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Lactobacillus delbrueckii ssp. bulgaricus (L. bulgaricus) is a repre-
sentative of the group of lactic acid-producing bacteria, mainly
known for its worldwide application in yogurt production. The
genome sequence of this bacterium has been determined and
shows the signs of ongoing specialization, with a substantial
number of pseudogenes and incomplete metabolic pathways and
relatively few regulatory functions. Several unique features of the
L. bulgaricus genome support the hypothesis that the genome is in
a phase of rapid evolution. (/) Exceptionally high numbers of rRNA
and tRNA genes with regard to genome size may indicate that the
L. bulgaricus genome has known a recent phase of important size
reduction, in agreement with the observed high frequency of gene
inactivation and elimination; (i)) a much higher GC content at codon
position 3 than expected on the basis of the overall GC content
suggests that the composition of the genome is evolving toward
a higher GC content; and (iii) the presence of a 47.5-kbp inverted
repeat in the replication termination region, an extremely rare
feature in bacterial genomes, may be interpreted as a transient
stage in genome evolution. The results indicate the adaptation of
L. bulgaricus from a plant-associated habitat to the stable protein
and lactose-rich milk environment through the loss of superfluous
functions and protocooperation with Streptococcus thermophilus.

adaptation | GC evolution | large inverted repeat | protocooperation |
rRNA number

Lactobacillus delbrueckii ssp. bulgaricus (L. bulgaricus) is one of
the economically most important representatives of the heter-
ogeneous group of lactic acid bacteria, with a worldwide application
in yogurt production. Yogurt has long been recognized as a
nutritious, natural, and safe component of a healthy diet and is at
the basis of the concept of probiotics (1, 2). A well documented
health benefit of the consumption of yogurt containing live L.
bulgaricus and Streptococcus thermophilus is an attenuation of
lactose intolerance (3). In addition, immune modulation and
diarrhea-alleviating effects have been reported (4), and both L.
bulgaricus and S. thermophilus have been implicated in these effects
(3, 5). During yogurt fermentations protocooperation between
these two bacteria results in an accelerated acidification, but the
mechanisms involved are not completely understood (6).

Among the lactic acid bacteria, L. bulgaricus belongs to the
acidophilus complex, a group of lactobacilli related to Lactobacillus
acidophilus, Lactobacillus johnsonii, and Lactobacillus gasseri, which
have been used as probiotic cultures. Although within this group L.
bulgaricus is considered unique because of its atypical GC content,
until recently the lack of tools for genetic manipulation has severely
hampered a more detailed analysis of this organism (7, 8, 7).

Here we present the genome sequence of L. bulgaricus strain
ATCC11842, originally isolated from bulgarian yogurt by S. Orla-
Jensen in 1919 (unpublished work). The analysis of this genome and
comparison to other members of the acidophilus complex and S.
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thermophilus (9) have contributed to a more complete understand-
ing of its phylogenetic position and revealed important details about
its specialized adaptation to milk and protocooperation with S.
thermophilus.

Results and Discussion

Primary Sequence Characteristics. The size of the L. bulgaricus
genome was estimated at ~1.8 Mbp on the basis of results obtained
after pulsed-field gel electrophoresis of chromosomal DNA digests
(data not shown). This estimation was confirmed in the present
whole-genome sequencing project, where a circular chromosomal
sequence of 1,864,998 bp has been assembled. The primary char-
acteristics of this sequence are presented in Table 1.

The overall GC content (49.7%) differs significantly from that of
the closely related species L. acidophilus (34.7%; ref. 10) and L.
Johnsonii (34.6%; ref. 11), a difference that is mainly due to very
important differences at codon position 3 (GC3): 65.0% GC in L.
bulgaricus as compared with 25.0% and 24.4% in L. acidophilus and
L. johnsonii, respectively. Whereas the latter values fit the strong
correlation that can be observed between GC3 and overall GC
content in bacteria (Fig. 1), the L. bulgaricus GC3 value (65.0%)
strongly deviates from the expected value (54.0%). Because the
evolution at codon position 3 is generally much faster than at
positions 1 and 2, the high GC3 value suggests that the L. bulgaricus
genome is in an active phase of evolution toward a higher GC
content or that in L. bulgaricus the correlation between GC3 and
overall GC content has been lost or changed.

In the L. bulgaricus genome, a large number of coding sequences
(CDS) have been annotated as “fragments” on the basis of BLASTP
and BLASTX (12) results. These fragments correspond to 270
different pseudogenes (of which 43 are remnants of transposase
coding genes) that are regularly distributed over the genome, with
a slight underrepresentation in the region from 283 kbp to 672 kbp
(Fig. 2). This high number of pseudogenes suggests that the genome
is in an active state of gene elimination and concomitant size
reduction. Not counting pseudogenes, only 73% of the genome
consists of (putative) coding sequences. A distinct 2.5-kbp noncod-
ing region (starting at position 764 kbp) was identified that has all
of the features of a CRISPR region (clustered regularly interspaced
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Table 1. Characteristics of the L. bulgaricus ATCC11842 genome

Genome size, bp 1,864,998
Overall GC content, % 49.7
GC content of CDS,* % 51.6
GC content of CDS* at codon position 3, % 65.0"
Number of CDS* 1562
CDS* as % of genome sequence 73
Number of CDS* with unknown function 598
Number of pseudogenes* 270
Number of rrn operons 9
Number of tRNA genes 95

*CDS not annotated as ““fragment.”
*Corresponding to 534 CDS annotated as “‘fragment.”
164.4% if pseudogenes are included in the analysis.

short palindromic repeats) (13). CRISPRs have been interpreted as
traces of past invasions by extrachromosomal elements and have
been hypothesized to provide immunity against foreign DNA
expression by coding antisense RNA (14).

L. bulgaricus contains a relatively high number of rRNA and
tRNA genes. In the firmicutes, a clear correlation can be observed
between the numbers of rRNA and tRNA genes and between each
of these and genome size (Fig. 3 and Fig. 5, which is published as
supporting information on the PNAS web site). Although in L.
bulgaricus the first correlation is respected, the numbers of tRNA
and rRNA genes are ~50% higher than the average and 20-30%
higher than the highest values observed so far for this genome size,
corresponding to values found for genomes of 3-4 Mbp in size.
Whereas variation in rRNA and tRNA gene copy numbers may be
related to the capacity to respond to changing environmental
conditions (15, 16), the exceptionally high copy numbers found in
L. bulgaricus likely indicate that the genome has undergone a recent
phase of size reduction.

Genome Structure and Organization: Replication Terminus with a
47.5-kbp Inverted Repeat and Duplicated dif Sites. A sharp change in
the sign of the GC skew coincides with the location of the dna4 and
dnaN genes (data not shown), indicating the likely presence of the
origin of replication in this region. The presence of several DnaA
boxes in this region confirms this hypothesis (17). On the opposite
side of the genome, a second change in the sign of the GC skew
locates the replication terminus in the region between positions
940000 and 946000 (data not shown). An intriguing feature of the
replication terminus region of the ATCC11842 genome is that it
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Fig. 1. Relationship between GC content at position 3 of coding sequences
(GC3) and genomic GC content in 232 eubacterial genomes. The L. bulgaricus

value was calculated excluding pseudogenes. The L. bulgaricus data point is
circled.
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Fig.2. Genome atlas of the L. bulgaricus genome. The seven circles (outer to

inner) show the following. Circle 1, pseudogenes on positive (red) or negative
(blue) strand. Circle 2, IS elements (transposases or ISL4-related hypothetical
genes). Elements with fewer than four copies are represented in gray, and
elements with more than five copies are represented by separate colors of red
(ISL7), purple (ISL4), blue (ISL5), and green (ISL4-5). (See also Table 2.) Circle 3,
CDS (excluding pseudogenes and transposases) on positive (red) or negative
(blue) strand. Circle 4, rRNA (red) and tRNA (green) genes. Circle 5, [(G-C)/
window size (2000)], from less than —0.1 (cyan) to more than +0.1 (red). Circle
6, [(A+T)/window size (500)], from <0.3 (cyan) to >0.7 (red). Circle 7, position
on the genome. The genome atlas was constructed by using GENEwiz soft-
ware (53).

contains an inverted repeat of 47.5 kbp (positions 918952-966484)
enclosing a unique central region of 1.4 kbp between the repeated
sequences (23 kbp each; see Fig. 6, which is published as supporting
information on the PNAS web site). In bacterial genomes, inverted
repeats of this size are extremely rare. To our knowledge, they have
been observed only in the replication terminus region of certain
Streptomyces chromosomes that have circularized after telomere
deletion (18). Preliminary results of one primer PCR amplification
in 30 different L. bulgaricus strains show that an inverted repeat is
conserved in most or all strains (data not shown). The size of the
unique central sequence and/or the size of the repeat may largely
vary between strains, however, and this feature may represent a
transient stage in the evolution of the L. bulgaricus genome.

In L. bulgaricus the repeated sequence includes the putative dif
site (Figs. 6 and 7, which are published as supporting information
on the PNAS web site), which is the recombination site involved in
the resolution of chromosome dimers (19). Consequently, L. bul-
garicus contains two putative dif sites in opposite orientation at a
distance of 2.5 kbp (0.55 kbp of repeated sequence at either side of
the unique central sequence of 1.4 kbp) instead of the unique site
found in other microbial genomes, such as Bacillus subtilis (Fig. 7).
One may hypothesize that this configuration could interfere with
the efficient segregation of dimeric chromosomes that may be
formed during replication, because recombination between two dif
sites of opposite orientation in a chromosome dimer would result
in the inversion of a part of the dimer rather than resolution of the
dimer. Such FtsK XerCD-dependent inversions have been ob-
served in plasmids containing dif sites of opposite orientation in
vitro (20). The results of PCR analysis (data not shown) suggest that
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Fig.3. rRNA and tRNA genes as a function of genome size. (A) Relationship
between the number of 16S rRNA genes and genome size in 54 firmicutes
genomes. (B) Relationship between the number of tRNA genes and genome
size in 54 firmicutes genomes. L. bulgaricus (1.9 Mbp, 9 16S rRNA, and 95 tRNA)
data points are circled. For comparison: L. acidophilus (2.0 Mbp, 4 16S rRNA,
and 61 tRNA), L. johnsonii (2.0 Mbp, 6 16S rRNA, and 79 tRNA), and L.
plantarum (3.3 Mbp, 5 16S rRNA, and 70 tRNA).

the 1.4-kbp unique sequence enclosed by the repeated sequences
may be present in either of two orientations in a population of strain
ATCC11842 (Fig. 6). This result would be expected as a conse-
quence of such a site-specific recombination between two dif sites
of opposite orientation or, alternatively, of homologous recombi-
nation between the inverted repeats.

Nonrandom Distribution of Mobile Elements. The L. bulgaricus
ATCC11842 genome contains a large number of transposases and
remnants thereof (Table 2, which is published as supporting infor-
mation on the PNAS web site), most of which have been described
earlier in Lactobacillus delbrueckii insertion sequence (IS) elements
(ISL3, ISL4, ISLS, ISL4-5, ISL6, ISL7, and ISIdI1) (21-23). In the
present work, seemingly intact transposases of two new types could
be detected [named ISL8 (Ldb0326 and Ldb2033) and ISL9
(Ldb1987)], as well as remnants of several other types.

Intriguingly, a region of 415 kbp (22% of the genome) between
positions 279 kbp and 694 kbp is completely exempt of IS elements,
whereas (remnants of) the more abundant IS elements seem
randomly distributed over the remaining 78% of the genome (Fig.
2). This discontinuity in the distribution of IS elements coincides
with the region, mentioned above, where pseudogenes are less
abundant. The absence of IS elements does not, however, explain
the difference in the frequency of pseudogenes, because in the
whole genome inactivation of only 9 of 227 nontransposase pseu-
dogenes occurred from insertion of IS elements. The positions of
transposases often coincide with regions of locally elevated A+T
content (Fig. 2 and Fig. 8, which is published as supporting
information on the PNAS web site), often considered as possible
signs of horizontal gene transfer.

9276 | www.pnas.org/cgi/doi/10.1073/pnas.0603024103
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Fig. 4. Synteny between L. bulgaricus and L. acidophilus genomes. x axis,

position on L. bulgaricus genome (Mbp); y axis, position on L. acidophilus
genome (Mbp). 0, replication origin. Colors indicate protein similarity by BLAST
score ratio (25) according to the scale on the right.

In contrast to many other lactic acid bacteria, L. bulgaricus
ATCC11842 does not contain any prophage. Only four pseudo-
genes of putative phage origin were detected in a large region
around the replication terminus, where the a#B sites of the else-
where-described bacteriophages mv4 (24) and JCL1032 (K.-A.
Riipinen, personal communication) are found.

Synteny Among L. bulgaricus, L. acidophilus, and L. johnsonii Ge-
nomes. A clear global synteny is observed among the similarly sized
genomes of L. bulgaricus and L. acidophilus or L. johnsonii (Fig. 4
and Fig. 9, which is published as supporting information on the
PNAS web site). The most important perturbations of synteny are
found in a region of ~300 kbp around the replication terminus of
the L. bulgaricus genome and in two smaller regions at ~400 kbp
at either side of the replication origin. By using the criterion of
BLAST score ratio with a cutoff value of 0.4 (25) or the results of a
BLASTP reciprocal best-hit analysis, ~55-60% of the L. bulgaricus
proteins can be considered as having homologues in L. acidophilus
and L. johnsonii and constitute the common backbone of these
three closely related genomes. Between 25% and 35% of the
proteins appear unique fo L. bulgaricus (Fig. 10 and Tables 3-5,
which are published as supporting information on the PNAS web
site). Although the differences between these genomes are likely to
be of importance in their respective ecological niches, they mainly
concern unknown functions. The most marked differences among
known functions comprise the presence of complete pathways for
the biosynthesis of folate and saturated fatty acids (see below) in L.
bulgaricus, both of which are partially lacking in L. acidophilus and
L. johnsonii. Likewise, L. bulgaricus contains all or most of the
enzymes necessary for the biosynthesis of purines and pyrimidines,
respectively, of which several are absent from L. acidophilus and L.
johnsonii and can grow in a purine-free medium (data not shown).
L. bulgaricus contains ppx and ppk genes that are involved in the
turnover of polyphosphate and thereby may play a role in adapta-
tion to stress conditions (26). Inversely, proteins of known function
that are present in L. acidophilus or L. johnsonii but not in L.
bulgaricus are mainly involved in sugar transport and metabolism
(data not shown).

van de Guchte et al.
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Restriction Modification Systems. The L. bulgaricus genome con-
tains a complete type I restriction modification (R/M) system
(Ldb1051, Ldb1052, and Ldb1053), an additional type I specifi-
city subunit (Ldb1055), and a putative Mrr type restriction endo-
nuclease (Ldb0474). The presence of these R/M systems may
explain part of the difficulties encountered previously to transform
this strain. A type III restriction modification system appears
inactive as a consequence of mutations in the gene encoding the
endonuclease (Ldb1227-Ldb1229), whereas the corresponding
methyltransferase (Ldb1230) seems intact.

Regulatory Functions: Two SigA Homologues and Relatively Few
Regulators. A unique feature of the L. bulgaricus genome is that it
encodes two 58% identical SigA homologues in two genes that are
organized in tandem and apparently cotranscribed. While one of
the two encoded proteins (Ldb1246) shows —35 and —10 recog-
nition domains that are 100% identical to those in B. subtilis SigA,
the other (Ldb1245) shows some important differences in these
domains (Fig. 11, which is published as supporting information on
the PNAS web site). It is unknown whether this second copy is
active and recognizes different promoters. If so, it may be consid-
ered a new o factor developed after gene duplication. Apart from
these SigA homologues, two putative extracytoplasmic function
(ECF)-type o factors (Ldb0066 and Ldb1881), one putative o factor
of unidentified type (Ldb1677), and one anti-o factor (Ldb1880)
were found.

Relatively few genes encoding transcriptional regulators were
identified in L. bulgaricus, and the difference with Lactobacillus
plantarum (27) was especially striking (53 and 234 predicted genes,
respectively; Table 6, which is published as supporting information
on the PNAS web site), even when considering the smaller genome
size of L. bulgaricus (1.9 Mb as opposed to 3.3 Mb for L. plantarum).
Both these features likely reflect adaptations to the stable and
nutritionally rich milk environment, where fewer biosynthetic func-
tions and less adaptive regulation are required. The largely different
sugar metabolic capacities of these two species are reflected by the
difference in the number of Lacl type regulators. Notable differ-
ences in MarR-, MerR-, TetR-, and ArsR-type regulators may
indicate significantly different levels of resistance to a variety of
compounds and stress conditions or differing strategies to cope with
them. Regulatory circuits may have a less complicated structure in
L. bulgaricus, as exemplified by the predicted HrcA regulon (Table
7, which is published as supporting information on the PNAS web
site) (28). In B. subtilis, dnaK and groESL on one hand and clp on
the other hand are under the control of two different regulators,
HrcA and CtsR, respectively. L. bulgaricus encodes only a HrcA
homologue. CIRCE boxes, the operators for HrcA (29), are found
upstream of dnaK and groESL and upstream of clpP and cipE,
suggesting a broader role for HrcA in L. bulgaricus. A similar
organization was found in L. acidophilus and L. johnsonii (Table 7)
(10, 11).

Pseudogenes and Specialization Through Loss of Function. L. bulgari-
cus strain ATCC11842 was originally isolated from bulgarian yo-
gurt. Traditional yogurt-making involves the sequential transfer of
samples of yogurt cultures to fresh milk. With the first records of
yogurt (kisim) dating to 3200 before Christ (30), one would logically
predict that L. bulgaricus adapted to this environment over time.
Traces of such an adaptation process were found throughout the L.
bulgaricus genome in the form of pseudogenes and incomplete
metabolic pathways.

A total of 270 pseudogenes have been detected in the L.
bulgaricus genome, including 43 transposases. The remaining 227
genes represent 12% of the total number of protein-coding genes.
This percentage of pseudogenes is remarkably high (31) and may
indicate a recent and ongoing process of specialization. A function,
albeit inactivated, could be assigned to 81 pseudogenes. For 30 of
these genes, intact paralogues are present in the genome whereas

van de Guchte et al.

for the remaining 51 genes no intact paralogues could be detected,
indicating that the corresponding functions are completely lost
(Table 8, which is published as supporting information on the PNAS
web site). These include genes implicated in carbohydrate metab-
olism, amino acid and cofactor biosynthesis, and competence
development. For 146 pseudogenes it was difficult to determine
whether their function could be assumed by a paralogue as only a
general function (e.g., “ABC transporter”) or no function at all
could be attributed to these genes.

Complete transport systems for the milk sugar lactose (lactose
permease), mannose/glucose [phosphotransferase system (PTS)
IIABCD], fructose (PTS ITABC), and glycerol (glycerol uptake
facilitator) are present, but several other transport systems ap-
peared incomplete. Remnants were found of cellobiose (PTS
subunit IIC), sucrose (PTS subunit IIA), maltose (partial subunits
of a dedicated ABC transporter), and some other sugar transport
systems of undetermined specificity (several isolated PTS ITA
subunits). Together with remnants (pseudogenes) of key enzymes
in carbohydrate-specific metabolic pathways (glycerol kinase,
6-phospho-B-glucosidase/galactosidase, a-amylase, and mannitol-
1-phosphate 5-dehydrogenase), these reveal the prior existence of
metabolic capacities that may notably have served in a plant-
associated environment.

Apart from the intrinsic evidence for specialization through loss
of function provided by the presence of pseudogenes, the complete
absence of a large number of enzymes involved in the biosynthesis
of amino acids (incomplete or lacking pathways) also suggests an
adaptation to the protein-rich milk environment. Here the presence
of an extracellular protease, several amino acid transport systems,
two complete peptide transport systems, and numerous peptidases
(Tables 9 and 10, which are published as supporting information on
the PNAS web site) would render most amino acid biosynthesis
pathways superfluous. As a consequence, the extracellular protease
has become essential for growth in milk (32).

Interestingly, only part of this adaptation to the milk environment
is shared by S. thermophilus. Whereas L. bulgaricus has lost most of
its amino acid biosynthesis capacity, S. thermophilus retains its
ability to synthesize all amino acids, except histidine (33). This
difference may be explained by the fact that S. thermophilus does
not generally possess an extracellular protease to exploit the rich
source of milk proteins. Perhaps S. thermophilus either adapted to
the milk environment independently or coevolved with the protease
producing L. bulgaricus but retained an advantage in conserving its
capacity for biosynthesis of amino acids.

Central Carbohydrate Metabolism. As a consequence of the (partial)
inactivation of several sugar transport and degradation pathways
and inactivation of the LacR repressor (22), carbohydrate metab-
olism in L. bulgaricus appears to prefer the milk sugar lactose. After
transport and hydrolysis, this organism selectively metabolizes the
glucose moiety, because no enzymes are present to use galactose,
which is known to accumulate in the culture medium (6, 34).
Whereas glucose, fructose, and mannose can also be metabolized,
utilization of lactose results in higher growth rates (35). A similar
accumulation of galactose in the culture medium is observed when
S. thermophilus is grown on lactose, albeit for a different reason. In
contrast to L. bulgaricus, S. thermophilus does possess the necessary
genes to direct catabolism of galactose, but these genes are generally
repressed in the presence of lactose (36).

Although a putative transporter for ribose and a ribokinase are
present, L. bulgaricus cannot grow on this sugar as the only carbon
source (data not shown), presumably as a consequence of an
incomplete pentose—phosphate pathway (see below). A complete
glycolytic pathway is present leading to the production of pyruvate,
which can subsequently be converted to L- or D-lactate to regen-
erate NAD™.

Three particular features are noted relating to carbohydrate
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MICROBIOLOGY



Lo L

P

1\

BN AS DN AS P

metabolism (Fig. 12, which is published as supporting information
on the PNAS web site).

The first substrate level phosphorylation step of glycolysis, in
which glyceraldehyde-3-P is converted to 3-P-glycerate via 1,3-bi-
P-glycerate, yielding NADH and ATP, can be bypassed by a
nonphosphorylating NADP*-dependent glyceraldehyde-3P dehy-
drogenase (GapN). This would result in glycolysis yielding pyruvate
and NADPH with no net ATP production. The GapN protein is not
present in other sequenced Lactobacillus species but is very com-
mon among streptococci. In Streptococcus mutans, the role of GapN
has been suggested to be the production of NADPH because this
bacterium lacks the NADPH-generating enzymes in the oxidative
branch of the pentose phosphate pathway (37). GapN may also be
implicated in an additional level of regulation of glycolysis, allowing
the adjustment of metabolic and energy fluxes (38).

L. bulgaricus contains an apparently intact oxidative, NADPH-
generating branch of the pentose phosphate pathway. However,
distinct from the related species L. acidophilus and L. johnsonii, the
nonoxidative branch lacks a transketolase. Because pentose—
phosphate cycling is generally regarded as a mechanism enabling
the efficient synthesis of NADPH (39), the interruption of this cycle
would support the hypothesis of an NADPH-producing role for
GapN under conditions where the oxidative pentose—phosphate
pathway is not able to meet the demand.

Similar to L. acidophilus and L. johnsonii, no pyruvate dehydro-
genase complex is present, nor are other enzymes that could
generate acetyl-CoA directly from pyruvate under anaerobic con-
ditions. The most likely alternative route would convert the pentose
phosphate pathway intermediate D-xylulose-5-P to acetyl-P, which
can subsequently be used to generate acetyl-CoA. Acetyl-P may
also be produced from acetate, which has been found to be an
essential component of a chemically defined medium for L. bul-
garicus (35). One may speculate that acetate fulfills this role under
conditions where the pentose—phosphate pathway would be unable
to supply sufficient substrates for acetyl-CoA generation.

Acetyl-CoA may subsequently be used for the production of
saturated fatty acids. It is not clear whether L. bulgaricus would be
able to produce unsaturated fatty acids, however, because a FabA
or FabM homologue is missing (40). Failure to produce acetyl-CoA
or the inability to produce unsaturated fatty acids may explain the
need for Tween 80 in laboratory media for L. bulgaricus. Oleic acid,
the unsaturated fatty acid in Tween 80, is also available in milk.

Protocooperation Between L. bulgaricus and S. thermophilus. L.
bulgaricus and S. thermophilus have long been known to stimulate
each other’s growth and product acidification during milk fermen-
tation in a process called protocooperation. Several factors have
been shown or postulated to be responsible for this effect, of which
the most obvious is that L. bulgaricus possesses an extracellular cell
wall-bound proteinase (32) which, through degradation of milk
proteins, can supply peptides and amino acids to S. thermophilus,
which generally does not possess such a protease. Among the other
protocooperative factors are formate and CO, produced by S.
thermophilus, which stimulate the growth of L. bulgaricus (42).
Analysis of the L. bulgaricus genome revealed additional factors
that may play a role in protocooperation. (/) The genome sequence
encodes a full set of genes for the biosynthesis of folate (Fig. 13,
which is published as supporting information on the PNAS web
site), a cofactor in many metabolic reactions and an essential
component of the human diet (42). L. bulgaricus does not, however,
possess a means to produce p-aminobenzoic acid (PABA) which
feeds into this pathway. S. thermophilus does possess the necessary
enzymes to produce PABA and folate, and as a consequence yogurt
is generally regarded as a source of PABA. L. bulgaricus may thus
benefit from elevated levels of PABA (and folate) when cocultured
with S. thermophilus. (ii) Two features in the genome suggest that
L. bulgaricus has a particular need for polyamines, which participate
in many cellular processes and may play a role in tolerance to
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oxidative stress (43, 44). First, two ABC transporters are found that
could serve the uptake of putrescine and/or spermidine from the
culture medium. One of these is encoded by a potABCD operon
(52% GC) in which the genes are arranged in the same order as
found in most other bacteria (ERGO). The other is encoded by
atypical, AT-rich (38% GC) genes that are present in the order
potBCAD found in very few bacteria and probably were acquired by
horizontal transfer. Second, two genes are found that encode
ornithine decarboxylases that catalyze the conversion of ornithine
to putrescine. These enzymes are rare in Gram-positive bacteria,
except for lactobacilli of the acidophilus group. Because L. bulgari-
cus does not possess the genes necessary to produce ornithine, one
may hypothesize that during yogurt fermentation ornithine is
provided by S. thermophilus, which does possess the enzymes
necessary to produce ornithine, but no ornithine decarboxylase
(Fig. 14, which is published as supporting information on the PNAS
web site). Interestingly, S. thermophilus does also possess an ABC
transporter dedicated to the uptake of spermidine/putrescine, and,
thus, it could be speculated that L. bulgaricus and S. thermophilus
mutually benefit from an exchange of ornithine and putrescine.

A prediction of protein localization (Tables 11 and 12, which are
published as supporting information on the PNAS web site) re-
vealed a limited number of putative cell wall-bound and extracel-
lular proteins. Perhaps some of these could contribute to direct
contacts between L. bulgaricus and S. thermophilus as visualized by
Bolotin ez al. (9). From a fermentation viewpoint, the exopolysac-
charide (eps) gene clusters present in L. bulgaricus (Table 13, which
is published as supporting information on the PNAS web site) and
S. thermophilus appear highly diverse. Variation of these eps
clusters among strains is likely important to the texture character-
istics of yogurt and merits further investigation.

Stress Resistance. The L. bulgaricus genome sequence reveals few of
the genes that are known to be involved in the resistance to
oxidative stress or low pH, even though this lactic acid bacterium
acidifies the culture medium and can exhibit optimal growth under
microaerobic conditions (45). The only enzyme that could eliminate
oxygen appears to be pyruvate oxidase, but no catalase is present
to detoxify the H,O; produced in this reaction. Strain ATCC11842
does not appear to possess the NADH oxidase described by
Marty-Teysset et al. (46) in another L. bulgaricus strain. Other genes
involved in oxidative stress resistance are two thioredoxins, two
thioredoxin reductases, and possibly a homologue of the regulatory
RNA polymerase-binding protein Spx (47). The uptake of poly-
amines or their precursors may also provide an alternative means
of improving oxidative stress tolerance (see above). Acid stress
caused by the production of lactic acid may be countered primarily
by the action of an H+ transporting ATPase. The presence of two
ornithine decarboxylases and several cation:proton antiporters
may also assist in the stabilization of intracellular pH, as in L.
acidophilus (48).

Conclusions

The L. bulgaricus genome sequence reveals a number of features
that support the hypothesis of a genome in a rapid phase of
evolution. Among the lactobacilli of the acidophilus complex, the
species L. delbrueckii is often regarded as atypical because of its
strongly differing GC content. This difference has been the reason
to rename what was originally called the L. delbrueckii group of
lactobacilli and give it the name of a more representative member,
L. acidophilus (49). The present genome sequence reveals that the
observed difference in GC content is mainly due to a difference in
GC content at codon position 3, which may be interpreted as the
result of recent evolution and justify the conclusion that L. bulgari-
cus is less atypical than once thought. This conclusion is corrobo-
rated by the clear global synteny among the genomes of L. bulgari-
cus, L. acidophilus, and L. johnsonii, reflecting the presence of a
common backbone.

van de Guchte et al.
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The large number of pseudogenes and other features suggest that
the L. bulgaricus genome is in a relatively recent state of evolution
and adaptation to the dairy environment. For example, it has been
reported that L. bulgaricus will deplete available folate sources
rather than produce folate (50), an essential component of the
human diet. The present genome sequence shows that all of the
genes of the folate pathway are present and seemingly intact in L.
bulgaricus ATCC11842.

In the light of a new turn in modern microbiological research with
an increasing interest for the metagenome of the human gastroin-
testinal tract, the functional comparison of the industrial bacterium
L. bulgaricus and the closely related bacteria from the gastrointes-
tinal tract, L. acidophilus and L. johnsonii, offers an interesting
perspective, particularly because L. bulgaricus has evolved away
from the other members of the acidophilus complex by its rapid and
specialized adaptation to an environment created by man, fer-
mented milk.

Materials and Methods

Sequencing. The genome sequence of the L. bulgaricus type strain
ATCC11842 was determined by using a shotgun sequencing and
assembly strategy followed by multiplex long accurate PCR (51) and
gap filling. Two types of libraries with inserts of 5 kbp (obtained by
mechanical shearing) and 10 kbp (obtained by enzymatic digestion)
were constructed in pcDNA2.1 (Invitrogen) and pBeloBACI11
(California Institute of Technology), respectively. Plasmid insert
ends and PCR products were sequenced by using dye-primer and
dye-terminator chemistries on LICOR4200L and ABI3700/
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ABI3730 sequencers. The genome sequence has been submitted to
the European Molecular Biology Laboratory database under ac-
cession no. CR954253.

Annotation. A draft annotation of the genome sequence was
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