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Mobile genetic elements are major contributing factors to the generation of genetic diversity in prokaryotic
organisms. For example, insertion sequence (IS) elements have been shown to specifically contribute to niche
adaptation by promoting a variety of genetic rearrangements. The complete genome sequence of the cheese
culture Lactobacillus helveticus DPC 4571 was determined and revealed significant conservation compared to
three nondairy gut lactobacilli. Despite originating from significantly different environments, 65 to 75% of the
genes were conserved between the commensal and dairy lactobacilli, which allowed key niche-specific gene sets
to be described. However, the primary distinguishing feature was 213 IS elements in the DPC 4571 genome, 10
times more than for the other lactobacilli. Moreover, genome alignments revealed an unprecedented level of
genome stability between these four Lactobacillus species, considering the number of IS elements in the L.
helveticus genome. Comparative analysis also indicated that the IS elements were not the primary agents of
niche adaptation for the L. helveticus genome. A clear bias toward the loss of genes reported to be important
for gut colonization was observed for the cheese culture, but there was no clear evidence of IS-associated gene
deletion and decay for the majority of genes lost. Furthermore, an extraordinary level of sequence diversity
exists between copies of certain IS elements in the DPC 4571 genome, indicating they may represent an ancient
component of the L. helveticus genome. These data suggest a special unobtrusive relationship between the DPC

4571 genome and its mobile DNA complement.

Lactobacillus species are employed in the production of a
wide range of fermented milk, meat, and plant products and
are also routinely isolated from the vagina and gastrointestinal
(GI) tract. This broad range of environmental niches is re-
flected in the diversity of species belonging to the genus Lac-
tobacillus. The genomes of a number of lactobacilli have been
determined (2, 9, 13, 24, 27, 35, 46), and comparative analysis
has provided considerable insight into the evolution of this
diverse group of microbes. Reconstruction of the evolution of
the group highlighted extensive loss of ancestral genes since
divergence from a common Lactobacillales ancestor and sub-
sequent lineage-specific gene loss (27). Many of the changes
seem to be related to the transition to a nutritionally rich
environment. The general trend toward metabolic simplifica-
tion is reflected in changes in sugar metabolism genes, the loss
of genes for the biosynthesis of cofactors and amino acids, and
increased numbers of transporters and peptidases. However,
direct comparison of species from different niches has been
less informative due to the level of interspecies diversity at the
genome level (4, 8). We report here the genome sequence of
Lactobacillus helveticus DPC 4571, a Swiss cheese isolate that
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has been thoroughly investigated as a starter and adjunct cul-
ture in cheese manufacture and that demonstrates a number of
highly desirable traits, including rapid autolysis, reduced bit-
terness, and increased flavor notes (19, 20, 23). The genome of
this commercially valuable cheese culture is of additional in-
terest due to its close relationship with a group of Lactobacillus
strains that have gained prominence as health-promoting pro-
biotic organisms. Probiotics are defined as living microorgan-
isms that, upon ingestion in certain numbers, exert health
benefits beyond inherent nutrition and have potential applica-
tions for conditions such as GI infections and certain bowel
disorders (30), although they are successfully marketed to
healthy consumers with more general health-promoting claims.
It should be noted that although L. helveticus is not considered
a probiotic culture, certain strains have been shown to exert
beneficial effects through the proteolytic generation of antihy-
pertensive peptides from milk during fermentation (45).

To date, seven insertion sequence (IS) elements have been
described for L. helveticus in the IS element database (http:
/www-is.biotoul.fr/is.html), and these elements vary in copy
number (2 to 21 copies/genome) depending on the strain (36).
IS elements are short (1- to 2-kb), phenotypically cryptic seg-
ments of DNA with a simple genetic organization and are
capable of inserting at multiple sites in a target molecule (26).
Insertions of IS elements can cause gene inactivation and/or
can have strong polar effects. Besides these local effects, IS
elements are recognized by the recombination machinery of
the cell and have been shown to participate in chromosomal
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FIG. 1. Genome atlas of L. helveticus DPC 4571. The circles represent the following (from outer to inner). Circle 1 (two strands, positive and
negative) shows predicted ORFs assigned and colored according to 10 functional groupings based on BLASTP (3) similarity searches. Circle 2 (two
strands, positive and negative) shows IS elements (blue) distinguished from all other features (gray). Circle 3 shows percent GC content (red
represents high GC content, and green represents low GC content). Circle 4 shows GC skew. The positions of the putative genomic island and
rRNA operon (asterisks) are also indicated. The atlas was created using GenomeViz software (18).

rearrangements (26). Microbial-evolution experiments demon-
strated that IS elements can contribute substantially to the
generation of genetic diversity and help promote adaptation of
microbial populations (37). Moreover, IS-mediated rearrange-
ments have been postulated to be critical in the evolution of
pathogenesis in Bordetella (31), Burkholderia (29), Francisella
(33), Mycobacterium (41), Shigella (49), and Yersinia (10) spe-
cies that carry high numbers of IS elements. Sequencing of the
L. helveticus DPC 4571 genome determined a 2.08-Mb genome
saturated with IS elements and confirmed the close genetic
relationship between this dairy culture and lactobacilli that
inhabit the GI tract. Interestingly, the overall gene order be-
tween the strains is highly conserved despite the extensive L.
helveticus 1S insertions. The relatedness between the strains
also permitted the first detailed delineation of the gene differ-
ences between a dairy-evolved bacterium and a gut-colonizing
probiotic bacterium.

MATERIALS AND METHODS

Genome sequencing of L. helveticus DPC 4571. The complete genome se-
quence of DPC 4571 was determined by random shotgun sequencing of a small
(~1-kb) and a larger (2- to 2.5-kb) insert library to 7.7-fold redundancy by
MWG-Biotech AG (Ebersberg, Germany). Directed sequencing of the larger
inserts was performed where required. The sequence traces were assembled
using the Staden sequence analysis package (40). The universal vectorette system
(Sigma-Aldrich Corporation, St. Louis, MO) and combinatorial PCR were used
for gap closure. The assembly was verified by pulsed-field gel electrophoresis
analysis of the chromosome by single and double digests using Apal, Ascl,
I-Ceul, Notl, SgrAl, Smal, and SrfI restriction enzymes (New England Biolabs,
Beverly, MA).

Bioinformatic analysis. The complete genome sequence was processed with
the automatic annotation software GAMOLA (1). The gene model was deter-
mined with GLIMMER, and sequence similarity analyses were performed with
a gapped BLASTP algorithm (3) by using the nonredundant database provided

by NCBI (ftp://ftp.ncbi.nih.gov/BLAST/db). The automated annotation was man-
ually verified using Artemis (http:/www.sanger.ac.uk) as a sequence-viewing and
editing tool. Start positions were reviewed and altered based on protein sequence
alignments and ribosomal binding sites. Functional analysis was aided by the
ERGO bioinformatics suite (Integrated Genomics, Inc., Chicago, IL). The phy-
logenetic supertree was constructed using 47 ribosomal proteins from 19 com-
pletely sequenced species that were individually aligned using ClustalW, and
protein trees were built using the PHYLIP package (17). The best supertree was
found using the most similar supertree (dfit) and maximum quartet fit (qfit)
analysis methods from the Clann package (14). Genome comparisons were
performed using the Artemis Comparison Tool (ACT), also available from the
Sanger Institute. The differences in the DPC 4571 and Lactobacillus acidophilus
NCFM gene sets were compiled visually using ACT and from GAMOLA
BLASTP outputs. The strain-specific gene sets were verified by FASTA searches
of the DPC 4571 and NCFM sequence data using the Kodon software package
(Applied Maths, Inc.). Nucleotide repeats were also identified and visualized
using the Kodon software package. tRNAs were identified using
TRNASCAN-SE with stringent parameter sets (25). Genome atlas views were
generated with GenomeViz (18).

Nucleotide sequence accession number. The L. helveticus DPC 4571 genome
sequence has been deposited in GenBank under accession number CP000517.

RESULTS

General features. The L. helveticus DPC 4571 whole-ge-
nome-sequencing project produced a circular chromosomal
sequence of 2,080,931 nucleotides with an average GC content
of 37.73% (Fig. 1). The size and restriction enzyme profiles of
the final sequence assembly were consistent with the pulsed-
field gel electrophoresis patterns generated with a range of
restriction enzymes (see Materials and Methods). This assem-
bly verification was particularly important given the large num-
ber of repeat elements identified by in silico sequence analysis
(see below). The genome included a total of 2,065 GLIMMER-
predicted ORFs, but manual annotation resulted in 19% (388
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ORFs) being reclassified as representing a large complement
of 217 pseudogenes. Interestingly, the same percentage of
OREFs were classified as pseudogenes in the genome of another
species of lactic acid bacteria (LAB), Streptococcus thermophi-
lus (6). The associated loss-of-function events suggested the
mechanism of adaptation by S. thermophilus to the dairy niche.
However, a significant proportion (36%) of pseudogenes in
DPC 4571 had similarity to transposase enzyme genes, indi-
cating they belonged to IS elements. Transposase inactivation
is a common feature of IS elements and is recognized as a
mechanism of transposition regulation (26). The 141 non-
transposase-encoding pseudogenes of DPC 4571 were com-
piled (see Table S1 in the supplemental material). In common
with S. thermophilus, two of the most highly decayed functional
groups in the L. helveticus genome were predicted transport
protein and energy metabolism genes, 19 and 11 pseudogenes,
respectively. However, a significant number of pseudogenes
encoded putative regulators (15 pseudogenes) and amino acid
metabolism (9 pseudogenes), and a number of nucleotide me-
tabolism genes (6 pseudogenes) also appeared to be inacti-
vated (see Table S1 in the supplemental material).

Based on in silico analyses of biosynthetic capabilities, DPC
4571 can synthesize only 4 amino acids (aspartate, asparagine,
cysteine, and serine), either de novo or as derivatives. In com-
mon with other LAB, DPC 4571 also appears to be incapable
of synthesizing most of the vitamins and cofactors necessary for
its growth. Overall, the in silico analyses predicted a depen-
dency on external supplies of amino acids and cofactors for the
dairy culture similar to that described for closely related GI
tract isolates, L. acidophilus NCFM and Lactobacillus johnsonii
NC533 (additional information on biosynthetic capabilities can
be found in the supplemental material). Two of the most im-
portant attributes of L. helveticus DPC 4571 as a cheese culture
are its high peptidolytic activity and ability to lyse rapidly in the
cheese matrix. The genetic bases for these traits were investi-
gated, and nine genes with potential lytic activity were identi-
fied (see Table S2 in the supplemental material). A similar
complement of genes is present in closely related lactobacilli,
indicating that the rapid lysis of the L. helveticus strain is not
simply due to numbers and types of genes with lytic potential.
Regarding proteolysis, the DPC 4571 genome was found to
include 24 genes with significant homology (>34% identity at
the amino acid level) to known peptidase genes (see Table S3
in the supplemental material). Many of the genes were de-
scribed in L. helveticus previously, but the genome sequence
included novel genes with homology to the PepE, PepQ, PepT,
and PepD enzyme genes. Of particular interest for dairy in-
dustry cultures are the homologues of the proline-specific
PepQ, due to the relatively high number of proline residues in
casein, and the PepE endopeptidase homologue, because cer-
tain endopeptidases have roles in reducing bitter defects dur-
ing cheese ripening (11, 39). Two additional genes, designated
pep (Lhv202) and pepM (Lhv655), were identified that poten-
tially encode novel L. helveticus aminopeptidase enzymes. The
DPC 4571 pepM gene encodes the cobalt-binding signature
sequence of methionine aminopeptidases (PROSITE acces-
sion number PS00680) and could account for the recently re-
ported uncharacterized methionine-specific activity of L. hel-
veticus (12). The pcp gene product has significant homology to
characterized pyrrolidone carboxyl peptidase (60% at the
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amino acid level) of Lactococcus lactis (15). The pcp gene
product may account for the previously described low level of
activity against Pyr-AMC (22) and the presence of pyroglu-
tamic acid in cheeses ripened with L. helveticus (28).

The genome contains no complete prophage but does in-
clude a single group II intron of the Bh.Int group (44), al-
though the recombinase associated with these group II introns
(Lhv1086) appears to be inactivated by a frameshift. Analysis
of the GC content (Fig. 1) identified six regions that deviated
from the average GC content, with rRNA operons accounting
for four of the GC content spikes. The other two spikes were
associated with a gene cluster predicted to synthesize exo-
polysaccharide (Lhv1794 to Lhv1807) and a 100-kb region that
displayed the characteristics of a genomic island (see below).
In addition, a series of repeats composing a spacer-inter-
spersed direct-repeat locus in L. acidophilus NCFM is con-
served in DPC4 4571 but is flanked by the processing machin-
ery of both spacer-interspersed direct-repeat and clustered
regularly interspaced short palindromic repeat loci (Lhv1616
to Lhv1621). These features of bacterial genomes provide ac-
quired resistance to bacteriophage (3a).

IS elements. The annotation of the DPC 4571 genome se-
quence identified 223 genes and pseudogenes with similarity to
a variety of characterized and predicted transposase enzymes.
Examination of these sequences revealed that 213 of the gene
loci could be classified as complete or partial IS elements
(Table 1). The previously reported L. helveticus IS elements,
1S1201 (43), ISL2 (51), ISLhe! and ISLhel5 (7) were among
the most numerous elements in the genome, with 32, 18, 19,
and 23 partial or complete copies identified, respectively.
There were also copies of IS elements previously reported in
Lactobacillus delbrueckii (ISLS and ISL7), L. johnsonii (ISLjo!/
and ISLjo5), and Leuconostoc mesenteroides (1S1165) and the
IS element that forms part of transposon Tn3692 of Lactoba-
cillus crispatus (see Table S4 in the supplemental material).
The majority of the remaining ORFs with transposase enzyme
gene similarity were grouped and classified as new IS elements
based on the following criteria. First, the ORF(s) encoded an
enzyme with significant similarity (>40% identity at the amino
acid level) to known elements or transposase enzymes; sec-
ondly, inverted repeats flanked the transposase enzyme; and
thirdly, the proposed IS elements was present in more than one
copy in the genome sequence. These criteria allowed the ma-
jority of repeat regions that did not constitute previously re-
ported IS elements to be classified as members of 11 new types
of IS elements. Most of the new elements appear to have close
relatives in other lactobacilli (see Table S4 in the supplemental
material). There were an additional 10 genes with transposase
gene similarity that did not meet the three criteria. These
genes were present only in single copies on the genome and
had low similarity (less than 35% at the amino acid level) to
characterized transposase enzyme genes. However, six did
have repeat sequences flanking the predicted transposase and
may represent new IS elements. The majority of DPC 4571 IS
elements were located in noncoding sequences between pre-
dicted ORFs and appeared to be randomly distributed (Fig. 1).
There were no obvious hot spots for insertion, although it was
common for more than one element to be inserted at a single
locus, and in certain cases, IS elements were integrated within
the boundaries of other elements (see Fig. S1 in the supple-
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TABLE 1. IS elements in the L. helveticus DPC 4571 genome

No. of complete Transposase

. No. of  Inverted repeats  Direct repeats . - No. of partial . Total no. of
Name Size (bp) ORFs (bp)* (bp) Family (oo Sgg;zsn oy copies dlv?(;:n):(nce copies
1S1201 1,387 1 20/24 8 1S256 30 (8) 2 9 32
ISL2 858 1 17 2 IS5 17 (17) 1 1 18
ISL5 1,590 1 48/64 0 1S4 2 2
ISL7 1,239 1 22/28 ND“ 1S30 1 1
1S1165 1,553 1 20/39 0 ISL3 1 1 2
ISLjo7-like 1,195 1 24/32 0 1S30 9(7) 46 9
ISLjo5 2,101 2 0 0 1S200-1S605 2 2
IS of Tn3692 1,482 1 24/29 4 1S3 2(2) 1 3
ISLhe! 982 1 27/28 8 1S982 18 (9) 1 27 19
ISLhe2 1,462 1 10/10¢ 7 ISL3 27 (6) 2 15 29
ISLhe4 1,392 1 15/20 0 IS110 5(1) 5
ISLhe6 1,305 1 24/29 4 1S3 4(1) 4
ISLhe6! 1,465 1 21/24 4 1S3 5(4) 5
ISLhei2 1,533 1 7/10 0 1S607 6 1 6
ISLhe9 2,607 2 13/17¢ 0 1S605 3 3
ISLhel5 1,620 1 17/21 12 ND 21 (5) 2 15 23
ISLhe30 1,041 1 20/25 0 1S30 2(2) 1 3
ISLhe65 1,426 1 9/11¢ 0 1S605 27 (15) 1 10 28
ISLhe66 2,280 13/4 27/27 5-10 1S66 2 2
ISLhe60 2,302 2 13/16 0 1S605 S5(1) 1 6
ISLhe63 1,898 1 21/22 0 ND 10 (1) 1 3 11
Total 197 (79) 16 213

“ Number of base pairs conserved between right and left end repeats/length of repeat.

> Copies with interrupted transposase genes.

¢ Percent divergence between nonpseudogene transposase proteins as determined by ClustalV alignments.

4 ND, not defined.
¢ Repeats within 15 to 20 bp of the terminus.

mental material). The proximity of two identical IS elements at
a number of loci also suggested the possibility that DPC 4571
may encode composite transposon elements (see Fig. S1 in the
supplemental material) that have been described in L. crispatus
(42) but had not been reported in L. helveticus previously.

It is interesting that the L. helveticus DPC 4571 genome
includes significantly more IS elements than have been re-
ported for the other six lactobacillus genomes published to
date (see Table S5 in the supplemental material). The phe-
nomenon of large differences in numbers of IS elements be-
tween closely related bacterial species has been confirmed by
genome sequencing for a variety of microbes. Among patho-
genic species, examples include Escherichia coli and its patho-
var Shigella (49), Yersinia pestis and Yersinia pseudotuberculosis
(10), and Bordetella bronchiseptica and Bordetella pertussis (31).
In many of these cases, the IS elements have been associated
with genome rearrangements that are proposed to increase the
virulence of the IS-loaded microorganism for its specific host.
Overall, L. helveticus DPC 4571 is second only to Shigella
dysenteriae strain 197 in the frequency of IS elements occurring
in the genome (as measured per megabase of genome). How-
ever, DPC 4571 includes a greater diversity of IS elements (at
least 21 and possibly 27 different types of IS elements) among
the eubacterial genomes sequenced to date. Only the se-
quenced archaeon Sulfolobus solfataricus P2 shows the same
level of diversity in types of IS elements on a single genome
(38).

Comparative analysis. L. helveticus belongs to the largest of
eight proposed phylogenetic Lactobacillus subgroups, the L.
acidophilus-L. delbrueckii group (16). This subgroup consists

largely of GI tract-associated species, and the 16S rRNA se-
quence of L. helveticus shares 98.4% identity with L. acidoph-
ilus, which suggested that the DPC 4571 cheese culture is
particularly closely related to the probiotic commensal L. acido-
philus strain NCFM. We confirmed the positioning of L.
helveticus within the group by constructing a phylogenetic su-
pertree with 47 ribosomal proteins (Fig. 2), a robust method of
phylogenetic analysis (14). The relationship between L. helveti-
cus and L. acidophilus is reflected in separate branching from
the sequenced genomes of dairy L. delbrueckii and probiotic
Lactobacillus gasseri/L. johnsonii species. More importantly,
this relatedness is reflected in the fact that 75% of predicted
DPC 4571 ORFs have orthologues in the L. acidophilus NCFM
genome (orthology was defined as a BLASTP E value of
<1072%). Considering the level of conservation between the
DPC 4571 and NCFM genomes and the dramatically different
environments that the strains inhabit, it was of interest to
define the gene sets that differentiated the two closely related
organisms (summarized in Table 2). Each genome included
approximately 500 predicted genes that were not conserved in
the other genome. The majority of these differentiating genes
have an assigned function from in silico analyses (the complete
lists of genes are compiled in Table S6 and Table S7 in the
supplemental material). More than half the genes with pre-
dicted functions that were acquired by DPC 4571 or lost from
NCFM were, unsurprisingly, for transposase enzymes. How-
ever, four restriction/modification (R/M) systems (Lhv27-
Lhv28, Lhv260, Lhv1152 to -1158, and Lhv1978-Lhv1979) and
two independent putative restriction endonucleases (Lhv1031
and Lhv1478-Lhv1479) are DPC 4571 specific, as well as a
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FIG. 2. Phylogenetic supertree of sequenced lactobacilli and streptococci. Members of the L. acidophilus-L. delbrueckii group are circled, dairy
cultures are shaded, and the Bacillus subtilis outgroup is boxed. The supertree was calculated from 32 individual ribosomal protein trees. All

branches are supported at >75% bootstrap values.

large section involved in fatty acid metabolism (Lhv1922 to
Lhv1933). The R/M systems may account for the poor trans-
formation efficiencies we observed for DPC 4571 compared to
other lactobacilli (data not shown). The presence of additional
fatty acid biosynthesis genes in dairy LAB cultures that are
absent from L. acidophilus and L. gasseri has been noted pre-
viously (27, 46). In addition, a number of DPC 4571-specific
amino acid metabolism genes were also identified (see Table
S6 in the supplemental material). These DPC 4571-specific
genes tend to be clustered within two large 100-kb sections and
a number of 15- to 30-kb sections. This clustering is indicative
of lateral gene transfer events, and GC content distribution

TABLE 2. General features of L. helveticus DPC 4571 and
L. acidophilus NCFM genomes

Value
Property
DPC 4571 NCFM

Size (nt) 2,080,931 1,993,564
Total no. of ORFs 2,065 1,864
No. of pseudogenes 217 0
No. of rRNAs/tRNAs 4/61 4/61

No. of IS elements 213 17
No. of PTS systems 9 20
No. of cell wall proteins 9 22
No. of mucus binding proteins 0 7
No. of glucosidases 3 13
No. of R/M systems 5 2
No. of peptidases 24 23
No. of lysis genes 9 9

analysis of the genome highlighted a difference at one of the
100-kb regions (Fig. 1). The region is characterized by a GC
content of 42% (5% higher than the rest of the genome), and
it is flanked by IS elements and unique 12-bp direct-repeat
(TCATCTACTTTC) sequences. In addition, the region is not
conserved in L. acidophilus or L. johnsonii. These data are
consistent with recently acquired chromosomal regions or
genomic islands (5) that have been described in Lactobacillus
plantarum (24) but not in lactobacilli of the acidophilus com-
plex. The putative genomic island (GEI) includes the lipid
biosynthesis genes described above, in addition to predicted
restriction endonuclease and amino acid metabolism genes
(cysteine synthase and serine acetyltransferase).

Since diverging from its GI tract relative, DPC 4571 has lost
a range of genes that were highlighted by Altermann et al. (2)
and Pridmore et al. (35) as encoding features likely to contrib-
ute to the ability of probiotic lactobacilli to colonize and in-
teract with the intestinal mucosa and microbiota (Table 2).
Fewer putative cell wall-anchoring proteins have been detected
in the genome of L. helveticus DPC 4571 (see Table S8 in the
supplemental material) than in that of L. acidophilus NCFM.
Nine proteins with the motif LPXTG were found (22 have
been described for L. acidophilus), and none of them has a
predicted gram-positive anchoring domain. Regarding ORFs
with the LPQTXE motif, only two of the four in NCFM were
detected (with the motif LPQTGE). Both have low homology
to much larger surface proteins, and one appears to be inac-
tivated due to a frameshift. A further six surface proteins from
L. acidophilus NCFM are lacking in L. helveticus DPC 4571
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(see Table S7 in the supplemental material), including the
LPXTG motif-containing proteins Lbal633, Lbal634, and
SIpA (Lbal69), which has been described as being involved in
adherence (6a), although it was noted that another protein
involved in adhesion, fibronectin binding protein FbpA
(Lbal148), is highly conserved. The predicted mucus binding
proteins (Lbal020, Lbal377, Lbal392, Lbal460, Lbal609,
Lbal652, and Lbal709), some of which encode anchoring mo-
tifs, are all missing from DPC 4571 (see Table S7 in the sup-
plemental material). In fact, no complete mucus binding pro-
teins were detected in the L. helveticus genome. Another
feature of the probiotic L. acidophilus NCFM strain is the
ability to utilize a wide range of sugars as energy sources.
NCFM has 20 phosphoenol pyruvate-dependent phospho-
transferase (PEP-PTS) systems by which the sugars are trans-
ported into the cytoplasm and phosphorylated. DPC 4571
demonstrates the classic limited L. helveticus fermentation pro-
file (see Table S9 in the supplemental material), which is re-
flected in the fact that only nine individual PEP-PTS systems
were identified in the genome. Moreover, the transporters for
the complex dietary carbohydrates raffinose and fructooligo-
saccharides and most of the predicted glucosidase enzymes (10
of 13 genes) in the NCFM genome are missing or inactivated
(see Table S7 in the supplemental material). Other deletions
that were of interest were the three NCFM potential autono-
mous units. Neither NCFM nor DPC 4571 has complete
prophage sequences (47), but NCFM does encode three po-
tential autonomous units, designated pauL Al -II. and -1II (2).
The core seven ORFs of paulLAIIl and paulLAIII and adjacent
R/M system genes are all missing from DPC 4571 (see Table S7
in the supplemental material). The core seven ORFs for
pauLAI and surrounding ORFs, including the prophage main-
tenance killer system and antidote genes, are also missing from
DPC 4571, although one type III R/M system is encoded at the
DPC 4571 locus, corresponding to paulLAl. Finally, the con-
tributions of IS element-mediated events to gene interruption
and deletion were investigated by examining the disruption of
local gene synteny between the NCFM and DPC 4571 genomes
by using ACT. Ten interrupted genes and deletions at 31 loci
were predicted (see Tables S6 and S7 and text in the supple-
mental material). However, the IS-associated differences ac-
count for only a fraction of the differences observed between
the DPC 4571 and NCFM genomes despite their abundance in
the L. helveticus strain.

Genome stability. IS elements are recognized by the recom-
bination machinery of the cell and have been shown to partic-
ipate in chromosomal rearrangements (26). Linear genomic
comparisons of the IS-loaded genomes of Bordetella (31),
Burkholderia (29), Francisella (33), Mycobacterium (41), Shi-
gella (49) and Yersinia (10) species revealed multiple IS-asso-
ciated rearrangements (for examples, see Fig. S2 in the sup-
plemental material). In many of these cases, the IS elements
have been associated with genome rearrangements that are
proposed to increase the virulence of the IS-loaded microor-
ganisms for their specific hosts. In contrast, whole-genome
alignments of DPC 4571 and other L. acidophilus-L. del-
brueckii group species confirmed that DPC 4571 maintained
the whole-genome order previously reported for the L. aci-
dophilus group (4) and revealed no evidence of chromosomal
rearrangements between L. acidophilus NCFM and DPC 4571
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despite the abundant IS elements in the DPC 4571 genome
(Fig. 3). This extraordinary level of whole-genome conserva-
tion between genomes with such different IS element contents
suggested that the IS elements may have been recently ac-
quired. However, the level of sequence divergence observed
for the IS element copies in the genome indicates that at least
some elements are not recently acquired (see below). Alterna-
tively, a missing or malfunctioning recombination enzyme(s)
encoded by the DPC 4571 bacterium may have limited in-
tragenomic rearrangements without affecting chromosomal
segregation and repair of damaged DNA. The L. helveticus
genome encodes a complete set of enzymes with significant
similarity to the recognized bacterial recombination pathways
in gram-positive bacteria (50). The DPC 4571 genome encodes
predicted AddAB (Lhv1273-Lhv1274) and RecFOR (Lhv4,
Lhv1300, and Lhv402, respectively) pathway proteins, in addi-
tion to orthologues of RecG (Lhv1394), RecJ (Lhv1329),
RecQ (Lhv1098), RecN (Lhv1410), RecU (Lhv1266), RecX
(Lhv678), and RuvAB (Lhv429-Lhv430). Moreover, a large
chromosomal rearrangement around the replication terminus
in the L. johnsonii and L. gasseri genomes (Fig. 3) indicates
that the capacity of these species for intragenomic rearrange-
ments is not limited. Comparison of the DPC4571, L. johnso-
nii, and L. gasseri genomes revealed no obvious differences in
the predicted complements of recombination enzymes. Inter-
estingly, comparison of the L. helveticus and L. acidophilus
genomes did reveal one striking difference. The product en-
coded by Lhv1134 has no homologue in NCFM and is a protein
with similarity to MutS2 proteins that have recently been
shown to specifically limit homologous recombination in Heli-
cobacter (21, 34). However, it should be noted that Lhv1134 is
conserved in L. johnsonii and L. gasseri. Irrespective of the
mechanism promoting the stability of the IS-loaded DPC 4571
genome, the conservation of the whole-genome order between
the L. helveticus and L. acidophilus strains suggests that one of
the three acknowledged promoters of genetic variation in mi-
crobial populations, intragenomic recombination, did not fa-
cilitate or promote the evolution of these two microbial species
from a common ancestor.

Wagner (48) studied the main representative of each major
family of IS elements in 376 completely sequenced bacterial
chromosomes and plasmids and found that 68% of ISs within
individual genomes are completely identical. Periodic extinc-
tions of particular elements in a bacterial lineage was proposed
to explain the low DNA divergence. In contrast to the findings
of Wagner (48), a significant level of transposase sequence
divergence was observed for the majority of high-copy-number
DPC 4571 IS elements (see Fig. S3 in the supplemental mate-
rial). This divergence suggests that these elements represent
more ancient components of the L. helveticus genome. How-
ever, the absence of information on sequence substitution rates
and the potential for lateral transfer of IS elements make it
difficult to establish how long individual IS elements have ex-
isted in this isolated genome. It has also been suggested that IS
expansion occurred in Yersinia and Bordetella species during an
evolutionary bottleneck in which the effective population size
was reduced and that a lower level of intraspecies competition
allowed clones with increased numbers of IS elements to sur-
vive (31, 32). The protected environment within the dairy plant
could represent such an evolutionary bottleneck. This could
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L. acidophilus NCFM

L. helveticus DPC 4571

L. johnsonnii NCC 533

L. gasseri ATCC 33323

certainly explain the expansion of ISLhe§ and ISL2 elements,
since the copies of these elements in the genome are nearly
identical (Table 1). However, based on our current under-
standing of IS element biology, the level of sequence diver-
gence indicates that most of the DPC 4571 elements have been
present in the genome significantly longer than the estimated
8,000 years that bacterial cultures have been employed in fer-
mented-food production.

DISCUSSION

L. helveticus and L. acidophilus are easily distinguished as
species from a classical microbiological prospective. L. helveti-
cus is a specialist dairy culture with limited sugar fermentation
capacity, whereas L. acidophilus strains are isolated from mu-
cosal surfaces and demonstrate a broader fermentation profile.
However, the 16S sequences of these bacteria, which are val-
ued for two distinct capabilities, health promotion through GI
tract colonization and cheese production, differ by just 1.6%.
These strains represent the most closely related dairy and
probiotic LAB cultures sequenced to date. Analysis of the L.
helveticus DPC 4571 genome provided important insights into
the evolution of dairy cultures and related probiotic bacteria.
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FIG. 3. Alignment of L. helveticus DPC 4571, L. acidophilus NCFM, L. johnsonii NCC533, and L. delbrueckii ATCC 11842 genomes using ACT.
The lines between the genomes represent DNA-DNA similarities (BLASTN matches) between the two sequences.
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The DPC 4571 strain was selected because it makes good
cheese, which was attributed to the characteristics of rapid lysis
and high proteolytic activity. The NCFM and DPC 4571 ge-
nomes include basically the same set of peptidase and lysis
genes, although there have been significant and possibly im-
portant changes in the peptidase protein sequences. In con-
trast, a definite bias toward the loss of functions associated
with probiotic functionality in NCFM was observed. Half the
PTS systems, cell wall-anchoring proteins, and all the mucus
binding proteins predicted in NCFM were deleted or classed as
pseudogenes in DPC 4571. The L. helveticus genome sequence
confirms that the previously reported selective loss of mem-
brane protein and sugar metabolism genes from the S. ther-
mophilus dairy culture genome (6) also holds for Lactobacillus.
A consistent pattern of specialization for the milk niche has
now been documented for both species. From the perspective
of probiotic-culture research, the selective loss of functionally
related groups of genes from the DPC 4571 genome points to
the importance of those genes in the probiotic genome and the
presence of selective pressure to maintain them in the gut
environment.

From the perspective of microbial genome architecture, the
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comparative genomics of the probiotic and dairy strains re-
vealed an even more astonishing feature of conservation. The
adaptation capacities of bacterial species are related to the
genetic diversity from which the fittest variants are selected.
The three mechanisms to generate this variability are recog-
nized as point mutations, horizontal gene transfer, and in-
tragenomic rearrangements. We report here that it is possible
for two related genomes as distinct as those of NCFM and
DPC 4571 to evolve without generating intragenomic rear-
rangements. Interestingly, adaptation to the milk niche was
reported to promote stabilization of genome structure for the
dairy S. thermophilus culture (6), revealing a further common-
ality between the dairy lactobacilli and streptococci. Moreover,
the IS-loaded DPC 4571 genome demonstrates exceptional
stability, since IS elements are generally viewed as facilitators
of increased genomic rearrangement, conferring an advantage
in variant generation. Overall, the DPC 4571 IS elements ap-
pear to be particularly unobtrusive considering their promi-
nence in the genome.
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