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Lactobacillus bulgaricus and Streptococcus thermophilus, used in yogurt starter cultures, are well known for
their stability and protocooperation during their coexistence in milk. In this study, we show that a close
interaction between the two species also takes place at the genetic level. We performed an in silico analysis,
combining gene composition and gene transfer mechanism-associated features, and predicted horizontally
transferred genes in both L. bulgaricus and S. thermophilus. Putative horizontal gene transfer (HGT) events that
have occurred between the two bacterial species include the transfer of exopolysaccharide (EPS) biosynthesis
genes, transferred from S. thermophilus to L. bulgaricus, and the gene cluster cbs-cblB(cglB)-cysE for the
metabolism of sulfur-containing amino acids, transferred from L. bulgaricus or Lactobacillus helveticus to S.
thermophilus. The HGT event for the cbs-cblB(cglB)-cysE gene cluster was analyzed in detail, with respect to
both evolutionary and functional aspects. It can be concluded that during the coexistence of both yogurt starter
species in a milk environment, agonistic coevolution at the genetic level has probably been involved in the

optimization of their combined growth and interacti

ons.

Lactobacillus delbrueckii subsp. bulgaricus (Lactobacillus bul-
garicus) and Streptococcus thermophilus have been used in
starter cultures for yogurt manufacturing for thousands of
years. Both species are known to stably coexist in a milk envi-
ronment and interact beneficially. This so-called protocoop-
eration, previously defined as biochemical mutualism, involves
the exchange of metabolites and/or stimulatory factors (38).
Examples of biochemical protocooperation between L. bulgari-
cus and S. thermophilus include the action of cell wall-bound
proteases, produced by L. bulgaricus strains, and formate, re-
quired for growth of L. bulgaricus and supplied by S. ther-
mophilus (6, 7). An overview of the interactions between the
two yogurt bacteria, including the exchange of CO,, pyruvate,
folate, etc., can be found in a recently published review by
Sieuwerts et al. (43). Putative genetic mechanisms underlying
protocooperation, however, so far have not been studied in
detail.

The genomes of two L. bulgaricus strains and three S. ther-
mophilus strains, all used in yogurt manufacturing, have been
fully sequenced (3, 32, 33, 34, 39, 44, 46). The available
genomic information could provide new insights into the ge-
netic aspects of protocooperation between L. bulgaricus and S.
thermophilus through the identification of putative horizontal
gene transfer (HGT) events at the genome scale. HGT can be
defined as the exchange of genetic material between phyloge-

* Corresponding author. Mailing address: FrieslandCampina Re-
search, P.O. Box 87, 7400AB Deventer, The Netherlands. Phone: 31
(0)570  690317. Fax: 31 (0)570 695918. E-mail: Mengjin.Liu
(@frieslandcampina.com.

+ Supplemental material for this article may be found at http://aem
.asm.org/.

¥ Published ahead of print on 24 April 2009.

4120

netically unrelated organisms (23). It is considered to be a
major factor in the process of environmental adaptation, for
both individual species and entire microbial populations. Es-
pecially HGT events between two species existing in the same
niche can reflect their interrelated activities and dependencies
(13, 17). Nicolas et al. (36) predicted HGT events between
Lactobacillus acidophilus and Lactobacillus johnsonii by ana-
lyzing 401 phylogenetic trees, also including the genes of L.
bulgaricus. Several HGT events have been predicted in the S.
thermophilus strains CNRZ1066 and LMG 18311 (3, 10, 18) as
well as in L. bulgaricus ATCC 11842 (46). Moreover, a core
genome of S. thermophilus and possibly acquired genes were
identified by a comparative genome hybridization study of 47
strains (40).

In this study, we describe an in-depth bioinformatics analysis
in which we combined gene composition (GC content and
dinucleotide composition) and gene transfer mechanism-asso-
ciated features. Thus, we predicted horizontally transferred
genes and gene clusters in the five sequenced L. bulgaricus and
S. thermophilus genomes, with a focus on niche-specific genes
and genes required for bacterial growth. Identification of HGT
events led to a list of putative transferred genes, some of which
could be important for bacterial protocooperation and the
adaptation to their environment. The evolution and function of
the transferred gene cluster cbs-cblB(cglB)-cysE (originally
called cysM2-metB2-cysE2 in S. thermophilus), involved in the
metabolism of sulfur-containing amino acids, were analyzed in
detail. On the basis of our analysis, it can be concluded that
both species probably agonistically coevolved at the genetic
level to optimize their combined growth in a milk environment
and that protocooperation thus includes both biochemical and
genetic aspects.
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TABLE 1. General features of the published L. bulgaricus and
S. thermophilus genomes®

No. of
GC No. of  Coding ”geq?s
Strain Size (bp) content predicted density abs&?t';ted
(%) ORFs? (%) metabolic
pathways
Lactobacillus
bulgaricus
ATCC 11842 1,864,998  49.72 1,562 75 900
ATCC BAA365 1,856,951 49.69 1,721 79 883
Streptococcus
thermophilus
CNRZ1066 1,796,226 39.08 1,915 85 864
LMG 18311 1,796,846  39.09 1,892 85 820
LMD9 1,856,368  39.07 1,716 78 788

“ Data adapted from the ERGO Bioinformatics Suite (37).

® Since the open reading frames (ORFs) from the bacterial genomes were
predicted with various methodologies by different groups, annotations could be
inconsistent, especially for the pseudogenes. Therefore, the number of predicted
ORFs should be treated with caution. For the horizontally transferred genes
predicted in this study, errors derived from inconsistent ORF predictions, espe-
cially regarding annotations of pseudogenes and misannotated genes, have been
corrected using the whole-genome comparison (see Table S1 in the supplemental
material).

MATERIALS AND METHODS

Genome sequences. The complete genome sequences of L. bulgaricus ATCC
11842 (46), L. bulgaricus ATCC BAA365, S. thermophilus LMD9 (33), S. ther-
mophilus CNRZ1066, S. thermophilus LMG 18311 (3), and Lactobacillus helveti-
cus DPC 4571 (4) were obtained from the NCBI GenBank Entrez Genome
database (http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi) under GenBank ac-
cession numbers CR954253, CP000412, CP000419, CP000024, CP000023, and
CP000517, respectively (Table 1). The L. bulgaricus and S. thermophilus strains
are isolated from either yogurt or industrial yogurt starter cultures.

Whole-genome comparison. Genome sequences of the two L. bulgaricus
strains and three S. thermophilus strains were aligned using the software package
Mauve 2.0 (http://asap.ahabs.wisc.edu/mauve/) (8). Mauve 2.0 can efficiently
construct multiple genome sequence alignments with modest computational
resource requirements. The tool is used for identifying genomic recombination
events (such as gene loss, duplication, rearrangement, and horizontal transfer)
and characterizing the rates and patterns of genome evolution. Mauve 2.0 uses
an anchored alignment technique to rapidly align genomes and allows the order
of those anchors to be rearranged to detect genome rearrangements. The an-
chors, local collinear blocks (LCBs), represent homologous regions of sequence
shared by multiple genomes. Mauve 2.0 requires that each collinear region of the
alignment meet “minimum weight” criteria in order to identify and discard
random matches. The weight of an LCB is defined as the sum of the lengths of
matches in the LCB, and the minimum weight is a user-definable parameter. The
minimum weight of the LCB used in this analysis was 41 and 46 for the S.
thermophilus and L. bulgaricus genomes, respectively. After removing the low-
weight LCBs from the set of alignment anchors, Mauve 2.0 could complete a
gapped global alignment for each LCB.

HGT analysis. Putative HGT events between L. bulgaricus and S. thermophilus
strains were first detected by whole-genome comparison using Mauve 2.0. The
whole-genome alignments were manually inspected to identify putative horizon-
tally transferred genes. Sequence composition analysis was carried out, including
the calculation of GC composition (of 600-bp fragments) and dinucleotide dis-
similarity value & (of 1,000-bp fragments) along the whole genome, using the
dp-Web tool (48) (see Fig. S2 and S3 in the supplemental material). Identifica-
tion of HGT events by using composition differences is based on previous
observations by Karlin et al. (24, 25) that each genome has a typical dinucleotide
frequency and that related species have similar genome signatures. A high
genomic dissimilarity between an input sequence and a representative genome
sequence of the species from which the sequence was isolated suggests a heter-
ologous origin of the input sequence. In other words, horizontally acquired genes
can have a very different sequence dinucleotide composition compared to that of
the genome in which they presently reside, and the difference can be expressed
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by the & value. DNA fragments with significantly different GC composition
and/or dinucleotide composition (average * two standard deviations) compared
to those of the whole genomes were predicted to be HGT regions.

The predicted horizontally transferred genes and gene clusters were checked
for HGT mechanism-associated features such as neighboring mobile elements or
tRNA genes using Artemis (41) and Mauve 2.0. Homologs of the genes that were
predicted to be transferred between S. thermophilus and L. bulgaricus were
collected by performing BLASTP searches (1) against all the available genomes
of lactic acid bacteria (LAB) or the nonredundant NCBI protein database.
Homologous sequences were aligned with MUSCLE (12), and phylogenetic trees
were constructed using the neighborhood-joining method implemented in Clust-
alW (30). The phylogenetic trees were visualized in LOFT (47). The positions of
orthologs from L. bulgaricus and S. thermophilus in the phylogenetic trees were
checked to confirm whether the predicted genes are genes that are horizontally
transferred between the two genomes.

RESULTS AND DISCUSSION

Through HGT, a genome can be rearranged by the integra-
tion and/or deletion of genetic elements, one of the driving
forces in the evolution of organisms (50). HGT events can be
detected using phylogenetic and compositional approaches.
Information on gene transfer mechanisms, for instance, trans-
posases or bacteriophage-related genes found in the neighbor-
hood of the target genes, can improve the prediction of HGT
events (50). In order to reveal protocooperation between the
two coexisting yogurt species on the genetic level and to un-
derstand the rationale of their coevolution, putative HGT
events were predicted and analyzed. HGT events, detected by
combining composition analysis or phylogenetic analysis and
gene transfer mechanism-associated features, are described for
both S. thermophilus and L. bulgaricus strains.

Putative HGT from foreign origin to S. thermophilus. Previ-
ously, Hols et al. (18) identified putative HGT events in the
genomes of S. thermophilus strains CNRZ1066 and LMG
18311. In this study, we predicted the horizontally transferred
genes in the S. thermophilus LMD9 genome and also thor-
oughly reanalyzed the genomes of S. thermophilus strains
CNRZ1066 and LMG 18311 based on both gene composition
and gene transfer mechanism-associated features. In order to
identify strain-specific regions and indications for gene transfer
or locus rearrangement, genome alignments of the strains from
each species were performed (see Fig. S1 in the supplemental
material). The alignment of the three S. thermophilus genomes
showed that strain LMD9 has undergone more genome rear-
rangements than both other strains. Strain CNRZ1066 and
strain LMG 18311 share a more conserved genome context
(see Fig. S1A in the supplemental material).

Gene composition analysis, including GC content (see Fig.
S2 in the supplemental material) and dinucleotide composition
(see Fig. S3 in the supplemental material) analyses, revealed a
list of putative horizontally transferred genes in the three S.
thermophilus strains (Table 2; see also Table S1 in the supple-
mental material). In total, 197 genes were predicted as poten-
tially acquired in the three S. thermophilus genomes, of which
118 genes are located in 28 gene clusters (Table 2). Over 60%
of those genes were found to be associated with gene transfer
mechanism-associated features, such as transposase, bacterio-
phage, and tRNA genes (see Table S1 in the supplemental
material). Compared with the core gene set of 47 S. thermophi-
lus strains, identified by a recent comparative genomic hybrid-
ization study (40), 30 of the core genes overlapped with our
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TABLE 2. Proposed horizontally transferred genes and gene clusters in S. thermophilus genomes”

Gene ID(s) for strain’: GC 3 3 Plot  HGT mechanism-
Gene cluster with content Value position associated Function(s)
LMG 18311 CNRZ1066 LMD9 (%) (10 (%) feature(s)
Low GC content
S1 0098, 0099, 0100, 0102, 0098, 0099, 0100, 0102, 0131, 0133, 0134, 30 64 75 Transposase, phage Lantibiotic/bacteriocin
0103, 0108 0103 0135 integrase biosynthesis protein or

exporter; phage integrase,
and hypothetical proteins

S2 0141, 0142, 0143, 36 90 98 Transposase ABC-type peptide transport

0144, 0145 system
S3 0146, 0148, 0149, 36 63 75 Transposase Bacteriocin exporter, EPS-
0150 related protein

S4 0182, 0183 01822 0183 30 102 97 Transcriptional regulator,®
putative protein kinase”

S5 0324, 0325, 0328 0324, 0325, 0328 1694 28 56 49 Transposase ABC-type transporter,
hypothetical protein/

S6 0683, 0684, 0685, 0686, 27 73 89 Transposase Hypothetical proteins

0687, 0688, 0689, 0690
S7 0706, 0707, 0709 0706, 0707, 0709 29 107 98 Phage Hypothetical proteins”
S8 0811, 0812, 0814, 31 103 88 Transposase, phage Hypothetical proteins
0817

S9 0774, 0782 32 125 85 Phage Hypothetical protein, phage-
associated proteins

S10 1057, 1059, 1060, 30 112 99.7 Transposase EPS biosynthesis

1061, 1062, 1066
S11 1041, 1042, 1043, 1044 1037, 1040, 1041, 1042, 29 48 57 Transposase UDP-N-acetylglucosamine
1044 enolpyruvyl transferase,
regulator for MutR family,®
hypothetical protein, tyrosyl-
tRNA synthetase/
S12 1077, 1078, 1079, 1080, 30 67 83 Transposase EPS biosynthesis/
1081, 1082
S13 1091, 1092, 1093, 1094, 30 84 99 Transposase EPS biosynthesis’
1095, 1096, 1097,
1098, 1099, 1100, 1102
S14 1296, 1297, 1298, 27 94 98 Macrolide efflux protein,
1299, 1300, 1301 peptidase F, regulator for
MutR family, hydrolase,
hypothetical proteins

S15 1328, 1329 29 68 30 UDP-N-acetylglucosamine 2-
epimerase, hypothetical
protein

S16 1393 1393 1351, 1352, 1355, 30 71 90 Transposase Multidrug efflux protein,

1356, 1358 regulator for MutR family,
hypothetical proteins”

S17 1479, 1480 1441, 1442, 1443 30 48 46 Glycosyltransferase involved in
cell wall biogenesis and
transcriptional activator
amrA

S18 1481, 1484, 1486 1445 31 69 78 Hypothetical membrane
proteins’

S19 1474, 1475, 1476, 31 66 89 CRISPR system-related

1477 proteins”

S20 1512, 1514 1512, 1514 29 112 94 Hypothetical proteins’

S21 1693, 1698 30 64 51 Transposase Regulator for Xre family,
abortive infection phage
resistance protein

S22 1943, 1944 1915, 1916 27 89 87 Transposase Bacteriocin-related proteins

S23 1947, 1948, 1949, 1950, 19475 1948, 1949, 19505 1919, 1920, 1921, 28 88 99 Transposase Regulator for MutR family®

1951 1951 1922, 1924 and ABC transporter,
putative protein kinase,
hypothetical protein’

S24 1976, 1977, 1978, 1983, 1976, 1977, 1978, 1983, 1955, 1955, 1960, 29 70 49 tRNA Conserved hypothetical

1989 1989 1966 proteins’
High GC content
0040, 0041 0040, 0041 0058, 0059 49 75 67 Transposase Purine metabolism’ .

S26 0846, 0847, 0848 0846, 0847, 0848 0885, 0886, 0887 43 148 99.4  Transposase Cys/Met metabolism/

S27 1200, 1201 46 66 46 Transposase Histidine synthesis

S28 1680, 1685 1685 48 161 83 Transposase Putative bacteriocin’

“ Genes in boldface are described in detail in the text.

b For S. thermophilus LMG 18311, CNRZ1066, and LMD9, the identifications (IDs) begin with stu, str, and STER_, respectively.

¢ Average GC content for all genes in the gene cluster. The average GC content values of the three S. thermophilus genomes and the two L. bulgaricus genomes are
39.1% and 49.7%, respectively.

4 The § value indicates the dissimilarity of the dinucleotide composition between the putative horizontally transferred gene cluster and the complete genome. High
8 values can be indicative of horizontal acquisition, but not necessarily in all cases (e.g., not for ribosomal proteins carrying gene clusters). Similarly, low or intermediate
d values do not necessarily suggest the genes are not acquired, since a donor organism can have a similar DNA composition.

¢ The & values of all genomic fragments were plotted in a frequency distribution. The & value of the input sequence was then compared with the distribution of the
8 values of the genomic fragments. The position of the & value of the input sequence is indicated by the percentage of fragments with a lower & value.

/ The indicated genes of the S. thermophilus strains CNRZ1066 and LMG 18311 genomes have been described by Bolotin et al. and Hols et al. (3, 18) as HGT genes.

¢ The indicated genes have been described by Ibrahim et al. (21) as the positive transcriptional regulators of the Rgg family.

" The indicated gene cluster has been studied in detail by Horvath et al. (20).
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HGT prediction. Since most of these core genes are not found
to be associated with any mobile element or located in a pre-
dicted HGT gene cluster, they may be incorrectly predicted to
be horizontally transferred by the gene composition analysis
(see Table S1 in the supplemental material).

The three genomes have several putative horizontally trans-
ferred gene clusters in common, including clusters S1, S5, S23,
S24, S25, and S26. Cluster S1 encodes several lantibiotic/bac-
teriocin biosynthesis proteins and an exporter, i.e., labB, labC,
and labT. These genes in S. thermophilus strains CNRZ1066
and LMG 18311 have been described by Hols et al. (18) as
horizontally transferred genes. An ABC-type transporter in
cluster S5 (stu0324, str0324, STER_1694) was found to have
the best homolog (40% identity) in L. helveticus DPC 4571.
Cluster S26 encodes enzymes involved in the metabolism of
sulfur-containing amino acids, which will be described in detail
below.

We also found examples of strain-specific HGT events such
as exopolysaccharide (EPS) biosynthesis genes. According to
the distinct groups of polysaccharides defined by Delcour et al.
(9), EPSs in this study refer to extracellular polysaccharides
which are released into the medium or attached to the cell
surface (capsular polysaccharides). EPSs are important for the
rheology, texture, and “mouthfeel” of yogurt. In addition, they
are believed to contribute to probiotic effects (35). Previous
studies revealed that EPS biosynthesis genes can vary enor-
mously in different LAB strains (49). The EPS biosynthesis
genes either are obtained by HGT or may have evolved much
faster than other genes. The clusters S10, S12, and S13 of S.
thermophilus strains LMD9, CNRZ1066 and LMG 18311, re-
spectively, have different gene compositions and contexts and
share limited sequence similarities (Table 3), suggesting that
their origins differ.

Cluster S21 of S. thermophilus LMD9 contains STER_1698,
encoding a phage resistance protein with a Pfam Abi_2 do-
main. Homologs of this protein were found to be involved in
bacteriophage resistance, mediated through abortive infection
in Lactococcus species (2). They belong to the AbiD, AbiD1,
or AbiF family of proteins encoded by lactococcal plasmids
and are active mainly against bacteriophage groups 936 and
C2. The unique presence of this phage resistance gene in strain
LMD9 might indicate a strain-dependent antiphage character-
istic. Moreover, the genes present in cluster S19 of the same
strain encode a novel phage resistance system, CRISPR3 (for
clustered regularly interspaced short palindromic repeats), with
alow GC content (31%) indicative of a foreign origin. It agrees
with the observation of Horvath et al. that CRISPR loci were
possibly horizontally transferred and that they may play an
important role in adaptation to a specific environment (19, 20).

Putative HGT from foreign origin to L. bulgaricus. A similar
analysis of the genomes of L. bulgaricus strains ATCC 11842
and ATCC BAA365 also revealed several putative HGT events
(Table 4; see also Table S1 and Fig. S2 and S3 in the supple-
mental material). The chromosomal regions with significantly
lower GC content could be the result of HGT from either S.
thermophilus or other low-GC organisms. The high § values,
showing higher dissimilarity with dinucleotide composition,
and the features of the flanking regions related to mobile
elements are indicative for the HGT event (Table 4; see also
Table S1 in the supplemental material). In total, 149 genes
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(including pseudogenes) were identified as being putatively
horizontally transferred, 120 of which were found to be asso-
ciated with gene transfer elements. The large majority (130 of
the 149 genes) were distributed in 24 gene clusters.

Among the predicted HGT events in L. bulgaricus, genes
encoding transporter systems, restriction-modification systems,
and EPS biosynthesis clusters are highly represented (Table 4).
Genes present in the EPS biosynthesis clusters L18, L.19, and
L20 (Table 3) have low-GC content values (from 34% to 37%)
and relatively high & values (between 0.08 and 0.11), which are
higher than those of about 90% of the genome fragments. This
indicates that most EPS biosynthesis genes in L. bulgaricus are
possibly derived from phylogenetically unrelated low-GC or-
ganisms.

Of the predicted horizontally transferred gene clusters, 15
out of 24 are found in both L. bulgaricus genomes (Table 4).
For example, cluster L6, harboring genes encoding an ABC-
type transporter, has the best blast hit with Streptococcus pneu-
moniae TIGR4. Another example is the folate biosynthesis
operon folB-folKE-folC-folP (cluster L3) which has been de-
scribed previously by van de Guchte et al. (46). L. bulgaricus
strains are not able to produce folate, one of the essential
components in human diets (45). This could be due to the
absence of the genes involved in the biosynthesis of p-amino-
benzoic acid (PABA), a precursor of folate. The PABA bio-
synthesis genes are present in the genomes of S. thermophilus.
During the cogrowth of the two organisms, the S. thermophilus
cells may provide PABA to the L. bulgaricus cells, thereby
enabling them to produce folate (43, 46). A glutamine trans-
porter system (LBUL_0214-0217 or 1db0251-0254) present in
the same cluster, L3, could also be acquired by HGT. All the
putative horizontally transferred genes indicate that the region
harboring gene cluster L3 could be an active region, with
respect to genomic recombination. The ISL5-like (29) trans-
posase gene (LBUL_0221) in this region provides additional
suggestions for the predicted HGT events.

Another interesting finding is the identification of three eu-
karyotic-type serine/threonine protein kinase genes (1db0301,
1db0334, and 1db2095 or LBUL_0255, LBUL_0290, and
LBUL 1939) in gene clusters L5, L6, and L21, respectively.
Their protein sequences share about 30% identity with S. ther-
mophilus homologs. Notably, BLAST analysis found the ho-
mologs of these genes present only in the genomes of S. ther-
mophilus, L. bulgaricus, and one Lactococcus strain but absent
in the other sequenced LAB genomes. The nucleotide se-
quence compositions of these protein kinase genes were not
very similar to those of the S. thermophilus or L. bulgaricus
genomes, suggesting a putative horizontal transfer event be-
tween the kinase genes from a foreign origin to S. thermophilus
and L. bulgaricus genomes. Serine/threonine protein kinases
are commonly found in eukaryotes, and they have been re-
ported to play a role in the bacterial growth and development
in many bacterial species (28, 51). The function of the serine/
threonine protein kinases in L. bulgaricus and S. thermophilus
remains to be discovered.

HGT between Lactobacillus bulgaricus and Streptococcus ther-
mophilus: cbs-cblB(cglB)-cysE as an example. In addition to the
HGT events in L. bulgaricus and S. thermophilus genomes from
foreign origins, we also identified putative HGT events be-
tween the L. bulgaricus and S. thermophilus genomes. The EPS
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TABLE 3. Predicted horizontally transferred EPS biosynthesis clusters®
Gene . GC Best BLASTP hit (excluding the
Gene cluster Gene ID - Annotation® content . E value®
alias same species)
(%)
S. thermophilus LMD9 cluster S10 STER_1057 Oligosaccharide translocase (flippase) 30 Lactococcus lactis subsp. cremoris 0(98%)
Ropy352 (EpsU, GI 125631994)
STER_1059 B-D-Galp B-1,4-galactosyltransferase 30 Clostridium beijerinckii NCIMB 8052 le—54 (43%)
(GI 150019442)
STER_1061 Glycosyltransferase 32 Lactobacillus gasseri ATCC 33323 6e—97 (49%)
(GI 116629783)
STER_1062 a-L-Rha a-1,3-L-rhamnosyltransferase 30 Streptococcus pneumoniae 2748/40 2e—40 (34%)
(GI 68643682)
STER_1066" B-D-Galp a-1,2-L-rhamnosyltransferase 30 Streptococcus infantarius subsp. 8e—31 (89%)
infantarius ATCC BAA-102 (GI
171779794)
S. thermophilus CNRZ1066 cluster S12 str1077 epsL Polysaccharide pyruvyl transferase 31 Bacillus subtilis 168 (GI 50812312) le—44 (37%)
str1078 epsK Heteropolysaccharide biosynthesis 27 Bifidobacterium longum subsp. le—31 (30%)
protein infantis ATCC 15697 (GI
213692958)
str1079 eps] Secreted polysaccharide polymerase 31 L. lactis subsp. lactis KF147 (GI 8e—33 (32%)
161702223)
str1080 epsl a-D-GleNAc B-1,3-glucosyltransferase 32 S. pneumoniae 1936/39 (Werl, GI 3e—55 (37%)
68644162
str1081 epsH O-Acetyltransferase 32 Bzﬁdobacten%tm catenulatum DSM le—36 (47%)
16992 (GI 212716325)
str1082 epsG B-p-Glep a-1,3-N- 30 S. pneumoniae BZ86 (GI 148767463)  3e—90 (44%)
acetylglucosaminyltransferase
S. thermophilus LMG18311 cluster S13 stul091 epsK B-1,6-N-Acetylglucosaminyltransferase 30 Clostridium butyricum 5521 (GI 1le—29 (38%)
182416979)
stul092 epsl5 Glycosyltransferase 32 L. bulgaricus ATCC 11842 (EpsIM, 3e—83 (46%)
GI104774657)
stul093 Glycosyltransferase 31 none N/A
stul094 epsl4 Oligosaccharide translocase (flippase) 32 Lactobacillus johnsonii ATCC 11506 Te—33 (39%)
(GI 120400357)
stul095 epsl3 EPS biosynthesis protein, putative 26 Clostridium perfringens C strain le—12 (25%)
JGS1495 (GI 169342962)
stul096 epsl2 Oligosaccharide translocase (flippase) 29 Bacillus cereus ATCC 10987 (GI 7e—100 (39%)
42784431)
stul097 epsll a-1,2-Frucosyltransferase 29 L. lactis subsp. lactis KF147 (GI 2e—33 (30%)
161702195)
stu1098 eps10 Glycosyltransferase 31 S. pneumoniae (GI 148996768) 2e—71(55%)
stu1099 eps9 O-Acetyltransferase 32 Vibrio parahaemolyticus AQ3810 (GI 7e—20 (48%)
153837517)
stul100 epsl5 Glycosyltransferase 32 S. pneumoniae strain 34356 (WcyK, 2e—40 (40%)
GI 68642874)
L. bulgaricus ATCC 11842 and ATCC 1db1940,> LBUL_1803[7 epsIIK  Oligosaccharide translocase (flippase) 40 Pediococcus pentosaceus ATCC Te—12 (46%)
BAA365 shared cluster L18 25745 (GI 116492367)
1db1941,> LBUL 1804  epslIK  Oligosaccharide translocase (flippase) 32 Actinobacillus pleuropneumoniae le—31 (51%)
serovar 3 strain JLO3 (GI
165976892)
1db1942, LBUL_1805 epsil] B-1,4-Galactosyltransferase 36 Eubacterium siraeum DSM 15702 2e—08 (32%)
(GI 167749551)
1db1943, LBUL_1806 epsill a-1,3-Galactosyltransferase 34 Lactobacillus reuteri 100-23 (GI 2e—45(39%)
194466827)
1db1944, LBUL_1807 epsIIH  Glycosyltransferase 38 Ruminococcus gnavus ATCC 29149 8¢—49 (35%)
(GI 154504886)
1db1945, LBUL_1808 epsIIG ~ dTDP-rhamnosyl transferase rfbF 40 Lactobacillus acidophilus NCFM (GI le—68 (45%)
58337989)
L. bulgaricus ATCC BAA365 cluster LBUL_1841 Oligosaccharide translocase (flippase) 30 L. johnsonii ATCC 11506 (GI 9e—118 (47%)
L19 120400357)
LBUL_1843 Glycosyltransferase 36 Faecalibacterium prausnitzii M21/2 3e—44 (36%)
(GI 160944577)
LBUL_1848 Glycosyltransferase 37 Clostridium sp. strain L2-50 (GI 4e—40 (33%)
160893138)
LBUL_1851 Polysaccharide polymerase 31 Oenococcus oeni bacteriophage 3e—62 (43%)
fOgPSU1 (GI 50057028)
LBUL_1853 Glycosyltransferase 32 L. johnsonii ATCC 33200 (GI 7e—102 (73%)
120400332)
L. bulgaricus ATCC 11842 cluster, 1db1998 epsIM a-L-Rha a-1,3-glucosyltransferase 37 S. thermophilus LMG 18311 (eps15, 3e—83 (46%)
partially shared with ATCC stul092)
BAA365 L20 1db1999,” 1db2000” epsIL B-1,6-N-Acetylglucosaminyltransferase 36 S. thermophilus (Eps31, GI 24473742)  6e—42 (49%)
1db2001 epsIK Oligosaccharide translocase (flippase) 40 L. johnsonii NCC 533 (GI 42518960) 0 (65%)
1db2003 epsll EPS biosynthesis protein, unknown 34 Clostridium perfringens strain 13 (GI 7e—06 (23%)
function 18309485)
1db2004 epsIH a-1,3-Galactosyltransferase 33 Clostridium botulinum F strain le—36 (37%)
Langeland (GI 153941359)
1db2005, LBUL_1854 epslG B-D-Glep B-1,4-galactosyltransferase 36 L. gasseri ATCC 33323 (GI 8e—69 (73%)
116629786)
1db2006, LBUL_1855 epsIF B-1,4-Galactosyltransferase accessory 36 L. gasseri ATCC 33323 (GI 3e—77 (91%)
protein 116629787)

“ Only the genes related to EPS biosynthesis in the clusters are shown here. Hypothetical proteins and transposases in the clusters are excluded. Genes in boldface
represent those that were putatively transferred between yogurt bacteria.

> Pseudogene.

¢ Annotations were obtained from the ERGO database (37).
@ The best BLASTP hits for the target protein against the nonredundant protein database from NCBI. If the best hit was in the same species, the second best was
retrieved iteratively until a hit in a different species was found. The gene/protein name and/or GI code for the best BLAST hit are provided in parentheses. The cut-off
E value used for determining the existence of the best hits was le—5.
¢ The percentage of identity is shown in parentheses.
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TABLE 4. Proposed horizontally transferred genes and gene clusters in L. bulgaricus genomes®

Gene Gene ID(s) for strain’: GC 3 8 Plot HGT mechanism- .
luster content Value position associated feature Function(s)
¢ ATCC 11842 ATCC BAA365 (%) (103 (%)
L1 0014, 0019, 0020 0014, 0019 39 83 80 tRNA ABC transporter, transcriptional
regulator (Xre family)
L2 0157, 0158 0132, 0133, 0134 38 112 87 Hypothetical proteins ‘
L3 0245, 0246, 0247, 0248, 0208, 0209, 0210, 0211, 37 86 96 Transposase Folate biosynthesis proteins,’
0249, 0251, 0252, 0213, 0214, 0215, glutamine transport system,
0253, 0254 0216, 0217 hypothetical proteins
14 0260, 0261, 0262, 0263, 0222, 0223, 0224, 0225, 37 95 99 tRNA Peptidases, amino acid
0264, 0265, 0266, 0226, 0227, 0228, transporter, methionine
0267, 0268, 0269, 0229 biosynthesis genes, hypothetical
0270, 0271 proteins
L5 0299, 0301 0253, 0255 35 103 92 Serine/threonine protein kinase
(signaling pathway),
hypothetical protein
Lo6 0329, 0330, 0332, 0333, 0285, 0286, 0288, 0289, 35 66 72 Transposase, ABC transporter, serine/threonine
0334 0290 tRNA protein kinase, hypothetical
proteins
L7 0430, 0431 0384, 0385 39 59 4 tRNA Hypothetical proteins
L8 0959, 0960, 0961, 0962, 33 71 75 Phage recombinase Carboxypeptidase, hypothetical
0964, 0966 proteins
L9 0996, 0997, 0998, 1009, 39 145 99 Phage Phage-associated proteins,
1010, 1011 hypothetical proteins
L10 1042, 1044, 1046, 1047, 33 72 76 Carboxypeptidase, hypothetical
1048, 1049 proteins
L11 1053, 1054, 1055, 1077, 38 42 28 Phage integrase Type I restriction-modification
1078 system
L12 1228, 1229, 1230, 1231, 39 119 100 Type I restriction-modification
1232 system, hypothetical protein
L13 1143, 1144, 1145, 1146, 39 81 97 Transposase Type II and Type I restriction-
1147, 1148, 1150, modification system,
1151, 1152 hypothetical proteins
L14 1394, 1395, 1396 37 91 81 Transposase Hypothetical proteins
L15 1461, 1462 1356, 1357 38 104 92 Transposase Cyclopropane fatty acid synthase,
peptidase
L16 1694, 1695, 1696, 1697 1569, 1570, 1571, 1572 38 87 86 tRNA Glucose-1-phosphate
thymidylyltransferase,
hypothetical protein
L17 1775, 1776, 1777, 1778, 1645, 1646, 1647, 1648, 36 98 99 Transposase Urea cycle protein;” amino acid
1779, 1780, 1781, 1650, 1651, 1652, transporter, oxalate/formate
1782 1653, 1654, 1655 antiporter, transposase, type 11
restriction-modification system,
hypothetical proteins
L18 1940, 1941, 1942, 1943, 1803, 1804, 1805, 1806, 37 80 90 Transposase EPS biosynthesis
1944, 1945 1807, 1808
L19 1840, 1841, 1843, 1848, 34 113 99.7 Transposase EPS biosynthesis
1851, 1853
L20 1985, 1988, 1989, 1990, 1854, 1855 36 83 100 Transposase EPS biosynthesis, DNA binding
1991, 1997, 1998, protein, transposase,
1999, 2000, 2001, hypothetical proteins
2003, 2004, 2005,
2006
L21 2094, 2095 1938, 1939 36 70 76 ABC transporter, serine/threonine
protein kinase
122 2108, 2109, 2110, 2111, 1950, 1951, 1952, 1953, 40 95 98 Transposase Pyrimidine biosynthesis proteins,
2112, 2113, 2114, 1954, 1955, 1957, cold shock protein
2117, 2118 1958
123 2178, 2179, 2180, 2181 38 106 95 Transposase Spermidine/putrescine transporter”
124 2192, 2193, 2194 2012, 2013, 2014, 2015 37 75 62 Transposase Peptidoglycan-binding protein,

hypothetical proteins

“ Genes in boldface are described in detail in the text.
® For L. bulgaricus ATCC 11842 and ATCC BAA365, the IDs begin with 1db and LBUL_, respectively.
¢ Average GC content for all genes in the gene cluster. The average GC content values of the three S. thermophilus genomes and the two L. bulgaricus genomes are
39.1% and 49.7%, respectively.
4 The 8 value indicates the dissimilarity of the dinucleotide composition between the putative horizontally transferred gene cluster and the complete genome. High
d values can be indicative of horizontal acquisition, but not necessarily in all cases (e.g., not for ribosomal proteins carrying gene clusters). Similarly, low or intermediate

d values do not necessarily suggest the genes are not acquired, since a donor organism can have a similar DNA composition.

¢ The & values of all genomic fragments were plotted in a frequency distribution. The & value of the input sequence was then compared with the distribution of the
d values of the genomic fragments. The position of the & value of the input sequence is indicated by the percentage of fragments with a lower & value.

/The indicated genes of the L. bulgaricus ATCC 11842 genome have been described by van de Guchte et al. (46) as HGT genes.

biosynthesis genes epsIM and epsIL (1db1998-2000) in cluster
L20 of L. bulgaricus were possibly acquired from S. thermophi-
lus, since they share high sequence homology with the epsi5
gene (stul092) of S. thermophilus LMG 18311 and eps3I of

another S. thermophilus strain, with 46% and 49% identity at
the amino acid level, respectively (Table 3). epsIL (1db1999-
2000) is truncated due to an in-frame stop codon. A phyloge-
netic analysis using the homologs of epsIM and epsIL sup-
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FIG. 1. Phylogenetic tree of the cbs-cblB(cglB)-cysE gene cluster in LAB genomes. The tree is constructed on the basis of the alignment of
concatenated sequences of the cbs and cblB or cglB genes. Since the gene cysE is a pseudogene in a few genomes, it is not taken into account in
the phylogenetic analysis. Bootstrap values are reported for a total of 1,000 replicates. Truncated cbs and cblB or cglB genes from Lactobacillus
acidophilus NCFM are also included in the tree. Genes from Bacillus subtilis 168 are used as the outgroup. The HGT event is indicated by an arrow.

Lb., Lactobacillus; St., Streptococcus; Lc., Lactococcus.

ported the hypothesis that the genes were transferred from S.
thermophilus to L. bulgaricus (data not shown). The transfer of
EPS biosynthesis genes between S. thermophilus and L. bul-
garicus could play a role in (the optimization of) the physical
interaction between the species in mixed yogurt cultures and,
thus, in the exchange of metabolites and/or stimulatory factors.
This hypothesis is supported by the observation that EPS pro-
duction is also influenced by the cocultivation of the two spe-
cies (S. Sieuwerts, C. Ingham, and J. van Hylckama Vlieg,
personal communication). For kefir, similar findings have been
obtained for Lactobacillus kefiranofaciens and Saccharomyces
cerevisiae (5). The physical contact between the two species
enhanced the capsular kefiran production of L. kefiranofaciens.

Another example of an HGT event between S. thermophilus
and L. bulgaricus is the cbs-cblB(cglB)-cysE gene cluster en-
coding enzymes involved in sulfur-containing amino acid me-
tabolism. The gene cluster was originally named cysM2-metB2-
¢ysE2 (3) but was renamed in our previous study of the basis of
a consistent functional annotation in LAB (31). Since this
HGT event could give insight into the coevolution in milk and
protocooperation between the two bacterial species during yo-
gurt fermentation, we performed an in-depth comparative

analysis on the evolution of this gene cluster, in light of phy-
logeny, gene context, and sequence features.

The cbs-cbIB(cglB)-cysE gene cluster is located in a 3.6-kb
region (including a 600-bp upstream noncoding region) in S.
thermophilus cluster S26. The corresponding genes in L. bul-
garicus and S. thermophilus share more than 94% nucleotide
sequence identity. Using the 8p-Web tool, we analyzed the
sequence similarity between this DNA fragment and the whole
genomes of S. thermophilus, respectively: the cbs-cbIB(cglB)-
cysE fragment has a very high 8 value compared to the value
for rest of the genome, indicating lower sequence composition
similarity between the DNA fragment and the S. thermophilus
genomes. The & values of the cbs-cblB(cgIB)-cysE cluster
against the S. thermophilus genomes are much higher than
their & values against the L. bulgaricus genomes. Moreover,
phylogenetic analysis also supported the prediction of this
HGT event and provided more insight into the evolutionary
events leading to the transfer of this cluster (Fig. 1). The
cbs-cbIB(cgIB) gene clusters of S. thermophilus are closely
linked to those of L. bulgaricus and L. helveticus (lactobacillus
branch) instead of L. lactis in the classic phylogenetic tree,
suggesting an HGT event from L. bulgaricus or L. helveticus to
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FIG. 2. Gene context of cbs-cblB(cglB)-cysE in L. bulgaricus, L. helveticus, and S. thermophilus. The clusters have the same gene context, while
cysE in L. bulgaricus strains is truncated due to the presence of an insertion sequence (see Fig. S4 in the supplemental material). PSG, pseudogene.
Dashed arrows also represent the pseudogenes. Predicted terminators are indicated by mushroom symbols. Transposase genes are shadowed by
gray diagonal stripes. Modified from an image created with the Microbial Genome Viewer application (26).

S. thermophilus. Although the sequence composition of this
gene cluster is more similar to that of the L. bulgaricus ge-
nomes than to that of the L. helveticus genome (lower 3 values
and more-similar GC content), the difference is not significant
enough to conclude that the cluster originates from L. bulgaricus.
Gene context analysis indicates that L. bulgaricus, L. helveti-
cus, and S. thermophilus have the same gene organization in
this region (Fig. 2). Moreover, the locus is flanked by trans-
posase genes, supporting recombination events to occur in this
region. Multiple DNA sequence alignment of the cbs-cblB
(cgIB)-cysE cluster revealed a 179-bp DNA fragment with low
GC content (34%) inserted into the open reading frame of the
cysE gene in the L. bulgaricus genomes (see Fig. S4 in the
supplemental material). This sequence is responsible for
the truncation of the cysE gene in L. bulgaricus. An inverted
repeat and a direct repeat are found in close proximity to the
boundaries of the insertion sequence (see Fig. S4 in the sup-
plemental material). The 179-bp DNA sequence shares 98%
identity with a transposase gene located in the vicinity of an
EPS biosynthesis cluster in L. bulgaricus ATCC BAA365 (clus-
ter L18). We found that this insertion element frequently oc-
curs in nonfunctional genes (pseudogenes) of L. bulgaricus
genomes (see Table S2 in the supplemental material). For
instance, in L. bulgaricus ATCC BAA365, it was found to be
responsible for the truncation of the sucrose-6-phosphate hy-
drolase gene, a gene important for sucrose metabolism (22).
The cbs-cblB(cglB)-cysE cluster in L. helveticus shares over
90% nucleotide sequence identity to the counterparts in L.
bulgaricus. Interestingly, the cysE gene in L. helveticus is intact.

This suggests that S. thermophilus could have acquired this
gene cluster from L. helveticus. Both species are used in con-
junction in the manufacture of Bulgarian-type yogurt (11).

Role of the horizontally transferred cbs-cbIB(cglB)-cysE clus-
ter in protocooperation. The enzymes encoded by the cbs-
¢blB(cglB)-cysE gene cluster are involved in the metabolism of
sulfur-containing amino acids. The metabolic pathway of the
interconversion between cysteine and methionine containing
these enzymes is shown in Fig. 3. Serine acetyltransferase,
encoded by cysE, initiates cysteine biosynthesis by converting
L-serine to O-acetylserine. The enzymes encoded by c¢blB or
cglB and cbs are involved in the conversion of homocysteine to
cysteine. As indicated, CysE, CblB/CglB, and CBS in S. ther-
mophilus are probably obtained by HGT from L. bulgaricus,
while the cysE gene is truncated in L. bulgaricus. It should be
noted that another copy of the cysE and cbl or cgl genes [in
addition to those in the cbs-cbIB(cglB)-cysE operon] is present
in the S. thermophilus genomes.

The sulfur-containing amino acids cysteine and methionine
are present in low concentrations in milk proteins, 0.89% and
2.4%, respectively (42). In milk, only traces of methionine and
cysteine can be detected as free amino acids (14). As the
amount of sulfur-containing amino acids in milk either as free
amino acids or derived from proteolysis may not meet the
requirements for bacterial growth, bacteria need to synthesize
these amino acids de novo. S. thermophilus strains are already
equipped with most genes required for methionine and cys-
teine biosynthesis. However, under the evolutionary pressure,
S. thermophilus might need to produce more cysteine/methio-
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nine, and a “foreign” gene cluster could probably have added
value, for instance, when under the control of an alternative
regulatory mechanism. In Streptococcus strains, it was found
that the promoter region of cysK, the cbs paralog, has a con-
served motif for binding to the transcriptional regulator CmbR
(27). This activator regulates the metC-cysK operon encoding a
cystathionine lyase and cysteine synthase in Lactococcus lactis
(15). This regulatory motif is not found upstream of the cbs-
cblB(cgIB)-cysE gene cluster. However, we did find a GC-rich
motif to be conserved in the upstream region of the cbs gene in
the S. thermophilus and L. bulgaricus genomes, as well as in the
Lactobacillus plantarum, Oenococcus, and Leuconostoc ge-
nomes, which may be a binding site for an alternative tran-
scriptional regulator (see Fig. S5 in the supplemental mate-
rial). After transferring the intact gene cluster to S.
thermophilus, the L. bulgaricus strains may have inactivated
their cysE genes, thereby losing the ability to synthesize cys-
teine. In contrast to S. thermophilus, L. bulgaricus lacks an
active serine biosynthesis pathway; it is unnecessary to main-
tain a functional gene involved in this pathway for synthesizing
cysteine from serine.

A recent proteomics study of S. thermophilus LMG 18311
revealed the upregulation of sulfur-containing amino acid bio-
synthesis genes, including cbs (cysM2) and cbIB or cglB
(metB2), when grown in coculture with L. bulgaricus ATCC
11842 (16). The stimulatory effect of L. bulgaricus on this
biosynthetic pathway in S. thermophilus suggests that the en-
zymes are indeed of importance for protocooperation in yogurt
manufacturing.

Conclusions. The protocooperation between L. bulgaricus
and S. thermophilus in yogurt manufacturing has been previ-

ously described but with respect mainly to their dependency on
growth factors and metabolic interactions. In this study, we
identified HGT events between the yogurt bacteria and re-
vealed protocooperation on the basis of exchanged and/or ac-
quired genetic elements during evolution. The genome-wide
analysis generated a list of genes and gene clusters, most prob-
ably obtained by HGT. The EPS biosynthesis proteins EPSIM
and EPSIL in L. bulgaricus genomes were likely acquired from
S. thermophilus. A gene cluster encoding the enzymes involved
in sulfur-containing amino acid metabolism [cbs-cbIB(cgIB)-
¢ysE] in S. thermophilus was probably transferred from L. bul-
garicus strains. The predicted HGT events in bacteria used in
yogurt manufacturing, S. thermophilus and L. bulgaricus, pro-
vide important information on their coevolution and their pro-
tocooperation strategies for adaptation to the milk environ-
ment. The new insights could be used advantageously to
improve the control of cogrowth of both species in yogurt
manufacturing and, accordingly, to improve product character-
istics.
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