with type B antisera (Slidex Strepto Kit, BioMérieux) and by a positive haemolytic result
according to the CAMP test (Facklam, 2002), (see Fig.1.3 and Fig. 1.4; Chapter 1). Molecular
identification of S. uberis and S. dysgalactiae subsp. dysgalactiae (GCS) field isolates was
performed by sequencing and analysis of 16S rDNA gene as described previously (see Chapter
2 and Chapter 3).

5.2.2. Pulsed-field gel electrophoresis (PFGE) profiles and cluster analysis

For the identification of clonal lineages, the percentage of similarity among DNA band patterns
obtained by PFGE was determined by cluster analysis based in a dendrogram. Genotypic related
groups or clusters, identified at 80% similarity or above (corresponding to variation up to six
bands among patterns) are represented by dashed rectangles in the dendrogram, and determined

as described previously (Chapter 2).

5.2.3. Multilocus sequence typing (MLST)

A group of 18 S. agalactiae (GBS) isolates out of 60 were analysed by MLST in the present
work. These isolates were chosen taking into account the PFGE band-based dendrogram, and
comprised isolates with PFGE patterns sharing approximately 100%, 90%, 80%, 70%, 60% and
50% of similarity. DNA was extracted as described for Group A Streptococcus (described at
http://www.cdc.gov/ncidod/biotech/strep/protocol _emm-type.htm). The primers used for PCR
amplification and sequencing are available at the S. agalactiae MLST web site
(http://pubmlst.org/sagalactiae/). Sequencing was performed by STAB-Vida (Lisbon, Portugal),
and sequences were analysed by using the BioEdit sequence alignment editor version 7.0.0
(Hall, 1999). The eBURST tool (http://eburst.mlst.net/) was used for assignment of predicted

primary founder(s), clonal complexes or singletons (STs that cannot be assigned to any group).
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5.2.4. Antimicrobial resistance patterns

All S. uberis, S. dysgalactiae subsp. dysgalactiae and S. agalactiae isolates were tested by disk
diffusion technique (Oxoid Ltd, Basingstoke, UK) according to the guidelines from the Clinical
and Laboratory Standards Institute (CLSI, 2008) for antimicrobial susceptibility tests for
bacteria isolated from animals. The following antimicrobials were selected for testing, based on
several criteria: a) licensing for mastitis treatment in cattle [penicillin 10 units (P), cefazolin 30
pg (KZ), cefoperazone 75 pg (CFP), pirlimycin 2 pg (PRL), gentamicin 10 pg (CN),
streptomycin 10 pg (S), and amoxicillin-clavulanic acid 30 pg (AMC)]; b) use in human
medicine [rifaximin 40 pg (RAX), erythromycin 15 pg (ERY), vancomycin 30 pg (VA),
chloramphenicol 30 pg (CHL), tetracycline 30 ug (TET)]; and c¢) determine phenotypes for
subsequent search for resistance determinants assumed to be located on genetic mobile elements
(tetracycline and erythromycin).

Resistance was determined by measurement of inhibition of growth around the antimicrobial
disk according to the zone diameter interpretative standards of CLSI (2008), and when not

available, according to the antimicrobials manufacturers’ instructions.

5.2.5. Macrolide resistance phenotypes

Resistance only to macrolides (M phenotype) or to macrolides, lincosamides and
streptogramins-B (MLSg phenotype), either inducible (iMLSg) or constitutive (cMLSg), were
evaluated among all streptococcal isolates from the present study, by a double-disk test with
erythromycin 15 pg (ERY) and pirlimycin 2 pg (PRL) disks (Seppéld, 1993), (see Fig. 1.8;
Chapter 1). Resistance only to lincosamides (L phenotype) and to lincosamides and
streptogramins-A (LSA phenotype) reported previously, was also tested by the double-disk test
(Malbruny et al., 2004).

5.2.6. PCR detection of antimicrobial resistance genes

The macrolide resistance genes mefA, ermA, and ermB, were searched for by PCR among all
isolates presenting either the MLSg or M phenotypes (Pires et al., 2005). Tetracycline resistance
genes tetM, tetO, tetT, tetW, tetL, tetQ, tetK and tetS were tested by PCR among all tetracycline-
resistant streptococcal isolates (Pires et al., 2005; Ng et al., 2001; Aminov et al., 2001). All
isolates were tested for the presence of the lincosamide resistance gene linB (Bozdogan et al.,
1999). All isolates of L phenotype were screened for the presence of the streptogramin A
resistance gene vgaB by PCR as previously described (Allignet & Solh, 1997).
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Antimicrobial resistance genes analyzed by PCR and primers used were described in Table 3.2

(Chapter 3). All negative results were confirmed in at least three independent assays.

5.2.7. Capsular serotyping and genotyping of S. agalactiae and phylogenetic analysis

of sequence data

The 60 S. agalactiae isolates were serotyped by the standard method of slide agglutination using
antisera of types Ia, Ib, and II to VIII (Essum, Umeda, Sweden) and by capsule genotyping by
PCR amplification and sequencing of cpsD-CpsE-cpsF genes as described (Florindo et al.,
2010). Sequencing was performed by STAB Vida (Lisbon, Portugal) and sequence data was
analysed using SeqMan, DNAstar (DNAstar Inc., Madison, WI) and BioEdit sequence
alignment editor version 7.0.0 (Hall, 1999).

Each bovine cpsD-cpsE-cpsF sequence was aligned with sequences of S. agalactiae reference
strains of recognized serotypes (Ia, Ib, II, III-1, III-2, III-3, III-4 and IV to VII) in search for
nucleotide polymorphisms as described previously (Florindo et al., 2010). This alignment (1634
bp) was used to construct a phylogenetic tree by using the MEGA version 5 (Tamura et al.,
2011). The Maximum Parsimony method was used and Bootstrap values were calculated from
1,000 replicates. The GenBank accession numbers of S. agalactiae reference strains used in the
analysis are designated in the tree.

Specific primers were designed for sequencing the insertion sequence elements detected in the
cpsE of four bovine GBS isolates from the present study: cpsE2 (rev.) 5’-
TTATATCGCTGTCTGTATCTTG-3’, cpsE44-1 (for.) 5’-
GATCGCGCGATAAATTGTTTTAAA-3’, and cpsE44-2 (for.)
5’GGGAATAAATCTCTTTCTAGTGAA’3’.

5.2.8. PCR detection of virulence genes among S. agalactiae (GBS)

The 60 bovine S. agalactiae isolates were screened by PCR for the presence of the human GBS
C5a peptidase precursor gene (SCpB) and the laminin-binding protein gene (Imb) using the
primers:  scpB  (for.) 5’-CCAAGACTTCAGCCACAAGG-3’, scpB  (rev.) 5°-
CAATTCCAGCCAATAGCAGC-3’, Imb (for.) 5’~AACCCCAAACAGCCTACGCAAG-3’,
and Imb (rev.) 5>-TAAAACGGGATCCGTCCAGGTAT-3’ (see Table 4.1; Chapter 4). The
presence of the insertion elements 1SSag2 (known to flank the scpB-Imb region) and 1S1548 or
GBSil (located in the scpB-Imb intergenic region) were searched for by PCR as previously
described (Franken et al., 2001; Safadi et al., 2010). The surface protein Spb gene (Spb), and the
fibrinogen-binding proteins FbsA and FbsB genes (fbsA and fbsB, respectively) were screened
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by PCR as described previously (Brochet et al., 2006). All negative results were confirmed in at

least three independent assays.

5.3. Results

5.3.1. Pulsed-field gel electrophoresis (PFGE) and cluster analysis among S. agalactiae,

S. dysgalactiae subsp. dysgalactiae and S. uberis

The PFGE band-based dendrogram for clonal assessment of the S. agalactiae isolates is shown
in Fig. 5.1. Other genotypic characteristics of S. agalactiae and the farm codes of origin of each
individual isolate were also included in Fig. 5.1.

The 60 S. agalactiae isolates collected among six farms were resolved into 24 PFGE types.
Epidemiologically plausible groups or clusters (identified at 80% of similarity or above)
revealed four major clonal groups (see clusters I, VI, IX and X; Fig. 5.1) comprising close to
50% of all bovine GBS isolates (all farm-associated). Other minor clusters, which included two
to three isolates, were also identified and comprised 30% of total bovine GBS isolates (all farm
associated).

Two bovine GBS PFGE patterns (A-1 and B-1) showed nearly 90% similarity with two human
GBS PFGE patterns (see Fig. 5.2), when representative PFGE patterns (38 types) of the bovine
GBS isolates were compared in a dendrogram with 135 PFGE patterns of human GBS from a
parallel study, involving vaginal and/or rectal swabs of pregnant women at five health
institutions in Portugal for assessment of GBS carriage (Santos Sanches 1. et. al., unpublished

data).

5.3.2. Multilocus sequence typing (MLST)

A subset of bovine S. agalactiae isolates (n=18) out of a total of 60 (e.g., one isolate
representative of each PFGE clonal group) were analysed by MLST. Among this subset of
isolates four sequence types (ST) were identified (ST-2, ST-61, ST-23 and ST-554), of which
ST-554 was found to be novel due to the identification of a new allele of one of the seven
housekeeping genes (phes, allele 39). This novel ST-554 is a single locus variant-SLV of ST-61
(Fig. 1.6; Chapter 1). The ST-61 belongs to clonal complex (CC) 61/67, ST-2 belongs to CC2
and ST-23 belongs to CC23 as assessed by e BURST analysis (Fig. 1.6; Chapter 1).
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5.3.3. Antimicrobial resistance traits and macrolide/tetracycline resistance phenotypes

and genotypes among S. agalactiae, S. dysgalactiae subsp. dysgalactiae and S. uberis

Among the 108 bovine isolates tested the highest antimicrobial resistance patterns were
observed for streptomycin and gentamicin (97.2% and 80.6%, respectively) followed by
tetracycline (64.8%). None of the streptococcal isolates tested showed resistance to vancomycin,
chloramphenicol, penicillin, rifaximin, amoxicillin/clavulanic acid, cefazolin and cefoperazone
(see Table 5.1).

All isolates resistant to erythromycin and pirlimycin presented the cMLSp phenotype (Table
5.2). The phenotype M (resistance to ERY only) was not detected among our streptococcal
collection. A group of S. dysgalactiae subsp. dysgalactiae (n=3) and of S. uberis (n=8) isolates
showed resistance to pirlimycin and susceptibility to erythromycin (L-phenotype).

All isolates of the cMLSg phenotype carried either the ermB gene (GBS, n=10; GCS, n=3; S.
uberis, n=8) or the ermA gene (GBS, n=1; GCS, n=1), while the macrolide resistance gene mefA
was not detected. One of cMLSg (ermB”) isolates also carried the linB gene. Additionally, all
isolates belonging to the L-phenotype (n=11) carried the linB gene. None of the isolates that
were susceptible to pirlimycin (n=75; among 108 isolates) carry the linB gene in our collection.
The streptogramin A resistance gene vgaB was not detected. All the tetracycline resistant
isolates carried at least one of the tet genes tetM, tetO, tetK and tetS, with exception of six S.
dysgalactiae subsp. dysgalactiae isolates, in which none of the tet genes tested were detected.
The tetT, tetW, tetL and tetQ genes tested were not detected.

5.3.4. Capsular serotyping and genotyping of S. agalactiae and phylogenetic tree of

sequence data

A great proportion (77%; n=46/60) of the bovine S. agalactiae isolates tested by the serologic
method were nontypeable (NT), either due to the agglutination with multiple antisera or to the
lack of agglutination with any of the antisera, and 14 isolates (23%) were identified as serotype
V.

Capsular genotyping of the cpsD-cpsE-cpsF region at the cps locus confirmed the serotype V of
the 14 bovine isolates since sequences matched 100% with the cpsD-cpsE-cpsF of S. agalactiae
reference strain of serotype V (GenBank accession number AF332910). One of the 46 NT
isolates was identified as serotype III-3, since the cpsD-cpsE-cpsF region matched 100% with
the same region of a S. agalactiae reference strain of sero-subtype III-3 (GenBank accession

number AF332897).
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Figure 5.1. Dendrogram of PFGE profiles of group B Streptococcus (Streptococcus agalactiae) from bovine
mastitis, constructed using Dice coefficients and unweighted pair group method using arithmetic averages.
Clustering settings of 0.00% optimization and 1.5% band position tolerance were used. Presence of a
transposase in CpSE gene; " Presence of an integrase/recombinase in cpsE gene (see text); 'All scpB” and Imb”
isolates carry ISSag2, and do not carry IS1548 or GBSil elements. 85
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Novel cpsD-cpsE-cpsF polymorphisms were detected among the remaining 45 NT isolates,
corresponding to five new sequences found: cpsSgoy New-1 (6 isolates), cpSgoy New-2 (11
isolates), cpSgov New-3 (24 isolates), CpSgov New-4 (one isolate), and CpSgoy New-5 with an
insertion sequence in the CpSE gene (three isolates). For a better understanding of the
polymorphisms, a phylogenetic tree was constructed (see Fig. 5.3).

Additionally, three bovine isolates had a 1051 bp insert in the CpSE gene, and one isolate (of
cpsgovNew-3) had a 1499 bp insert in the CpSE gene. By using the BLAST alignment tool
(www.ncbi.nlm.nih.gov/BLAST)  these inserts were identified as being an
integrase/recombinase and a transposase (GenBank accession numbers: EFV96274 and
EFV96282, respectively) of a human strain S. agalactiae ATCC 13813 from the oral cavity.

The new bovine GBS capsular sequences found in the present study have been deposited in
GenBank database under GenBank accession numbers JN384109, IN384110, JN384111, and
JN384112 (see Annex). The bovine cpsD-cpsE-cpsF sequences containing the above mentioned
insertion sequence elements were also deposited in GenBank database under the accession

numbers JN384114 and JN384113 (see Annex).

5.3.5. Virulence traits of bovine S. agalactiae

The scpB and Imb genes and the insertion element ISSag2 were detected among 13 bovine
isolates (of PFGE types A-1 and B-1, all from a same farm). The insertion sequences 1S1548
and GBSl tested by PCR were not found in the ScpB-Imb intergenic region of these 13 isolates.
The fbsB gene was present in all bovine S. agalactiae isolates while fbsA gene was not detected.

The spb gene was detected in 60% (n=36) of bovine isolates.

5.4. Discussion

5.4.1. Epidemiological comparison between S. agalactiae, S. dysgalactiae subsp.

dysgalactiae and S. uberis

One of our aims was to evaluate the clonal distribution of a collection of streptococcal isolates
recovered at different farms. In the present work we found frequent occurrence of
indistinguishable PFGE profiles among S. agalactiae isolates collected from a same farm, and
close to 50% of S. agalactiae isolates were included in four major clonal groups as assessed by
PFGE (all farm-specific), (see Fig. 5.1). These results suggest widespread strain transmission
between animals from the same farm. S. agalactiae is considered a contagious mastitis pathogen

(Barkema et al., 2009) and our results seem to be in agreement with this view.
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In contrast, the occurrence of PFGE patterns sharing >82.8% and 100% similarity among S.
dysgalactiae subsp. dysgalactiae isolates collected at different farms (see Fig. 3.1; Chapter 3),
suggests an environmental source for this pathogen. S. dysgalactiae subsp. dysgalactiae is
considered a pathogen associated with teat lesions caused by flying insects (Yeruham et al.,
2002), emphasizing an environmental source for this pathogen in our case.

Heterogeneity in S. uberis PFGE patterns was observed between isolates collected from
different farms, while three PFGE types accounted for 46.6% of total isolates - all farm-
associated (Fig. 2.2; Chapter 2). Our results suggest direct transmission of S. uberis among
animals within a same farm (Chapter 2). It is plausible that inadequate implementation of
management programs for the control of contagious pathogens at farm level, may be promoting
the contagious route for S. uberis infection within herds, despite it is considered an

environmental pathogen (Ericsson et al., 2009).

Table 5.1. Percentages of antimicrobials resistance of Streptococcus agalactiae, Streptococcus
dysgalactiae subsp. dysgalactiae and Streptococcus uberis isolates from the present study against the
antimicrobials: erythromycin (ERY), pirlimycin (PRL), tetracycline (TET), gentamicin (CN),
streptomycin (S) and cefoperazone (CFPY".

Streptococcus Streptococcus dysgalactiae subsp. Streptococcus Total

agalactiae (n=60) dysgalactiae (n=18) uberis

(n=30)

(n=108)
ERY 18,3 22,2 26,7 21,3
PRL 18,3 38,9 53,3 31,5
TE 56,7 100 60 64,8
CN 93,3 38,9 80 80,6
S 96,7 77,8 100 97,2
CFP 33 0 33 2,8

"Resistance was not observed against vancomycin (VA), chloramphenicol (CHL), penicillin (P),
amoxicillin-clavulanic acid (AMC), cefazolin (KZ) and rifaximin (RAX).

5.4.2. Similar clonal types found among bovine and human S. agalactiae

The two PFGE clonal pairs of bovine and human S. agalactiae shared the same ST (ST-2) and
one of the two PFGE clonal pairs also shared identical serotypes (V) (Fig. 5.2). These results
suggest possible bovine-human transmission although this is unlikely in the present study due to
geographical distance and lack of epidemiological data regarding these bovine and human
isolates in particular. Nevertheless, previous observation of possible transmission of GBS

between humans and bovines has been reported (Manning et al., 2010).
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5.4.3. Multilocus sequence typing (MLST) of S. agalactiae and S. uberis

Among S. agalactiae isolates four STs (ST-61, ST-2, ST-23 and ST-554) were detected, which
belong to three clonal complexes (CC2, CC23 and CC61/67), (Fig. 1.6; Chapter 1). These
results indicate little heterogeneity among our S. agalactiae collection, which was also
supported by the PFGE results. Similar results were reported in a previous work (Bisharat et al.,
2004).

The 30 S. uberis isolates tested by MLST revealed 14 different ST (all new) of which almost all
are singletons, as determined by e-BURST analysis (Chapter 2). Only ST-287 is a SLV of a
predictor founder of a major e-BURST group, which has been previously described in a S.
uberis isolate from bovine mastitis in Australia, suggesting a common source disseminated to
such distant locations in consequence of cattle global trading (Fig. 2.3; Chapter 2). Absence in
finding identical ST between S. uberis isolates from the present study with those described so
far in other countries may be due to the lack of information regarding population structure of S.
uberis isolates from Southern European countries in the MLST database

(http://pubmlst.org/suberis/).

Strain name (hum) Clinical Antimicrobial
inica resistance
0/ cimilar Smal PFGE Host /PFGE Type- - Serotype

% similarity profiles subtype (bov)  Origin phenotype MLST

88.9 Il [l cBs-Bovine  B-1 Mastitis V. CMLS,+TET  sT-2

o 11 |1l GBS-Human  HAS642 Vaginalirectal v iMLS, ST-2
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Figure 5.2. Features of similar clonal types between two bovine S. agalactiae (GBS) isolates from the
present study and two human S. agalactiae (GBS) isolates collected from rectal/ vaginal swabs
(colonization) of pregnant woman, among five health institutions in Portugal. The dendrogram included
representative PFGE patterns (<100% similarity) of bovine GBS (n=38) and 135 representative PFGE
patterns of human GBS isolates. Features of the bovine isolates from the present study are designated in
bold in the figure. Dice coefficients and unweighted pair group method using arithmetic averages (and
clustering settings of 0.00% optimization and 1.5% band position tolerance) was used to construct the
dendrogram. hum: human; bov: bovine.

5.4.4. Antimicrobial resistance traits and genotypes of S. agalactiae, S. dysgalactiae

subsp. dysgalactiae and S. uberis

Updated information regarding published veterinary breakpoints for mastitis pathogens is

required to validate the clinical relevance of in vitro susceptibility testing results for these
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pathogens. In order to have a global view of antimicrobial resistance occurrence among isolates

of the three bovine streptococcal species, all isolates from the present study were tested by the

in vitro disk diffusion method (CLSI, 2008) against 13 antimicrobials, which were chosen

taking into account their availability in the Portuguese market for intramamary treatment of

mastitis and also in order to monitor the erythromycin and tetracycline resistance phenotypes

and genotypes among bovine streptococci.

Interpretative standards (breakpoints) were used according to what is available in the CLSI

(2008), and when not available according to the antimicrobials manufacturers’ instruction.

Table 5.2. Distribution of erythromycin (ERY), pirlimycin (PRL) and tetracycline (TET) resistance
phenotypes and genotypes among bovine Streptococcus agalactiae (GBS), Streptococcus dysgalactiae
subsp. dysgalactiae (GCS) and Streptococcus uberis isolates.

No. (%) of resistant isolates carrying resistance genes

Species PRL
(No. Resistance ERY resistance . .
* Total resistance TET resistance genes
total phenotype genes gene
isolates) ermA ermB linB tetM tetO tetkK tetS
1
cMLSg only 1 0 (100) 0 nd nd nd nd
GBS 10
(n=60) c¢cMLSR+TET 10 1(10) 9(90) 0 1(10) 9 (90) (100) 0
11 24
TET only 24 nd nd 0 12 (50) (45.8) (100) 0
C¢MLSE+TET 4 125 3(75) 0 1(25) 3(75) 0 0
GCS L+TET 3 nd nd 3 (100) ! 2 (66,7) 0 0
_ (33.3)
(n=18) 4
TET only 11 nd nd 0 (36.4) 1(9,1) 0 0
C¢MLSE+TET 8 0 (lgO) 1(13) 0 8 (100) 0 0
S, uberis L 1 nd nd 1 (100) nd nd nd n7d
(n=30) L+TET 7 nd nd 7 (100) 0 1(14,3) 0 (100)
2 1
TET only 3 nd nd 0 (66.7) 0 0 (33.3)

“Phenotype M was not found among the bovine isolates.
“The mefA, vgaB, tetT, tetW, tetL, and tetQ antimicrobial-resistant genes were not detected.

cMLSg only, constitutive MLSg resistance phenotype only; cMLSg + TET, constitutive MLSg resistance
phenotype, and resistance to tetracycline; TET only, resistance only to tetracycline; L + TET, resistance to
pirlimycin, susceptibility to erythromycin, and resistance to tetracycline; L, resistance to pirlimycin, and

susceptibility to erythromycin only;

nd, not determined

Overall, resistance to the aminoglycoside antimicrobials, gentamicin and streptomycin, was

high (80.6% and 97.2% respectively) while penicillin, amoxicillin-clavulanic acid, cefazolin,

cefoperazone chloramphenicol, vancomycin and rifaximin showed very good in vitro efficacy

against our streptococcal collection.
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High percentages of resistance to tetracycline (64.8 to 100%) were observed among all the
isolates, which may be due to the fact that tetracycline had been widely used for treatment of
several infections in cattle for many years.

These results were similar to what was described previously in other countries (Hendriksen et
al., 2008; Petrovski et al., 2011), with exception of erythromycin and pirlimycin
antimicfronbials. In the presence study we observed that resistance to these antimicrobials was
high, which underlines the importance of locally monitoring resistance patterns rather than
extrapolating results obtained in other countries.

Co-resistance to erythromycin and pirlimycin observed was mostly due to the presence of ermB
gene. Also, putative linkage of ermB and tetO antimicrobial resistance genes in unique strains
(considered unrelated as assessed by PFGE) suggested horizontal co-transference of these genes
in a same mobile genetic element.

Additionally, resistance to pirlimycin was particularly high among S. uberis (53,3%) and S.
dysgalactiae subsp. dusgalactiae (38,9%) due to the presence of linB gene, which is carried by a
plasmid first described in human strains of Enterococcus faecium (Bozdogan et al., 1999).
Enterococcus faecium is also a recognized pathogen associated with bovine mastitis.

These results underline the importance of surveillance of antimicrobial resistance genes among

field isolates.

5.4.5. Novel cps locus polymorphisms in nontypable bovine S. agalactiae and

insertion sequence elements in cpsE

By using the serologic method we identified 14 bovine S. agalactiae isolates as being of
serotype V while the remaining 46 isolates (77%) were considered nontypable (NT). Indeed,
high percentage of nontypeability among S. agalactiae isolates from bovine origin has been
reported (Zhao et al., 2006).

By molecular serotyping, one of the NT isolates was identified as being of molecular sero-
subtype III-3, while the remaining 45 NT isolates showed novel cpsD-cpsE-cpsF sequence
polymorphisms and did not match completely with any of the recognized molecular serotypes
(Ia, Ib, II, III-1, III-2, III-3, III-4 and IV to IX). Further studies are required in the future to
assess if the above mentioned polymorphisms observed in the bovine strains are associated with
new functional proteins (represent new serotypes).

In the phylogenetic tree (Fig. 5.3), all these novel bovine cpsD-cpsE-cpsF sequences clustered
together in a clade but separately from the remaining serotypes from human S. agalactiae
reference strains, suggesting they have diverged within the bovine host and that they do not

represent subtypes of known molecular serotypes from human S. agalactiae.
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The inserts found in the CpSE gene (a transposase and an integrase/recombinase of S. agalactiae
ATCC 13813) of four bovine isolates from the present study illustrate the occurrence of recent

genetic events, since only four out of the 60 bovine isolates (7%) carry these inserts.
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Polymorphic sites: 2 67

CPS gov New-4

Polymorphic sites: 4 89 Cps gov New-2
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Figure 5.3. Phylogenetic analysis of cpsD-cpsE-cpsF sequences of bovine Group B Streptococcus
(Streptococcus agalactiae) isolates and cpsD-cpsE-cpsF sequences of S. agalactiae reference strains,
which were available in National Center for Biotechnology Information (NCBI) (Bethesda, MD). Bovine
sequences from the present study are designated in bold in the tree. GenBank accession numbers of
Streptococcus agalactiae reference strains are designated in parentheses in front of serotype designation.
"One bovine isolate of molecular serotype cps pov New-3 has an insert in cpsE (mutator family
transposase of human S. agalactiae ATCC 13813);

" All bovine isolates of molecular serotype cps oy New-5 have an insert in cpsE (integrase/recombinase
of human strain S. agalactiae ATCC 13813), (see text).

Other authors have reported an insert (IS1381) in the cpsE gene of cps locus in a human S.
agalactiae strain, which resulted in reduced or disrupted expression of the capsule

polysaccharide (Ramaswamy et al., 2006). Presence of another insert (ISSa4) in the CpsE gene
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of three human GBS isolates has also been observed (Florindo et al., unpublished). Probably the
frequency of inserts in CPSE among bovine isolates is higher than in human isolates, and may
reflect evolutionary adaptation to the bovine host. However, further studies using bovine GBS
isolates are needed to elucidate this issue. Few reports have decribed so far the presence of
insertion sequences in bovine S. agalactiae strains (Shakleina et al., 2004; Richards et al.,
2011).

5.4.6. Virulence traits among S. agalactiae

The Imb and scpB virulence genes were found among 13 bovine isolates (22% of total isolates)
despite the fact that these genes are described as usually absent in bovine GBS isolates (Franken
et al., 2001; Safadi et al., 2010). Absence of the scpB - Imb region in the remaining bovine
isolates (n=47) from the present work is probably due to deletion during putative adaptation to
the bovine host.

An association of spb gene with the clonal complex 17 (CC17) isolates has been previously
reported (Brochet et al., 2006). The CC17 lineage is known to be closely related to CC61
lineage (as assessed by eBURST; Fig. 1.6; Chapter 1), which may help to explain why we have
detected the spb virulence gene only among GBS isolates of ST-61/ST-554 in the present study.

5.5. Conclusions

In conclusion, our results showed that our bovine streptococci were susceptible to clinical
relevant antimicrobials; however resistance levels against erythromycin and pirlimycin in
particular, were high when compared with data from other countries.

Also we observed that our bovine S. agalactiae are homogenous within herds emphasizing its
contagious nature. Few of these bovine isolates have several genotypic characteristics in
common with human GBS collected from rectal/vaginal swabs.

Our study highlights novel information regarding features of bovine S. agalactiae, namely the
presence of insertion sequences in the CpSE gene from the cps locus which probably prevents
expression of the capsule polysaccharide, and new cpsD-cpsE-cpsF sequences that may code for

new serotypes.
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Chapter 6

6.1. Molecular epidemiology

Continuous surveillance of bovine mastitis pathogens and herd careful management is essential
for the well being of dairy cows and prevention of economic loss in the dairy industry. One of
the aims of the present study was to study the clonal features of streptococcal field isolates
associated with bovine mastitis in Portugal in order to contribute to improvement of bovine
health.

The PFGE and MLST approaches were suitable for the comparative analysis. Indeed, among S.
uberis isolates, three PFGE clonal groups (associated with MLST lineages ST-265, ST-268, and
ST-267) comprised >60% of total isolates, and among S. galactiae isolates only three MLST
lineages (ST-2, ST-23, and ST-61/ST-554) were identified, which is indicative of a contagious
route of transmission between animals (Chapter 2 and Chapter 5). These results suggest that
control measures for these two pathogens in herds in Portugal deserve more attention.

We identified identical PFGE patterns between S. dysgalactiae subsp. dysgalactiae isolates
from different farms, which suggest an environmental source for this pathogen (see Chapter 3

and Chapter 5).

6.2. Host adaptation

We observed that a group of the bovine S. agalactiae isolates (of PFGE types A-1 and B-1)
showed features of human S. agalactiae, namely carried the Imb-scpB virulence genes. These
genes are usually absent in S. agalactiae isolates from bovine origin but always present in
human S. agalactiae, and are considered required for human isolates to infect the human host
(Safadi et al., 2010). The remaining bovine GBS isolates from the present study lacked the Imb-
scpB virulence genes, which were probably lost during the adaptation to the bovine host.

We also observed that the above mentioned bovine GBS clones (A-1 and B-1) which carry the
Imb-scpB virulence genes, showed higher similarity (above 88% between PFGE patterns) with
human S. agalactiae isolates collected from vaginal/rectal swabs from a parallel study, than
with the remaining bovine isolates from the present study (Chapter 5). However, in the present
case human-bovine transmission is most unlikely to have occurred due to the geographic
distance between these (bovine and human) isolates sharing similar genotypes. Nevertheless, a
recent study has documented the occurrence of similar S. agalactiae genotypes between isolates
collected from humans and their bovines (which were in direct contact), and it was suggested

that possible transmission between the two hosts occurs (Manning et al., 2010).
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General Discussion

We identified new cpsD-cpsE-cpsF sequences (of the cps locus encoding the capsular
polysaccharide) among the bovine S. agalactiae, suggesting novel serotypes not yet described.
By phylogenetic analysis, we observed that all the new bovine cpsD-cpsE-cpsF sequences
clustered together in a clade but separated from the human molecular serotypes, indicating that
these new serotypes diverged in the bovine host.

We further detected the presence of insertion sequences (so far described in human S.
agalactiae) in the cpsE gene of the cps locus in few bovine S. agalactiae strains (Chapter 5).
These inserts in CPSE probably disrupt the expression of the capsule polysaccharide in these
bovine strains (which may result in phenotypic variation); however, further studies are

necessary to confirm this hypothesis.

6.3. Phenotypes and genotypes of antimicrobial resistance

Importantly, all streptococcal isolates were susceptible to penicillin, cefoperazone and cefazolin
antimicrobials, commonly used in bovine mastitis treatment in Portugal (Chapter 5). However,
resistance to pirlimycin was very high (when compared to other countries), which is also an
antimicrobial available for use in bovine mastitis treatment in Portugal. This observation points
out the importance of locally monitoring antimicrobial resistance patterns for the improvement
of antibiotherapy programmes, rather than extrapolating from results obtained in other
countries.

The putative linkage between antimicrobial resistance genes, namely ermB-tetO observed
among unrelated and related bovine streptococcal isolates (as assessed by PFGE), suggests
possible co-transference of these antimicrobial resistance determinants via horizontal gene
transfer by a same mobile genetic element. Future studies should clarify which mobile genetic

elements are putatively involved in such events.

6.4. Phages and other mobile genetic determinants in bovine streptococci evolution

We demonstrated that the bovine S. dysgalactiae subsp. dysgalactiae strains carried the S.
pyogenes phage-associated virulence genes speK, speM, speL, speC, spdl, sdn. All these genes
were transcribed by RT-PCR (Chapter 3 and Chapter 4). These genes encode pyrogenic-toxin-
superantigens, DNAses and streptodornases strongly associated with invasive disease in
humans. These results suggest that S. pyogenes bacteriophages may play a role in the dynamics

of bovine S. dysgalactiae subsp. dysgalactiae population structure.
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Further investigation should be performed in order to clarify the role of phages in the lateral
gene transfer between the animal and human streptococci, and in putatively increasing the
pathogenesis of the bovine S. dysgalactiae subsp. dysgalactiae.

Preliminary results in induction of prophages carried out after treatment with mitomycin C in
two bovine S. dysgalactiae subsp. dysgalactiae strains from the present study (which carry
speM, speC, spekK, spelL, spdl phage-genes) has confirmed that those strains are lysogenic for
viable phages (see Fig. 6.1).
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Figure 6.1. Induction of prophages after treating cultures with mitomycin C in bovine S. dysgalactiae
subsp. dysgalactiae strains GCS-Bov11 (which carries the phage-genes speM, speC, speK, spdl) and
GCS-Bov13 (which carries the phage-genes speM, speC, speK, speL, spdl), and control strains lysogenic
for speC phage (S. pyogenes or GAS) and lysogenic for IG3 phage (Bacillus subtillis).

Mitomycin C was added to cultures incubated at 37°C in Todd Hewitt broth, after 2 hours of growth
(GCS-Bov13, GAS speC" and Bacillus IG3"), and after 3 hours of growth (GCS-Bov11).

In addition, by successfully amplifying the left junction of the Tn1207.3/®10394.4 mobile
element in the bovine S. dysgalactiae subsp. dysgalactiae indicates that a Tn1207.3/®10394.4-
related chimeric element may be inserted in the COMEC locus as previously described for the
human pathogens S. pyogenes, S. dysgalactiae subsp. equisimilis and S. agalactiae (Chapter 3).
By using an array of S. pyogenes virulence genes, we were able to compare genomic content of
the bovine S. dysgalactiae subsp. dysgalactiae isolates with the human S. pyogenes, and human
S. dysgalactiae subsp. equisimilis isolates. Thus, we further demonstrated that other relevant S.
pyogenes virulence determinants which are transferred by integrative conjugative elements
(namely the R28 protein) were also present in the bovine S. dysgalactiae subsp. dysgalactiae
(Chapter 4).
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Future perspectives

We have reported for the first time the presence of the human S. pyogenes (GAS) phage
virulence genes among bovine S. dysgalactiae subsp. dysgalactiae (GCS). However it is still
unclear whether these mobile genetic elements contribute to the increased virulence potential of
this bovine streptococcal species. Moreover, conclusive evidence of S. dysgalactiae subsp.

dysgalactiae as an infection agent in humans has not yet been proved.

In the future it would be of utmost interest to further study strains of bovine S. dysgalactiae
subsp. dysgalactiae, as well strains of the other human related subspecies - S. dysgalactiae
subsp. equisimilis and S. pyogenes in order to assess the genomic structure of the phages
carrying the detected virulence genes. This study would clarify whether the prophages carried
by the animal GCS, the S. dysgalactiae subsp. equisimilis, and S. pyogenes strains are the same
and thus defining phage(s) host range. The phage(s) isolation and charaterization could also

contribute to the clarification of the involvement of those phages in mobile genetic transfer.

It would be of interest to confirm if the bovine isolates carrying GAS virulence genes are
expressing these genes at the proteomic level, and to test the bovine strains infection potential in
vitro by using human cell lines and in vivo using Zebrafish (as a model for the evaluation of

virulence).

100



References



References

102



References

10.

11.

12.

13.

Abdelsalam, M., S. C. Chen, and T. Yoshida. 2010. Dissemination of streptococcal
pyrogenic exotoxin G (spegg) with an IS-like element in fish isolates of Streptococcus
dysgalactiae. FEMS Microbiol Lett. 309:105-113.

Alber, J., A. El-Sayed, S. Estoepangestie, C. Lammler, and M. Zschdck. 2005.
Dissemination of the superantigen encoding genes seelL, seeM, szeL and szeM in
Streptococcus equi subsp. equi and Streptococcus equi subsp. zooepidemicus. Vet.
Microbiol. 109:135-141.

Allignet, J., and N. El Solh. 1997. Characterization of a new staphylococcal gene, vgaB,
encoding a putative ABC transporter conferring resistance to streptogramin A and related
compounds. Gene. 202:133-138.

Almeida, R. A., and S. P. Oliver. 1995. Invasion of bovine mammary epithelial cells by
Streptococcus dysgalactiae. J. Dairy Sci. 78:1310-1317.

Aminov, R. I., N. Garrigues-Jeanjean, and R. |. Mackie. 2001. Molecular ecology of
tetracycline resistance: development and validation of primers for detection of

tetracycline resistance genes encoding ribosomal protection proteins. Appl. Environ.
Microbiol. 67:22-23.

Atalaia, V. 1983. Contribui¢ao para o estudo das mamites bovinas na regido do Ribatejo-
Oeste. Repositorio de Trabalhos do Laboratorio Nacional de Investigacdo Veterinaria.
15:95-116. (In Portuguese)

Banks, D. J., S. B. Beres, and J. M. Musser. 2002. The fundamental contribution of
phages to GAS evolution, genome diversification and strain emergence. Trends
Microbiol. 10:515-521.

Barkema, H. W., M. J. Green, A. J. Bradley, and R. N. Zadoks. 2009. Invited review:
the role of contagious disease in udder health. J. Dairy Sci. 92:4717-4729.

Baseggio, N., P. D. Mansell, J. W. Browning, and G. F. Browning. 1997. Strain
differentiation of isolates of streptococci from bovine mastitis by pulsed-field gel
electrophoresis. Mol. Cell. Probes 11:349-354.

Beres, S. B., and J. M. Musser. 2007. Contribution of exogenous genetic elements to the
group A Streptococcus metagenome. PLoS One. 2:¢800.

Beres, S. B., R. Sesso, S. W. Pinto, N. P. Hoe, S. F. Porcella, F. R. Deleo, and J. M.
Musser. 2008. Genome sequence of a Lancefield group C Streptococcus zooepidemicus
strain causing epidemic nephritis: new information about an old disease. PLoS One.
3(8):e3026.

Betschel, S. D., S. M. Borgia, N. L. Barg, D. E. Low, and J. C. De Azavedo. 1998.
Reduced virulence of group A streptococcal Tn916 mutants that do not produce

streptolysin S. Infect. Immun. 66:1671-1679.

Bexiga, R., L. M. Cavaco, and C. L. Vilela. 2005. Subclinical bovine mastitis in the
Ribatejo-Oeste area. Rev. Port. Cienc. Vet. 100:39-44. (In Portuguese)

103



References

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

104

Bisharat, N., D. W. Crook, J. Leigh, R. M. Harding, P. N. Ward, T. J. Coffey, M. C.
Maiden, T. Peto, and N. Jones. 2004. Hyperinvasive neonatal group B streptococcus has
arisen from a bovine ancestor. J Clin Microbiol. 42:2161-2167.

Bishop, E. J., C. Shilton, S. Benedict, F. Kong, G. L. Gilbert, D. Gal, D. Godoy, B. G.
Spratt, and B. J. Currie. 2007. Necrotizing fasciitis in captive juvenile Crocodylus
porosus caused by Streptococcus agalactiae: an outbreak and review of the animal and
human literature. Epidemiol. Infect. 135:1248-1255.

Botrel, M. A, M. Haenni, E. Morignat, P. Sulpice, J. Y. Madec, and D. Calavas.
2010. Distribution and antimicrobial resistance of clinical and subclinical mastitis
pathogens in dairy cows in Rhone-Alpes, France. Foodborne Pathog. Dis. 7:479-487.

Bozdogan, B., L. Berrezouga, M. S. Kuo, D. A. Yurek, K. A. Farley, B. J. Stockman,
and R. Leclercq. 1999. A new resistance gene, linB, conferring resistance to
lincosamides by nucleotidylation in Enterococcus faecium HM1025. Antimicrob. Agents
Chemother. 43:925-929.

Bradley, A. 2002. Bovine mastitis: An evolving disease. Vet. J. 164:116-128.

Bramley, A. J., and F. H. Dodd. 1984. Reviews of the progress of dairy science: Mastitis
control - progress and prospects. J. Dairy Res. 51:481-512.

Brassard, J., M. Gottschalk, and S. Quessy. 2004. Cloning and purification of the
Streptococcus suis serotype 2 glyceraldehyde-3-phosphate dehydrogenase and its
involvement as an adhesin. Vet. Microbiol. 102:87-94.

Breen, J. E., M. J. Green, and A. J. Bradley. 2009. Quarter and cow risk factors
associated with the occurrence of clinical mastitis in dairy cows in the United Kingdom. J.
Dairy Sci. 92:2551-2561.

Brenciani, A., A. Bacciaglia, C. Vignaroli, A. Pugnaloni, P. E. Varaldo, and E.
Giovanetti. 2010. ®m46.1, the main Streptococcus pyogenes element carrying mef(A)
and tet(O) genes. Antimicrob. Agents Chemother. 54:221-229.

Brenciani, A., A. Bacciaglia, M. Vecchi, L. A. Vitali, P. E. Varaldo, and E.
Giovanetti. 2007. Genetic elements carrying erm(B) in Streptococcus pyogenes and
association with tet(M) tetracycline resistance gene. Antimicrob Agents
Chemother. 51:1209-1216.

Brochet, M., E. Couvé, M. Zouine, T. Vallaeys, C. Rusniok, M.-C. Lamy, C.
Buchrieser, P. Trieu-Cuot, F. Kunst, C. Poyart, and P. Glaser. 2006.
Genomic diversity and evolution within the species Streptococcus agalactiae. Microbes
Infect. 8:1227-1243.

Calvinho, L. F., R. A. Almeida, and S. P. Oliver. 1998. Potential virulence factors of
Streptococcus dysgalactiae associated with bovine mastitis. Vet. Microbiol. 61:93-110.

Cantarel, B. L., P. M. Coutinho, C. Rancurel, T. Bernard, V. Lombard, and B.
Henrissat. 2008. The Carbohydrate-Active EnZymes database (CAZy): an expert
resource for Glycogenomics. Nucleic Acids Res. 37:D233-D238.



References

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Carlos, A. R., J. Santos, T. Semedo-Lemsaddek, M. T. Barreto-Crespo, and R.
Tenreiro. 2009. Enterococci from artisanal dairy products show high levels of
adaptability. Int. J. Food Microbiol. 129:194-199.

Casiano-Coldn, A., and R. E. Marquis. 1988. Role of the arginine deiminase system in

protecting oral bacteria and an enzymatic basis for acid tolerance. Appl Environ
Microbiol. 54:1318-1324.

Chen, C. C,, L. J. Teng, and T. C. Chang. 2004. Identification of clinic relevant
viridans group streptococci by sequence analysis of the 16S-23S ribosomal DNA spacer
region.J. Clin. Microbiol. 42:2651-2657.

Chen, C. C., and P. P. Cleary. 1990. Complete nucleotide sequence of the streptococcal
C5a peptidase gene of Streptococcus pyogenes. J. Biol. Chem. 265:3161-3167.

Chen, X., O. K. Dego, R. A. Almeida, T. E. Fuller, D. A. Luther, and S. P. Oliver.
2011. Deletion of sua gene reduces the ability of Streptococcus uberis to adhere to and
internalize into bovine mammary epithelial cells. Vet. Microbiol. 147:426-434.

Chénier, S., M. Leclere, S. Messier, and G. Fecteau. 2008. Streptococcus dysgalactiae
cellulitis and toxic shock like syndrome in a Brown Swiss cow. J. Vet. Diagn.
Invest. 20:99-103.

Chung, M., H. de Lencastre, P. Matthews, A. Tomasz, 1. Adamsson, M. Aires de
Sousa, T. Camou, C. Cocuzza, A. Corso, I. Couto, A. Dominguez, M. GniadkowskKi,
R. Goering, A. Gomes, K. Kikuchi, A. Marchese, R. Mato, O. Melter, D. Oliveira, R.
Palacio, R. S&-Ledo, I. Santos-Sanches, J. H. Song, P. T. Tassios, and P. Villari, and
Multilaboratory Project Collaborators. 2000. Molecular typing of methicillin-resistant
Staphylococcus aureus by pulsedfield gel electrophoresis: Comparison of results obtained
in a multilaboratory effort using identical protocols and MRSA strains. Microb. Drug
Resist. 6:189-198.

Cieslewicz, M. J., D. L. Kasper, Y. Wang, and M. R. Wessels. 2001. Functional
analysis in type la group B Streptococcus of a cluster of genes involved in extracellular
polysaccharide production by diverse species of streptococci. J. Biol. Chem. 276:139-146.

Clarebout, G., C. Villers, and R. Leclercq. 2001. Macrolide resistance gene mreA of
Streptococcus agalactiae encodes a flavokinase. Antimicrob. Agents Chemother.
45:2280-2286.

Clarridge, J. E. 2004. Impact of 16S rRNA gene sequence analysis for identification of
bacteria on clinical microbiology and infectious diseases. Clin. Microbiol. Rev. 17:840-
862.

CLSI. 2008. Performance standards for antimicrobial disk and dilution susceptibility for
bacteria isolated from animals; approved standard - second edition. CLSI document M31-
A3, 28(8):65-72.

Coffey, T. J., G. D. Pullinger, R. Urwin, K. A. Jolley, S. M. Wilson, M. C. Maiden,
and J. A. Leigh. 2006. First insights into the evolution of Streptococcus uberis: A
multilocus sequence typing scheme that enables investigation of its population biology.
Appl. Environ. Microbiol. 72:1420-1428.

105



References

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

106

Cork, A. J., S. Jergic, S. Hammerschmidt, B. Kobe, V. Pancholi, J. L. Benesch, C. V.
Robinson, N. E. Dixon, J. A. Aquilina, and M. J. Walker. 2009. Defining the
structural basis of human plasminogen binding by streptococcal surface enolase. J. Biol.
Chem. 284:17129-17137.

Davies, M. R., D. J. McMillan, G. H. Van Domselaar, M. K. Jones, and K. S.
Sriprakash. 2007. Phage 3396 from Streptococcus dysgalactiae subsp. equisimilis
pathovar may have its origins in Streptococcus pyogenes. J. Bacteriol. 189:2646-2652.

Davies, M. R., J. Shera, G. H. Van Domselaar, K. S. Sriprakash, and D. J. McMillan.
2009. A novel integrative conjugative element mediates genetic transfer from group G
Streptococcus to other beta-hemolytic Streptococci. J. Bacteriol. 191:2257-2265.

Davies, M. R., T. N. Tran, D. J. McMillan, D. L. Gardiner, B. J. Currie, and K. S.
Sriprakash. 2005. Inter-species genetic movement may blur the epidemiology of
streptococcal diseases in endemic regions. Microbes. Infect. 7:1128-1138.

Dego, O. K., R. A. Almeida, and S. P. Oliver. 2011. Presence of 1SS1-like insertion
sequence in wild type Streptococcus uberis strains isolated from cases of mastitis. Vet.
Microbiol. 151:315-320.

Denamiel, G., P. Llorente, M. Carabella, M. Rebuelto, and E. Gentilini. 2005.
Antimicrobial susceptibility of Streptococcus spp. isolated from bovine mastitis in
Argentina. J. Vet. Med. B Infect. Dis. Vet. Public Health. 52:125-128.

D’Ercole, S., D. Petrelli, M. Prenna, C. Zampaloni, M. R. Catania, S. Ripa, and L. A.
Vitali. 2005. Distribution of mef(A)-containing genetic elements in erythromycin-
resistant isolates of Streptococcus pyogenes from Italy. Clin. Microbiol. Infect. 11:927-
930.

Dierksen, K. P., and J. R. Taqg. 2000. Haemolysin-deficient variants of Streptococcus
pyogenes and S. dysgalactiae subsp. equisimilis may be overlooked as aetiological agents
of pharyngitis. J. Med. Microbiol. 49:811-816.

Douglas, V. L., S. G. Fenwick, D. U. Pfeiffer, N. B. Williamson, and C. W. Holmes.
2000. Genomic typing of Streptococcus uberis isolates from cases of mastitis, in New
Zealand dairy cows, using pulsedfield gel electrophoresis. Vet. Microbiol. 75:27-41.

Duarte, R. S., B. C. Bellei, Q. P. Miranda, M. A. Brito, and L. M. Teixeira. 2005.
Distribution of antimicrobial resistance and virulence-related genes among Brazilian
group B streptococci recovered from bovine and human sources. Antimicrob. Agents
Chemother. 49:97-103.

Efstratiou, A. 1997. Pyogenic streptococci of Lancefield groups C and G as pathogens in
man. Soc. Appl. Bacteriol. Symp. Ser. 26:72S-79S.

Efstratiou, A. 2000. Group A streptococci in the 1990s. J. Antimicrob. Chemother. 45:3-
12.

Ekin, I. H., and K. Gurturk. 2006. Characterization of bovine and human group B
streptococci isolated in Turkey. J. Med. Microbiol. 55:517-521.

Ekman, T., G. Astrom, and H. Funke. 1994. Measures taken by veterinarians in
Sweden in cases of bovine mastitis. Acta Vet. Scand. 35:329-335.



References

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Ericsson Unnerstad, H., A. Lindberg, W. K. Persson, T. Ekman, K. Artursson, M.
Nilsson-Ost, and B. Bengtsson. 2009. Microbial aetiology of acute clinical mastitis and
agent-specific risk factors. Vet. Microbiol. 137:90-97.

Erskine, R. J., S. Wagner, and F. J. DeGraves. 2003. Mastitis therapy and
pharmacology. Vet. Clin. Food Anim. 19:109-138.

Evans, A. C. 1936. Studies on hemolytic streptococci: II. Streptococcus pyogenes. J.
Bacteriol. 31:611-624.

Eyre, D. W., J. S. Kenkre, I. C. Bowler, and S. J. McBride. 2010. Streptococcus equi
subspecies zooepidemicus meningitis - a case report and review of the literature. Eur. J.
Clin. Microbiol. Infect. Dis. 29:1459-1463.

Facklam, R. 2002. What happened to the streptococci: Overview of taxonomic and
nomenclature changes. Clin. Microbiol. Rev. 15:613-630.

Figueiredo, T. A., S. I. Aguiar, J. Melo-Cristino, and M. Ramirez. 2006. DNA
methylase activity as a marker for the presence of a family of phage-like elements
conferring efflux-mediated macrolide resistance in streptococci. Antimicrob. Agents
Chemother. 50:3689-3694.

Florindo, C., S. Viegas, A. Paulino, E. Rodrigues, J. P. Gomes, and M. J. Borrego.
2010. Molecular characterization and antimicrobial susceptibility profiles in
Streptococcus agalactiae colonizing strains: association of erythromycin resistance with
subtype II1I-1 genetic clone family. Clin. Microbiol. Infect. 16:1458-1463.

Fraley, C., and A. E. Raftery. 2006. MCLUST Version 3 for R: normal mixture
modelling and model-based clustering, technical report no. 504. Department of statistics,
University of Washington, Seattle, WA.

Franken, C., G. Haase, C. Brandt, J. Weber-heynemann, S. Martin, C. Lammler, A.
Podbielski, R. Lutticken, and B. Spellerberg. 2001. Horizontal gene transfer and host
specificity of betahaemolytic streptococci: the role of a putative composite transposon
containing scpB and Imb. Mol. Microbiol. 41:925-935.

Fischetti, V. A. 2000. Surface proteins on gram-positive bacteria. In. The Gram Positive
Pathogens. VA Fischetti, R.P. Novick, J.J. Ferretti, D.A. Portnoy and J.I. Rood (eds.),
ASM Publications, Washington, Chapter 2. pp 11-24.

Fischetti, V. A., and P. Ryan. 2008. The Streptococcus. In: Practical Handbook of
Microbiology. L. Green and E. Goldman (eds.), CRC Press, NY. pp. 295-307.

Geyer, A., and K. H. Schmidt. 2000. Genetic organisation of the M protein region in
human isolates of group C and G streptococci: two types of multigene regulator-like
(mgrC) regions. Mol. Gen. Genet. 262:965-976.

Giovanetti, E., A. Brenciani, R. Lupidi, M. C. Roberts, and P. E. Varaldo. 2003.
Presence of the tet(O) gene in erythromycin- and tetracycline-resistant strains of
Streptococcus pyogenes and linkage with either the mef(A) or the erm(A) gene.
Antimicrob. Agents Chemother. 47:2844-2849.

Glaser, P., C. Rusniok, C. Buchrieser, F. Chevalier, L. Frangeul, T. Msadek, M.
Zouine, E. Couvé, L. Lalioui, C. Poyart, P. Trieu-Cuot, and F. Kunst. 2002. Genome

107



References

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

108

sequence of Streptococcus agalactiae, a pathogen causing invasive neonatal disease. Mol.
Microbiol. 45:1499-1513.

Gleich-Theurer, U., S. Aymanns, G. Haas, S. Mauerer, J. Vogt, and B. Spellerberg.
2009. Human serum induces streptococcal c5a peptidase expression. Infect. Immun.
77:3817-3825.

Graczyk, T. K., M. R,, Cranfield, S. E. Kempske, and M. A. Eckhaus. 1995.
Fulminant Streptococcus pneumoniae meningitis in a lion-tailed macaque (Macaca
silenus) without detected signs. J. Wildl. Dis. 31:75-87.

Green, N. M., S. B. Beres, E. A. Graviss, J. E. Allison, A. J. McGeer, J. Vuopio-
Varkila, R. B. LeFevre, and J. M. Musser. 2005. Genetic diversity among type emm28

group A Streptococcus strains causing invasive infections and pharyngitis. J. Clin.
Microbiol. 43:4083-4091.

Grohn, Y. T., D. J. Wilson, R. N. Gonzalez, J. A. Hertl, H. Schulte, G. Bennett and
Y. H. Schukken. 2004. Effect of pathogen-specific clinical mastitis on milk yield in dairy
cows. J. Dairy Sci. 87:3358-3374.

Haenni, M., E. Saras, S. Bertin, P. Leblond, J. Y. Madec, and S. Payot. 2010[a].
Diversity and mobility of integrative and conjugative elements in bovine isolates of
Streptococcus agalactiae, S. dysgalactiae subsp. dysgalactiae, and S. uberis. Appl.
Environ. Microbiol. 76:7957-7965.

Haenni, M., L. Galofaro, M. Ythier, M. Giddey, P. Majcherczyk, P. Moreillon, and
J. Y. Madec. 2010[b]. Penicilin-binding protein gene alterations in Streptococcus uberis
isolates presenting decreased susceptibility to penicilin. Antimicrob. Agents Chemother.
54:1140-1145.

Hagiwara H., R. Takano, M. Noguchi, and M. Narita. 2009. A study of the lesions
induced in Seriola dumerili by intradermal or intraperitoneal injection of Streptococcus
dysgalactiae. J. Comp. Pathol. 140:25-30.

Hall, T.A. 1999. BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41:95-98.

Hartas, J.,and K. S. Sriprakash. 1999. Streptococcus pyogenes strains containing
emm12 and emmS55 possess a novel gene coding for distantly related SIC protein. Microb.
Pathog. 26:25-33.

Hendriksen, R. S., D. J. Mevius, A. Schroeter, C. Teale, D. Meunier, P. Butaye, A.
Franco, A. Utinane, A. Amado, M. Moreno, C. Greko, K. Stark, C. Berghold, A.-L.
Myllyniemi, D. Wasyl, M. Sunde, and F. M. Aarestrup. 2008. Prevalence of
antimicrobial resistance among bacterial pathogens isolated from cattle in different
European countries: 2002-2004. Acta Vet. Scand. 50:28-37.

Héry-Arnaud G., G. Bruant, P. Lanotte, S. Brun, A. Rosenau, N. van der Mee-
Marquet, R. Quentin, and L. Mereghetti. 2005. Acquisition of Insertion Sequences and
the GBSil Intron by Streptococcus agalactiae Isolates Correlates with the Evolution of
the Species. J. Bacteriol. 187:6248-6252.



References

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Holden, M. T., Z. Heather, R. Paillot, K. F. Steward, K. Webb, F. Ainslie, T.
Jourdan, N. C. Bason, N. E. Holroyd, K. Mungall, M. A. Quail, M. Sanders, M.
Simmonds, D. Willey, K. Brooks, D. M. Aanensen, B. G. Spratt, K. A. Jolley, M. C.
Maiden, M. Kehoe, N. Chanter, S. D. Bentley, C. Robinson, D. J. Maskell, J.
Parkhill, and A. S. Waller. 2009. Genomic evidence for the evolution of Streptococcus
equi: host restriction, increased virulence, and genetic exchange with human pathogens.
PLoS Pathog. 5(3):e1000346. Epub.

Hollingshead, SK, Fischettit VA, and Scott JR. 1986. Complete nucleotide sequence of
type 6 M protein of the group A Streptococcus. Repetitive structure and membrane
anchor. J. Biol. Chem. 261:1677-1686.

Humar, D.,V Datta, DJ Bast,B Beall ,JC De Azavedo,and V Nizet. 2002.
Streptolysin S and necrotising infections produced by group G streptococcus. Lancet.
359:124-129.

Igwe, E. I, P. L. Shewmaker, R. R. Facklam, M. M. Farley, C. van Beneden, and B.
Beall. 2003. Identification of superantigen genes speM, ssa, and smeZ in invasive strains
of beta-hemolytic group C and G streptococci recovered from humans. FEMS Microbiol.
Lett. 229:259-264.

Ippolito, D. L., W. A. James, D. Tinnemore, R. R. Huang, M. J. Dehart, J. Williams,
M. A. Wingerd, and S. T. Demons. 2010. Group B streptococcus serotype prevalence in
reproductive-age women at a tertiary care military medical center relative to global
serotype distribution. BMC Infect. Dis. 10:336-346.

Jasir, A., A. Tanna, A. Efstratiou, and C. Schalén. 2001. Unusual occurrence of M

type 77, antibiotic-resistant Group A streptococci in Southern Sweden. J. Clin. Microbiol.
39:586-590.

Jolley, K. A., M. S. Chan, and M. C. Maiden. 2004. milstdbNet - Distributed multi-locus
sequence typing (MLST) databases. BMC Bioinformatics 5:86-93.

Jones, G. W.,, D. B. Clewell. L. G. Charles, and M. M. Vickerman. 1996.
Multiple phase variation in haemolytic, adhesive and antigenic properties of
Streptococcus gordonii. Microbiology 142:181-189.

Jonsson, H., L. Frykberg, L. Rantaméki, and B. Guss. 1994. MAG, a novel plasma
protein receptor from Streptococcus dysgalactiae. Gene. 143:85-89.

Jonsson, H., and H. P. Miller. 1994. The type-III Fc receptor from Streptococcus
dysgalactiae is also an alpha 2-macroglobulin receptor. Eur. J. Biochem. 220:819-26.

Kadioglu, A., J. N. Weiser, J. C. Paton, and P. W. Andrew. 2008. The role of
Streptococcus pneumoniae virulence factors in host respiratory colonization and disease.
Nat. Rev. Microbiol. 6:288-301.

Kalmus, P., B. Aasmée, A. Karssin, T. Orro, and K. Kask. 2011. Udder pathogens and
their resistance to antimicrobial agents in dairy cows in Estonia. Acta Vet. Scand. 53:4-
10.

Kaspar, H. 2006. Results of the antimicrobial agent susceptibility study raised in a

representative, cross-sectional monitoring study on a national basis. Int. J. Med.
Microbiol. 41:69-79.

109



References

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

110

Kasravi, R., M. Bolourchi, N. Farzaneh, H. A. Seifi, A. Barin, P. Hovareshti, and F.
Gharagozlou. 2011. Efficacy of conventional and extended intra-mammary treatment of
persistent sub-clinical mastitis with cefquinome in lactating dairy cows. Trop. Anim.
Health Prod. 43:1203-1210.

Katerov, V., A. Andreev, C. Schalén, and A. A. Totolian. 1998. Protein F, a
fibronectin-binding protein of Streptococcus pyogenes, also binds human fibrinogen:
isolation of the protein and mapping of the binding region. Microbiology. 144:119-126.

Kawamura, Y., X. G. Hou, F. Sultana, H. Miura, and T. Ezaki. 1995. Determination
of 16S rRNA sequences of Streptococcus mitis and Streptococcus gordonii and
phylogenetic relationchips among members of the genus Streptococcus. Int. J. Syst.
Bacteriol. 45:406-408.

Kawata, K., T. Minakami, Y. Mori, M. Katsumi, Y. Kataoka, A. Ezawa, N. Kikuchi,
and T. Takahashi. 2003. rDNA sequence analyses of Streptococcus dysgalactiae subsp.
equisimilis isolates from pigs. Int. J. Syst. Evol. Microbiol. 53:1941-1946.

Khan, I. U., A. A. Hassan, A. Abdulmawjood, C. Lammler, W. Wolter, and M.
Zschock. 2003. Identification and epidemiological characterization of Streptococcus
uberis isolated from bovine mastitis using conventional and molecular methods. J. Vet.
Sci. 4:213-224.

Koh, T. H., L. H. Sng, S. M. Yuen, C. K. Thomas, P. L. Tan, S. H. Tan, and N. S.
Wong. 2009. Streptococcal cellulitis following preparation of fresh raw seafood.
Zoonoses Public Health. 56:206-208.

Kong, F., S. Gowan, D. Martin, G. James, and G. L. Gilbert. 2002. Serotype
identification of group B streptococci by PCR and sequencing. J. Clin. Microbiol. 40:216-
226.

Lacasta, D., L. M. Ferrer, J. J. Ramos, A. Loste, and J. P. Bueso. 2008. Digestive
pathway of infection in Streptococcus dysgalactiae polyarthritis in lambs. Small Rum.
Res. 78:202-205.

Lal, D., M. Verma, and R. Lal. 2011. Exploring internal features of 16S rRNA gene for
identification of clinically relevant species of the genus Streptococcus. Ann. Clin.
Microbiol. Antimicrob. 10:28-38.

Lancefield, R. C. 1933. A serological differentiation of human and other groups of
streptococci. J. Exp. Med. 57:571-595.

LeBlanc, S. J., K. D. Lissemore, D. F. Kelton, T. F. Duffield, and K. E. Leslie. 2006.
Major advances in disease prevention in dairy cattle. J. Dairy Sci. 89:1267-1279.

Lei, B., M. Liu, J. M. Voyich, C. I. Prater, S. V. Kala, F. R. DeLeo, and J. M.
Musser. 2003. Identification and characterization of HtsA, a second Heme-binding
protein made by Streptococcus pyogenes. Infect. Immun. 71: 5962-5969.

Leigh, J. A. 1999. Streptococcus uberis: A permanent barrier to the control of bovine
mastitis? Vet.. J. 157:225-238.



References

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Leigh, J. A., S. M. Hodgkinson, and R. A.Lincoln. 1998. The interaction of
Streptococcus dysgalactiae with plasmin and plasminogen. Vet. Microbiol. 61:121-135.
Lindahl, G., M. Stalhammar-Carlemalm, and T. Areschoug. 2005. Surface proteins of
Streptococcus agalactiae and related proteins in other bacterial pathogens. Clin.
Microbiol. Rev. 18:102-127.

Lintges, M., S. Arlt, P. Uciechowski, B. Plimékers, R. R. Reinert, A. Al-Lahham, R.
Lutticken, and L. Rink. 2007. A new closed-tube multiplex real-time PCR to detect
eleven superantigens of Streptococcus pyogenes identifies a strain without superantigen
activity. Int. J. Med. Microbiol. 297:471-478.

Liu, G. Y., and V. Nizet. 2004. Extracellular virulence factors of group B streptococci.
Front. Biosci. 9:1794-1802.

Liu, L. C,, J. C. Tsai, P. R. Hsueh, S. P. Tseng, W. C. Hung, H. J. Chen, and L. J.
Teng. 2008. Identification of tet(S) gene area in tetracycline-resistant Streptococcus
dysgalactiae subsp. equisimilis clinical isolates. J. Antimicrob. Chemother. 61:453-455.

Lopez-Benavides, M. G., J. H. Williamson, G. D. Pullinger, S. J. Lacy-Hulbert, R. T.
Cursons, and J. A. Leigh. 2007. Field observations on the variation of Streptococcus
uberis populations in a pasture based dairy farm. J. Dairy Sci. 90:5558-5566.

Lortie, L. A., M. Pelletier, C. Vadeboncoeur, and M. Frenette. 2000. The gene
encoding ITAB(Man)L in Streptococcus salivarius is part of a tetracistronic operon
encoding a phosphoenolpyruvate: mannose/glucose phosphotransferase system.
Microbiology. 146:677-685.

Luan, S. L., M. Granlund, M. Sellin, T. Lagergard, B. G. Spratt, and M. Norgren.
2005. Multilocus sequence typing of Swedish invasive group B streptococcus isolates
indicates a neonatally associated genetic lineage and capsule switching. J. Clin.
Microbiol. 43:3727-3733.

Luca-Harari B., J. Darenberg, S. Neal, T. Siljander, L. Strakova, A. Tanna, R. Creti,
K. Ekelund, M. Koliou, P. T. Tassios, M. van der Linden, M. Straut, J. Vuopio-
Varkila, A. Bouvet, A. Efstratiou, C. Schalén, B. Henriques-Normark, Strep-EURO
Study Group and A. Jasir. 2009. Clinical and microbiological characteristics of severe
Streptococcus pyogenes disease in Europe. J. Clin. Microbiol. 47:1155-1165.

Madden, J. C., N. Ruiz, and M. Caparon. 2001. Cytolysin-Mediated Translocation
(CMT): A functional equivalent of type III secretion in Gram-Positive bacteria. Cell
104:143-152.

Maiden, M. C. J.,, J. A. Bygraves, E. Feil, G. Morelli, J. E. Russell, R. Urwin, Q.
Zhang, J. Zhou, K. Zurth, D. A. Caugant, I. M. Feavers, M. Achtman, and B. G.
Spratt. 1998. Multilocus sequence typing: A portable approach to the identification of
clones within populations of pathogenic microorganisms. Proc. Natl. Acad. Sci. USA
95:3140-3145.

Malbruny, B., A. M. Werno, T. P. Anderson, D. R. Murdoch, and R. Leclercq. 2004.

A new phenotype of resistance to lincosamide and streptogramin A-type antibiotics in
Streptococcus agalactiae in New Zealand. J. Antimicrob. Chemother. 54:1040-1044.

111



References

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

112

Mamo, W., G. Froman, A. Sundas, and T. Wadstrom. 1987. Binding of fibronectin,
fibrinogen and type II collagen to streptococci isolated from bovine mastitis. Microb.
Pathog. 2:417-424.

Manning, S. D., A. C. Springman, A. D. Million, N. R. Milton, S. E. McNamara, P.
A. Somsel, P. Bartlett, and H. D. Davies. 2010. Association of Group B Streptococcus
colonization and bovine exposure: a prospective cross-sectional cohort study. PLoS One.
5(1):e8795.

Matsumoto, M., N. P. Hoe, M. Liu, S. B. Beres, G. L. Sylva, C. M. Brandt, G. Haase,
and J. M. Musser. 2003. Intrahost sequence variation in the streptococcal inhibitor of
complement gene in patients with human pharyngitis. J. Infect. Dis. 187:604-612.

McArthur, J. D., F. C. McKay, V. Ramachandran, P. Shyam, A. J. Cork, M. L.
Sanderson-Smith, J. N. Cole, U. Ringdahl, U. Sjébring, M. Ranson, and M. J.
Walker. 2008. Allelic variants of streptokinase from Streptococcus pyogenes display
functional differences in plasminogen activation. FASEB J. 22:3146-3153.

McDougall, S., T. J. Parkinson, M. Leyland, F. M. Anniss, and S. G. Fenwick. 2004.
Duration of infection and strain variation in Streptococcus uberis isolated from cows’
milk. J. Dairy Sci. 87:2062-2072.

Mclver, K. S., S. Subbarao, E. M. Kellner, A. S. Heath, and J. R. Scott. 1996.
Identification of isp, a locus encoding an immunogenic secreted protein conserved among
group A streptococci. Infect. Immun. 64:2548-2555.

McLachlan, G.J., and D. Peel. 2000. Finite mixture models. Wiley series in probability
and statistics. John Wiley & Sons, Inc., New York, N.Y.

McMillan D. J., K. S. Sriprakash and G. S. Chhatwal. 2007[a]. Genetic variation in
group A streptococci. Int. J. Med. Microbiol. 297:525-532.

McMillan, D. J., R. Geffers, J. Buer, B. J. Vlaminckx, K. S. Sriprakash, and G. S.
Chhatwal. 2007[b]. Variations in the distribution of genes encoding virulence and
extracellular proteins in group A streptococcus are largely restricted to 11 genomic loci.
Microbes Infect. 9:259-270.

Melchior, M. B., M. H. J. van Osch, R. M. Graat, E. van Duijkeren, D. J. Mevius, M.
Nielen, W. Gaastra, and J. Fink-Gremmels. 2009. Biofilm formation and genotyping of
Staphylococcus aureus bovine mastitis isolates: evidence for lack of penicillin-resistance
in Agr-type II strains. Vet. Microbiol. 137:83-89.

Meyers, L. A, B. R. Levin, A. R. Richardson, and I. Stojiljkovic. 2003. Epidemiology,
hypermutation, within-host evolution and the virulence of Neisseria meningitidis. Proc.
Biol. Sci. 270:1667-1677.

Miyoshi-Akiyama, T., J. Zhao, H. Kato, K. Kikuchi, K. Totsuka, Y. Kataocka, M.
Katsumi, and T. Uchiyama. 2003. Streptococcus dysgalactiae-derived mitogen (SDM),
a novel bacterial superantigen: Characterization of its biological activity and predicted
tertiary structure. Mol. Microbiol. 47:1589-1599.

Mook-Kanamori, B. B., M. Geldhoff, T. van der Poll, and D. van der Beek. 2011.
Pathogenesis and pathophysiology of pneumococcal meningitis. Clin. Microbial. Rev.
24:557-591.



References

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Mora, M., G. Bensi, S. Capo, F. Falugi, C. Zingaretti, A. G. Manetti, T. Maggi, A. R.
Taddei, G. Grandi, and J. L. Telford. 2005. Group A streptococcus produce pillus-like
structures containing protective antigens and Lancefield T antigens. Proc. Natl. Acad. Sci.
U.S.A. 102:15641-15646.

Muellner, P., R. N. Zadoks, A. M. Perez, S. E. F. Spencer, Y. H. Schukken and N. P.
French. 2011. The integration of molecular tools into veterinary and spatial
epidemiology. Spat. Spattemporal Epidemiol. 2:159-171.

Muffat-Jolly, M., B. Barry, D. Hénin, M. Fay, P. Gehanno, and J. J. Pocidalo. 1994.
Otogenic meningoencephalitis induced by Streptococcus pneumoniae in gerbils. Arch.
Otolaryngol. Head Neck Surg. 120:925-930.

Neave, F. K., F. H. Dodd, and R. G. Kingwill. 1966. A method of controlling udder
disease. Vet. Rec. 78:521-523.

Ng, L.-K., I. Martin, M. Alfa, and M. Mulvey. 2001. Multiplex PCR for the detection
of tetracycline resistant genes. Mol. Cell. Probes 15:209-215.

Nicholson, M. L., L. Ferdinand, J. S. Sampson, A. Benin, S. Balter, S. W. Pinto, S. F.
Dowell, R. R. Facklam, G. M. Carlone, and B. Beall. 2000. Analysis of
immunoreactivity to a Streptococcus equi subsp. zooepidemicus M-like protein to confirm
an outbreak of poststreptococcal glomerulonephritis, and sequences of M-like proteins
from isolates obtained from different host species. J. Clin. Microbiol. 38:4126-4130.

Oliveira,l. C., M. C. de Mattos, T. A. Pinto, B. T. Ferreira-Carvalho, L. C.
Benchetrit, A. A. Whiting, J. F. Bohnsack, and A. M. Figueiredo. 2006. Genetic
relatedness between group B streptococci originating from bovine mastitis and a human
group B Streptococcus type V cluster displaying an identical pulsed-field gel
electrophoresis pattern. Clin. Microbiol. Infect. 12:887-893.

Oliver, S. P. 1991. Growth of Staphylococcus aureus and Streptococcus species in bovine
mammary secretions during the nonlactating and peripartum periods following
intramammary infusion of lipopolysaccharide at cessation of milking. Zentralbl.
Veterinarmed. B. 38:538-544.

Patterson, M. J. 1996. Streptococcus. In Medical Microbiology. Samuel Baron (ed.),
Univ. of Texas Medical Branch. Chapter 13 (on website).

Petrovski, K. R., R. A. Laven, and N. Lopez-Villalobos. 2011. A descriptive analysis of
the antimicrobial susceptibility of mastitis-causing bacteria isolated from samples
submitted to commercial diagnostic laboratories in New Zealand (2003-2006). N. Z. Vet.
J. 59:59-66.

Pires, R., D. Rolo, L. Gama-Norton, A. Morais, L. Lito, M. J. Salgado, C. Johansson,
G. Mollerberg, B. Henriques-Normark, J. Gongalo-Marques, and I. Santos-Sanches.
2005. Group A streptococci from carriage and disease in Portugal: Evolution of
antimicrobial resistance and T antigenic types during 2000-2002. Microb. Drug Resist.
11:360-370.

Pires R., D. Rolo, R. Mato, J. Feio de Almeida, C. Johansson, B. Henriques-

Normark, A. Morais, A. Brito-Avo, J. Goncalo-Marques, and |. Santos-Sanches.
2009. Resistance to bacitracin in Streptococcus pyogenes from oropharyngeal

113



References

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

114

colonization and noninvasive infections in Portugal was caused by two clones of distinct
virulence genotypes. FEMS Microbiol. Lett. 296:235-240.

Pitkala, A., M. Haveri, S. Pyorala, V. Myllys, and T. Honkanen-Buzalski. 2004.
Bovine mastitis in Finland 2001 - Prevalence, distribution of bacteria, and antimicrobial
resistance. J. Dairy Sci. 87:2433-2441.

Phuektes, P., P. D. Mansell, R. S. Dyson, N. D. Hooper, J. S. Dick, and G. F.
Browning. 2001. Molecular epidemiology of Streptococcus uberis isolates from dairy
cows with mastitis. J. Clin. Microbiol. 39:1460-1466.

Podbielski, A., and B. A. B. Leonard. 1998. The group A streptococcal dipeptide
permease (Dpp) is involved in the uptake of essential amino acids and affects the
expression of cysteine protease. Mol. Microbiol. 28:1323-1334.

Priestnall, S. L., K. Erles, H. W. Brooks, J. M. Cardwell, A. S. Waller, R. Paillot, C.
Robinson, A. C. Darby, M. T. Holden, and S. Schoniger. 2010. Characterization of
pneumonia due to Streptococcus equi subsp. zooepidemicus in dogs. Clin. Vaccine
Immunol. 17:1790-1796.

Pullinger, G. D., T. J. Coffey, M. C. Maiden, and J. A. Leigh. 2007. Multilocus-
sequence typing analysis reveals similar populations of Streptococcus uberis are

responsible for bovine intramammary infections of short and long duration. Vet.
Microbiol. 119:194-204.

Pullinger, G. D., M. Ldpez-Benavides, T. J. Coffey, J. H. Williamson, R. T. Cursons,
E. Summers, J. Lacy-Hulbert, M. C. Maiden, and J. A. Leigh. 2006. Application of
Streptococcus uberis multilocus sequence typing: Analysis of the population structure
detected among environmental and bovine isolates from New Zealand and the United
Kingdom. Appl. Environ. Microbiol. 72:1429-1436.

Radtke, A., B. A. Lindstedt, J. E. Afset, and K. Bergh. 2010. Rapid multiple-locus
variant-repeat assay (MLVA) for genotyping of Streptococcus agalactiae. J. Clin.
Microbiol. 48:2502-2508.

Rajagopal, L. 2009. Understanding the regulation of group B streptococcal virulence
factors. Future Microbiol. 4:201-221.

Ramaswamy, S. V., P. Ferrieri, L. C. Madoff, A. E. Flores, N. Kumar, H. Tettelin,
and L. C. Paoletti. 2006. Identification of novel cps locus polymorphisms in nontypable
group B Streptococcus. J. Med. Microbiol. 55:775-783.

Rantamaki, L.K., and H. P. Miller. 1995. Phenotypic characterization of Streptococcus

dysgalactiae isolates from bovine mastitis by their binding to host derived proteins. Vet.
Microbiol. 46:415-426.

Reinoso, E. B., M. C. Lasagno, S. A. Dieser, and L. M. Odierno. 2011. Distribution of
virulence-associated genes in Streptococcus uberis isolated from bovine mastitis. FEMS
Microbiol. Lett. 318(2):183-188.

Ricci, S., R. Janulczyk, and L. Bjorck. 2002 The regulator PerP is involved in oxidative
stress response and iron homeostasis and is necessary for full virulence of Streptococcus
pyogenes. Infect. Immun. 70:4968-4976.



References

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Richards, V. P., P. Lang, P. D. Pavinski Bitar, T. Lefébure, Y. H. Schukken, R. N.
Zadoks, and M. J. Stanhope. 2011. Comparative genomics and the role of lateral gene
transfer in the evolution of bovine adapted Streptococcus agalactiae. Infect. Genet. Evol.
11:1263-1275.

Rosey, E. L., R. A. Lincoln, P. N. Ward, R. J. Yancey, and J. A. Leigh. 1999. PauA: a
novel plasminogen activator from Streptococcus uberis. FEMS Microbiol. Lett. 178:27-
33.

Rossito, P. V., L. Ruiz, Y. Kikuchi, K. Luiz, J. L. Watts, and J. S. Cullor. 2002.
Antibiotic susceptibility patterns for environmental streptococci isolated from bovine
mastitis in central California dairies. J. Dairy Sci. 85:132-138.

Safadi, R. A., S. Amor, G. Hery-Arnaud, B. Spellerberg, P. Lanotte, L. Mereghetti,
F. Gannier, R. Quentin, and A. Rosenau. 2010. Enhanced expression of Imb gene
encoding laminin-binding protein in Streptococcus agalactiae strains harboring IS1548 in
scpB-Imb intergenic region. PLoS One 5(5):e10794.

Salloum, M, N. van der Mee-Marquet, A. S. Valentin-Domelier, and R. Quentin.
2011. Diversity of prophage DNA regions of Streptococcus agalactiae clonal lineages
from adults and neonates with invasive infectious disease. PLoS One. 6(5):€20256.

Schleifer, K. H., and R. Kilpper-Balz. 1984. Transfer of Streptococcus faecalis and
Streptococcus faecium to the genus Enterococcus nom. rev as Enterococcus faecalis
comb. nov. Int.. J. Syst. Bacteriol. 34:31-34.

Schleifer, K. H., and R. kilpper-Balz. 1987. Molecular and chemotaxonomic approaches
to the classification of streptococci, enterococci and lactococci: a review. Syst. Appl.
Microbiol. 10:1-19.

Schmitt-Van de Leemput, and E., R. N. Zadoks. 2007. Genotypic and phenotypic
detection of macrolide and lincosamide resistance in Streptococcus uberis. J. Dairy Sci.
90:5089-5096.

Schmitz, F. J., A. Beyer, E. Charpentier, B. H. Normark, M. Schade, A. C. Fluit, D.
Hafner, and R. Novak. 2003. Toxin-gene profile heterogeneity among endemic invasive
European group A streptococcal isolates. J. Infect. Dis. 188:1578-1586.

Seegers, H., C. Fourichon, and F. Beaudeau. 2003. Production effects related to
mastitis and mastitis economics in dairy cattle herds. Vet. Res. 34:475-491.

Sellin, M., C. Olofsson, S. Hakansson, and M. Norgren. 2000. Genotyping of the
capsule gene cluster (Cps) in nontypeable group B streptococci reveals two major cps
allelic variants of serotypes III and VII. J. Clin. Microbiol. 38:3420-3428.

Seppéla, H., A. Nissinen, Q. Yu, and P. Huovinen. 1993. Three different phenotypes of
erythromycin-resistant Streptococcus poyogenes in Finland. J. Antimicrob. Chemother.
32:885-891.

Shakleina, E., A. Dmitriev, L. Tkacikova, A. Suvorov, |I. Mikula and A. Totolian.

2004. Presence of insertion sequences (IS elements) in group B streptococci of bovine
origin. Indian J. Med. Res. 119:242-246.

115



References

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

116

Shelburne, S. A. 3rd, D. B. Keith, M. T. Davenport, S. B. Beres, R. K. Carroll, and J.
M. Musser. 2009. Contribution of AmyA, na extracellular alpha-glucan degrading
enzyme, to group A streptococcal host-pathogen interaction. Mol. Microbiol. 74:159-174.

Shim, E. H., R. D. Shanks, and D. E. Morin. 2004. Milk losses and treatment costs
associated with two treatment protocols for clinical mastitis in dairy cows. J. Dairy Sci.
87:2702-2708.

Shulman, S. T., R. R. Tanz, J. B. Dale, B. Beall, W. Kabat, K. Kabat, E. Cederlund,
D. Patel, J. Rippe, Z. Li, and V. Sakota; North American Streptococcal Pharyngitis
Surveillance Group. 2009. Seven-year surveillance of North American pediatric group A
streptococcal pharyngitis isolates. Clin. Infect. Dis. 49:78-84.

Shum, L. W., C. S. McConnel, A. A. Gunn, and J. K. House. 2009. Environmental
mastitis in intensive high-producing dairy herds in New South Wales. Aust. Vet. J.
87:469-475.

Sierig, G., C. Cywes, M. R. Wessels, and C. D. Ashbaugh. 2003. Cytotoxic effects of
streptolysin O and streptolysin S enhance the virulence of poorly encapsulated group A
streptococci. Infect. Immun. 71:446-455.

Slotved, H.-C., F. Kong, L. Lambertsen, S. Sauer and G. L. Gilbert. 2007. Serotype
IX, a proposed new Streptococcus agalactiae serotype. J. Clin. Microbiol. 45:2929-2936.

Song, X. M., J. Perez-Casal, and A. A. Potter. 2004. The Mig protein of Streptococcus
dysgalactiae inhibits bacterial internalization into bovine mammary gland epithelial cells.
FEMS Microbiol. Lett. 231:33-38.

Sgrensen, U. B., K. Poulsen, C. Ghezzo, I. Margarit, and M. Kilian. 2010. Emergence
and global dissemination of host-specific Streptococcus agalactiae clones. MBio. 1(3).
pii:e00178-10.

Spellerberg, B., S. Martin, C. Franken, R. Berner, and R. Ldtticken. 2000.
Identification of a novel insertion sequence element in Streptococcus agalactiae.
Gene. 241:51-56.

Stalhammar-Carlemalm, M., T. Areschoug, C. Larsson, and C. Lindahl. 1999. The
R28 protein of Streptococcus pyogenes is related to several group B streptococcal surface
proteins, confers protective immunity and promotes binding to human epithelial cells.
Mol. Microbiol. 33:208-219.

Sumby, P., S. F. Porcella, A. G. Madrigal, K. D. Barbian, K. Virtaneva, S. M.
Ricklefs, D. E. Sturdevant, M. R. Graham, J. Vuopio-Varkila, N. P. Hoe, and J. M.
Musser. 2005. Evolutionary origin and emergence of a highly successful clone of
serotype M1 group A Streptococcus involved multiple horizontal gene transfer events. J.
Infect. Dis. 192:771-782.

Suzuki, H., T. Lefébure, M. J. Hubisz, P. Pavinski Bitar, P. Lang, A. Siepel, and M.
J. Stanhope. 2011. Comparative genomic analysis of the Streptococcus dysgalactiae
species group: gene content, molecular adaptation, and promoter evolution. Genome Biol.
Evol. 3:168-185.



References

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Takahashi, T., M. Kaneko, Y. Mori, M. Tsuji, N. Kikuchi, and T. Hiramune. 1997.
Phylogenetic analyses of Staphylococcus based on the 16S rDNA sequence and
assignment of clinical isolates from animals. J. Vet. Med. Sci. 59:775-783.

Takahashi, T., K. Ubukata, and H. Watanabe. 2011. Invasive infection caused by
Streptococcus dysgalactiae subsp. equisimilis: characteristics of strains and clinical
features. J. Infect. Chemother. 17:1-10.

Talay, S. R., P. Valentin-Weigand, K. M. Timmis, and G. S. Chhatwal. 1994. Domain
structure and conserved epitopes of Sfb protein, the fibronectin-binding adhesin of
Streptococcus pyogenes. Mol. Microbiol. 13:531-539.

Tamilselvam, B., R. A. Almeida, J. R. Dunlap, and S. P. Oliver. 2006. Streptococcus
uberis internalizes and persists in bovine mammary epithelial cells. Microb. Pathog.
40:279-285.

Tamura, K., J. Dudley, M. Nei, and S. Kumar. 2007. MEGA4: Molecular Evolutionary
Genetics Analysis (MEGA) software version 4.0. Mol. Biol. Evol. 24:1596-1599.

Tamura, K., D. Peterson, N. Peterson, G. Stecher, M. Nei and S. Kumar. 2011.
MEGAS5: Molecular Evolutionary Genetics Analysis using Maximum Likelihood,
Evolutionary Distance, and Maximum Parsimony Methods. Mol. Biol. Evol. 28:2731-
2739.

Tenhagen, B. A., G. Koster, J. Wallmann, and W. Heuwieser. 2006. Prevalence of
mastitis pathogens and their resistance against antimicrobial agents in dairy cows in
Bradenburg, Germany. J. Dairy Sci. 89:2542-2551.

Tenover, F. C., R. D. Arbeit, R. V. Goering, P. A. Mickelsen, B. E. Murray, D. H.
Persing, and B. Swaminathan. 1995. Interpreting chromosomal DNA restriction patterns
produced by pulsed-field gel electrophoresis: Criteria for bacterial strain typing. J. Clin.
Microbiol. 33:2233-2239.

Terao, Y., S. Kawabata, E. Kunitomo, I. Nakagawa, and S. Hamada. 2002. Novel
laminin-binding protein of Streptococcus pyogenes, Lbp, is involved in adhesion to
epithelial cells. Infect. Immun. 70:993-997.

Tettelin, H., V. Masignani, M. J. Cieslewicz, C. Donati, D. Medini, N. L. Ward, S. V.
Angiuoli, J. Crabtree, A. L. Jones, A. S. Durkin, R. T. Deboy, T. M. Davidsen, M.
Mora, M. Scarselli, I. Margarit y Ros, J. D. Peterson, C. R. Hauser, J. P. Sundaram,
W. C. Nelson, R. Madupu, L. M. Brinkac, R. J. Dodson, M. J. Rosovitz, S. A.
Sullivan, S. C. Daugherty, D. H. Haft, J. Selengut, M. L. Gwinn, L. Zhou, N. Zafar,
H. Khouri, D. Radune, G. Dimitrov, K. Watkins, K. J. O’Connor, S. Smith, T. R.
Utterback, O. White, C. E. Rubens, G. Grandi, L. C. Madoff, D. L. Kasper, J. L.
Telford, M. R. Wessels, R. Rappuoli, and C. M. Fraser. 2005. Genome analysis of
multiple pathogenic isolates of Streptococcus agalactiae implications for the microbial
”pan-genome”. Proc. Natl. Acad. Sci. U.S.A. 102:13950-13955.

Tettelin, H., V. Masignani, M. J. Cieslewicz, J. A. Eisen, S. Peterson M. R. Wessels, I.
T. Paulsen, K. E. Nelson, I. Margarit, T. D. Read, L. C. Madoff, A. M. Wolf, M. J.
Beanan, L. M. Brinkac, S. C. Daugherty, R. T. DeBoy, A. S. Durkin, J. F. Kolonay,
R. Madupu, M. R. Lewis, D. Radune, N. B. Fedorova, D. Scanlan, H. Khouri, S.
Mulligan, H. A. Carty, R. T. Cline, S. E. Van Aken, J. Gill, M. Scarselli, M. Mora, E.
T. Lacobini, C. Brettoni, G. Galli, M. Mariani, F. Vegni, D. Maione, D. Rinaudo, R.

117



References

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

118

Rappuoli, J. L. Telford, D. L. Kasper, G. Grandi, and C. M. Fraser. 2002. Complete
genome sequence and comparative genomic analysis of an emerging human pathogen,
serotype V Streptococcus agalactiae. Proc. Natl. Acad. Sci. U.S.A. 99:12391-12396.

Tien, N., C. M. Ho, H. J. Lin, M. C. Shih, M. W. Ho, H. C. Lin, H. S. Lin, C. C.
Chang, and J. J. Lu. 2011. Multilocus sequence typing of invasive group B
Streptococcus in central area of Taiwan. J. Microbiol. Immunol. Infect. 44(6):430-434.

Timoney, J. F. 2004. The pathogenic equine streptococci.Vet. Res. 35:397-4009.

Tomita, T., B. Meehan, N. Wongkattiya, J. Malmo, G. Pullinger, J. Leigh, and M.
Deighton. 2008. Identification of Streptococcus uberis multilocus sequence types highly
associated with mastitis. Appl. Environ. Microbiol. 74:114-124.

Towers, R. J., D. Gal, D. McMillan, K. S. Sriprakash, B. J. Currie, M. J. Walker, G.
S. Chhatwal, and P. K. Fagan. 2004. Fibronectin-binding protein gene recombination
and horizontal transfer between group A and G streptococci. J. Clin. Microbiol. 42:5357-
5361.

Vaarst, M., B. Paarup-Laursen, H. Houe, C. Fossing, and H. J. Andersen. 2002.
Farmer’s choice of medical treatment of mastitis in Danish dairy herds based on
qualitative research interviews. J. Dairy Sci. 85:992-1001.

Valentin-Weigand, P., M. Y. Traore, H. Blobel, and G. S. Chhatwal. 1990. Role of
alpha 2-macroglobulin in phagocytosis of group A and C streptococci. FEMS Microbiol.
Lett. 58:321-324.

Van Belkum, A., P. T. Tassios, L. Dijkshoorn, S. Haeggman, B. Cookson, N. K. Fry,
V. Fussing, J. Green, E. Feil, P. Gerner-Smidt, S. Brisse, and M. Struelens. 2007.
Guidelines for the validation and application of typing methods for the use in bacterial
epidemiology. Clin. Microbiol. Infect. 13(Suppl. 3):1-46.

Vandamme, P., B. pot, E. Falsen, K.. Kersters, and L. A. Devriese. 1996. Taxonomic
study of Lancefield streptococcal groups C, G, and L (Streptococcus dysgalactiae) and
proposal of Streptococcus dysgalactiae subsp. equisimilis subsp. nov. Int. J. Syst.
Bacteriol. 46:774-781.

Vasi, J., L. Frykberg, L. E. Carlsson, M. Lindberg, and B. Guss. 2000. M-like
proteins of Streptococcus dysgalactiae. Infect. Immun. 68:294-302.

Vela, A. |, E. Falsen, I. Simarro, E. Rollan, M. D. Collins, L. Dominguez, and J. F.
Fernandez-Garayzabal. 2006. Neonatal mortality in puppies due to bacteremia by
Streptococcus dysgalactiae subsp. dysgalactiae. J. Clin. Microbiol. 44:666-668.

Vieira, V. V., L. M. Teixeira, V. Zahner, H. Momen, R. R. Facklam, A. G.
Steigerwalt, D. J. Brenner, and A. C. Castro. 1998. Genetic relationships among the
different phenotypes of Streptococcus dysgalactiae strains. Int. J. Syst. Bacteriol.
48:1231-1243.

Viguier, C., S. Arora, N. Gilmartin, K. Welbeck, and R. O’Kennedy. 2009. Mastitis
detection: current trends and future perspectives. Trends Biotechnol. 27:486-493.



References

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Vojtek, 1., Z. A. Pirzada, B. Henriques-Normark, m. Mastny, R. P. Janapatla, and E.
Charpentier. 2008. Lysogenic transfer of group A streptococcus superantigen gene
among streptococci. J. Infect. Dis. 197:225-234.

Waldemarsson, J., T. Areschoug, G. Lindahl, and E. Johnsson. 2006. The
streptococcal Blr and Slr proteins with leucin-rich repeats: camouflaging by other surface
structures. J. Bacteriol. 188:378-388.

Wang, S. M., M. A. Deighton, J. A. Capstick, and N. Gerraty. 1999. Epidemiological
typing of bovine streptococci by pulsed-field gel electrophoresis. Epidemiol. Infect.
123:317-324.

Ward, P. N, and J. A. Leigh. 2002. Characterization of PauB, a novel broad-spectrum
plasminogen activator from Streptococcus uberis. J. Bacteriol. 184:119-125.

Ward, P. N., M. T. Holden, J. A. Leigh, N. Lennard, A. Bignell, A. Barron, L. Clark,
M. A. Quail, J. Woodward, B. G. Barrell, S. A. Egan, T. R. Field, D. Maskell, M.
Kehoe, C. G. Dowson, N. Chanter, A. M. Whatmore, S. D. Bentley, and J. Parkhill.
2009. Evidence for niche adaptation in the genome of the bovine pathogen Streptococcus
uberis. BMC Genomics 10:54-71.

Ward, P. N., T. R. Field, W. G. Ditcham, E. Maquin, and J. A. Leigh. 2001.
Identification and disruption of two discrete loci encoding hyaluronic acid capsule
biosynthesis genes hasA, hasB, and hasC in Streptococcus uberis. Infect. Immun. 69:392-
399.

Weisblum, B. 1995. Insights into erythromycin action from studies of its activity as
inducer of resistance. Antimicrob. Agents Chemother. 39:797-805.

Weisburg, W. G., S. M. Barns, D. A. Pelletier, and D. J. Lane. 1991. 16S ribosomal
DNA amplification for phylogenetic study. J. Bacteriol. 173:697-703.

White, I. J., T. J. Lam, Y. H. Schukken, L. E. Green, G. F. Medley, and M. J.
Chappell. 2006. The transmission and control of mastitis in dairy cows: a theoretical
approach. Prev. Vet. Med. 74:67-83.

WHO. 2001. Improve antibiotic use in animals. In Antibiotic resistance: synthesis of
recommendations by expert policy groups, pp.65-79.

Wieliczko, R. J., J. H. Williamson, R. T. Cursons, S. J. Lacy-Hulbert, and M. W.
Woolford. 2002. Molecular typing of Streptococcus uberis isolates from cases of bovine
mastitis. J. Dairy Sci. 85:2149-2154.

Woo, P.C., J. L. Teng, S. k. Lau, P. N. Lum, K. W. Leung, K. L. Wong, K. W. Li, K.
C. Lam, and K. Y. Yuen. 2003. Analysis of a viridans group strain reveals a case of
bacteremia due to Lancefield group G alpha-hemolytic Streptococcus dysgalactiae subsp.
equisimilis in a patient with pyomyositis and reactive arthritis. J. Clin. Microbiol. 41:613-
618.

Woese, C. R., O. Kandler, M. L.Wheelis. 1990. Towards a natural system of organisms:

Proposal for the domains Archaea, Bactéria, and Eucarya. Proc. Natl. Acad. Sci. USA.
87:4576-4579.

119



References

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

120

Wyder, A. B., R. Boss, J. Naskova, T. Kaufmann, A. Steiner, and H. U. Graber.
2011. Streptococcus spp. and related bacteria: their identification and their pathogenic
potenctial for chronic mastitis - a molecular approach. Res. Vet. Sci. 91:349-357.

Yeruham, I., A. Schwimmer, and Y. Brami. 2002. Epidemiological and bacteriological
aspects of mastitis associated with yellow-jacket wasps (Vespula germanica) in a dairy
cattle herd. J. Vet. Med. B Infect. Dis. Vet. Public Health 49:461-463.

Zadoks, R. N., B. E. Gillespie, H. W. Barkema, O. C. Sampimom, S. P. Oliver, and
Y. H. Schukken. 2003. Clinical, epidemiological and molecular characteristics of
Streptococcus uberis infections in dairy herds. Epidemiol. Infect. 130:335-349.

Zadoks, R. N., L. L. Tikofsky, and K. J. Boor. 2005[a]. Ribotyping of Streptococcus
uberis from a dairy environment, bovine feces and milk. Vet. Microbiol. 109:257-265.

Zadoks, R. N., R. N. Gonzédlez, K. J. Boor, and Y. H. Schukken. 2004. Mastitis-
causing streptococci are important contributors to bacterial counts in raw bulk tank milk.
J. Food. Prot. 67:2644-2650.

Zadoks, R. N., W. B. Leeuwen, D. Kreft, L. K. Fox, H. W. Barkema, Y. H. Schukken,
and A. van Belkum. 2002. Comparison of Staphylococcus aureus isolates from bovine
and human skin, milking equipment, and bovine milk by phage typing, pulsed-field gel
electrophoresis, and binary typing. J. Clin. Microbiol. 40:3894-3902.

Zadoks, R. N., Y. H. Schukken, and M. Wiedmann. 2005[b]. Multilocus sequence
typing of Streptococcus uberis provides sensitive and epidemiologically relevant subtype
information and reveals positive selection in the virulence gene pauA. J. Clin. Microbiol.
43:2407-2417.

Zhao, J., T. Hayashi, S. Saarinen, A. C. Papageorgiou, H. Kato, K. Imanishi, T.
Kirikae, R. Abe, T. Uchiyama, and T. Miyoshi-Akiyama. 2007. Cloning, expression,
and characterization of the superantigen streptococcal pyrogenic exotoxin G from
Streptococcus dysgalactiae. Infect. Immun. 75:1721-1729.

Zhao, Z., F. Kong, G. Martinez, X. Zeng, M. Gottschalk, and G. L. Gilbert. 2006.
Molecular serotype identification of Streptococcus agalactiae of bovine origin by
multiplex PCR-based reverse line blot (mPCR/RLB) hybridization assay. FEMS
Microbiol. Lett. 263:236-239.

Zwald, A. G., P. L. Ruegg, J. B. Kaneene, L. D. Warnick, S. J. Wells, C. Fossler, and
L. W. Halbert. 2004. Management practices and reported antimicrobial usage on
conventional and organic dairy farms. J. Dairy Sci. 87:191-201.



Annex



Annex




Annex

Nucleotide sequence accession numbers

Sequence data have been deposited in GenBank (http://www.ncbi.nlm.nih.gov/genbank/) under

the following accession numbers:

JF789447
Streptococcus dysgalactiae subsp. dysgalactiae strain 06.1563 16S ribosomal RNA gene,
partial sequence

JF789445
Streptococcus dysgalactiae subsp. dysgalactiae strain 06.1563 SodA (sodA) gene, partial cds

HQ724300
Streptococcus dysgalactiae subsp. dysgalactiae pyrogenic exotoxin K (speK) gene, speK-1
allele, partial cds

HQ724301
Streptococcus dysgalactiae subsp. dysgalactiae pyrogenic exotoxin K (speK) gene, speK-2
allele, partial cds

HQ724302
Streptococcus dysgalactiae subsp. dysgalactiae pyrogenic exotoxin K (speK) gene, speK-3
allele, partial cds

HQ724303
Streptococcus dysgalactiae subsp. dysgalactiae pyrogenic exotoxin L (speL) gene, speL-1
allele, partial cds

HQ724304
Streptococcus dysgalactiae subsp. dysgalactiae pyrogenic exotoxin M (speM) gene, speM-1
allele, partial cds

HQ724305
Streptococcus dysgalactiae subsp. dysgalactiae pyrogenic exotoxin M (speM) gene, speM-2
allele, partial cds

HQ696925
Streptococcus dysgalactiae subsp. dysgalactiae strain VSD16 pyrogenic exotoxin C (speC)
gene, speC-1 allele, partial cds

JF789444
Streptococcus dysgalactiae subsp. dysgalactiae strain VSD1 SagA (sagA) gene, partial cds
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JF789442

Streptococcus dysgalactiae subsp. dysgalactiae strain 06.1563 SagA (sagA) gene, partial cds

JF789443

Streptococcus dysgalactiae subsp. dysgalactiae strain DB49998/05 SagA (sagA) gene, partial

cds

JN384109
Streptococcus agalactiae strain VSA12 capsular polysaccharide biosynthesis
partial sequence (CPS-1gov)

JN384110
Streptococcus agalactiae strain VSA1 capsular polysaccharide biosynthesis
partial sequence (CpS-2gov)

JN384111
Streptococcus agalactiae strain VSA3 capsular polysaccharide biosynthesis
partial sequence (CPs-3gov)

JN384112
Streptococcus agalactiae strain VSA17 capsular polysaccharide biosynthesis
partial sequence (Cps-4pov)

JN384113
Streptococcus agalactiae strain VSA44 capsular polysaccharide biosynthesis
partial sequence (Cps-3gov With insertion sequence)

JN384114
Streptococcus agalactiae strain VSA10 capsular polysaccharide biosynthesis

partial sequence (Cps-5gov With insertion sequence)
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gene
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