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The genome sequence of Lactococcus lactis revealed that the ycdB gene was recently exchanged between
lactococci and enterobacteria. The present study of ycdB orthologs suggests that L. lactis was probably the gene
donor and reveals three instances of gene transfer to enterobacteria. Analysis of ycdB gene transfer between two
L. lactis subspecies, L. lactis subsp. lactis and L. lactis subsp. cremoris, indicates that the gene can be mobilized,

possibly by conjugation.

Horizontal gene transfer between distant species is an im-
portant factor in prokaryotic evolution (for recent reviews, see
references 8, 12, and 15). Genome analysis of Lactococcus
lactis T1L1403 suggested a relatively recent horizontal transfer
of a gene between lactococci and gram-negative enterobacteria
(4). The gene, ycdB, encodes a protein of unknown function,
containing an PFAM DUF028 domain. Such proteins are ubig-
uitous in Eubacteria, present in Eucaryota, but absent in Ar-
chaea. Fully sequenced genomes of Escherichia coli and Shi-
gella and Salmonella species have two DUF(028 domain genes,
yeeN and yebC, encoding proteins that have ~96 and ~40% of
identity, respectively, to the YcdB protein of L. lactis IL1403.
Divergence of the enterobacterial yeeN gene (which we desig-
nate ycdB®" hereafter) and the lactococcal ycdB gene
(yedB™“<) at synonymous nucleotide positions, where the mu-
tations do not change the encoded amino acid, is about 10%,
suggesting that the transfer could have taken place only about
ten million years ago (4). Here we address the possibility that
the transfer involved another lactococcal species and could
have occurred more recently by examining the ycdB~“ genes
of a number of strains belonging to different lactococcal spe-
cies. We also address the question of the mechanism of trans-
fer by examining exchange of the gene between two subspecies
of L. lactis, namely, L. lactis subsp. lactis and L. lactis subsp.
cremoris (7, 13).

Enterobacterial ycdB orthologs were acquired from L. lactis.
We sequenced the ycdB~““ orthologs of 70 strains belonging to
four different Lactococcus taxa (L. lactis, Lactococcus plantarum,
Lactococcus garviae, and Lactococcus raffinolactis) and compared
their sequences with ycdB®"* DNA sequences of gram-negative
enterobacteria, which included Escherichia, Shigella, and Salmo-
nella strains. The phylogenetic tree based on these results is
shown in Fig. 1. Divergence of ycdBE" and ycdB~** genes at
synonymous nucleotide sites is about 10%, while that of ycdB~*
orthologs from other lactococci is up to 30%. This indicates that
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L. lactis, rather than another species of Lactococcus, was involved
in gene exchange with the enteric bacteria.

Three lines of evidence indicate that the direction of transfer
was from lactococci to enteric bacteria. First, the average G+C
content of the ycdB** and ycdB*™ genes, ~39%, is much
closer to the average G+C content of the L. lactis genome than
to that of enteric bacteria (35 and 51%), respectively). Second,
species phylogenetically close to enteric bacteria, such as Yer-
sinia and Klebsiella species, lack the ycbD orthologs. Third,
there is conservation of the gene order upstream of the ycdB
gene homologs among lactococci, streptococci, and even en-
terococci (yccK and yccL genes) (Fig. 2A). In contrast, conser-
vation of the gene order in the vicinity of the ycdB*™ genes is
found only among very closely related species of enteric bac-
teria, such as E. coli and Shigella flexneri or in different Salmo-
nella serovars (Fig. 2B). This differs sharply for the region in
the vicinity of the homolog, yebC, where the conservation ex-
tends even to the much more distant Yersinia and Haemophilus
species (Fig. 2C). A conserved gene order in distant species
indicates that the gene was present in a common ancestor,
while the absence of conservation supports multiple instances
of gene acquisition by horizontal transfer. We suggest that
ycdB™*“ is an ancestral gene in lactococcus, as is yebC in enteric
bacteria, whereas ycdB*" gene was acquired by enteric bacte-
ria more recently, most likely from lactococcus.

Recent microarray hybridization analysis of the enteric bac-
terial genomes (17) allowed us to assess the distribution of the
yedBE™ gene (Fig. 3). The gene is present in E. coli, Salmonella
bongori, and biphasic Salmonella enterica but is absent in
monophasic S. enterica. This distribution can be accounted for
by three independent instances of horizontal transfer to enteric
bacteria (Fig. 3), each to a different genome localization (Fig.
2B). However, we cannot exclude the possibility of an even
higher number of transfer events, as the environment of the
gene in S. enterica is known only for subspecies I. It should be
noted also that although the initial ycdB=“* transfer appears to
have taken place between L. lactis and enteric bacteria, sub-
sequent transfer events could have occurred between enteric
bacteria. This is almost certainly the case for the S. bongori
ycdB®"* gene. The gene is inserted in a region well conserved
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FIG. 1. Phylogenetic tree inferred from nucleotide sequences of the ycdB*“ orthologous genes. Closely related species are indicated by the
dashed ovals. The proximity of L. lactis and enterobacterial ycdB" alleles is highlighted by the square shaded box. The data from the National
Center for Biotechnology Information, Sanger Institute, and ERGO databases were used for streptococci, enteric bacteria, and L. lactis 1L1403.
Other sequences were determined in the course of this work. L. lactis subsp. hordniae data showing tight clustering to the L. lactis 111403 group
are not shown to avoid overcrowding of the figure. Str., Streptococcus. The scale bar indicates the expected number of nucleotide substitutions per

site.

among Salmonella strains, together with three other genes,
lacl, lacZ, and yagD, which share high levels of identity with E.
coli genes (74, 78, and 79%, respectively, with the correspond-
ing proteins) but lack orthologs in L. lactis and S. enterica. This
particular gene association could have arisen in an enteric
bacteria related to E. coli and transferred subsequently to S.
bongori.

The time of occurrence of the ycdB™““ gene transfer to
enteric bacteria can be estimated in several ways. First, assum-
ing that the synonymous divergence rate in L. lactis is similar to
that of E. coli, about 0.9% per million years (14), the transfer
took place about 10 million years ago. Second, ycdB~** clus-
tering indicates that the gene transfer to enterobacteria pre-
ceded divergence of L. lactis to two principal subspecies. Since
the 16S rRNA of the two differ by 0.33%, the divergence and
transfer could have taken place some 17 millions years ago,
assuming that the rate of divergence of 16S RNA was 1% per
50 million years (14). Given the uncertainties involved, we
assume that 10 million years is a reasonable estimate of the
time of transfer of the ycdB“““ gene to enteric bacteria.

The ycdB"“* gene is horizontally transferred between L. lac-
tis strains. To examine a possible transfer of the ycdB~““ gene
among L. lactis strains, we first assigned ~60 strains from our
collection to two subspecies, L. lactis subsp. lactis and L. lactis
subsp. cremoris, by analyzing sequences of three genes, htrA,
comX, and mutX, encoding a housekeeping protease, a com-

petence factor, and an antimutator protein, respectively. Phy-
logenetic trees were calculated for each gene (Fig. 4). This
analysis clearly demonstrated the existence of two clusters of
alleles for each gene, and for all three genes, nonambiguous
strain assignment between these two clusters was obtained.
The clusters obtained were confirmed by a discriminatory 16S
rRNA PCR analysis (21), which gave identical patterns for all
strains within a cluster and different patterns for strains in
different clusters (data not shown). Similar analysis of the
ycdB"* gene revealed that two strains of the L. lactis MG1363
cluster, strains QA5 and QA30, contain alleles of the I1L1403
type (Fig. 4). This indicates that the ycdB**“ gene was hori-
zontally transferred among L. lactis strains.

Organization of the regions flanking the ycdB**“ gene in
strains QAS and QA30 was determined by long-range PCR
mapping and sequencing. The mapping was initiated at the
yedB™* locus, which contains an allele of the L. lactis 111403
cluster type, and extended in both directions until the alleles of
the L. lactis MG1363 cluster type were detected. A large
IL1403-like region is present in both strains, extending from
the vicinity of the ycdB"* gene for 50 and 130 kb in strains
QAO05 and QA30, respectively (Fig. 5A).

Transfer of genetic material between bacteria can occur by
three processes, namely, transformation, transduction, and
conjugation. The maximal size of the transferred region de-
pends on the process and is the highest for conjugation, which
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FIG. 2. Genetic organization of the regions proximal to the ycdB
(A and B) and yebC (C) genes in different bacteria. Alleles of conser-
vative genome organization within the group of related species are
indicated by black arrows. (A) Organization of the ycdB region in
gram-positive lactobacilli. (B) Three different localizations of ycdB*"
in enterobacteria. (C) Conservative genome organization of the region
proximal to yebC (paralog of ycdB*™) in enterobacteria.

can mediate transfer of genome-size segments. In contrast, the
size of the transferred region is limited by the phage capsid size
in transduction and by the intact DNA size in transformation.
Lactococcal phages have been extensively studied, mainly due
to their importance to the dairy industry, and are known to fall
into three different quasispecies, with the maximal genome size
slightly above 40 kb (5). This value is too low to account for the
transfer we detected, particularly for the 130-kb region. Simi-
larly, it is very unlikely that intact DNA of such size can persist
in the natural environment and mediate the transfer. We thus
suggest that the transfer is likely to have occurred by conjuga-
tion, although we cannot fully rule out transduction by a pu-
tative lactococcal phage with a much larger genome, such as
those known in some other bacterial species. A chromosomally
located sex factor that mediates conjugational transfer in L.
lactis has been described previously (18). If the ycdB gene is
prone to exchange by conjugation among lactococci, it could
have been transferred to enteric bacteria by the same process.
It is known that conjugation can take place between gram-
positive and enteric bacteria (20). In contrast, we are not aware
of phages that can infect both lactococci and enteric bacteria.
Similarly, there is no natural DNA uptake system in enteric
bacteria, which should severely limit their ability to undergo
transformation in situ. An ecological niche conducive to trans-
fer between lactococci and enteric bacteria is the animal di-
gestive tract. Lactococci, which are thought to be associated
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FIG. 3. Presence of yedBE" gene among enteric bacteria. The data
are from reference 17, and the phylogenetic tree is redrawn from a
figure in the article. The species possessing the gene are shown in bold
type. The numbers indicate different occurrences of the horizontal
transfer. Y. pestis, Yersinia pestis; K. pneumoniae, Klebsiella pneu-
moniae; ssp, subspecies; sv, serovar.

with plant materials in nature, could easily be brought in the
proximity of enteric bacteria upon ingestion of plant by ani-
mals. Conjugational gene transfer from L. lactis that passed
through the mouse digestive tract to the resident bacteria has
been reported (9, 10).

Long-range PCR products corresponding to the transferred
region borders were sequenced (Fig. 5B). The right crossover
site, which is localized within the pepDA gene, is identical in
the two strains, suggesting a similar type of transfer in the two
cases. In contrast, the left crossover sites are different, and are
localized within the acpD and ybjJ genes in strains QA30 and
QAS, respectively. A common pattern CTGC-Ng-CATT (Fig.
5B) was detected at the left crossover sites. It is often difficult
to deduce the mechanism of recombination from analysis of
the crossover sites, but it is conceivable that the common
crossover site might be a recombinational hot spot. We have no
explanation for the possible role, if any, of the common se-
quences at the other crossover sites.

Genes acquired by horizontal transfer from a distant species
might be deleterious, neutral, or beneficial to the recipient.
Deleterious genes should be eliminated by selection; neutral
genes may be maintained, while beneficial genes should be
selected for. It has been argued that only the strongly selected
genes will become established in a bacterial species due to the
very large sizes of bacterial populations (2). In keeping with
this argument, we suggest that ychD might be beneficial in
enteric bacteria, notwithstanding the presence of an ancestral
homologue, as that would most easily account for its fixation
upon at least three different events of horizontal transfer, one
each to E. coli, S. bongori, and S. enterica. Future work should
allow the function of the ubiquitous ycdB gene to be deter-
mined.

Nucleotide sequence accession numbers. The nucleotide se-
quences of the amplified products of the L. lactis comX, htrA,



6674 NOTES J. BACTERIOL.

// QA14 -
QA24
' QA77
] QA75
i QA70
QA68
' QA64
| IQAS0
| QA49
QA46
! QAZ2
| QAT9
| A
] QA16 IL1403 cluster
1 QA15 '
' 8/’?13 L.lactis
QA10 .
| QA0S ssp. lactis
| o
: QA03
| QAOQ:!
|
|
|
|
|
|
\
QA79"
QA67 )
QAE5
QA66 |
Qag7 |
GAda
QA45 QA43 I
comX mutX Lz |
Qﬁgg :MG1363 cluster
AS7 | L actis
8A3§ I1SSp. cremoris
QA11
QA44 '\é,g%?ea'
v QA31 |
QA42 aA3>
QA41 QA% |
GA3Y an2t
QA33 i
QA36
0.1

FIG. 4. Neighbor-joining unrooted phylogenetic trees inferred from L. lactis comX, htrA, mutX, and ycdB~““ gene nucleotide sequences. The
strains used are listed in Table and were previously characterized by randomly amplified polymorphic DNA (19). The primers used to amplify the
genes follow: for ycdB“**, ATGGGACGTAAATGGGCCAATATT and GAGATTTGCAACGTTATGATAAACTT; for comX, ACTTGCTGA
AATCGTTGAAGG and GTTCGTCCTGAGCCAGGATC; for htrA, AGGTATTATTAAGTGAGAGTAG and GCACGACCAATTCCTGA
ATG; for mutX (IL1403), GGGACTCCCCAATAAGTATCATG and TATGCTGGGATTGCTCGTAAAGC; and for mutX (MG1363), GTGC
TCCCCAATAGGTATCATGA and TATGCTGGGATTGCTCGTAAAGC. Multiple nucleotide sequences were analyzed by CLUSTAL (11).
Multilocus comparison was performed by using CLUSTER analysis (6) and equality-weighted PAUP distance matrices. The results of phylogenetic
and correlation analyses were visually presented by using the TREEVIEW program (16). The two strains that carry the L. lactis subsp. lactis ycdB"*
gene but have all the other genes of the L. lactis subsp. cremoris type are indicated by the shaded arrows. The YcdB tree contains the L. lactis subsp.
hordniae (“L. hordniae”) gene, which is closely related to the L. lactis subsp. lactis gene. The scale bar indicates the expected number of nucleotide
substitutions per site.
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TABLE 1. Strains used in this study
Strain Lactococcus species® Source Geographical origin® Designation”

NCDO657 L. garviae Raw milk QAS1
NCDO2155 L. garviae Mastitis QAS52
NCDO2159 L. garviae Mastitis QAS53
NCDO2728 L. garviae QAS54
NCDO2181 L. lactis subsp. hordniae Leaf hopper QASS
NCDO1869 L. plantarum Frozen peas QAS56
NCDO0617 L. raffinolactis Raw milk QAS8
NCDO2112 L. raffinolactis Garden carrots QA59
NCDO2126 L. raffinolactis Termite gut QA60
1L1403 L. lactis subsp. lactis France QAO00/1IL1403
MG1363 L. lactis subsp. cremoris QA01/MG1363
F36 L. lactis subsp. lactis var. diacetylactis France QA02
1L584 L. lactis subsp. lactis Starter France QA03
AlS L. lactis subsp. cremoris Raw milk France QA04
A76 L. lactis subsp. cremoris Starter France QAO05
CNRZ124 L. lactis subsp. lactis var. diacetylactis Australia QA06
1L1321 L. lactis subsp. lactis Milk Mexico QA07
Al3 L. lactis subsp. lactis Raw milk France QAO08
A108 L. lactis subsp. lactis Starter France QA09
Al52 L. lactis subsp. lactis var. diacetylactis Starter France QA10
IL581 L. lactis subsp. lactis Starter France QA11
NCDO2146 L. lactis Mastitis QA13
All L. lactis subsp. lactis Raw milk France QA14
Al7 L. lactis subsp. lactis Reblochon cheese France QAI15
A310 L. lactis subsp. lactis Raw cream France QAL16
A26 L. lactis subsp. lactis Starter France QA17
NCDO604 L. lactis subsp. lactis QAI18
A39 L. lactis subsp. lactis Starter France QA19
A7 L. lactis subsp. lactis Tomme de Savoie cheese France QA20
A8 L. lactis subsp. lactis var. diacetylactis Milk France QA21
A27 L. lactis subsp. lactis var. diacetylactis Brie France QA22
CNRZ379 L. lactis subsp. cremoris New Zealand QA24
CNRZ380 L. lactis subsp. cremoris QA25
CNRZ109 L. lactis subsp. cremoris UK QA26
CNRZ357 L. lactis subsp. cremoris France QA27
CNRZ359 L. lactis subsp. cremoris France QA28
CNRZ353 L. lactis subsp. cremoris France QA29
CNRZ112 L. lactis subsp. cremoris Starter QA30
A170 L. lactis subsp. cremoris Starter France QA31
A318 L. lactis subsp. cremoris Starter France QA32
Al6 L. lactis subsp. lactis Raw milk France QA33
CNRZ269 L. lactis subsp. lactis var. diacetylactis France QA36
NCDO276 L. lactis subsp. lactis var. diacetylactis Starter QA37
CNRZ156 L. lactis subsp. lactis QA38
NCDO763 L. lactis subsp. lactis New Zealand QA40
CNRZ144 L. lactis subsp. lactis UK QA41
LMO0230 L. lactis subsp. lactis QA42
NCDO2005 L. lactis subsp. lactis New Zealand QA43
A140 L. lactis subsp. lactis QA44
JIMS78 L. lactis subsp. lactis Starter France QA45
Al71 L. lactis subsp. cremoris Starter France QA46
JIMS82 L. lactis subsp. lactis Starter France QA47
NCDO2091 L. lactis Seeds Japan QA48
NCDO2118 L. lactis Frozen beans QA49
NCDO2633 L. lactis Cow rectum QAS50
NCDO2633 L. lactis Cow rectum QA64
CO2 L. lactis subsp. cremoris Corn USA QA65
CO4 L. lactis subsp. cremoris Corn USA QA66
CO6 L. lactis subsp. cremoris Corn USA QA67
NCDO1867 L. lactis Frozen beans QA68
NCDO2108 L. lactis Frozen beans QA69
NCDO2110 L. lactis Frozen beans QA70
NCDO2111 L. lactis Frozen beans QAT71
NCDO2125 L. lactis Termite gut QAT72
NCDO2727 L. lactis Mung beans QAT73
NCDO2738 L. lactis “Anchu” mash QA74
NCDO2146 L. lactis Mastitis QA75
MS-46 L. lactis subsp. lactis Moroccan milk QA77
F36 L. lactis subsp. lactis Colostrum QAT78
CM1-54 L. lactis subsp. cremoris Chinese milk QAT9

“ Abbreviations: UK, United Kingdom; USA, United States.

® Strain designation used in this study. The cluster is given after a slash and strain designation for two strains.

¢ All L. lactis strains are described in reference 19.
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FIG. 5. (A) Long L. lactis subsp. lactis regions are present in the vicinity of the ycdB gene in strains QAS and QA30, which belong to the L.
lactis subsp. cremoris cluster. Mapping was performed by amplifying 5- to 10-kb regions, using primers deduced from the L. lactis 111403 (4) or
MG1363 (3) (GenBank accession no. BH770319 to BH771051) sequence and sequencing the resulting products. The genes were identified using
CRITICA (1) and assigned to the IL1403 or MG1363 cluster. Levels of nucleotide identity of QA05 and QSA30 chromosome tags to L. lactis
IL1403 are indicated by white circles and black triangles, respectively. (B) Nucleotide sequences in the transition zones between regions derived
from L. lactis subsp. lactis and L. lactis subsp. cremoris in strains QAS and QA30. The numbers refer to the coordinates in the L1403 genome,
the likely crossover sites are shown in bold type, and the conserved sequences at the left crossover sites are boxed.

mutX, and ycdB"** genes were determined and deposited in
GenBank under following accession numbers: AY708538 to
AY708650.

We thank Integrated Genomics, Inc., for the use of the ERGO suite
and the Sanger Centre for the S. bongori sequence.
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