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Lactobacillus sakei is a food-borne bacterium naturally found in meat and fish products. A study was performed
to examine the intraspecies diversity among 73 isolates sourced from laboratory collections in several different
countries. Pulsed-field gel electrophoresis analysis demonstrated a 25% variation in genome size between isolates,
ranging from 1,815 kb to 2,310 kb. The relatedness between isolates was then determined using a PCR-based
method that detects the possession of 60 chromosomal genes belonging to the flexible gene pool. Ten different strain
clusters were identified that had noticeable differences in their average genome size reflecting the natural population
structure. The results show that many different genotypes may be isolated from similar types of meat products,
suggesting a complex ecological habitat in which intraspecies diversity may be required for successful adaptation.
Finally, proteomic analysis revealed a slight difference between the migration patterns of highly abundant GapA
isoforms of the two prevailing L. sakei subspecies (sakei and carnosus). This analysis was used to affiliate the
genotypic clusters with the corresponding subspecies. These findings reveal for the first time the extent of intraspe-
cies genomic diversity in L. sakei. Consequently, identification of molecular subtypes may in the future prove

valuable for a better understanding of microbial ecosystems in food products.

In foods, the need for microorganisms to adapt to differ-
ent technological and ripening processes may result in the
evolution of strain differences. Unfortunately, intraspecies
genetic variations among food-borne bacteria are a largely
unexplored area, so we have little understanding of the
interactive mechanisms taking place within complex micro-
bial communities existing in food ecosystems. This is partic-
ularly relevant in the case of Lactobacillus sakei, a meat-
borne lactic acid bacterium potentially useful as a meat
biopreservative (6, 39). L. sakei has been isolated from a
range of meat and fish products, where it is the predominant
Lactobacillus species (8). Ecologically, meat can be viewed
as a diverse and changing environment that influences the
growth potential of a variety of bacterial species during
storage (27). An implication of survival in such an environ-
ment is that meat-borne bacteria may diverge genetically as
they evolve mechanisms to acclimatize and compete in local
microenvironments. Indeed, L. sakei strains are known to
display a range of key phenotypic differences that have re-
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sulted in difficulties in their classification (23, 35), and
DNA-DNA reassociation analyses have revealed very low
levels of relatedness (as low as 72%) between otherwise
well-characterized L. sakei strains, indicating that the spe-
cies exhibits important elements of genetic heterogeneity (7).
However, it is not yet known if a strong relationship exists
between the niche competition properties of L. sakei in meat
products and the genetic diversity between strains.

Currently, L. sakei is divided into two subspecies based on
numerical analysis of randomly amplified polymorphic DNA
patterns (5, 38) and total cell soluble protein content patterns
(23): L. sakei subsp. sakei (type strain ATCC 15521) and L.
sakei subsp. carnosus (type strain CIP105422 to CCUG31331)
(24). With the sequence of the L. sakei 23K genome now
available (6), it is becoming possible to study L. sakei strain
diversity at a deeper genomic level, as well as performing wider
searches for differences between L. sakei strains isolated nat-
urally from various products.

In this report, we have used a combination of techniques to
examine strains. These include a PCR-based method for de-
tecting genetic markers in a pool of variable genes allowing a
hierarchical clustering of strains, pulsed-field gel electrophore-
sis (PFGE) genome mapping, and evaluation of strain pro-
teomes to both compare strains and assign them to each of the
two subspecies. We have specifically chosen isolates from a
range of laboratory collections representing a variety of geo-
graphical locations and including various sources of meat or
fish products, with the expectation that such a range of undo-
mesticated strains will better reflect the diversity found in
natural L. sakei populations.

Our methods provide for the first time an integrated ge-
nome-based framework for classifying the repertoire of L.
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TABLE 1. L. sakei and L. curvatus strains used in this study

. No. of . Source or
Laboratory collection strains Name(s) (synonym) Source of isolate reference(s)
L. sakei
Unité Flore Lactique and Environnement 12 23K, 14, 18, 21, 33, 64, 72, 112, Various French-style fermented dry sausages 5
Carné, INRA, Jouy-en-Josas, France 134, 156
160K Fresh horse meat 5
JG3 Fresh beef meat 5
Station de Recherches sur la Viande, 11 195, 205, 300, 332 Vacuum-packed beef meat 5
INRA, Theix, France 331, 495, 504, 532, 710, 741 Vacuum-packed pork meat 31
L110 Starter for French-style fermented dry sausage 7
Laboratoire de Génie Alimentaire, 5 SF770, SF771, SF841, SF842, SF843 Smoked salmon 20
IFREMER, Nantes, France
Meat Technology Centre, IRTA, 10 CTC014, CTC041, CTC163, CTC287, Various Spanish-style fermented dry sausages 17, 18
Monells, Spain CTC335, CTC427, CTC429, (including Chorizo)
CTC494, CTC6469, CTC6626
Meat Research Institute, ARC, Langford, 6 LV5, LV21, LV92 Vacuum-packed pork meat (bacon) 36
Bristol, United Kingdom LV52, LV59 Vacuum-packed lamb meat 36
LV34 Vacuum-packed beef meat 36
Food Safety Group, AgResearch, 4 AGR46, AGR48, AGR51, AGR53 Chilled lamb meat This study
Hamilton, New Zealand
Faculty of Science, Mahidol University, 2 TISTR890, TISTRI11 Nham (Thai-style fermented pork sausage) 33,37
Bangkok, Thailand
Institiit fir Libbensmitteltechnologie, 9 LTH673, LTH675, LTH677, LTH5728  Various German-style fermented 40
moist-type sausages
Universitait Hohenheim, Hohenheim, LTH1764, LTH2070 Sauerkraut 41
Germany LTHS5588, LTH5589, LTHS5590 Human feces 42
Institute of Meat Hygiene and 1 CIP105422" (CCUG31331) Raw German-style sausage 23
Technology, Universitit Berlin,
Germany
Federal Centre for Meat Research, 1 Lb706 Fresh beef meat 35
Kulmbach, Germany
Norwegian Food Research Institute, 6 MF1048, MF2091, MF2092 Smoked salmon This study
MATFORSK, As, Norway MF2088, MF2089, MF2090 Rakfisk (Scandinavian fermented trout) This study
Centro de Referencia para Lactobacilos 1 CRL1467 Argentinean-style fermented dry sausage 15
(CERELA), CONICET, Tucumdn,
Argentina
American Type Culture Collection 1 ATCC 15521" (DSM20017) Spoiled moto for Saké manufacture 22
(original isolate from Japan)
National Institute of Health, University 5 YMN243, YME344, YMNS540, Various fresh meat products 32
of Tokyo, Tokyo, Japan YMN557, V553
L. curvatus
American Type Culture Collection 1 ATCC 25601™ (DSM20019) Milk 38
(original isolate from Germany)
Meat Technology Centre, IRTA, 1 CTC424 Spanish-style fermented dry sausage 17

Monells, Spain

sakei molecular subtypes. The implications of our results for
the understanding of the bacterium’s ecology are discussed.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The L. sakei and Lactobacillus cur-
vatus strains used in this study are described in Table 1. For most studies, strains
were grown to the mid-exponential phase in MRS broth (Becton Dickinson,
Sparks, MD) (11) incubated at 30°C. For proteomic studies, bacterial strains
were grown in a chemically defined medium (MCD) (28) supplemented with
0.5% glucose or MRS and incubated at 30°C. Strain 332F, cured of its endoge-
nous plasmid pRV500 (2), was prepared as described earlier (4) by electropo-

rating the parent strain L. sakei 332 with a pRV566 plasmid carrying resistance
to erythromycin, which had been derived from a pRV500 replicon (2). One
erythromycin-resistant clone was selected and cultivated for 200 generations in
MRS broth without antibiotic at 30°C. Several dilutions from the last culture
were plated on MRS agar. Replica plating of 200 clones was performed on MRS
agar with or without erythromycin (5 pg/ml), allowing us to identify erythromy-
cin-sensitive clones. The loss of the pR566 plasmid was verified by Southern
blotting (ECL enhanced chemiluminescence system direct nucleic acid labeling;
Amersham Biosciences) using a probe specific for the repA gene. The corre-
sponding erythromycin-sensitive strain was named 332F.

Molecular techniques. Subtractive suppressive hybridization (SSH) experi-
ments were performed using a Clontech PCR-selected bacterial genome sub-
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traction kit in accordance with the manufacturer’s recommendations using L.
sakei 23K as the driver and strain 332F as the tester. This technique resulted in
the identification of 16 new genes absent from L. sakei 23K. The FGP21-0001
gene from strain L. sakei 21 was identified after sequencing a PCR product
(LSA0565 to LSA566) giving an unexpected size and revealing a new bacteriocin
immunity-like protein-encoding gene.

PCR-based detection of genes. The PCR template was composed of 100 ng of
chromosomal DNA extracted from each of the 73 L. sakei strains and two L.
curvatus strains. Experiments were conducted twice to confirm the negative
results. In the event of weak or spurious amplifications, PCR products were
sequenced to check nucleotide polymorphism between strains, and if necessary
primers were redesigned. In several cases, two or three sets of primers were
designed to verify the absence/presence of genes. In cases of discrepant results
between the primer sets, the corresponding genes were removed from the anal-
ysis. When negative results were obtained with the several sets, although the
absence of an allelic gene with high nucleotidic polymorphism was not con-
firmed, we considered the gene as being a good candidate for clustering analysis.
Extraction of chromosomal DNA from L. sakei and L. curvatus was performed by
the method of Anderson and McKay (3). For each PCR amplification, primers
were designed so that the expected product lengths were less than 2 kb (see
Table S2 in the supplemental material). The PCR cycling conditions were 94°C
for 4 min followed by 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for
3 min. All PCR products were examined using 1% agarose gels and stained with
ethidium bromide. The absence of one r7n copy in some strains was confirmed by
long-range PCR using primers in the flanking region of the nnAB doublet. To
confirm the truncation of some genes or the products of unexpected sizes, 10 .l
of the amplicons was treated with 0.1 U of shrimp alkaline phosphatase (USB
Corporation) and 1 U of exonuclease I (Escherichia coli) (Biolabs) in 20 mM
Tris-HCI (pH 8.0)-10 mM MgCl, buffer for 1 h at 37°C, followed by 10 min of
inactivation at 94°C. The products were then sequenced by standard technology.

PFGE experiments and I-Ceul pattern analysis. PEGE and I-Ceul digestion
pattern analyses were carried out as described earlier (13). An average of four
gels was prepared for each strain. The distribution of the strains according to
their genome size was examined using the HIST function and the probability
DENSITY function of the R statistical package (http://www.R-project.org). A
Gaussian probability distribution and a smoothing bandwidth of 30 (average
standard deviation of genome size estimation) were chosen for the analyses.

Clustering of strains. The gene contents of the strains tested were described
using a two-character matrix (genes X isolates) with 0 for a gene not detected
and 1 for the presence of a gene. Genes truncated by insertion (IS) elements
were considered as distinct genetic identities to their wild-type counterparts.
Similarities between the strains were determined using the Jacquard’s correla-
tion coefficient (19). The unsupervised hierarchical clustering was performed
using the average linkage on the similarity matrix. The functions DIST,
HCLUST, and DENDROGRAM of the R statistical package were used to
generate the clustering dendrogram. The R package PVCLUST (R. Suzuki and
H. Shimodaira; http://www.is.titech.ac.jp/~shimo/prog/pvclust/) was used for
multiscale bootstrap resampling to assess the statistical stability of each node.
The number of bootstrap replicates was 1,000. Approximately unbiased P values
of =90% and Jacquard’s similarity coefficient of =50% were used to discriminate
the possible strain clusters. The principal component analysis (PCA) for group-
ing of the strains was carried out using the PRINCOMP and BIPLOT functions
of the R statistical package.

2D gel electrophoresis and identification of proteins by peptide mass finger-
printing. Bacterial extract preparation and electrophoresis were performed by
standard methods (21). For each strain, at least two independent cultures in
MCD broth were performed for preparation of the protein samples. Each sample
was analyzed twice by two-dimensional (2D) gel electrophoresis, giving a mini-
mum of four analyses per strain. For some strains (23K, 332, 112, 64, LTH677,
and JG3) from the two subspecies, up to eight runs were conducted using cells
grown in different media (MRS and MCD). Gels were analyzed by Image Master
software (Amersham Pharmacia Biotech). Spots were excised from Coomassie-
stained gels as described earlier (29, 30), and mass spectrometry analyses were
performed as previously described (16). MS-Fit (University of California—San
Francisco Mass Spectrometry Facility; http:/prospector.ucsf.edu) and Mascot
software packages (Matrix Science, Inc., Boston, MA; http://www.matrixscience
.com/search_form_select.html), installed on a local server, were used to identify
proteins from peptide mass fingerprints. All searches were performed against the
L. sakei 23K database (http://www.migale.jouy.inra.fr/).

Nucleotide seq e accessi bers. The sequences of the FGP21 and
FGP332 genes (the nomenclature of which indicates their placement within the
flexible gene pool and their strain name origin) have been deposited in GenBank
under the accession numbers given in Table 2.

APPL. ENVIRON. MICROBIOL.

RESULTS

Selection of L. sakei strains. To represent the range of eco-
systems in which L. sakei populations are found, strains were
examined from a variety of meat and fish products (raw or
fermented) and from other sources, including human feces and
sauerkraut. Additionally, because sampling biases may exist in
individual laboratory bacterial collections due to isolation pro-
cedures or the type of food materials analyzed, the L. sakei
strains were selected from 14 different laboratory collections
geographically scattered across Europe, Asia, Argentina, and
New Zealand. We took care to discard from the analysis strains
known to be identical but belonging to different laboratory
collections (and often renamed). In total, 73 L. sakei strains
were selected and analyzed (Table 1), as well as two strains of
Lactobacillus curvatus, a close relative of L. sakei included as
an external species reference (outgroup reference).

Identification of the main L. sakei molecular subtypes by
PCR-based detection of the flexible gene pool. Analysis of the
flexible gene pool (genes that are often associated with hori-
zontal transfer and assumed to vary between strains) is a
method commonly used to perform intraspecies strain cluster-
ing (9). To identify genes belonging to the L. sakei flexible gene
pool, an in silico analysis of the L. sakei 23K chromosome using
codon bias and atypical phylogenetic protein profiles was car-
ried out and revealed a gene pool comprising 27 genomic
islands and 57 independent genes (our experimental unpub-
lished data). We decided to verify by conventional PCR the
presence or, on the contrary, lack of detection of this pool of
genes for clustering analysis of the L. sakei isolates (see Ma-
terials and Methods). This strategy was first tested using a
preliminary PCR experiment on a set of 20 strains to demon-
strate intraspecies variation for the selected genes (data not
shown). The results indicated that only five islands were highly
conserved, and these were accordingly removed from the anal-
ysis. To avoid clustering disturbance due to highly laterally
transferable mobile elements (IS sequences or phage) or ele-
ments easily mobilized in lateral transfer (restriction/modifica-
tion systems), genes encoding such elements were also re-
moved from the analysis. Additionally, we noticed that most
genes inside each genomic island usually showed similar pat-
terns of variation (i.e., the whole island was usually present or
not detected), so to avoid a bias from the large genomic clus-
ters (containing more genes than the smaller ones), a maxi-
mum of four genes were selected for analysis from each cluster,
representing those that eventually demonstrated different pat-
terns of variation. Finally, we incorporated in our analysis 20
chromosomally encoded genes from other L. sakei strains that
were absent from the L. sakei 23K chromosome. These genes
were partly chosen from previously published clusters and
partly taken from subtractive hybridization experiments car-
ried out with strain 332F, known to be distantly related to
strain 23K (5). Our selection process resulted in 40 genes
originating from L. sakei 23K (representing 20 genomic islands
and 3 independent genes) and 20 genes from four other
strains. The characteristics of these 60 genes are summa-
rized in Table 2.

Based on the PCR detection profile of the 60 genes, we
attempted to classify the L. sakei natural isolates by using an
unsupervised average-linkage hierarchical clustering algorithm
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TABLE 2. Description of L. sakei genes used for clustering analysis

Gene name or GenBank

Genomic island, gene, or strain Product description

domain

locus tag® accession no.
Strain 23K flexible gene pool
genomic islands or genes
Island 1 LSA0088 Adenine deaminase CR936503
Island 2 LSA0118 Hypothetical protein (putative cell surface collagen-binding protein) CR936503
Island 3 LSA0157 Putative hydroxyl/aromatic amino acid symporter CR936503
Island 5 LSA0165 Putative oxidoreductase, short-chain dehydrogenase/reductase family CR936503
Island 6 LSA0172 CscC-type cell-surface protein with invasin/mucin-like domain and WxL ~ CR936503
domain
LSA0178 MarR-type transcriptional regulator CR936503
Island 7 LSA0211/212 CscC-type cell surface protein with adhesin-like domain and WxL CR936503
domain (authentic frameshifted gene)
LSA0216 MarR-type transcriptional regulator CR936503
Island 8 LSA0217 Putative transcriptional regulator with a rhodanese-like domain, ArsR CR936503
family
LSA0218 Thioredoxin, TrxAl CR936503
LSA0219 b Putative cyanate transport protein CR936503
Independent gene LSA0439 Hypothetical extracellular lipase/esterase precursor CR936503
Island 12 LSA0564_a to -_c Putative bacteriocin-like peptides (LSA0564_ab) and cognate immunity =~ CR936503
protein (LSA0564_c)
LSA0565 to -0566 Putative bacteriocin-like peptides CR936503
LSA0567 to -0569_b  Putative bacteriocin-like peptides (LSA0569_ab) and cognate immunity ~ CR936503
proteins (LSA0567 and LSA0568)
Independent gene LSA0572 Threonine deaminase (threonine ammonia lyase) CR936503
Island 14 LSA0724 to -0725 Hypothetical proteins CR936503
LSA0727 Hypothetical cell surface precursor CR936503
Island 15 LSA1006 Putative zinc-containing alcohol dehydrogenase (oxidoreductase) CR936503
Island 16 LSA1182/1183 Putative cytochrome P450 (authentic frameshifted gene) CR936503
Island 18 LSA1283 CscC-type cell-surface protein with WxL domain CR936503
Island 19 LSA1509 Hypothetical protein, sigma factor related CR936503
LSA1510_a to -_¢ Putative teichoic acid/polysaccharide export protein complex CR936503
LSA1510 d to -_f Putative glycosyl transferase complex CR936503
LSA1510_ Putative priming glycosyl transferase CR936503
LSA1512/1513 Putative polysaccharide biosynthesis protein, chain length determination ~ CR936503
Island 20 LSA1572 Putative teichoic acid/polysaccharide glycosyl transferase CR936503
LSA1579/1580 Putative teichoic acid/polysaccharide export protein complex CR936503
LSA1581 Putative teichoic acid-binding N-acetylmuramoyl L -alalanine amidase CR936503
(cell wall hydrolase)
LSA1584/1585 Putative teichoic acid/polysaccharide glycosyl transferase CR936503
Island 21 LSA1640 N-Acetylneuraminate lyase CR936503
LSA1641 N-Acylglucosamine-6-phosphate 2-epimerase (N-acetylmannosamine-6- CR936503
phosphate 2-epimerase)
LSA1642 Putative solute:Na™ symporter CR936503
LSA1720 Hypothetical protein (E. coli plasmidic gene) CR936503
Island 22 LSA1724 MarR-type transcriptional regulator CR936503
LSA1730 CscC-type cell surface protein with bacterial adhesin-like domain and CR936503
WxL domain
LSA1731 CscC-type cell surface protein with hemagglutinin-like domain and WxL ~ CR936503

Continued on following page
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TABLE 2—Continued

Genomic island, gene, or strain Gigzu[;a;l;a or Product description ac?;gﬁinﬁo
Island 24 LSA1809 Hypothetical extracellular protein precursor associated with CSC-type CR936503
cluster
Island 27 LSA1874 MarR-type transcriptional regulator CR936503
Non-strain 23K flexible gene
pool strains
Lb674 sspT Sakacin P ABC-transporter, ATP-binding and permease protein SspT 748542
sspA Bacteriocin sakacin P precursor (sakacin 674) 748542
21 FGP21-0001 Putative bacteriocin immunity protein EU391636
KG15 dsrB Cell surface dextransucrase precursor (sucrose 6-glycosyltransferase) AY697434
332F FGP332-0001 Putative 6-phospho-B-glucosidase EU402602
FGP332-0002 CscC-type cell surface protein with bacterial adhesin-like domain and EU402603
WxL domain
FGP332-0003 Hypothetical cell surface protein EU402604
FGP332-0005 Putative pyridine nucleotide-disulfide oxidoreductase EU402605
FGP332-0006 Putative ferritin-like DNA-binding protein (oxidative damage EU402605
protectant; Dps type)
lacC Putative tagatose-6-phosphate kinase EU402605
lacG Putative 6-phospho-@B-galactosidase EU402605
FGP332-0007 Putative autotransporter protein EU914886
FGP332-0008 Hypothetical protein EU914887
FGP332-0009 Hypothetical protein EU914888
FGP332-0010 Hypothetical protein EU914889
FGP332-0011 Putative transcriptional regulator, LysR family EU914890
FGP332-0012 Putative quinine oxidoreductase EU914891
FGP332-0013 Putative asparagine synthase EU914892
FGP332-0014 CscC-type cell surface protein with WxL domain EU914893
FGP332-0015 Putative glycine/betaine reductase EU914894

“ For “FGP” entries (e.g., FGP21-001), the format is “FGP” (flexible gene pool) name-CDS number.

and by estimating P values via multiscale bootstrap resampling
to assess the uncertainty of the clustering analysis (Fig. 1).
From the resulting dendrogram, we could clearly identify at
least 10 bootstrap-supported clusters of strains. These clusters
have unequal sizes ranging from 14 strains to only 3 strains.
Cluster A includes the reference strain 23K, cluster G includes
the L. sakei subsp. carnosus type strain CIP 105422, and cluster
J includes the most distantly related strains to cluster A, in-
cluding the L. sakei subsp. sakei type strain, ATCC 15521. It
should be noted that although the external branch separating
clusters A to G from clusters H to J was statistically supported
(P = 94%), the estimated P values of the main branches above
clusters H to J were lower than 90%, suggesting that the
hierarchical order of these three clusters between them is not
supported. To confirm the overall grouping, a multivariate
PCA was carried out (Fig. 2). This analysis confirmed the
different grouping of clusters H to J from clusters A to G and
also the external position of cluster A from the remaining
clusters B to G.

Global proteomic variability between L. sakei isolates from
the different genotypic clusters and subspecies affiliation of
the clusters. In previous studies, the prevailing L. sakei sub-
species were defined by patterns of total soluble cell protein
patterns obtained on native polyacrylamide gel electro-
phoresis gels (26, 38). The two subspecies patterns show a
noticeable variation of an abundant protein around 40 kDa

(see reference 26 for gel examples between the two subspe-
cies type strains). We then used 2D electrophoresis to in-
vestigate this pattern in more detail and to compare the
proteomes of a selection of 10 strains chosen from the
various genotypic clusters including the two subspecies type
strains. Although an average of ~400 spots were commonly
observed in the pl range of 4 to 7, we noticed a marked
variation (>20%) around the average in the number of
spots detected between strains (data not shown). Spots rep-
resenting major differences (absence/presence of spots be-
tween strains) were identified by using matrix-assisted laser
desorption ionization-time of flight mass spectroscopy.
Most of the differences were shown to be related to proteins
potentially encoded by genes not present in L. sakei 23K
because they could not be identified in the protein database
from this reference genome and were usually strain-specific
spots (data not shown but in agreement with previous ob-
servations [21]). Hence, these variations, mainly strain de-
pendent, could not be used as a criterion to differentiate the
isolates to the subspecies level. On the other hand, a striking
difference was observed in the 40-kDa region of the 2D gels
containing spots of high intensity and corresponding to sev-
eral glycolytic enzymes. In particular, we observed that the
four isoforms (with different pIs) of the GapA protein (glyc-
eraldehyde-3P dehydrogenase) displayed a size variation be-
tween the two subspecies type strains (Fig. 3). We found



VoL. 75, 2009

root

10

99

88

87

INTRASPECIES GENOMIC DIVERSITY OF L. SAKEI 975

94

23

=

=
=
3
=
s}
=t
<<

Vvvvvvvvvv
o B

332

wn
=
<

CTC42
DSM20019
LTH675
TISTR890
Lv59
CTC429
CIP105422
AGRS3
Lval
Lb706
YMW540
SF8d2
SF171
SFT10
CTC335
CRL1467

Clusters p

N T e

RNM8822% e
SHHAKBERE =8

JG3
YMH243

~
5
<

L110
LV34

=
Z

SF843
SFedl
CTCE626
LTH1764
LTH5589
CTC163
AGR48
LTH5590
CTC014
YMW557
MF2088
CTC4%
LTH5588
MF2091
MF2090
MF2089
V553
CTC287
CTC427
CTC041
TISTRQll
YME344

FGP332-0007

FGP332-0008
FGP332-0009

FGP332-0010
FGP332-0011
FGP332-0012
FGP332-0013

FGP332-0014
FGP332-0015
FGP21-0001

FIG. 1. L. sakei genomic diversity. Shown is the distribution of the 60 genetic markers among the 73 L. sakei isolates and the 2 L. curvatus
isolates taken as an outgroup reference. Genes are ordered by their position in the 23K chromosome. White, absent; black, present; gray,
IS-truncated gene or gene cluster. The dendrogram showing estimates of genomic relationships of the strains was constructed by average-linkage
hierarchical analysis. The scale represents the distance at each node. A coefficient of 1 denotes complete independence, and zero indicates absolute
identity. P values at main nodes indicate confidence of the clustering by multiscale bootstrap resampling using the PVCLUST program
(see Materials and Methods). Strains were grouped on the basis of cluster branches where confidence was above 90% and with a maximum distance
of 0.5 between isolates. Strain clusters (genotypes) are indicated by triangles. Clusters were named by starting with cluster A containing reference
strain L. sakei 23K and were incremented hierarchically to cluster J, the most distantly related to cluster A. The subspecies type strains and

the reference strain L. sakei 23K are indicated by asterisks.

that this difference was not due to sampling issues or growth
conditions, since four analyses were conducted (see Mate-
rials and Methods) and revealed no variation of this pheno-
type. We have suspected that this migration difference could
be due to variations in the amino acid sequence of the GapA
protein. However, the determination of the gapA gene se-
quence in strain 332 revealed only few modifications to that
of strain 23K, most variations leading to silent mutations,
suggesting that the pl and molecular weight modifications
observed in the two types of GapA isoforms result most
likely from posttranslational modifications of the protein
(data not shown). This difference between strains was in
agreement with the main difference observed in total cell
protein pattern analysis previously used to distinguish the
subspecies level (26, 38). The GapA variation was confirmed

for a second isolate in each cluster and was then used to
affiliate the genotypic clusters to the prevailing subspecies.
In further agreement with the PCA clustering analysis
shown in Fig. 2, clusters A to G (57 isolates representing
78% of the population) were affiliated with L. sakei subsp.
carnosus and clusters H to J (16 isolates representing 22% of
the population) were affiliated with L. sakei subsp. sakei.
Our data also indicate that L. sakei 23K, although formally
described as belonging to L. sakei subsp. sakei, should be
reaffiliated with L. sakei subsp. carnosus.

Variations of chromosome size and geometry between L.
sakei genotypic clusters. Next, we investigated the extent of
genome size variation between L. sakei isolates by PFGE anal-
ysis of I-Ceul-digested fragments. I-Ceul mapping of the L.
sakei chromosome reveals seven DNA fragments of various
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FIG. 2. PCA of L. sakei isolates based on the presence or absence of 60 genetic markers. The main groups are indicated within ellipsoids, and
the subspecies type strains and the reference strain L. sakei 23K are denoted by rectangles.

sizes and is an efficient tool for resolving the overall size and
geometry of L. sakei genome (13). Genome size data are
shown in Table S1 in the supplemental material. This analysis
revealed important differences in genome size between the L.
sakei strains. The mean chromosome size is 2,020 kb for the
species, ranging from 1,814 = 30 kb (strain CTC427, cluster A)
to 2,309 = 79 kb (strain LTH677, cluster I), which represents
about 25% (~500 kb) genome variation. A Gaussian proba-
bility distribution of the genome size data indicated that the
chromosome size of L. sakei strains was not homogeneously
distributed across this range (Fig. 4A).

However, genome size cannot be used to distinguish be-
tween the two subspecies, since we noticed only a small differ-
ence between their average genome sizes (2,000 kb for L. sakei
subsp. carnosus versus 2,100 kb for L. sakei subsp. saker). Fur-
thermore, analysis of the genome size distributions across the
10 genotypic clusters (Fig. 4B) revealed an important hetero-
geneity between them, explaining thereby the subpopulations
observed in Fig. 4A. Indeed some clusters show uniform in-
traspecies genome sizes but a marked difference between them

(e.g., average genome sizes of 1,895 kb for cluster A, 2,075 kb
for cluster G, and 2,205 kb for cluster I). Other clusters (e.g.,
clusters B and C) display a large heterogeneity, suggesting the
possibility of further subpopulations. Clusters F and J contain
too few isolates to draw conclusions about the genome size
trend in these clusters.

Finally, the absence of fragment C7 corresponding to the
rmmAB doublet was noticed in 15 strains (~20% of the whole
population).

Many genotypes can be isolated from various meat/fish
products. We observed that each of the 10 clusters comprised
strains from at least three different laboratory collections.
Strains sourced from large collections (e.g., INRA, Jouy-en-
Josas, France, and IRTA, Monells, Spain) did not cluster to
themselves, but were distributed across the genotypic groups
and clusters (average affiliation with seven clusters for each set
of 10 strains), indicating that the results were not influenced by
local sampling bias (collection bias or geographical bias). Sim-
ilarly, the genotypic clusters (at least those with more than five
isolates) did not show significant bias from the types of food
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FIG. 3. Comparative analysis of the GapA isoforms between one representative isolate from each of the 10 genotypic clusters. For cluster I,
two strains are shown: strain 332, used as the source of many genes for clustering analysis, and strain 64. A typical L. sakei 2D electrophoresis gel
in the pl range 4 to 7 is shown on the right (L. sakei 23K). A window has been drawn in the middle area showing a closeup of the GapA region,
which is schematically superimposed onto each strain tested to illustrate the variations in GapA isoforms. The open circles connected with a black
line indicate a protein pattern highly conserved between strains, both on the basis of migration position and on the basis of level of expression.
The striped ellipsoids represent the four GapA isoforms. Based on the 23K genome, the theoretical molecular masses of the corresponding proteins
shown in this figure are as follows: GapA, 35.5 kDa; LdhL, 35.4 kDa; PgK, 42.7 kDa.

products from which they were isolated (ecological bias). Fi-
nally, strains isolated from either raw or fermented products
(process bias) were also evenly distributed between the
groups. Therefore, our results suggest that the natural di-
versity of L. sakei strains may be identified within each type
of food product.

DISCUSSION

This study provides an evaluation of intraspecies genomic
variation of L. sakei and generates, for the first time, a com-
prehensive classification of natural isolates.

Our results show that the L. sakei species displays extensive
(up to 500 kb) chromosome size variation between isolates.
The difference covers ~25% of the average species genome
size of 2,020 kb. Many comparative genomic studies have re-
vealed that intraspecies genomic diversity may vary widely be-
tween species from zero to more than 20% (for reviews, see
references 9, 10, 12, and 25 and references cited therein). The
extent of genomic variation within a species is believed to
contribute to the ecological and phenotypic potentials bacteria
require for survival in and exploitation of different ecological
niches and the ability to respond to fluctuations in their natural
environment (1). Therefore, the broad L. sakei intraspecies

diversity observed in meat strains is likely to be a consequence
of meat providing a range of complex ecological niches for
microbial populations. Although a link between genotypic clus-
ters and possible ecotypes could not yet be established using
our analyses, we cannot discount the possibility that the num-
ber of isolates examined (n = 73) may have been too small to
fully appreciate the wide natural diversity of the species. How-
ever, the strains analyzed were specifically chosen from a wide
range of laboratory collections and care was taken wherever
possible to include isolation sources representing the range of
L. sakei natural habitats in food products. We have also shown
that these two parameters (geographical and ecological) were
evenly distributed among the genotypic clusters. Consequently,
our data suggest that many meat/fish products could be the
source of multiple L. sakei genotypes, possibly in combinations
of yet-to-be-described ecotypes. It is possible that strains from
several genotypes could successively dominate the ecological
niche during meat storage as a result of the dynamic variations
in microbial competition, fluctuation of nutrient availability,
and changing redox conditions.

In this study, we provide a first insight into the possible
number of molecular subtypes within the L. sakei species. The
natural population can be seen as comprising two main groups
of strains: (i) L. sakei subsp. carnosus, the more diverse, com-
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FIG. 4. (A) Histogram distribution of genome sizes among L. sakei isolates. Strains are represented by bars above the genome size axis.
Histogram bars represent the number of strains within a genome size window of 30 kb (average standard deviation of PFGE measurements). The
Gaussian probability distribution of genome size in the population (estimated density on the left axis) is shown by the black smooth line. (B) Plot
showing genome size distribution of L. sakei isolates according to their genotypic clustering. The thin horizontal black line denotes the average
genome size of 2,020 kb. Thick black horizontal lines indicate the average genome size in each cluster. Cluster F, containing few isolates, was
pooled with cluster E for the analysis. The genome size of each isolate is shown by an open circle. The subspecies type strains and the reference
23K strain are shown by filled circles. Asterisks on the left side of some circles denote the positions of strains lacking one copy of the rrnAB doublet.

prised of 7 clusters; and (ii) L. sakei subsp. sakei, comprised of
3 clusters. In both subspecies, we observed a trend toward a
substantial difference in genome size between the various clus-
ters. Therefore, our results favor the hypothesis that the major
L. sakei genotypic groups have evolved sufficiently away from
each other to yield populations with discernible genome sizes
and this difference could be due to a differential adaptation to
a specific environmental pressure (microhabitat). Neverthe-
less, we noticed some intracluster heterogeneity. For instance,
some isolates show evidence of genomic rearrangements (loss
of one rn copy) and some other isolates have a genome size
not fully representative of the L. sakei population to which they
belong (e.g., strain CTC163 in cluster C, which appears to have
evolved by acquiring a large amount of genetic material that
distinguishes it from its close relative). Such a “leap” may
result from the integration of large DNA segments like pro-
phages or conjugative plasmids, which are often associated
with genome evolution in bacteria (14, 34). These observations
strongly suggest that deletion and integration events dynami-
cally contribute to the evolution of the L. sakei species.

It remains possible that our clustering approach could result
in a small degree of aberrant clustering for some strains or a
biased estimation of the real number of molecular subtypes.
For instance, PCR-based detection of genetic markers can only
confirm the presence of particular genes but not their absence.
PCR amplification may fail due to high nucleotidic polymor-
phism. Confirmation of the absence of genes could be achieved
using DNA microarray technology. However, we consider that
a high nucleotidic polymorphism between strains will be re-
flected by phylogenetic distance and would therefore have

value for strain clustering. We have focused on the variable
genes of strain L. sakei 23K only because currently it is the only
strain with a sequenced genome. We have tried to address bias
issues by introducing genes from other strains (especially from
strain 332F from L. sakei subsp. sakei and distantly related
from strain 23K) and by removing mobile elements from the
analysis because they are known to skew clustering methods
and to mask the lineages. However, the reason for the seem-
ingly strong bias observed in the subspecies ratio (78%/22%)
remains unclear. These findings could suggest a more success-
ful adaptation of L. sakei subsp. carnosus to meat environ-
ments or that other sampling sources (food or environmental)
should be included to improve the recovery of L. sakei subsp.
sakei isolates. In this regard, we note that although the histor-
ical origin of L. sakei has yet to be determined, the species tend
to be isolated from sources almost exclusively related to meat
microbial ecosystems. It is also possible that the genotypic and
ecological boundaries between the two subspecies may not be
so sharp. It could also be of interest to determine whether
microbial community membership and specific pressures in the
natural environmental samples could influence the isolation of
a given genotype.

Given these considerations, the next task will be to establish
if the genotypic clusters identified in our present study corre-
spond to phylogenetic lineages. This task could be achieved
using multilocus sequence typing, and our genotypic clustering
could be used as a basis for selecting strains for such studies.
Similarly, comparative microarray-based genomic hybridiza-
tion analysis may help to refine the genotypic clustering, espe-
cially for L. sakei subsp. sakei isolates for which our study may
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have lacked some discriminating power. This will require the
characterization of the variable gene pools in a wider pool of
strains to produce new and meaningful information from this
type of analysis. To this effect, we are currently establishing a
project that aims to characterize the flexible gene pool in
strains covering the whole genotypic diversity of the L. sakei
species (http://genome.jouy.inra.fr/sakei/biodiversity/html). We also
believe that a sampling of new “undomesticated” strains from
various traditional food products and from geographical areas
underrepresented in our study (Asia, America, and Africa)
would benefit further studies. Meat and fish products currently
represent the major ecological source of L. sakei isolates. How-
ever, such products have only existed for a relatively short
period of time. It is therefore possible that before meat prod-
ucts first became available for adaptive colonization by L.
sakei, the species originated from sources such as the gastro-
intestinal tract of animals or the environment (e.g., pasture),
where it may still survive as a minor component of the
overall microbial population. Isolating and analyzing strains
from such nonmeat environments might therefore reveal a
greater and/or possibly different intraspecies diversity than
currently appreciated.
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