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Lactococcus lactis subsp. lactis is a gram-positive dairy
microorganism with a G+C content of about 37% (18) and is
used extensively in the food industry. Recent advances in
lactococcal genetics allow the development of strains with
superior fermentation properties. The genetic stability and
good growth of recombinant strains are important parameters in strain development. To characterize the recombination functions important for genetic stability in L. lactis, we
considered other organisms in which genes involved in
genetic stability are known. In Eschenchia coli, the key
element in homologous recombination, as well as SOS
response, DNA repair, mutagenesis, and bacteriophage induction, is the recA gene (see reference 25 for a review).
More than 40 recA analogs have been cloned from gramnegative bacteria, using in nearly all cases complementation
of an E. coli recA mutant as the means of selection (see
references 24 and 25 for reviews). In contrast, only three
recA genes of gram-positive bacteria (11, 22, 24) have been
identified on the molecular level. The underrepresentation of
cloned recA genes from the gram-positive group may be due
to difficulties in gene expression; attempts at complementation of E. coli recA mutants by their gram-positive counterpart have failed due to either instability of the recombinant
clone (30) or the lack of gene expression (11).
Information about recombination and DNA repair in lactic
bacteria is still preliminary. A recombination-deficient L.
lactis strain showing partial sensitivity to UV and reduced
recombination capacity was isolated (1); however, the affected gene(s) has not been identified.
We present the cloning of the recA gene of L. lactis (called
recAL). The presence of a RecA protein in L. lactis was
confirmed by cross-reaction with antibodies to E. coli RecA
(2, 12a). Our initial strategy, to clone the lactococcal recA
gene by complementation of an E. coli or B. subtilis rec
mutant, proved unsuccessful; further attempts to identify the
gene by hybridization, using a DNA fragment containing
part of the B. subtilis recA gene as the probe, gave an
ambiguous mapping of the gene (12a). We therefore employed polymerase chain reaction (PCR) (26) to isolate DNA
fragments internal to the recA genes of lactic bacteria.
Although recA DNA sequences are not well conserved
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between species, the protein sequences do have highly
conserved domains. Degenerate primers were designed by
using the conserved amino acid stretches of known RecA
proteins as templates. The PCR amplification of a recA
internal fragment allowed us to recover the entire recA gene
of L. lactis subsp. lactis ML3. DNA sequences of internal
fragments of the recA genes of L. lactis subsp. lactis IL1403
and L. lactis subsp. cremoris IL736 were also determined
and compared.
Strategy for cloning an internal fragment of the recAL gene.
Amino acid sequences of RecA proteins, extrapolated from
more than 20 known DNA sequences, are highly conserved
(56 to 98% homology) (24). Two particularly well-conserved
domains, approximately 120 amino acids apart, were selected as the basis for degenerate primer synthesis. The
DNA sequence of the coding strand primer is 5'-GA(A,G)
CA(C,T)GCNCTNGA(C,T)CC-3' (128-fold degeneracy); it
is based on a RecA protein consensus sequence, 96-Glu-HisAla-Leu-Asp-Pro-101 (numbering corresponds to the E. coli
RecA sequence). The DNA sequence of the complementary
strand primer, 5'-CC(A,T)CC(A,T)G(G,T)(A,T)GT(A,C,T)
GT(C,T)TCNGG-3' (384-fold degeneracy) corresponds to
consensus sequence 211-Glu-Gly-(Thr,Pro)-Thr-Thr-GluPro-206. Codon preference was not considered in the primer
design, as DNA sequences of previously cloned lactococcal
genes of L. lactis showed no clear codon usage bias (DNA
sequences data of genes from the histidine, tryptophan, and
leucine operons [4, lla, 13]). We took into account the G+C
content (37%) of L. lactis DNA in designing the first eight
nucleotides (5' end), but not the remainder of the primer,
since perfect homology on the 3' end is desirable for good
elongation. The primer couple was used in PCR to amplify
the internal DNA fragment of the lactococcal recA gene
(called recAL-) from total DNA of L. lactis subsp. lactis
ML3 (prepared as described in reference 15). The reaction
mixtures (prepared by using Perkin-Elmer Cetus instructions) were supplemented with 1.25% formamide (28) (good
amplification was contingent upon the presence of formamide) and were subjected to 30 cycles consisting of a 1-min
denaturation period at 94°C, a 2-min annealing period at
55°C, and a 3-min extension period at 72°C. The amplified
DNA fragment of expected size (about 360 bp) was purified
and cloned into the unique HincII site of the pBluescript
KS+ vector (Stratagene), using E. coli host strain TG1 (21),
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Two particularly well-conserved stretches in the RecA protein sequences were chosen as templates to
synthesize degenerate oligonucleotides, which were used in polymerase chain reaction to amplify an internal
recA DNA fragment of Lactococcus lactis subsp. lactis MU3. Using this fragment, we recovered and sequenced
the entire lactococcal recA gene. The end of an open reading frame present upstream of the recA gene shows
strong homology with formamidopyrimidine-DNA-glycosylase, a protein involved in DNA repair.
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FIG. 1. Physical map of the recAL locus of L. lactis ML3. The
constructed by hybridization analysis of restricted total
chromosomal DNA, using the PCR-amplified DNA fragment recAL-i
(location shown above) as the probe. The arrow corresponds to the
direction of translation of the RecA ORF as subsequently derived
from the DNA sequence. Restriction endonucleases used are as
follows: E, EcoRI; H, HindIII; Hc, HincII; P, PvuII; R, EcoRV; S,
StyI.
map was

gene.

Cloning and sequencing of the entire recA gene. Chromosomal DNA of strain ML3 was digested with several restriction endonucleases, separated by agarose gel electrophoresis, and hybridized under stringent conditions (21), using the
cloned recAL-i DNA fragment as the probe. A fine restriction
map of the ML3 chromosome in the vicinity of the recAL
gene was thus obtained (Fig. 1). These results were utilized
to clone DNA segments encompassing the entire recAL
gene. Considering the size of known recA genes (about 1.3
kb) and the localization of the recAL-i DNA fragment around
the HincII site, two PvuII-HincII fragments, each approximately 0.8 kb in length, were expected to contain all of
recAL. To recover these fragments, chromosomal DNA was
digested by PvuII and HincII, and segments of 0.6 to 0.9 kb
were purified and cloned into SmaI-linearized pBluescript
KS+. Amp-resistant transformants were submitted to colony hybridization (21), using the recAL-i DNA fragment as
the probe, to identify the clones containing the recAL DNA.
Plasmid DNA from positive clones was extracted, analyzed
by restriction enzyme digestion, and sequenced on both
strands. The data were assembled to obtain the entire
sequence of the recAL gene (Fig. 2). An ORF of 365 amino
acids, with a predicted molecular weight of 38,900 is encoded within the sequenced region. No sequence errors
were acquired from PCR, since the DNA sequences determined from the PCR-amplified recAL-i fragment and from the
cloned chromosomal recA fragments are identical.
Sequence analysis of the recA gene. The deduced amino
acid sequence of lactococcal RecAL was compared with
RecA sequences from B. subtilis and E. coli (Fig. 3). Overall,
RecAL is 61% homologous to B. subtilis RecA and 56%
homologous to E. coli RecA; these homologies increase to 73
and 67%, respectively, when allowances are made for conservative amino acid substitutions. The homology is reduced
to about 35% in the 50-amino acid carboxyl end of the
protein.
DNA sequence analysis revealed signals corresponding to
transcriptional and translational start and stop sites. Two
regions, -170 and -331 bp upstream of the RecA ORF,
showed the best match with the gram-positive consensus
promoter TTgaca 16-18N TAtaAT, with nucleotides in cap-

ital letters being the most conserved (14) (Fig. 2). In the same
region, we found three sequences (Fig. 2) comparable to a
consensus sequence identified in various DNA damageinducible promoters in B. subtilis, GAAC-N4-GTTC (7). A
ribosome binding site, GAGGA, is present 6 bp upstream of
the start codon TTG of the recAL ORF. An 8-bp hairpin
followed by 8 A's was found in the 48 bp after the stop codon
TAA of the recAL ORF (Fig. 2). The DNA sequences of the
coding strand just flanking the recAL coding region are
remarkably A rich (52%).
We found the end of an ORF encoded 240 bp upstream of
the recA gene. Sequence comparison (using the GenBank
data base) showed strong homology with the last 80 amino
acids of formamidopyrimidine-DNA-glycosylase (Fpg), an
enzyme involved in DNA repair (6), found in both E. coli and
B. firmus.
Extension of the PCR method to other L. lactis strains. We
used the same degenerate primers and conditions to amplify
the DNA segment internal to the recA gene of two other
lactococcal strains, L. lactis subsp. lactis IL1403 (plasmidfree R-/M-) (8) and L. lactis subsp. cremoris IL736 (AM2
from CNRZ collection number Z380). For each strain, an
amplified DNA fragment of approximately 360 bp was
cloned and sequenced from two independent clones. Sequence comparison with the corresponding region of the
recA gene of L. lactis subsp. lactis ML3 (Fig. 2) showed a
very high degree of conservation among the three strains.
The DNA sequence differences are translationally silent, as
amino acid sequences of the three RecA proteins are identical in this region.
Applications of the system. RecA proteins are closely
related, but recA gene coding and flanking sequences are
divergent, particularly between gram-positive and -negative
bacteria. Degenerate primers designed from the most conserved RecA domains, as determined from mostly gramnegative sequences, effectively amplified a lactococcal recA
fragment by PCR. Since these primers picked up numerous
gram-positive recA gene fragments (13), we propose this
strategy, as the most reliable for recA gene cloning from
gram-positive bacteria.
The isolation of recA mutants would be useful in the
development of genetic systems in the lactic bacteria. We
would expect a rec mutant to be defective in homologous
recombination, SOS induction (DNA repair), and bacteriophage induction, as seen in the numerous gram-negative and
the one gram-positive strain thus far examined. Although
direct proof is still being sought, the present information
supports the prediction that lactococcal RecA is functionally
analogous to other RecA proteins; it is known that L. lactis
undergoes homologous recombination (9), that lactococcal
recA mRNA is increased in the presence of SOS inducers
(12a), and that conditions which induce SOS functions also
induce lactic bacteriophages (16, 23). Through the use of
conditional suicide vectors (20), the inactivation of the lactic
recA gene, which is under way, will allow us to confirm these
functions.
In addition, two of the principal problems in lactic fermentation processes can be addressed by the manipulation of the
recA gene. Despite the economic importance of the cheese
industry, there is no cure for bacteriophage contamination;
furthermore, strains used for fermentation are poorly defined
and have unstable properties. Specific RecAL engineering,
using the high conservation of the RecA protein structure
(29) as a guide, can address both problems. Modifications of
RecA which specifically inhibit bacteriophage induction are
feasible, as the region involved in phage repressor cleavage
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and sequenced from the plasmid on both strands. An uninterrupted open reading frame (ORF) was detected in the
DNA sequence. Comparison of the DNA and amino acid
sequences of the ORF with the corresponding sequences of
B. subtilis and E. coli reveals 69 and 60% homology at the
DNA level and 79 and 69% homology at the amino acid level,
respectively. These results indicate that PCR was successfully used to isolate an internal segment of a lactococcal recA
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FIG. 2. Sequence of the recA gene of L. lactis ML3. Nucleotide sequence of the 1,574-bp PvuII fragment containing the recA gene of L.
lactis and amino acid sequence of the encoded gene product (bold letters). The COOH-terminal region of the upstream ftg gene product is
also shown. Position 1 corresponds to the first nucleotide coding for the RecA protein. Two possible promoters are underlined (positions -301
and -170). A probable ribosomal binding site (RBS) is overlined (position -6). Three potential regions comparable to the B. subtilis regulator
of damage-inducible genes are bracketed. A palindromic sequence, indicated by arrows, followed by eight A's, may serve as a transcriptional
terminator. DNA sequences of the PCR-amplified recL-i fragments of strains IL1403 (L. lactis subsp. lactis) and IL736 (L. lactis (subsp.
cremoris) are given above the ML3 sequence. Identical residues are depicted as dashes, and nucleotide substitutions are indicated.
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FIG. 3. Comparison of the deduced amino acid sequences of the
recA genes of B. subtilis (Bsub), L. lactis (Llac), and E. coli (Ecoli).
Amino acid positions correspond to the E. coli RecA protein. A star
means that amino acids are identical, and a colon means that the
amino acids are conserved. The four amino acids in bold letters have
been studied functionally in E. coli (see Discussion).

subsp. cremoris strain rather than an L. lactis subsp. lactis
strain (17, 27).
The upstream region adjacent to the recAL gene contains
the end of a potential ORF. The 80-amino-acid sequence
shares strong homology with Fpg, found in E. coli and B.
firmus (5, 6). In E. coli, this 269-amino-acid protein is
involved in DNA repair, particularly upon damage induced
by oxidative stress, and seems not to be regulated by the
SOS pathway in E. coli (10). The fpg gene and recAL are
clustered in L. lactis, whereas they are unlinked in E. coli
(5). The proximity of these genes in L. lactis may indicate
overlapping regulation, particularly since the putative recA
promoters lie within the frg ORF (Fig. 2). This organization
suggests a possible control circuit linking recombination and
repair. A more condensed organization of the lactococcal
genes may also be a reflection of its compact genome (2,500
kb compared to 4,750 kb for E. coli) (3, 19).
Nucleotide sequence accession number. The nucleotide
sequence data reported in this paper will appear in the
GenBank Nucleotide Sequence Database under accession
number M88106.
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