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ABSTRACT

The amino acid biosynthesis and proteolytic system of Lactobacillus bulgaricus (L. bulgaricus) is important for its
growth in niche-specific environments, as well as for flavour formation in the food industry. Comparative analyses of 4
completed sequences of the L. bulgaricus strain genome on a genomic scale revealed that genes involved in amino acids
synthesis were undergoing reductive evolution. However, the selected industrial strains, namely, L. bulgaricus 2038 and
L. bulgaricus ND02, retained more complete genes in the amino acid synthesis and proteolytic system category than the
laboratory strains, and have some unique genes and pathways for obtaining amino acids that enable these bacteria to

adapt to their various environmental niches.
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1. Introduction

The most important application of Lactobacillus bulga-
ricus (L. bulgaricus) is as a starter in the manufacture of
various fermented dairy products. Its biochemical activ-
ity is not only capable of lactic acid production but is
also responsible for protein hydrolysis and amino acid
biosynthesis, which generates peptides and amino acids
for bacterial growth and produces metabolites that con-
tribute to flavor formation in fermented products [1]. The
amino acid catabolism system of L. bulgaricus functions
to balance the bacterium’s requirement for amino acids,
and its proteolytic system plays a key role in its growth
[2,3]. In particular, the functions of cell-wall-bound pro-
teinases and peptidases are the most important functions
for cell growth under conditions containing different types
of nitrogen.

Several reports describing the proteolytic system of
lactic acid bacterial (LAB) with respect to their bio-
chemical and genetic aspects [4,6] have included little
information specific to L. bulgaricus. However, putative
genetic mechanisms underlying amino acid biosynthesis
and proteolysis in this bacterial species have not been
studied in detail. In the past few years, 4 L. bulgaricus
genome strains (L. bulgaricus ATCC11842, L. bulgari-
cus ATCC BAA365, L. bulgaricus 2038, and L. bulgaricus
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NDO02) have been completely sequenced; in addition,
some strains have been incompletely sequenced to yield
information regarding the proteolytic system, which has
now allowed a thorough comparative analysis of their
amino acid biosynthesis pathway and proteolytic systems
on a genomic scale. Furthermore, the available genomic
information could provide new insights into the genetic
aspects of amino acid biosynthesis and proteolysis within
L. bulgaricus through the identification of different ge-
netic events at the genomic level. Comparative genomics
has revealed some differences between the amino acid
biosynthesis and proteolytic systems within Lactobacillus,
the differences that are thought to reflect the various en-
vironmental niches that these bacteria occupy [7].

In a preliminary study, we described an in silico anal-
ysis of the L. bulgaricus 2038 amino acid biosynthesis
and proteolytic system from its complete sequence,
which will be publicly available in 2012 [8]. In this study,
we describe an in-depth bioinformatics analysis in which
we have systematically explored the diversity of the
amino acid biosynthesis and proteolytic system in 4
completely sequenced L. bulgaricus strains. Based on our
results, we have predicted horizontally unique genes in
these 4 completely sequenced L. bulgaricus strains, with
a focus on the genes required for bacterial growth, and
also those that are niche-specific. Distinctions among the
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bacterial amino acid biosynthesis pathways, cell-wall-
bound proteinases and peptidases, peptide/amino acid trans-
port systems, and intracellular proteinases and peptidases
are described in detail as examples. Furthermore, results of
comparative genomics analysis were used to explore the
diversity of members of the proteolytic system in 4 L. bul-
garicus strains by using pan-genome CGH analysis.

2. Computational Methods
2.1. Comparative Genomic Analyses

Complete genome sequences of L. bulgaricus (L. bulga-
ricus ATCC11842, L. bulgaricus ATCC BAA365, L.
bulgaricus NDO02, and L. bulgaricus 2038) were obtained
from the NCBI microbial genome database
(http://www.ncbi.nlm.nih.gov/genomes/MICROBES/micr
obial taxtree.html). Comparative analysis was performed
using progressive MAUVE [9]. Peptidase classification
was performed using MEROPS Blast Server [10] with E
value 0.0001.Metabolic pathway analysis was performed
based on KEGG databse [11] through bi-directional best
hit method. Extracellular and transmembrane proteins were
determined by SignalP3.0 [12], ConPred II [13], and
PSORTb v.2.0 [14]. COG assignment was performed
using RPS-BLAST againt CDD (conserved domain da-
tabase) [15] with E-value 1E-3. Protein homology was
determined using BlastP with identity > 20% and length
coverage > 30%, and alignment of protein sequences was
performed using ClustalW.

ET AL.

2.2. Identification of Orthologous Groups

Orthologous groups in the 4 genomes were defined using
the MBGD database [16]. The phylogenetic position of L.
bulgaricus was determined on the basis of ortholog pro-
teins. Concatenated protein sequences were first aligned
using ClustalW, and the conserved alignment blocks
were then extracted using the Gblocks program [17]. A
maximum-likelihood tree was built using PHYML [18]
with the following parameters: 100 replications for boot-
strap analysis, “JTT” for the substitution model, “esti-
mated” for the proportion of invariable sites, “estimated”
for gamma distribution parameters, “4” for the number of
substitution categories, “yes” to optimize tree topology,
and “BIONIJ” for starting tree(s).

3. Results

3.1. Genome Features of Complete Sequenced
L. bulgaricus Genomes

Regarding the 4 completed genomes of L. bulgaricus,
strains ATCC11842 and ATCC BAA365 are laboratory
strains, and strains 2038 and NDO2 are used as industrial
strains. Compared to the other 3 strains having a genome
size ranging from 1856 kb to 1872 kb with no plasmid,
strain NDO2 exhibited the greatest genome size at
2,125,753 bp, which was approximately 250 kb larger
than the other genomes, and was also accompanied by a
6223-bp plasmid. Comparative genomic analysis showed
that the 4 genomes are conserved in their genome
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Figure 1. Alignment of the 4 L. bulgaricus complete genomes.
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structure (Figure 1). There are a total of 1,466,078-bp
sequences distributed in 451 blocks, which might be
considered the “core genome” of L. bulgaricus. Mean-
while, 531,087-bp sequences were deemed strain NDO2-
unique; 136,451-bp sequences as strain 2038-unique;
122,623-bp sequences as strain ATCC 11842-unique; and
118,323-bp sequences as strain ATCC BAA365-unique.
Detailed analysis of the enzymes involved in de novo
amino acid biosynthesis revealed 39 proteins in strain
2038, 38 proteins in strain ND02, 21 proteins in strain
ATCC BAA365, and 18 proteins in strain ATCC 11842
(Table S1). Regarding the proteolytic systems compared
among these 4 genomes, strain NDO02 possessed 81 pro-
teases and peptidases, while the number in strains 2038,
ATCC 11842, and ATCC BAA365 were 72, 64, and 67,
respectively (Table S2, S3). In addition, no unique pro-
tease/peptidases in each strain were found according to
the cluster of ortholog (COG) among these 4 genomes,
although the number of proteases/peptidases varied
among different strains. For peptide/amino acid transport
systems, strain 2038 possessed the highest number,
which encoded 90 proteins involved in this system, while
the strains ND02, ATCC BAA365, and ATCC 11842
encoded 75, 61, and 60 proteins, respectively. The high-
est number of proteins participating in peptide transport-
ers in strain 2038 was mainly due to 24 genes encoding
ABC-type oligopeptide transport system substratebinding
protein, which had only 18 genes in ND02, 6 genes in
ATCC 11842, and 5 genes in ATCC BAA365 strains.

3.2. Gene Gain or Loss in These L. bulgaricus
Strains

A phylogenetic tree based on proteins of amino acid
synthesis and proteolysis systems was constructed (Fig-
ure 2) for these 4 strains. The genes involved in these 2
systems might have evolved with adaption to different
growth environments and passed through different selec-
tion processes, and may have played a key role in the
growth of the L. bulgaricus strain. Strain ND02 was lo-
cated on a separate branch compared to the other 3 strains,
coinciding with its larger genome size and its plasmid.
Strain 2038 retained more genes related to amino acid
synthesis and proteolysis systems from a common an-
cestor genome compared to the other 2 laboratory strains.

A total of 1682 ortholog groups were identified within
these 4 L. bulgaricus strains, in which 1232 ortholog
groups existed in all 4 genomes and might be considered
the “core genes” of L. bulgaricus. Another 268 ortholog
groups were revealed in strain NDO2 and in at least 1 of
the other 3 strains that might be considered “dispensable”
genes; these may have existed in the ancestor genome,
but could have been subsequently lost during the diver-
gence process that produced strain 2038 and/or the other
2 laboratory strains. Meanwhile, the ortholog groups
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among these 4 strains were analyzed, and the genes gain-
ed or lost during the evolutionary process of each strain
were identified. Strain 2038 lost 67 genes after it di-
verged from strain NDO02, while strain ATCC11842 lost
over 200 genes and ATCC BAA365 lost 150 genes.
Among the 67 genes lost in strain 2038, only 2 encoded
for proteases, while the others had nothing to do with
amino acid synthesis or proteolysis systems. However,
for the 2 laboratory strains, 15 genes involved in amino
acid synthesis, 12 genes encoding proteases, and 16 genes
participating in transport systems were lost (Table S4).

3.3. Unique Genes and Pathways Involved in
Amino Acid Synthesis in L. bulgaricus

The distribution of enzymes involved in the amino acid
biosynthesis pathway in these 4 completely sequenced L.
bulgaricus genomes is given in Table S1. Based on the
analysis of de novo amino acid synthesis ability (Table 1),
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Figure 2. Phylogenetic tree showing evolutionary divergence
in the 4 L. bulgaricus genomes based on the results of anal-
yses of amino acid synthesis and paroteolysis systems. The
number on each branch represented gene family number
gained (+) or lost (—) during evolution.

Table 1. Statistics of amino acid synthesis in L. bulgaricus
genomes.

ATCC
2038  ATCCl11842 BAA365 NDO02

Alanine” + + + +
Aspartate* + + + +
Asparagine + + + +
Glutamate” + + + +
Glutamine + + + +
Glycine - - - -
Serine # + - - +
Threonine + + + +
Cysteine + - - -
Methionine - - - -
Valine - - - -
Leucine - - - -

Isoleucine - - -
Lysine + - - +
Arginine - - - -
Proline - - - +
Histidine - - - -
Phenylalanine - - - -
Tyrosine - - - -
Tryptophan - - - -

"It is not a de novo synthesis pathway; “Postulated.
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threonine, asparagine, and glutamine could be synthesized
from l-aspartate by all 4 of these L. bulgaricus strains.
Meanwhile, alanine could be converted from cysteine
and glutamate could be transformed from aspartate, and
vice versa (Table S1).

Proline could be biosynthesized from glutamate only
in L. bulgaricus NDO2 via 3 enzyme-catalyzed reactions.
On the other hand, in the other 3 L. bulgaricus strains, all
3 genes encoding for the 3 enzymes were lost, except for
gamma-glutamyl kinase (EC: 2.7.2.11), which was en-
coded by strain 2038 (LBU0712). Cysteine can only be
synthesized from serine through 2 enzyme-catalyzed
reactions in L. bulgaricus 2038. The first step is mediated
by serine O-acetyltransferase (cysE, EC: 2.3.1.30, en-
coded by LBU1138), which was lost in the other 3 L.
bulgaricus strains. The second step is catalyzed by cys-
teine synthase A (cysK, EC: 2.5.1.47, encoded by
LBU1136 or LBU1253).

Lysine could be synthesized in the 2 industrial strains
NDO2 and 2038 by 7 genes encoding enzymes from di-
hydrodipicolinate synthase (EC: 4.2.1.52) to diamino-
pimelate epimerase (EC: 5.1.1.7); the genes are clustered
together, and are missing in 2 laboratory strains. Most
likely, an acetyl rather than a succinyl-catalyzed reaction
took place with regard to enzyme DapD (EC: 2.3.1.117).
The other 2 genes encoding Asd (EC: 1.2.1.11) and LysA
(EC: 4.1.1.20) were positioned outside the cluster.

Another pathway unique to both industrial strains is
serine biosynthesis. This pathway, which starts from
3-phosphoglycerate, includes 3 enzymes; genes encoding
the first 2 enzymes, namely, phosphoglycerate dehydro-
genase (serd, EC: 1.1.1.95) and phosphoserine ami-
notransferase (serC, EC: 2.6.1.52), were found in both
strains (Table S1). Although the gene encoding the latter
enzyme phosphoserine phosphatase (serB, EC: 3.1.3.3)
was not found in both genomes, 2 homologous genes
(LBUO0835/LDBND 0867 and LBUO0857/LDBND 0902)
were found that might encode proteins performing a
function similar to phosphoserine phosphatase.

A unique pathway responsible for amino acid synthe-
sis exists in L. bulgaricus; this pathway is different from
that found in any other microorganism: alanine is nor-
mally produced from pyruvate through alanine transami-
nase (alt, EC: 2.6.1.2), alanine dehydrogenase (ald, EC:
1.4.1.1), or aspartate 4-decarboxylase (asd4, EC:
4.1.1.12), but no such genes or domains are found in L.
bulgaricus. There are 2 cysteine desulfurase genes (nifS,
EC: 2.8.1.7) in all 4 L. bulgaricus genomes, suggesting
that alanine might be produced from cysteine through a
reaction catalyzed by cysteine desulfurase.

3.4. Sequence Comparison to Distinguish
Cell-Wall-Bound Proteases and Peptidases

Six extracellular proteases are conserved among all 4 L.
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bulgaricus strains, including 2 serine proteases and 4
metalloproteases; meanwhile, both strains BAA365 and
NDO02 encode another unique membrane protease (Table
S5). The protein sequences of the most important pro-
teinase in L. bulgaricus proteolysis, namely, PrtB (EC:
3.4.21.83), are highly conserved among the 4 strains.
This protein also has identical amino acids around the
catalytic sites (Asp-30, His-94, Asn-189, Ser-425) and
substrate-binding sites (Gly-131, Val-159, Gly-728,
Thr-729). However, PrtB lacked a fragment of 125 amino
acids (from residue 1450 to 1574 in mature protein) at the
C-terminus in L. bulgaricus 2038 and ATCC BAA365,
which is rich in Asp and Lys and located 100 amino ac-
ids ahead of the sorting signal (LPKKT) (Figure 3). This
region contains an alpha-helix structure of H domain and
the first 45 amino acids of transwall domain (W domain).
As is known that H domain is able to position the
N-terminal of PrtB outside the cell wall, and W domain
spans the cell wall [19]. The loss of this region might
affect the attachment to cell wall and folding of PrtB,
thus changing the cleavage pattern on substrate.

The maturation of PrtB depends upon PrtM, which
could not be identified in the 4 L. bulgaricus strains.
Based on a search for homologs, the foldase protein PrsA
(EC: 5.2.1.8) was identified in all 4 strains—PrsA is
known to be an extracellular chaperon involved in ex-
tracellular protease maturation, as well as the folding and
stability of subtilisins in Bacillus subtilis [20]. In com-
parison with known PrtM proteins, PrsA from the 4 L.
bulgaricus strains was highly homologous to PrtM (Fig-
ure 4). The conserved domain of PrtM and PrsA had
little variation, supporting the possibility that PrsA take
up the role of PrtM.

Two extracellular peptidases involved in peptide deg-
radation varied greatly among the 4 L. bulgaricus strains.
The endopeptidase EnlA, encoded by LBU/040, had no
ortholog in strain ATCC BAA365, and the dipeptidase
PepD4, EC: 3.4.-.-, encoded by LBU1705, had no ortholog
in ATCC 11842. Through protein sequence alignment,
the strains 2038, ATCC 11842, and NDO02 showed a dif-
ference at the C-terminus of EnlA, and no domain was
observed in this variable region. For PepD4, strain ND02
lost the largest proportion of the 396-amino acid-long
domain PF03577 (from the 24th to the 422nd cordon in
LBU1705); thus, its peptidase activity might have also
been lost, although it encoded an extracellular homolog
of PepD4 (Figure 5).

A cell surface housekeeping protease, HtrA (EC: 3.4.
21.-), was identified in the 4 L. bulgaricus strains, and is
known to be involved in protein maturation and turnover
[21]. A comparison of the HtrA proteins within all 4 L.
bulgaricus strains revealed high similarities among the
groups (Figure 6).
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Figure 3. Sequence alignment of mature PrtB. The red star indicates conserved catalytic sites, blue star indicates substrate-
binding site and black star indicates the sorting signal.
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Figure 5. Alignment of the extracellular peptidase En1A (A) and PepD4 (B).
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Figure 6. Alignment and domain comparisons in HtrA.
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3.5. The Distribution of Intracellular Peptidase
in Sequenced L. bulgaricus Genomes

Two intracellular proteases were highly conserved, but the
intracellular peptidases showed some differences among
these 4 L. bulgaricus strains. Thirty-three intracellular
peptidases were found in L. bulgaricus strain 2038.
Through comparison, we found that all intracellular pro-
ase/peptidases of strain ATCC11842 and ATCC
BAA365 had homologs in strain 2038, while strain ND02
encoded 3 unique peptidases, including 2 serine pepti-
dases (LDBND 1003 and LDBND_1120), and 1 metal-
lopeptidase (LDBND 179). Furthermore, strain 2038
encoded 4 peptidases whose homolog was found only in
1 of the other 3 strains, including 1 aminopeptidase,
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2 carboxypeptidases, and 1 endopeptidase (Table S6).
Among them, the homolog of d-aminopeptidase DppA
(encoded by LBU0520) was only found in strain ATCC
11842, the homolog of metal-dependent amidase/amino-
acylase/carboxypeptidase (encoded by LBU0898) was
only found in strain ATCC BAA365, and an amino acid
amidohydrolase (encoded by LBU0934) and a metal-
loendopeptidase (encoded by LBU1255) had orthologs
only in strain NDO2.

Two cysteine aminopeptidase genes (PepG1-LBU0223
and PepG2-LBU0224) clustered together to supply all
the L. bulgaricus strains with cysteine. Alignment studies
showed that the 2 peptidases were highly conserved (Fig-
ure 7).
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Figure 7. Alignment of cysteine aminopeptidase in the 4 L. bulgaricus strains.
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3.6. Distribution of the Transport System in
Sequenced L. bulgaricus Genomes

All 4 L. bulgaricus strains possess 2 complete oligoep-
de transport (Opp) systems (OppABCDF type and opp-
DFBCA type) [22], each with a very different number
and order for substrate-binding proteins (OppA). With
respect to the ABC-type transporters and permeases for
single amino acids, the strains showed significant differ-
ences (Table S7).

Whereas 90 genes encoding amino acid/oligopeptide
transporters were found in strain 2038, we found 75, 60,
and 61 transporter genes, respectively, in the strains
NDO02, ATCC 11842, and ATCC BAA365 (Table S3).
This large variation was mainly because of the number of
OppA proteins—there were 25 of these in strain 2038,
compared to 19 in ND02, and only 6 in ATCC 11842 and
7 in ATCC BAA365 (Table S7). In contrast, strains
ATCC 11842 and ATCC BAA365 had no unique OppA
proteins, while 5 were found in strain NDO2, and 6 in
strain 2038.

In addition to Opp. systems, 14 amino acid permeases
were identified in the 4 L. bulgaricus strain genomes
(Table S7). Five of the amino acid permeases were con-
served, and might play roles in importing essential amino
acids for L. bulgaricus strains. Three amino acid per-
meases (AppA2, LysP2, and ArcD3) were found only in
the 2 industrial strains. Meanwhile, there were 2 unique
amino acid permeases (encoded by LBU0206 and LBU-
0209) in strain 2038 and 1 in strain NDO2 (encoded by
LDBND1404). No unique amino acid permease was
found in any of the laboratory strains, possibly illustrat-
ing that the laboratory strains had undergone a more ex-
tensive reductive evolution.

4. Discussion

In this study, we performed a systematic genome-wide
analysis of all the proteins involved in amino acid biosy-
nthesis and proteolysis, from 4 completely sequenced L.
bulgaricus genomes, including the strains ATCC 11842,
ATCC BAA-365, ND02, and 2038. Comparative ge-
nomics analysis was conducted to distinguish various
subgroups within a protein superfamily, allowing for a
highly improved annotation of genes, and clarification of
any inconsistent annotations. This information could be
used to predict the amino acid catabolism potential for all
L. bulgaricus strains.

Two pathways have been identified in bacteria to as-
similate ammonia into glutamate: 1 is the glutamate de-
hydrogenase (GDH, EC: 1.4.1.2) pathway, and another is
via the glutamine synthase (GS, EC: 6.3.1.2)-glutamate
synthase (GOGAT, EC: 1.4.1.13/14) cycle [23]. Both
pathways form 1 molecule of glutamate from 1 molecule
of ammonia (HN;) and 1 molecule of 2-oxoglutarate.

Copyright © 2012 SciRes.
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However, no genes encoding for GDH or GOGAT ware
identified in these 4 completely sequenced L. bulgaricus
genomes. Similar to how /-aspartate is synthesized from
oxaloacetate and glutamate through the catalysis of as-
partate aminotransferase (EC: 2.6.1.1), glutamate could
be produced in the same manner from 2-oxoglutarate and
l-aspartate. We found 2 genes encoding proteins homolo-
gous to aspartate aminotransferase in the 4 L. bulgaricus
strain genomes (Table S1). These results suggest that
aspartate aminotransferase catalyzes the formation of
both glutamate and aspartate in L. bulgaricus.

All the L. bulgaricus strains similarly possessed lim-
ited anabolic biosynthesis capabilities because of a par-
tial TCA cycle that contained only fumarate reductase
(EC: 1.3.99.1) and fumarate hydratase (EC: 4.2.1.2). Six
kinds of amino acids (aspartate, asparagine, glutamine,
glutamate, threonine, and alanine) could be biosynthe-
sized in all 4 strains. According to the results from the
annotation studies, glutamate, aspartate, glutamine, and
alanine were related to additional amino acid biosynthe-
sis, nucleoside metabolism, and cell-wall formation. This
suggests that L. bulgaricus took advantage of the nitro-
gen-rich environment when they lost the capacity for
ammonium assimilation and glutamate biosynthesis.

Only the industrial strains 2038 and NDO2 had the
ability to biosynthesize lysine and serine by using a
separate pathway for each amino acid. Meanwhile cys-
teine could only be synthesized by 2038 and proline only
by NDO2 through unique pathways for each. In addition
to losing genes, each strain evolved new genes or re-
tained ancestor genes after divergence. Among the 396
unique genes for strain NDO02, 24 (6%) were associated
with the amino acid synthesis/proteolysis system, whereas
in 113 unique genes for strain 2038, 10 (8.8%) were in-
Ived in its amino acid synthesis/ roteolysis system. Ex-
cept for the 2 ATCC strains, only 5 unique genes encod-
ing proteases or transporters were found in all the strains
studied (Table S8). Based on the presence of genes en-
coding protease and transport systems, the 2 industrial
stains were more capable of utilizing extrinsic resources
than the 2 laboratory strains, and were likely influenced
by industrial cultivation [2].

For the 4 genomes of the L. bulgaricus strains, the
genes encoded a relatively lower number and variety of
amino acid biosynthesis components, which lost some
biosynthetic capability, as the strains continued to de-
velop in different environments. Protein homolog analy-
sis showed that only strains ND02 and 2038 had unique
genes that are involved in amino acid synthesis in the 4 L.
bulgaricus strains (Table S4). Strain NDO02 had 6 genes
encoding for proline synthesis (LDBND 0093, LDBND
0094, LDBND 0755, LDBND 0756, LDBND 0788,
and LDBND 1721), which was the highest number for
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this function among the strains studied. Strain 2038 pos-
sessed a unique gene, LBU1138, which encoded serine o-
acetyltransferase, and therefore, endowed this strain with
the ability to synthesize cysteine. Although strain ND02
possessed the biggest genome size and the largest unique
region, it did not show significantly improved amino acid
catabolism and proteolysis compared to strain 2038.

Strain 2038 had a growth advantage relative to the
other strains because it could potentially synthesize cys-
teine, which is difficult to obtain from exogenous casein
and can be used as a precursor of alanine. The expression
of 2 concatenated cysteine aminopeptidase genes might
increase to satisfy the demand for cysteine in L. bulgaricus
cells or to carry out the same function under different
conditions. Strain NDO2 could synthesize proline, which
might afford it a growth-related advantage over the other
strains. These features explain why strains 2038 and
NDO2 were chosen as the industrial strains; in addition,
they possess more genes associated with nitrogen utilize-
tion compared to the other strains.

Evolutionary differences between the 2 industrial
strains, as illustrated in the phylogenetic tree that was
generated from analyzing amino acid synthesis and pro-
teolysis genes, could be attributed to the fact that each
industrial strain was isolated from a different geographi-
cal area. Therefore, differences between using cow milk
from Europe and sheep milk from North Asia, and lower
cysteine concentrations in cow milk compared to sheep
milk, and differences between these 2 areas feeding en-
vironments, may have all contributed to the observed
evolutionary divergence between the 2 strains.

Genomic sequence analysis revealed the presence of at
least 45 genes encoding putative proteases or peptidases.
From this group, the most significant among the genes
encoding cell surface proteases is PrtB, which is located
downstream of the lac operon in L. bulgaricus 2038 [24].
A comparison of PrtB among the 4 complete L. bulgaricus
sequences showed that the protease catalytic sites and
substrate-binding sites are conserved, while a 125-amino
acid-long deletion in C-terminal was revealed in L. bul-
garicus 2038 and might affect the folding of the en-
zyme. These results imply that different L. bulgaricus
strains might have different substrate specificities and
release different peptides.

The foldase protein PrsA was identified in the ge-
nomes of all 4 L. bulgaricus strains. Because this protein
was very highly homologous to PrtM and had the same
EC number, and no PrtM was found in L. bulgaricus
until now, we suggest that it may play role in the matura-
tion of PrtB instead of PrtM; this may explain the matura-
tion and turnover rates of PrtB in all L. bulgaricus strains.
The cell surface housekeeping protease HtrA was also
identified in all 4 L. bulgaricus strain genomes. Consid-
ing that only 2 cell surface peptidases were identified in

Copyright © 2012 SciRes.
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all 4 strains, it is reasonable to speculate that these 2 cell
surface peptidases may perform a single function.

Two putative cell surface peptidases that are not heat-
shock proteinases—the membrane protein related to
metalloendopeptidase EnlA and the dipeptidase PepD4—
are either missing or were found as a pseudo gene either
in strain ATCC BAA-365, or in strains ATCC 11842 and
NDO02 without a signal peptide in their C-termini. Only L.
bulgaricus 2038 had these 2 completed genes with a signal.
Considering that some intracellular peptidases were iden-
tified only in strain 2038, L. bulgaricus 2038 might po-
tentially have a more powerful exterior protein degrada-
tion capability than other L. bulgaricus strains, which
could be advantageous, as it would produce more free
amino acids than the other strains. These amino acids
could then be transported into the cell via 8 ATP-binding
ABC-type amino acid transport systems or at least 6
permeases.

Two distinct opp operons were associated with multi-
ple OppA proteins in the 4 L. bulgaricus strain genomes,
but these 2 opp operons in strain 2038 are very interest-
ing in their distinct operon structures; PepG1 and PepG2
(LBU0223 and LBU0224) encoding aminopeptidases are
located directly adjacent to the OppF gene. There are
also more OppA genes existing in strain 2038 compared
to the other 3 strains. This might explain the important
role of the Opp system in this industrial strain; different
OppA proteins are used for different oligopeptides, espe-
cially, in different environments. Several peptide trans-
porters or peptidases fall into larger protein super fami-
lies: 1) aminopeptidase PepC and PepG belonging to the
MEROPS peptidase family Cl1 B, 2) aminopeptidase
Pepl and PepL belonging to MEROPS family S33, and 3)
aminopeptidase PepM together with dipeptidase PepQ
and PepZ belonging to MAROPS family M24.
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Appendix
Table S1. Genes involved in amino acid biosynthesis for each L. bulgaricus strain.
Locus in each strain
Synthesis Pathway KO EC No 2038 ATCC 11842  ATCC BAA-365 NDO02
Asparagine KO01914 EC:6.3.1.1 LBU1019 Ldb1194 LBUL 1110 LDBND 1073
KO01953 EC:6.3.54 LBUO0163/LBU0807 Ldb0209 LBUL 0183 LDBND 0200/LDBND_0839
Glutamine KO01915 EC:6.3.1.2 LBU1261 Ldb1472 LBUL 1368 LDBND 1408
Proline K00931 EC:2.7.2.11 LBU0712 LDBND 0757
K00147 EC:1.2.1.41 LDBND 0756
K00286 EC:1.5.1.2 LDBND_0755
Arginine K00611 EC:2.1.3.3 LDBND 1721
K01940 EC:6.34.5 LDBND 0788
KO01755 EC:4.3.2.1 LBU0740 LDBND 0789
Cysteine K00640 EC:2.3.1.30 LBU1138
K01738 EC:2.5.1.47 LBU1136/LBU1253 Ldb1325/Ldb1458 LBUII:—11233554/LBU LDBND 1271/LDBND_1389
K01740 EC:2.5.1.49 LBU0307 LDBND 0325
Methionine K00928 EC:2.7.2.4 LBU0936/LBU1158 Ldb1349 LBUL_1258 LDBND 1033
K00133 EC:1.2.1.11 LBUI1157 Ldb1348 LBUL 1257 LDBND 1291
K00003 EC:1.1.1.3 LBU1159 Ldb1350 LBUL 1259 LDBND 1293
K00651 EC:2.3.1.46 LBUOO;%/];;I; 1006/L LBU]{‘*OI(;SS%/LBU LDBND 1060/LDBND_1388
K01760 EC:4.4.1.8 LBU1137 Ldb1326 LBIEL_1236 LDBND 1272
K14155 EC:4.4.1.8 LBU1014 Ldb1187 LBUL 1103
K00547 EC:2.1.1.10 LBU0247 Ldb0311 LBUL 0268 LDBND 0272
K00549 EC:2.1.1.14 LBU0082/LBU1132 Ldb0116 LBUL 1232 LDBND_0086
Serine K00058 EC:1.1.1.95 LBU088O LDBND 0927
K00831 EC:2.6.1.52 LBU0882 LDBND 0928
Threonine K00928 EC:2.7.24 LBU0936/LBU1158 Ldb1349 LBUL 1258 LDBND 1033
K00133 EC:1.2.1.11 LBU1157 Ldb1348 LBUL_1257 LDBND 1291
K00003 EC:1.1.1.3 LBU1159 Ldb1350 LBUL 1259 LDBND 1293
K00872 EC:2.7.1.39 LBU1495 Ldb1760 LBUL_1630 LDBND_1655
K01733 EC:4.2.3.1 LBU1496 Ldb1761 LBUL 1631 LDBND_1656
Lysine K00928 EC:2.7.24 LBU0936/LBU1158 Ldb1349 LBUL 1258 LDBND 1033
K00133 EC:1.2.1.11 LBUI1157 Ldb1348 LBUL 1257 LDBND 1291
K00003 EC:1.1.1.3 LBU1159 Ldb1350 LBUL 1259 LDBND 1293
K01714 EC:4.2.1.52 LBU0933 LDBND 1029
K00215 EC:1.3.1.26 LBU0932 LDBND 1028
K00674 EC:2.3.1.117 LBU0935 LDBND 1031
K00841 EC:2.6.1.- LBU0931/LBU1079 Ldb1263 LBUL_1180 LDBND 1027/LDBND_1147
KO05823 EC:3.5.1.47 LBU0934 LDBND 1030
KO01778 EC:5.1.1.7 LBU0937 LDBND_1034
KO01586 EC:4.1.1.20 LBU1080 LBUL 1181 LDBND 1148
Tryptophan KO03785 EC:4.2.1.10 LDBND_0094
K00014 EC:1.1.1.25 LDBND 0093
K00800 EC:2.5.1.19 LBUI1316/LBU1317 LDBND 1470
Phenylalanine/Tyrosine Ko04516 EC:5.4.99.5 LBU0249 Ldb0313 LBUL_0271
K06209 EC:5.4.99.5 LBU1160 Ldb1351 LBUL_1260 LDBND 1294
K00832 EC:2.6.1.57 LBU0363 Ldb0441 LBUL_0392 LDBND_0387
Alanine K04487 EC:2.8.1.7 LBU0617/LBU0646 Ldb0724/Ldb0753 LBU]E‘*%665866/LBU LDBND 0657/LDBND_0688
Aspartate/Glutamate K00813/K00832 EC:2.6.1.1 LBU0363/LBU1079 Ldb0441/Ldb1263 LBUIL—();’I%%/LBU LDBND 0387/LDBND 1147
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Table S2. Genes encoding proteases and peptidases in each L. bulgaricus strain.
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Number of genes in each strain

COG

2038

ATCC 11842

ATCC BAA-365

NDO02
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COG0024
COG0265
COG0308
COGO0319
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COG0481
COG0501
COGO0533
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COG0597
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COGO0705
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COGO0750
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Table S3. Genes encoding peptide or amino acid transporters in each L. bulgaricus strain.
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Number of genes in each strain

COG

2038

ATCC 11842

ATCC BAA-365

NDO02

COG0004
COG0410
COG0444
COGO0531
COG0601
COG0687
COG0747
COGO0765
COG0833
COG0834
COG1113
COG1114
COG1122
COG1123
COG1125
COG1126
COGl1136
COG1173
COGl1176
COG1177
COG1732
COG3842
COG4166
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Table S4. Genes involved in proteolysis and amino acid biosynthesis of L. bulgaricus ND02 but lost in other ATCC strains

and 2038.

Gene of strain NDO2  Lost in other strains Class Gene of strain ND02 Lost in other strains Class
LDBND 1148 ATCC 11842 Amino acid synthesis LDBND 1392 ATCC” Protease
LDBND_1060 ATCC” Amino acid synthesis LDBND 1030 ATCC" Protease
LDBND 1470 ATCC” Amino acid synthesis LDBND 1315 ATCC” Protease
LDBND 0325 ATCC” Amino acid synthesis LDBND 1747 ATCC” Protease
LDBND 0789 ATCC” Amino acid synthesis LDBND 1321 ATCC BAA-365 Transporter
LDBND 0927 ATCC” Amino acid synthesis LDBND 0265 ATCC 11842 Transporter
LDBND_0757 ATCC” Amino acid synthesis LDBND 0266 ATCC 11842 Transporter
LDBND_0839 ATCC” Amino acid synthesis LDBND 0267 ATCC 11842 Transporter
LDBND_0928 ATCC” Amino acid synthesis LDBND 0492 ATCC 11842 Transporter
LDBND 1027 ATCC” Amino acid synthesis LDBND 1631 ATCC” Transporter
LDBND 1028 ATCC” Amino acid synthesis LDBND 1762 ATCC" Transporter
LDBND 1029 ATCC” Amino acid synthesis LDBND 0271 ATCC” Transporter
LDBND 1031 ATCC” Amino acid synthesis LDBND 0382 ATCC” Transporter
LDBND 1033 ATCC” Amino acid synthesis LDBND 0623 ATCC” Transporter
LDBND 1034 ATCC” Amino acid synthesis LDBND 0840 ATCC” Transporter
LDBND_1105 ATCC BAA-365 Protease LDBND 1346 ATCC” Transporter
LDBND_0771 ATCC BAA-365 Protease LDBND 1363 ATCC” Transporter
LDBND_1859 ATCC BAA-365 Protease LDBND_1586 ATCC’ Transporter
LDBND 1861 ATCC BAA-365 Protease LDBND 1717 ATCC” Transporter
LDBND_1480 ATCC BAA-365 Protease LDBND 1763 ATCC” Transporter
LDBND 0561 ATCC 11842 Protease LDBND 1856 2038 Protease
LDBND_1857 ATCC 11842 Protease LDBND 1480 2038 Protease
LDBND_1856 ATCC 11842 Protease

*ATCC represents both ATCC BAA-365 and ATCC 11842.
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Table S5. Genes encoding extracellular proteases or peptidases in each L. bulgaricus strain.

Locus in each strain

COG Gene 2038 BI:FII;(-:3C6 5 /1%;1“ 83(2: NDO02 Product Localization
COG0265 HtrA LBU0100 LBUL 0118 Ldb0140 LDBND 0115 serine protease HtrA Cellwall
COG1404 PrtB  LBUIOI5S LBUL 1105 Ldb1189 LDBND 1068 cell wall-associated serine proteinase Cellwall
COGO0501 HtpX1 LBUO0117 LBUL 0136 Ldb0160 LDBND 0132 putative protease HtpX-like protein CytoplasmicMembrane
COGO0501 HtpX2 LBUI1013 LBUL 1101 Ldbl1185 LDBND 1067 Zn-dependent protease CytoplasmicMembrane
COG0750 LBU1148 LBUL 1248 Ldb1339 LDBND 1282 %‘I‘f?gﬁ‘;‘zr‘l‘feﬁbﬁ(‘)‘; :::;’C‘ated CytoplasmicMembrane

LBU1759 LBUL 1994 Ldb2160 LDBND 2001 grf)‘t’;); amino terminal protease family oo\ 1 oi o Membrane
EnlA  LBU1040 Ldb1221 LDBND 1105 putative enterolysin A (Peptidase M23) Extracellular
COG4690 PepD4 LBU1705 LBUL 1926 LDBND 1936 dipeptidase Extracellular
LBUL_1924 omatin/prohibtlike protin Cellwall
LDBND 1934 o et fanily Cellwal
Table S6. Genes encoding intracellular peptidases in each L. bulgaricus strain.
Locus in each strain
MEROPS ID  Family COG gene 2038 BQZ%% 5 ?11"8(5‘(23 ND02 Product
; ; COG3091 LBU0380 LBUL 0409 Ldb0461 LDBND 0405 g:;x;gg;ependem
MERO084977 MI10X  COGS5549 LBU1567 LBUL 1785 Ldbl1920 LDBND 1766 putative Zn-dependent protease
MER002163 C69 COG4690 PepDl LBU0421 LBUL 0452 Ldb0511 LDBND 0454 putative dipeptidase A
MER000443  SI5  COG2936 PepX LBUI250 LBUL 1351 Ldbl455 LDBND 1386 X-prolyl dipeptidyl peptidase
MER002038 M24B COG0006 PepQ LBUI1357 LBUL 1474 Ldbl1594 LDBND 1503 Xaa-Pro aminopeptidase
MER002038 M24B COG0006 PepZ LBU1450 LBUL 1575 Ldb1700 LDBND 1594 Xaa-Pro aminopeptidase
MERO001361 M20A COG0624 PepV  LBUI1488 LBUL 1619 Ldbl746 LDBND 1630 putative dipeptidase V
MERO001322 C40 COG0791 Spr LBU1516 LBUL 1667 Ldbl1795 LDBND 1681 putative dipeptidyl-peptidase VI
MERO002163 C69 COG4690 PepD3 LBU1679 LBUL 1909 Ldb2063 LDBND_1910 dipeptidase
MER105435 M20B COG2195  PepT! LBU0301 LBUL 0326 Ldb0371 LDBND_0319 peptidase T
MER001421 M20B COG2195 PepT2 LBUI1036 LBUL 1126 Ldbl217 LDBND_1101 peptidase T
MERO003535 CO01B COG3579  PepGl LBU0223 LBUL 0241 Ldb0287 LDBND_0244 cysteine aminopeptidase
MERO003534 CO01B COG3579 PepG2 LBU0224 LBUL 0242 Ldb0288 LDBND 0245 cysteine aminopeptidase
MERO072511 M42 COG1363 PepA  LBU0422 LBUL 0453 Ldb0512 LDBND 0455 M42 family peptidase
MER001243 M24A  COG0024 PepM LBU0464 LBUL 0496 Ldb0556 LDBND 0497 type I methionine aminopeptidase
MERO005922 M55 COG2362 DppA LBU0520 Ldb0617 D-aminopeptidase
MER060648 S58 COG3191 DmpA LBUO0521 LBUL 0553 LDBND_0560/ L-aminopeptidase/D-esterase
LDBND_0561
MER005462 M24B COG0006 LBUI1225 LBUL 1324 Ldbl1429 LDBND 1357 Xaa-Pro aminopeptidase
MERO000728  CO01B COG3579 PepC LBU1473 LBUL 1604 Ldbl1730 LDBND 1615 aminopeptidase C
MERO000436 S33 COGO0596 Pepl LBU1543 LBUL 1762 Ldb1896 LDBND 1743 prolyl aminopeptidase
MERO000437 S33 COG0596 pip LBU1556 LBUL 1775 Ldb1909 LDBND 1755 prolyl aminopeptidase
MERO001005 MO1 COG0308 PepN  LBU1702 LBUL 1922 Ldb2080 LDBND 1931 aminopeptidase N
MERO001380 S33 COG0596 PepL LDBND_1003  leucyl aminopeptidase
MERO074500 M20D  COG1473 Amd  LBU0207 LBUL 0225 Ldb0265 carboxypeptidase
MERO081890 M20D  COG1473 LBU0898  LBUL 0961 carboxypeptidase
MERO084057 M20D  COG1473 LBU0934 LDBND 1030 amino acid amidohydrolase
MERO072517 C15 COG2039 Pcep LBU1004 LBUL 1093 Ldbl175 LDBND 1058 pyrrolidone-carboxylate peptidase
MERO019832 M13 COG3590 PepO LBUO172 LBUL 0191 Ldb0218 LDBND 0208 endopeptidase O
- - COG0542  ClpC  LBU0310 LBUL 0339 Ldb0383 LDBND 0328 zﬁj;pgpt‘dase Clp ATP-binding
MER072513 M16B COG0612 PqqL LBU0498 LBUL 0531 Ldb0595 LDBND 0538 putative metalloendopeptidase
MERO019832  MI3 COG3590  PepO  LBUI255 LDBND 1392 oligopeptidase O
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Continued
MER166506  M22 COGO0533 Gep LBU1382 LBUL_1501 Ldbl621 LDBND 1530 O-sialoglycoprotein endopeptidase
MER052966  M22 COGI1214 Gpp LBU1384 LBUL 1503 Ldbl1623 LDBND_1532 glycoprotein endopeptidase
MER072526 MO03B  COGl1164 PepF  LBU1650 LBUL_1880 Ldb2034 LDBND_ 1876 oligoendopeptidase F
MER232366 S9C COG1506 LDBND 1120 peptidase s9 prolyl oligopeptidase
MER141586 S9C COG1506 Aph  LBUO0861 LBUL 0918 Ldbl011 LDBND_0905 trilobed protease
- - COG0612 LBU0497 LBUL 0530 Ldb0594 LDBND 0537 Zn-dependent peptidase

LDBND_1579 peptidase m20a dipeptidase

Table S7. Genes involved in oligopeptide or amino acid transport systems in each L. bulgaricus strain.

Locus in each strain

ATCC ATCC
COG Gene 2038 BAA-365 11842 NDO02 Product
COGl1136 LDBND 2037  ABC antimicrobial peptide transporter ATPase
COG1126 LBU1565 LDBND 1763  ABC polar amino acid transporter ATPase
COG1126 LBUOI24  LBUL 0144 Ldb0168  LDBND 0140 sr}zgi';ype amino acid transport system ATP-binding
COG1126 LBU0I99  LBUL 0216 Ldb0253  LDBND 0883 ﬁr]zgi';ype amino acid transport system ATP-binding
COG1126 LBU0241  LBUL 0262 LDBND 0266 g‘rﬁgi';ype amino acid transport system ATP-binding
COG0765 LBU0197 LBUL 0214 Ldb0251 giC—type amino acid transport system permease pro-
ABC-type amino acid transport system permease pro-
COG0765 LBUO0198 LBUL_0215 Ldb0252 LDBND 0882 tein
COGOT65 LBUO242  LBUL 0263 LDBND 0267 gic-type amino acid transport system permease pro-
COG0765 LBUOI25 ~ LBUL 0145 Ldb0l69 LDBND 0141 ABCtype amino acid - transport system sub-
- - strate-binding and permease protein
COG0834  YckK  LBU0240  LBUL 0261 LDBND 0265 ~BC-ype amino acid transport  system  sub-
- - strate-binding protein
COG0834 LBU0200 LBUL 0217 Ldb0254 LDBND 0gg4 ~ABCtype amino —acid transport system sub-
- - strate-binding protein
COG0410 LivF LBUI231 LDBND 1363 ABC-type' branchefi—cham amino acid transport system
- ATP-binding protein
COG1126 GInQ  LBU0427  LBUL 0458 Ldb0517  LDBND 0460 l’;‘r]it(;;ype glutamine  transport system ATP-binding
COG1126 GInQ2 LBUIII0  LBUL 1213  Ldbl298  LDBND 1245 sr}ggi';ype glutamine _ transport system ATP-binding
COG1126 GInQ3 LBUI782  LBUL 2020  Ldb2199  LDBND 2043 ;]ztcei';ype glutamine transport system ATP-binding
COG0765  GInM LBU0429 LBUL_0460 Ldb0519 LDBND 0462  ABC-type glutamine transport system permease protein
COGO0765 GInP LBU0430 LBUL 0461 Ldb0520 LDBND 0463  ABC-type glutamine transport system permease protein
COGO765 GlnP2  LBUIIIl  LBUL 1214 Ldbl299  LDBND 1246 ‘:BC-iype glutamine transport sysiem substrate-binding
- - and permease protein
COGO765 GInP3  LBUI781  LBUL 2019  Ldb2198  LDBND 2042 ‘:BC-iype glutamine transport system substrate-binding
= = and permease protein
COG0834 GlnHI ~ LBU0428  LBUL 0459  Ldb0518  LDBND 0461 g‘r]ig;;ype glutamine transport system substrate-binding
COG0834 GlnH2  LBU0431  LBUL 0462 Ldb0521  LDBND 0464 g}zgi-;ype glutamine transport system substrate-binding
COGO0834 GInH3  LBUI167  LBUL 1267 LdbI358  LDBND_ 1301 ﬁr]zgi';ype glutamine transport system substrate-binding
COG0444  OppD LBU1192 LBUL 1293 Ldb1386 LDBND 1324  ABC-type Opp system ATP-binding protein
COG0444 OppD2  LBU0221  LBUL 0238  Ldb0284  LDBND 0242  ABC-type Opp system ATP-binding protein
COG1123  Oppf LBU1191 LBUL 1292 Ldb1385 LDBND 1323  ABC-type Opp system ATP-binding protein
COG1123  OppF2 LBU0222 LBUL 0239 Ldb0285 LDBND 0243  ABC-type Opp system ATP-binding protein
COG0601  OppB LBU1190 LBUL 1291 Ldb1384 LDBND 1322  ABC-type Opp system permease protein
COG0601  OppB2 LBU0219 LBUL_0236 Ldb0282 LDBND 0240  ABC-type Opp system permease protein
COG1173  OppC LBU1189 Ldb1383 LDBND 1321  ABC-type Opp system permease protein
COG1173  OppC2 LBU0220 LBUL 0237 Ldb0283 LDBND_ 0241  ABC-type Opp system permease protein
COG4166 OppAl  LBUO0160 LBUL 0180 Ldb0206 ABC-type Opp system substrate-binding protein
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COG4166  OppAl  LBU0365 ABC-type Opp system substrate-binding protein
COG4166 Opfl’Al LBU0588 LDBND 0623  ABC-type Opp system substrate-binding protein
COG4166 Op]z)Al LBUO0589 LDBND 0625  ABC-type Opp system substrate-binding protein
COG4166 Op];Al LBU0676 LBUL 0717 Ldb0784 LDBND 0719  ABC-type Opp system substrate-binding protein
COG4166 OPEAI LBU0S0S LDBND 0840  ABC-type Opp system substrate-binding protein
COG4166 Op;S)Al LBU0809 ABC-type Opp system substrate-binding protein
OPPAL | Linons
COG4166  6/17/1 LBU0962/ Ldb1060 LDBND 1004  ABC-type Opp system substrate-binding protein
819 LBU0963
COG4166 OppA2  LBU0213 LDBND 0231  ABC-type Opp system substrate-binding protein
COG0747 OppA2 LBUI1187 LBUL 1288 Ldb1381 LDBND_1319  ABC-type Opp system substrate-binding protein
COG0747 Oprl) A2 LBU1188 LBUL 1289 Ldb1382 LDBND 1320  ABC-type Opp system substrate-binding protein
COG4166 Op;z)AZ LBU1215 LDBND 1346  ABC-type Opp system substrate-binding protein
OppA2 . .
COG4166 3 LBU1410 ABC-type Opp system substrate-binding protein
OppA2 . .
COG4166 4 LBU1411 ABC-type Opp system substrate-binding protein
COG4166 Op;S)AZ LBU1442 LDBND 1586  ABC-type Opp system substrate-binding protein
LBU0214/
coG4als6  OPPA3 1RUGIS/  LBUL 0233  Ldb0276  CPBND_0233/ y o ine Opp system substrate-binding protein
JoppA4 - LDBND_0235
LBU0216
COG4166 OppAS  LBUO0217 ABC-type Opp system substrate-binding protein
COG4166 OppA6  LBUO0218 LBUL 0235 Ldb0281 LDBND 0238  ABC-type Opp system substrate-binding protein
COG4166  OppA7  LBU0300 LBUL 0325 Ldb0370  LDBND 0318  ABC-type Opp system substrate-binding protein
COG4166 OppA8  LBU0354 LDBND 0382  ABC-type Opp system substrate-binding protein
COG4166 OppA9  LBUO0355 ABC-type Opp system substrate-binding protein
COGI732 ProwX LBUI009 LBUL 1097 Ldbi180 LDBND 1062 BC-ype proline/glycine betaine transport system
substrate-binding and permease protein
COGI125  Prov  LBUI0I0  LBUL 1098 Ldbl181  LDBND 1063 DC-type prolinclglycine betaine transport system
- - ATP-binding protein
COG3842  PotA  LBUOSA4  LBUL 0578  Ldb0647  LDBND 0582 DC-ype spermidine/putrescine  transport  system
- - ATP-binding protein
COGI176  PotB  LBU0S4S  LBUL 0579 Ldb0648  LDBND 0583 ‘ DC-tyPe spermidine/putrescine transport system per-
- - mease protein
COGI177  PotC  LBUOSA6  LBUL 0580 Ldb0649  LDBND 0584 ~ABC-ype spermidinefputrescine transport system per-
- - mease protein
COG0687  PotD  LBU0S47  LBUL 0581 Ldb0650  LDBND 0585 BC-type spermidinc/putrescine transport system sub-
- - strate-binding protein
COG1136 YhcA  LBUI746 LBUL_1979 Ldb2142  LDBND_1970 F‘;}zgi';ype transport system ATP-binding and permease
COGl1122  YkoD LBUO0108 LBUL 0126 Ldb0151 LDBND 0124  ABC-type transport system ATP-binding protein
COG1136  YxeB LBU1688 LBUL 1912 Ldb2069 LDBND 1922  ABC-type transport system ATP-binding protein
COGl1136 LBU0014 LBUL 0014 Ldb0014 ABC-type transport system ATP-binding protein
COGl1136 LBU0793 LBUL_1700 Ldb1828 ABC-type transport system ATP-binding protein
LBU0924/ LBUL_0989/ Ldb1088/ o .
COGl1136 LBU0943 LBUL_1019 Ldb1119 LDBND 1020  ABC-type transport system ATP-binding protein
LBU0925/ LBUL_0990/ Ldb1089/ o .
COG1136 LBU0942 LBUL_1018 Ldb1118 LDBND 1021  ABC-type transport system ATP-binding protein
COG1122 LBU1459 LBUL_1583 Ldb1709 LDBND 1600  ABC-type transport system ATP-binding protein
yxeA LBU1689 LBUL 1913 Ldb2070 LDBND 1923  ABC-type transport system permease protein
COGI1113  aapAl LBU1462 LBUL_1586 Ldb1712 LDBND 1605  amino acid permease
LBU1489/ LDBND Amino acid
COGII3  aapA2 | piyi490 1631 permease COGIII3
COGO0833 lysP2 LBU0246 LDBND 0271  amino acid permease
COGO0531 potE LBU0206 amino acid permease
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COGI1113  YdgF LBU1517 LBUL_1668 Ldb1796 LDBND 1682  amino acid permease
COGO0531 YicA LBU0459 LBUL 0491 LDBND 0492  amino acid permease
COGO0531 LBU0450 LBUL 0481 Ldb0539 LDBND 0481  amino acid permease
COGO0531 LBU0567 LBUL_0604 Ldb0672 LDBND 0601  amino acid permease
COGO0531 LBU1506 LBUL_1646 amino acid permease
COGO0833  LysPI LBU0209 amino acid transport protein
COG0004 AmtB LBU1417 LBUL 1541 Ldb1663 ammonium transporter
COG0531 LDBND_1404 I/)\(fnce rfamlly amino acid-polyamine-organocation trans-
COGI1113  ArcD3 LBU0784 LDBND 1717  arginine/ornithine antiporter
COGI114 BmQ  LBU0400 LBUL 0431 Ldb0483  LDBND 0429 Eﬁiﬁ‘;}:’d”ham amino acid transport system I carrier
COG0834 Ii];%1155661/ LDBND 1762  amino acid ABC transporter ATP-binding protein
COGO0765 LDBND 1764  glutamine ABC transporter permease component
COG4166 LDBND 0236 lipoprotein, peptide binding protein oppA-like protein
COG4166 LDBND 1578  lipoprotein, peptide binding protein oppA-like protein
COG4166 LBU0366  LBUL 0397  Ldb0446  LDBND 0390 ?;ﬁg}fgﬁzgebiﬁfg ;;‘gferiﬁ‘m”y ATP binding cassette
LBU0792 LBUL 1701 Ldb1829 peptide ABC transporter permease
COG4166 LDBND 0237  peptide ABC transporter substrate-binding protein
COG4166 LDBND 0961  peptide ABC transporter substrate-binding protein
COG4166 LDBND 0962  peptide ABC transporter substrate-binding protein
COG3842 Ldb2180 Is)}z:):i“rsrilrlldlne/putrescme ABC transporter ATP-binding
COGl1176 Ldb2178 spermidine/putrescine ABC transporter permease
COG1177 Ldb2179 spermidine/putrescine ABC transporter permease
COG0687 Ldb2181 isr;l)gr;?;(tlérils/putresmne ABC transporter substrate-bind
Table S8. Unique genes of each L. bulgaricus strain.
Locus Class Locus Class
LBU1138 Amino acid synthesis LDBND 0093 Amino acid synthesis
LBU1183 Protease LDBND 0094 Amino acid synthesis
LBU0206 Transporter LDBND_0755 Amino acid synthesis
LBU0209 Transporter LDBND 0756 Amino acid synthesis
LBU0217 Transporter LDBND 0788 Amino acid synthesis
LBU0355 Transporter LDBND 1721 Amino acid synthesis
LBU0365 Transporter LDBND 0101 Protease
LBU0809 Transporter LDBND_0478 Protease
LBU1410 Transporter LDBND_1003 Protease
LBU1411 Transporter LDBND_1120 Protease
LBUL 1924 Protease LDBND 1197 Protease
Ldb2178 Transporter LDBND_1236 Protease
Ldb2179 Transporter LDBND 1579 Protease
Ldb2180 Transporter LDBND_1934 Protease
Ldb2181 Transporter LDBND 0236 Transporter
LDBND_0237 Transporter
LDBND_0624 Transporter
LDBND_0934 Transporter
LDBND_0961 Transporter
LDBND_0962 Transporter
LDBND_1404 Transporter
LDBND_1578 Transporter
LDBND_1764 Transporter
LDBND_2037 Transporter

Copyright © 2012 SciRes.

CMB



