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Streptococcus gallolyticus subsp. gallolyticus (formerly known as S. bovis biotype I) is a commensal of the gastrointestinal tract in
animals and in up to 15% of healthy humans. Furthermore, it is a facultative pathogen that can cause infectious endocarditis,
mastitis, and septicemia. The number of infections is increasing, but the transmission routes and zoonotic potential remain un-
known. To assess the zoonotic potential and characterize the epidemiological structure of S. gallolyticus subsp. gallolyticus, we
established a multilocus sequence typing (MLST) scheme. We amplified and sequenced internal fragments of seven housekeep-
ing genes. The resulting sequences were analyzed with BioNumerics software 6.6 by using the unweighted-pair group method
using average linkages algorithm. A total of 101 S. gallolyticus subsp. gallolyticus strains isolated from animals, humans, and en-
vironmental samples were analyzed and divided into 50 sequence types. Our first results highlight the importance of this MLST
scheme for investigating the epidemiology, transmission patterns, and infection chains of S. gallolyticus subsp. gallolyticus.

Streptococcus gallolyticus subsp. gallolyticus is a Gram-positive
bacterium belonging to the Lancefield group D streptococci.

Traditionally, it was classified as a member of the Streptococcus
bovis biotype I group. Depending on the bacterium’s ability to
ferment mannitol, three biotypes of S. bovis were distinguished, I,
II/1, and II/2. The taxonomy of S. bovis underwent several amend-
ments before mannitol-fermenting S. bovis biotype I was reclassi-
fied as S. gallolyticus subsp. gallolyticus in 2003 (1).

S. gallolyticus subsp. gallolyticus, a commensal of the gastroin-
testinal tract, is found in 2.5 to 15% of healthy humans (2). The
organism can also act as a pathogen. This opportunistic bacterium
may cause septicemia and meningitis in animals, as well as in
humans (3, 4). In 24% of cases of streptococcal endocarditis, S.
gallolyticus subsp. gallolyticus was identified as the causative agent
(5–7). Furthermore, studies have shown a correlation between
streptococcal endocarditis and colon cancer (8). Nevertheless, S.
gallolyticus subsp. gallolyticus has been found in various animals,
especially in pigeons, chickens, and cattle, where it can cause var-
ious diseases (4, 9, 10). Particularly in dairy cows, it is often the
causative agent of mastitis (11). Further studies have identified
this facultative pathogen in milk and raw milk products (12–14).
Indirect transmission by contact with a contaminated environ-
ment or directly by smear or droplet infection from human to
human or from animal to human can be assumed. However, the
transmission pathways, as well as the pathogenic mechanisms,
remain unexplained. Because of its presence in, e.g., poultry, ru-
minants, and humans, it is suspected but has not been confirmed
to have zoonotic potential (4, 8–10, 15).

Several multilocus sequence typing (MLST) schemes have
been successfully developed for various bacterial species. MLST is
a portable method based on the sequencing of housekeeping genes
that provides accurate and comparable results for analyzing evo-
lutionary structures and infection chains, which help explain the
virulence of pathogenic bacteria (16).

Recently, an MLST scheme for the species Streptococcus gallo-
lyticus was established for investigation of its epidemiology and
determination of its subspecies. There was no indication of patho-
genic groups within the clusters of S. gallolyticus subsp. gallolyticus

(17). To explore the zoonotic potential and characterize the epi-
demiology of S. gallolyticus subsp. gallolyticus, we established a
subspecies-specific MLST scheme. This typing method permits
the classification of different clusters of S. gallolyticus subsp. gal-
lolyticus isolates. Furthermore, this technique can provide evi-
dence of the zoonotic potential of this facultative pathogen and
may provide information about transmission routes.

MATERIALS AND METHODS
Bacterial strains and cultivation. One hundred one S. gallolyticus subsp.
gallolyticus strains (51 from animals, 33 from humans, 1 from an environ-
mental sample, and 17 from unknown sources) were analyzed. Bacterial
strains were obtained from the American Type Culture Collection
(ATCC, LGC Standards GmbH, Wesel, Germany), the Deutsche Samm-
lung von Mikroorganismen und Zellkulturen GmbH (Braunschweig,
Germany), or the Belgian Coordinated Collections of Microorganisms
(Ghent, Belgium), or were previously isolated from blood cultures or feces
from patients at the Herz- und Diabeteszentrum NRW (Bad Oeynhausen,
Germany) or from fecal samples from animals (e.g., poultry) (see Table S1
in the supplemental material). Eight strains were kindly given by the Na-
tional Reference Center for Streptococci, Institute of Medical Microbiol-
ogy, University Hospital, Aachen, Germany, and two strains were from
LADR GmbH MVZ Dr. Kramer & Colleagues, Geesthacht, Germany (see
Table S1 in the supplemental material). All isolates were characterized by
matrix-assisted laser desorption ionization–time of flight mass spectrom-
etry (MALDI-TOF MS) and partial sequencing of the manganese-depen-
dent superoxide dismutase (sodA) gene (18, 19). Bacteria were grown on

Received 27 November 2013 Returned for modification 20 January 2014
Accepted 20 April 2014

Published ahead of print 30 April 2014

Editor: P. Bourbeau

Address correspondence to J. Dreier, jdreier@hdz-nrw.de.

J. Dumke and D. Hinse contributed equally to this work.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JCM.03329-13.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JCM.03329-13

2472 jcm.asm.org Journal of Clinical Microbiology p. 2472–2478 July 2014 Volume 52 Number 7

http://dx.doi.org/10.1128/JCM.03329-13
http://dx.doi.org/10.1128/JCM.03329-13
http://dx.doi.org/10.1128/JCM.03329-13
http://jcm.asm.org


brain heart infusion agar (Oxoid Ltd., Cambridge, United Kingdom) at
37°C.

DNA extraction. The total DNA of S. gallolyticus subsp. gallolyticus
strains was isolated with the QIAamp Blood minikit (Qiagen, Hilden,
Germany). For extraction, approximately 10 single colonies were inocu-
lated into 180 �l of lysis buffer (containing 20 mg/ml lysozyme). The
suspension was incubated at 37°C for 30 min. DNA extraction was per-
formed in accordance with the manufacturer’s instructions. DNA was
eluted in 50 �l of elution buffer. DNA integrity and concentrations were
measured with a NanoDrop 2000 (Thermo Scientific, Wilmington, DE).

Nucleotide sequencing of gene fragments. To establish an MLST
scheme, the published whole-genome sequences of S. gallolyticus subsp.
gallolyticus strains UCN 34 (GenBank accession no. FN597254), ATCC
43143 (accession no. AP012053.1), and ATCC BAA-2069 (accession no.
FR824043) were compared by using the EDGAR software to identify genes
they have in common (20–23). From the resulting gene pool, a set of 22
housekeeping genes were selected on the basis of the variability and length
(�500 bp) of DNA sequences or usage in other MLST schemes. For these
candidate genes, 22 primer pair systems were designed. Nine strains dif-
fering in their genetic characteristics (sodA sequence, DNA fingerprinting
profile) were selected to test these primer systems. All of the primers were
adjusted to the same annealing temperature. Primers that provided no or
too much DNA sequence variation were excluded.

Gene fragments from the chromosomal DNA of 101 S. gallolyticus
subsp. gallolyticus strains were amplified with primers for the housekeep-
ing genes aroE (shikimate-5-dehydrogenase), glgB (glycogen branching
enzyme), nifS (cysteine desulfurase), p20 (acyl coenzyme A N-acyltrans-
ferase), tkt (transketolase), trpD (anthranilate phosphoribosyltrans-
ferase), and uvrA (excinuclease ABC subunit A). For the primers used, see
Table S2 in the supplemental material.

PCRs were carried out in a 50-�l reaction volume that comprised
HotMaster Taq DNA polymerase (5Prime, Hamburg, Germany). For se-
quencing analyses, 5 �l of the PCR products was purified enzymatically
with 1 �l of exonuclease I solution and 1 �l of shrimp alkaline phospha-
tase (USB, Cleveland, OH).

Each cycle sequencing reaction mixture was prepared with the BigDye
Terminator v1.1 Cycle Sequencing kit (Applied Biosystems, Darmstadt,
Germany). Excess dye terminators and primers were removed by centrif-
ugation with a spin column prepared with Sephadex G-50 (Amersham,
Braunschweig, Germany). Finally, denaturation at 95°C for 120 s was
performed. The sequences of both strands were determined with a 3500
Genetic Analyzer DNA sequencer (Applied Biosystems, Darmstadt, Ger-
many). Detailed protocols concerning the PCR, purification of PCR prod-
ucts, and sequencing reactions are available at www.pubmlst.org. All se-
quences were aligned and analyzed by BioNumerics software 6.6
(Applied Maths, Sint-Martens-Latem, Belgium), START version 2, and
eBURST version 3 (www.mlst.net) (24, 25). To investigate the relatedness
of the strains, a dendrogram was constructed by the unweighted-pair
group method using average linkages (UPGMA; BioNumerics). eBURST
(based upon related sequence types [STs]) was used to identify clonal

lineages. Clonal complexes were defined as groups when six out of seven
alleles were the same (most stringent definition) (24). The program
START version 2 (www.mlst.net) was used to determine the numbers of
nucleotide alterations causing amino acid changes (nonsynonymous, dN)
and silent mutations (synonymous, dS) (dN/dS ratio), the polymorphic
sites, and the index of association (IA) (25). IA was calculated to determine
the linkage disequilibrium among the alleles of seven housekeeping genes.
It was defined as the observed variance (vo) in the distribution of allelic
mismatches in all pairwise comparisons of the allelic profiles divided by
the expected variance (ve) in a freely recombining population minus 1
(26). The significance of IA was estimated by comparing the vo of the
actual data with the maximum variance (vmax) calculated by using 1,000
randomizations of data sets. The linkage disequilibrium was considered
significant if the vo was greater than the vmax obtained in 1,000 trials;
otherwise, there was no evidence of a departure from the linkage equilib-
rium (26).

Simpson’s index of diversity (SID) was calculated on the basis of the mo-
lecular pattern of the seven loci by using the Comparing Partitions website
(http://darwin.phyloviz.net/ComparingPartitions). A SID and a 95% confi-
dence interval (CIs) was calculated for a set of 101 strains. A value close to 1
reflects high diversity, and a value close to 0 indicates little diversity.

RESULTS

To establish an MLST scheme, the whole sequences of the three
independent S. gallolyticus subsp. gallolyticus strains were com-
pared by using the EDGAR software (23). The seven housekeeping
genes (loci) of 101 S. gallolyticus subsp. gallolyticus strains were
successfully amplified and sequenced. Each locus was cut with
trimming sequences to compare the internal fragments. An allelic
profile was assigned to 101 S. gallolyticus subsp. gallolyticus isolates
(see Table S1 in the supplemental material). This study made use
of the PubMLST website (http://pubmlst.org/) developed by K.
Jolley (27). Data for the MLST scheme are available at www
.pubmlst.org and in Table S1 in the supplemental material (27). In
summary, 14 (glgB) to 22 (p20) different alleles were present at
each locus, resulting in an average of 16.9 alleles in each internal
fragment. The proportions of polymorphic sites ranged from
2.2% (tkt) to 7.4% (p20) and provided 1.3 � 1010 genotypes. A
dN/dS ratio of �1 and an IA value of 2.4 were calculated, resulting
in the detection of significant linkage disequilibrium (Table 1)
(26).

For each strain, the combination of the allelic numbers deter-
mines the STs. The isolates were resolved into 50 different STs,
and STs 45 and 50 were the most common. Within these two STs,
multiple isolates from pigeons (pigeon lofts 1 and 2) and turkeys
(turkey coop 1) were found. Thirty-five STs are represented by a
single strain (Fig. 1; see Table S1 in the supplemental material). To

TABLE 1 Characteristics of MLST loci used for S. gallolyticus subsp. gallolyticus

Gene Locus tag Gene product
No. of
alleles

Simpson’s
index
of
diversity dN/dS ratioa

No. (%) of
polymorphic sites

aroE SGGBAA2069_c13440 Shikimate 5-dehydrogenase 15 0.830 0.2971 24 (3.57)
glgB SGGBAA2069_c07540 Glycogen branching enzyme 14 0.815 0.0519 27 (3.74)
nifS SGGBAA2069_c13360 Cysteine desulfurase 19 0.854 0.0618 23 (4.32)
p20 SGGBAA2069_c04560 Acyl coenzyme A N-acyltransferase 22 0.911 0.1566 34 (7.40)
tkt SGGBAA2069_c21090 Transketolase 15 0.827 0.0534 15 (2.23)
trpD SGGBAA2069_c05200 Anthranilate phosphoribosyltransferase 16 0.855 0.0758 44 (6.90)
uvrA SGGBAA2069_c18560 Excinuclease ABC subunit A 17 0.798 0.0353 38 (6.30)
a Ratio of nonsynonymous to synonymous substitutions.
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FIG 1 UPGMA dendrogram of 101 S. gallolyticus subsp. gallolyticus strains. The phylogenetic tree shown was calculated with the allelic profile by using the
UPGMA algorithm. The dashed line symbolizes the border defining the clusters. A linkage distance of 1.12 contributes to 11 clusters.
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illustrate the potential relatedness between the strains, a UPGMA
dendrogram was constructed from the allelic distances of each
strain. It showed a highly divergent population (Fig. 1). An aver-
age SID of 0.84 (95% CI, 0.735 to 0.931) was defined as demon-
strating the discriminatory power of the S. gallolyticus subsp. gal-
lolyticus-specific MLST scheme (Table 1) (28, 29). Therefore, 11
clusters (containing at least three isolates) are formed in the den-
drogram based on a linkage distance of 1.12 (conforms SID �
0.84) (Fig. 1; Table 1). STs 45, 46, 47, and 50 can be associated with
cluster I or X and contain isolates from only one animal species.
Clusters I and XI are the biggest groups and comprise 11 isolates
from poultry, followed by cluster X with 10 isolates from pigeons
(with one exception). In clusters I and XI, fecal isolates from dif-
ferent pigeon lofts were found (Fig. 1). Furthermore, strains of
fecal samples from a turkey coop are in cluster X. Clusters VI and
VII comprise many isolates from humans. Several clusters (e.g.,
IV, V, and IX) comprise isolates from cattle and humans (Fig. 1).
For a better characterization of the relatedness between strains
and for more conclusive information about infection chains, ge-
ography, or host specificity, a minimum spanning tree (MST)
based on the MLST data set of 101 strains was generated (Fig. 2).
Besides the UPGMA dendrogram and the MST, clonal complexes
were defined. The 50 STs can be divided into 10 clonal complexes,
and a total of 29 STs are included. Furthermore, 21 singletons were
identified. The snapshot of the eBURST (zero out of seven alleles
are in common) proposes ST 8 as the predicted primary founder
of the S. gallolyticus subsp. gallolyticus strain collection (data not
shown). ST 8 belongs to clonal complex 8. This complex includes
STs 4, 11, 16, 38, 42, and 48 (Fig. 1 and 2). With one exception, this
lineage comprises only isolates from humans from different time
points and countries.

All of the analysis methods used, MLST, MST, and eBURST,
demonstrated the high diversity of our random collection of S.
gallolyticus subsp. gallolyticus strains. Hence, no evidence of host
or geographic specificity was found (Fig. 1 and 2; eBURST data not
shown).

DISCUSSION

The host specificities, pathogenic mechanisms, and biochemical
characteristics of S. gallolyticus subsp. macedonicus, S. gallolyticus
subsp. pasteurianus, S. gallolyticus subsp. gallolyticus differ widely.
S. gallolyticus subsp. gallolyticus and S. gallolyticus subsp. pasteur-
ianus are commensals of the gastrointestinal system and can cause
endocarditis and meningitis (3, 5–7, 30–32). However, S. gallolyti-
cus subsp. pasteurianus can cause septicemia and is often associ-
ated with, e.g., chronic liver disease or cirrhosis, especially in im-
munocompromised patients (33, 34). Besides human infections,
to date there have been only two reported cases of septicemia due
to S. gallolyticus subsp. pasteurianus in animals (ducklings, gos-
lings) (35, 36). S. gallolyticus subsp. macedonicus is often isolated
from dairy products, e.g., cheese, and sour mash and is nonpatho-
genic (12). In summary, S. gallolyticus subsp. gallolyticus shows a
broader host range and differs in the spectrum of diseases. On the
basis of the different characteristics of these three subspecies, we
established a subspecies-specific MLST scheme for S. gallolyticus
subsp. gallolyticus. This scheme offers the opportunity to charac-
terize the phylogenetic structure, the zoonotic potential, and the
transmission routes of this subspecies, as well as to assess its risks.
We used bacteria from several strain collections and isolates from
patients (e.g., blood cultures, feces) and from animal fecal sam-

ples. Housekeeping genes were chosen with a low dN/dS ratio of
�1 and a high SID of 0.84 (95% CI, 0.735 to 0.931) to characterize
101 S. gallolyticus subsp. gallolyticus isolates. A dN/dS ratio of �1
was also calculated by Shibata et al. (17). The number of alleles in
the subspecies-specific MLST scheme varies from 14 (glgB) to 22
(p20), which distinguishes more than 3.6 � 108 STs. This range is
comparable to those reported in other publications. For group B
streptococci, a 1.2 to 2.5% range of allelic variation was identified
(37). A comparable range of allelic variation (1.4 to 6.1%) was
observed in the MLST scheme developed for group A streptococci
(38). A comparison with the recently published MLST scheme
presents from 15 (parC) to 24 (rpoD) allelic variations by using
other genes (dpr, gmk, rpoD, parC, pta, pyrC, and recN) for S.
gallolyticus. However, in contrast to our work, the publication of
Shibata et al. supports no SID calculations. Therefore, the descrip-
tion of the divergent structure is based only on the calculated
number of STs (17).

The distribution of the STs can be illustrated by calculating
clusters or can be presented in the MST. The MST shows accumu-
lations of S. gallolyticus subsp. gallolyticus strains isolated from
various animals. Otherwise, there are groups consisting of bacte-
rial isolates from animals and humans but there is no evidence of
host specificity and no suggestion of geographic-region-related
occurrence. Remarkably, clonal complex 8 is dominated by hu-
man isolates. The occurrence of the ST 8 lineage especially in hu-
man isolates may indicate that the STs involved are associated
with human hosts. To gain better insights into the epidemiologic
structure of S. gallolyticus subsp. gallolyticus, cluster borders were
based on the calculated average SID. One must acknowledge that
the clusters of Shibata et al. are different. The S. gallolyticus MLST
scheme shows clusters based on the roots of the UPGMA dendro-
gram. The clusters presented also contain S. gallolyticus subsp.
gallolyticus isolates from animals or humans, as well as from both
animals and humans (17).

Moreover, on the basis of the IA, no epidemiological popula-
tion structure can be observed referring to the detection of signif-
icant linkage disequilibrium, which can be interpreted as a bacte-
rial population with low rates of recombination. Recombination
events were tested by using Sawyer’s run test in the MLST scheme
for all three subspecies, whereby two genes with evidence of re-
combination (rpoC, parC) were identified (17). However, this test
is less sensitive for detecting recombination (39). Therefore, we
calculated the IA for our strain collection. For the comparison of
population structures for the S. gallolyticus MLST scheme, an IA

was not calculated (17). To answer questions concerning epide-
miology, host specificity, and virulence, Shibata et al. defined
clonal complexes. For this purpose, a more relaxed group defini-
tion (five out of seven alleles are in common) was used and the 57
STs of 63 strains were divided into four lineages and 31 singletons
(17).

Nevertheless, the established MLST schemes differ in focus. In
addition to the epidemiologic application, Shibata et al. included
all three S. gallolyticus subspecies and strived to simplify subspe-
cies classification (17). The 57 STs identified form five clusters (A
to E), and three of these (A, B, and D) contain 41 STs of S. gallo-
lyticus subsp. gallolyticus strains. Consequently, it is presumed that
two of the three S. gallolyticus subsp. gallolyticus clusters belong to
a novel subspecies (17). In 2011, Hinse et al. published a reliable
method for identifying isolates to the subspecies level by MALDI-
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TOF MS and sodA DNA sequencing, which was used in our re-
search to identify S. gallolyticus subsp. gallolyticus isolates (19).

Notwithstanding the fact that the typing schemes have differ-
ent aims, both suggest zoonotic potential. In the S. gallolyticus
MLST scheme, it is suggested by S. gallolyticus subsp. gallolyticus
cluster A, which includes animal and human isolates (17). Fur-
thermore, only virulent cluster C of S. gallolyticus subsp. pasteur-
ianus, which includes exclusively human patient isolates of ST 14,
could be identified (17).

A comparison of these two different schemes shows that the

MLST method described here is focused explicitly on the zoonotic
and epidemiological investigation of the distinct subspecies of S.
gallolyticus and does not aim at subspecies identification or deter-
mination of virulence. The subspecies-specific focus on the epide-
miological structure and risk assessment is confirmed by the spe-
cific primer binding sites for the housekeeping genes for S.
gallolyticus subsp. gallolyticus. On the basis of the observation of
identical allelic profiles of S. gallolyticus subsp. gallolyticus isolates
and different species, we propose that there is zoonotic potential.
Additionally, the transferability to other subspecies is quite lim-

FIG 2 Relatedness of 50 STs of 101 S. gallolyticus subsp. gallolyticus strains in an MST. The results were calculated by BioNumerics software on the basis of MLST
data. Each ST is shown as a circle whose size is proportional to the number of strains included. Shading shows the origins of the isolates, and the lines represent
the compliance levels of the strains.
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ited because of the specificity of our MLST scheme for S. gallolyti-
cus subsp. gallolyticus.

To prove the zoonotic potential of S. gallolyticus subsp. gallo-
lyticus, further studies are being performed. We are examining
isolates from livestock in cooperation with the respective livestock
owners to examine the transmission pattern of this bacterium and
to try to assess the risk associated with this facultative pathogen.
Our first results suggest that S. gallolyticus subsp. gallolyticus might
act as a zoonotic agent. In summary, the S. gallolyticus subsp.
gallolyticus-specific MLST scheme developed can be used for mo-
lecular genetic characterization aiming for insight into its zoo-
notic potential, epidemiology, and potential infection chains.
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