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Low-redundancy sequencing of the entire Lactococcus lactis IL1403 genome

Lactococcus lactis is an AT-rich gram positive bacterium phylogenetically close to the genus Streptococcus. Various strains of L. lactis are used in dairy industry as starters for cheese making. L. lactis is also one of the well characterized laboratory microorganisms, widely used for studies on physiology of lactic acid bacteria. We describe here a low redundancy sequence of the genome of the strain L. lactis IL1403. The strategy which we followed to determine the sequence consists of two main steps. First, a limited number of plasmids and -phages that carryrandom segments of the genome were sequenced. Second, sequences of the inserts were used for production of novel sequencing templates by applying Multiplex Long Accurate PCR protocols. Using of these PCR product sallowed to determine the sequence of the entire 2.35 Mb genome with a very low redundancy, close to 2. The error rate of the sequence is estimated to be below 1%. The correctness of the sequence assembly was confirmed by PCR amplification of the entire L. lactis IL1403 genome, using a set of 266 oligonucleotides. Anotation of the sequence was undertaken by using automatic gene prediction computer tools. This allowed to identify 1495protein-encoding genes, to locate them on the genome map and to classify their functions on the basis of homology to known proteins. The function of about 700 genes expected to encode proteins that lack homologs in data bases cannot be reliably predicted in this way. The approach which we used eliminates high redundancy sequencing and mapping efforts, needed to obtain detailed and comprehensive genetic and physical maps of a bacterium.

Availability of detailed genetic and physical maps of the L. lactis IL1403 genome provides many entries to study metabolism and physiology of bacteria from this group. The presence of 42 copies of five different IS elements in the IL1403 genome confirms the importance of these elements for genetic exchange in Lactococci. These include two previously unknown elements, present at seven and fifteen copies and designated IS1077 and IS983, respectively. Five potential or rudimentary prophages were identified in the genome by detecting clusters of phage-related genes. The metabolic and regulatory potential of L. lactis was evaluated by inspecting gene sets classified into different functional categories.

L. lactis has the genetic potential to synthesise 20 standard amino acids, purine and pyrimidine nucleotides and at least four cofactors. Some of these metabolites, which are usually present in chemically defined media, can probably be omitted. About twenty compounds can be used by L. lactis as a sole carbon source. Some 83 regulators were revealed, indicating a regulatory potential close to that of Haemophilus influenzae, a bacterium with a similar genome size. Unexpectedly, L. lactis has a complete set of late competence genes, which may have concerted transcriptional regulation and unleadered polycistronic mRNAs. These findings open new possibilities for developing genetic tools, useful for studies of gene regulation in AT-rich gram positive bacteria and for engineering of new strains for the diary industry.

Introduction

Lactococcus lactis is probably the best characterised lactic acid bacterium, with highly developed knowledge on physiology and genetics. It is therefore an obvious target for genome sequencing, since the availability of the full sequence would greatly improve the efficiency of numerous studies that are currently being conducted with this organism, or are planned in the near future. We decided to undertake the L. lactis genome sequencing project in an academic setting, with resources of a single laboratory, which obviates the need to raise a rather large amount of funding which would be required for sequence determination by a private company, or by a consortium of academic laboratories. For this purpose, we developed an aproach that allowed us to determine the genome sequence with a redundancy much lower than generally used, and at a commensurately lower cost. Due to the low redundancy, the sequence is of a so-called diagnostic quality, allowing to detect essentially all genes that have homologs in other organisms, but not the genes which may be present in the Lactococcus genome only.

The approach most often used for sequencing of an entire bacterial genome is based on a highthroughput random clone sequencing [START_REF] Fleischmann | Whole-genome random sequencing and assembly of Haemophilus influenzae Rd[END_REF]. This method is most efficient if the facilities to produce raw reading data are not limiting. However, the speed of accumulation of new sequencing data decreases exponentially with the linear increase of the number of randomly sequenced templates [START_REF] Lander | Genomic mapping by fingerprinting random clones: a mathematical analysis[END_REF]. This becomes a limiting factor, in particular for relatively large bacterial genomes. Furthermore, the assembly becomes exceedingly difficult if the genome contains numerous repeated elements. The chromosome of L. lactis IL1403 was estimated to have a size of about 2.4 Mb (Le Bourgeois et al.1992). Application of the whole-genome random sequencing and assembly method (Fleischmann et al.1995) would require producing of 30,000 random gel readings, corresponding to six-fold coverage, and the sequence would be distributed in about 80 contigs. We considered an alternative strategy that would consist in a much less massive random sequencing followed by primer walking on templates generated by Long Range PCR (LR PCR, [START_REF] Cheng | Effective amplification of long targets from cloned inserts and human genomic DNA[END_REF].

If sequence acquisition and assembly were carried out in parallel, template synthesis can be conducted in such a way that the re-sequencing of the regions that were sequenced already is kept at a minimum.

We estimated that such approach may allow to sequence the whole L. lactis genome with a coverage of only about two. Some 10,000 sequencing reactions instead of 30,000would therefore be required. We report here the L.lactis genome sequence determined by this approach.

Low-redundancy genome sequencing

The strategy of low-redundancy L. lactis genome sequencing is presented in Table 1. This strategy is a compromise between completely random and directed approaches. Its objective was to reduce time and effort or obtaining complete information about gene content and genome organisation. In the first stage, a limited number of randomly chosen clones is sequenced, so that the speed of new sequence accumulation keeps approximately constant. We estimated that this condition is fulfilled up to the genome coverage of about one. A large number of small contigs, separated by sequencing gaps, is present at the end of the first stage. In the second stage randomly chosen clones carrying large inserts are sequenced by primer walking. This allows to close some sequencing gaps and extend the contigs, as verified by sequence assembly, which is carried out in parallel with the acquisition of new sequence.

The redundancy is kept low by selecting the primers that correspond to the ends of the extended contigs for the next round of primer walking. This stage is carried out until the rate of acquisition of the new sequence is above about 1 new base for 3 sequenced bases. Finishing of the sequence is achieved by applying another directed procedure, which was designated Multiplex Long Accurate PCR (MLA PCR) and tested in the course of our participation in the Bacillus subtilis sequencing project [START_REF] Sorokin | A new approach using multiplex long accurate PCR and yeast artificial chromosomes for bacterial chromosome mapping and sequencing[END_REF]Bolotin et al. 1997;[START_REF] Lapidus | Sequencing and functional annotation of the Bacillus subtilis genes in the 200kb rrnB-dnaB region[END_REF]. It involves mixing a large number of primers that correspond to the ends of contigs. A product will be obtained each time when the distance between two sites on the genome, corresponding to two contig ends, is less than the maximalsize that can be synthesised by LR PCR. The probability of producing such pruducts, as a function of the genome size and the number of primers present in LRPCR reaction is shown in Figure 1. For the genome of L. lactis size this probability is between 0.5 and 1 if some 20 primers are mixed (that is at least half of PCR reactions containing 20 randomly chosen primers will give an amplification product). It should be noted that the efficiency of gap closure is expected to increase with the progression of the sequencing project, since the number of contigs continuously decreases. This is in sharp contrast with the fully random approach, where the efficiency of gap closure decreases exponentially with sequence acquisition. We now believe that the long-insert library construction can be omitted. Some statistical data of application of this strategy for the L. lactis sequencing are presented in Table 2.

A library consisting of 2854 clones with insert sizes in the range from 1 to 2 kb, was constructed by using pBluescript II KS+ (Stratagene) or pSGMU2 (Errington1986) vectors. 2625 clones were sequenced by forward (M13-21) and 2168 by reverse (M13RP1) primers with successful sequencing rate of about 90%. After accumulating about 2100 kb of sequence 2357oligonucleotides were synthesised to fill the gaps between the forward and reverse sequences. A total of about 3.3 Mb of sequence was thus acquired.

-FIXII vector (Stratagene) was used to construct along insert library. L. lactis chromosome was partially digested with Sau3A, fractionated by centrifugation in sucrose gradient, treated with Klenow polymerase in the presence of dGTP and dATP, and ligated with -FIXII arms cut by XhoI and treated with Klenow in the presence of dCTP and dTTP. 262 phages were chosen at random and the ends of inserts sequenced by the T7primer (Stratagene). Of these, 122 phages which had a unique sequence obtained by the T7 primer, were sequenced by the T3 primer (Stratagene). These 122 clones appeared to constitute a nonredundant set and their inserts were sequenced by primer walking (see Table 2). Some 250 kb of sequence were obtained in this way.

MLA PCR was used to obtain new sequencing substrates. A critical step in the procedure is to identify in the mixture the two primers that give a product useful for sequencing. The previously developed protocol [START_REF] Sorokin | A new approach using multiplex long accurate PCR and yeast artificial chromosomes for bacterial chromosome mapping and sequencing[END_REF], where two steps were required for the identification, was modified here so that only a single step is required. The principle of the modification is illustrated in Figure 2A. In this theoretical example each reaction contains 8 different primers. A total of 16 primers is used (labelled 1-16 on the left) and there are 16 reactions (labelled 1-16 on the top). To obtain a different primer combination in each reaction one primer is replaced at a time with a new primer (for instance, reaction 8 contains primers 1-8, reaction 9 contains primers 2-9, etc). The primer couples which give a useful product can be identified unambigously, by simply identifying the reaction mixtures in which the product is synthesized, as illustrated in the three lower rows. For instance, if a product were found only in the reaction 8, primers 1 and 8 would be required for it, since only the reaction 8 contains these two primers together. Alternatively, if a product were found in reactions 4 to 10, primers 3 and 4 would be required. A general correlation between positive reactions and primer couples is given in the legend of Figure 2. An example of application of this protocol to the IL1403 genome, using 32 oligonucleotides in each reaction, is shown on Figure 2B (the analysis of 36 reactions out of a total of 96 that were routinely run together is displayed). There are 4 different products in the reaction mixtures, ranging between 1 and 10kb. The largest product appears in reactions 7 to 34, identifing that the primers 7 and 3 are required for its synthesis (see legend, Figure 2). The primers identified in this way were used to sequence the ends of the PCR products and thus confirm the identification and to extend the sequence.

In total 1641 such sequencing reactions on the products with sizes from 1 to 20 kb were performed and about 0.77 Mb of sequence was read (Table 2). This step allowed to finish the entire chromosome assembling, giving a contig of 2.34 Mb. The total redundancy was close to 2 (Table 2).

To test the correctness of the assembling we carried out LR PCR amplification of the entire genome using266 oligonucleotides, predicted to be separated by distances10-20 kb. The expected products were obtained (Figure 3), which indicates that the assembling is correct. The sequences of these 266 oligonucleotides are presented at http://spock.jouy.inra.fr.

The average redundancy of the L. lactis genome sequence is two. Such low redundancy does not allow to eliminate all errors by comparing multiple sequences corresponding to the same genome region. The error rate of this sequence is therefore determined by individual gel reading quality. We counted the number of ambiguities in the raw sequence data used for the as sembling and found 46,954 ambiguities for a total of 4,687,630 bases. From this estimation the accuracy of the L. lactis diagnostic sequence is about 1% (one ambiguity/100 bases). However, assembling usually decreases the number of errors in the final consensus sequence and the real error rate may be lower. We therefore carried out a different quality test, aiming to detect the level of frame-shift errors in the open reading rames present in the genome sequence. For this purpose we used the GENMARK programme (Borodovsky & Mc Ininch 1993), which predicts the genome regions statistically fit to encode proteins. Some 3544protein coding regions were thus detected. If the real density of genes in L. lactis were similar to that observed in other bacterial genomes, we would expect only about 2300 such regions. There should therefore be over 1200 frame-shift errors in our sequence (the difference between 3544 regions detected and 2300expected), corresponding to about 1 error for two genes, or 2 kb. We suggest therefore that the overall error rate of the diagnostic quality sequence after assembling, at a redundance of 2, may be close to 1 in1000.

Genome analysis

GC skew, replication origin and terminus. L. lactis IL1403 chromosome has the size of 2345 5 kb.

The average GC-content is 35.4%, its variation over the chromosome is shown on Figure 4. By analogy with the analysis performed on the B. subtilis genome [START_REF] Kunst | The complete genome sequence of the Gram-positive bacterium Bacillus subtilis[END_REF], the deviation from the mean GC content may indicate the presence of foreign insertion elements, such as transposons or prophages.

We did not detect, however, in the L. lactis genome, a correlation of GC-content with location of these elements, determined by other approaches (see below). Several regions of highly elevated GC-content were revealed (Figure 4). Six such peaks with GC-content higher than 46%, at positions 540, 1970540, , 2210540, , 2250540, , 2325540, and 2340 (Figure 4, bottom) (Figure 4, bottom) correspond to rRNA operons. Another GC rich region, near position 2150 kb (Fig 4,bottom), corresponds to the cluster of ribosomal protein genes. We conclude that the regions encoding ribosomes have a higher GC content than the other regions in L. lactis. In two other AT-rich bacteria, B. subtilis and Rickettsia prowazekii, the regions encoding ribosomal genes are not particularly GC-rich [START_REF] Kunst | The complete genome sequence of the Gram-positive bacterium Bacillus subtilis[END_REF][START_REF] Andersson | The genome sequence of Rickettsia prowazekii and the origin of mitochondria[END_REF].

GC skew, replication origin and terminus. GC or AT skews are useful to predict positions of replication origin and terminus (Lobry 1996a, b). The distributions of the values (C-G)/(C+G) and (A-T)/(A+T) over the chromosomal region in the vicinity of dnaA gene is shown in Figure 5, top. A sharp transition between positive and negative values is observed, and indicates the presence of the replication origin (Figure 5A). This region contains four DnaA boxes (Figure 6), which also indicates the presence of the replication origin. We choose the start point for the presentation of the circular L. lactis genome map at the middle of HindIII site near the replication origin and the map is oriented to be colinear with the transcription direction of the dnaA and dnaN genes (see below, Figure 9). GC and AT skews may also indicate location of the replication terminus. This is seen for L. lactis genome from Figure 5, bottom. The transition between positive and negative values occurs near the position 1260 kb. These data correlate with the replication terminus location based on orientation of transcription of potential genes and distribution of chi-sites over the genome (see below).

IS-elements and prophages in L.lactis IL1403. Three different IS elements in the genome of L. lactis IL1403 were known previously, designated IS981, IS982 and IS1076. Their number of copies (ten, one and seven, respectively) and approximate locations were reported previously (Le [START_REF] Bourgeois | Physicaland genetic map of the chromosome of Lactococcus lactis subsp. lactis IL1403[END_REF][START_REF] Bourgeois | Physical and genetic map of the Lactococcus lactis subsp. cremoris MG1363 chromosome: comparison with that of Lactococcus lactis subsp. lactis IL 1403 reveals alarge genome inversion[END_REF][START_REF] Polzin | Copy number and location of insertion sequencesISS1 and IS981 in lactococci and several other lactic acid bacteria[END_REF][START_REF] Schouler | Combinational variation of restriction modification specificities in Lactococcus lactis[END_REF]). The element IS1076 was initially identified in the strain L. lactis subsp. lactis CNRZ270 on the plasmid pUCL22 [START_REF] Huang | A transposon-like element on the lactose plasmid of Lactococcus lactis subsp. lactis Z270[END_REF]. Nucleotide sequence of this element (Genbank accession X53013) shows complete identity to IS904, known from nisinproducing lactococcus [START_REF] Engelke | Biosynthesis of the lantibiotic nisin: genomic organization and membrane localization of the NisB protein[END_REF]. Our sequencing data confirmed that in all chromosome locations where IS1076 was mapped, the nucleotide sequence identical to IS904 is present, and we therefore keep the latter name on the map. We found, however, that another element, which we designate IS1077, was also present in each of these seven sites. At two sites the IS1077 element is flanked by two sequences identical to IS904. The orientation of IS904 relative to IS1077 is different in five cases out of seven. A possible explanation for the fact that the two elements always occur together in this genome would be that one of these elements carry a sequence essential for the transposition of the other. Since IS904 can be found without IS1077 in other genomes, the essential sequence must be in IS904. By searching Genbank we identified another copy of IS1077 in the plasmid pK214, (sequence accession number is X92946). IS904 is also present on this plasmid.

Fifteen copies of an element, which was not described earlier for lactococcus species and is designated here IS983, were detected in the IL1403 genome. The closest relative from other species is IS1239 from Streptococcus pyogenes (Ashbauch et al. 1998), and, from other lactic acid bacteria, it is IS1070, discovered in the plasmid pNZ63 in Leuconostoc lactis NZ6009 [START_REF] Vaughan | Identification and characterization of the insertion element IS1070 from Leuconostoc lactisNZ6009[END_REF]. [START_REF] Chopin | Insertion and amplification of foreign genes in the Lactococcus lactissub sp. lactis chromosome[END_REF] detected in the chromosome of IL1403 two different prophages, bIL285 and bIL286, which can be induced for lysogenic development by UV irradiation. Two more prophages, bIL309 and bIL310, can also probably be induced if supplied in trans by some functions of the first two phages (Chopin & Perreira, pers. comm.). We tried to identify potential prophages in the chromosome by using homology search against a database containing known phage protein sequences. The database consisted of 1219 protein sequences, including the complete set of 50 putative proteins derived from the sequence of the r1t temperate phage of L. lactis [START_REF] Van Sinderen | Sequence analysis and molecular characterization of the temperate lactococcal bacteriophage r1t[END_REF]. A distribution of nonredundant homology hits over L. lactis genome is shown on Figure 7. This distribution indicates the presence of three regions, around 460, 1060 and 1410 kb, which may contain the pro-phages identified by [START_REF] Chopin | Insertion and amplification of foreign genes in the Lactococcus lactissub sp. lactis chromosome[END_REF]. Two areas, around 40 and 2005 kb, may indicate a fourth and a fifth prophage.

More detailed analysis of these areas will help to elucidate the correspondence between the prophages detected by sequencing and by induction of the lysogenic development.

Distribution of chi-sites over the chromosome. Recent analyses suggested that so-called chi-sites, which in L. lactis have sequence 5'-GCGCGTG-3', protect DNA from exonuclease degradation [START_REF] Biswas | A 7-basepairsequence protects DNA from exonucleolytic degradation in Lactococcus lactis[END_REF]. The same sequence was reported to modulate the activities of RexAB exonuclease corresponding to RecBCD of E. coli and is thus involved in the regulation of homologous recombination (el Karoui et al. 1998). In E. coli and B. subtilis such sequences are over-represented and most of them are found to be co oriented with DNA replication [START_REF] Burland | DNA sequence and analysis of 136 kilobases of the Escherichia coli genome: organizational symmetry around the origin of replication[END_REF]Chédin et al. 1998). The latter property was correlated either with the involvement of RecBCD in recombination, and therefore preferring the same DNA structures as the RecA protein (Tracy et al. 1998), or with a statistical bias of base distribution, due to codon usage [START_REF] Biaudet | Codon usage can explain GT-rich islands surrounding Chi sites on the Escherichia coli genome[END_REF]. The chi sequence is presented in L. lactis on average once per 13.2 kb (178/2350 kb) and tends to be co-oriented with replication (Figure 8). Interestingly, the density of chi sequences increases up to one site per 9 kb (34/300 kb) in the region close to the replication origin. Also, chi-site density decreases in the regions near 460, 1060, 1410 and 2000 kb, where the putative prophages were detected (see above).

RNA genes. Six rRNA operons were mapped on the L. lactis chromosome [START_REF] Tulloch | Physical map of the chromosome of Lactococcus lactis subsp. Lactis DL11 and localization of six putative rRNA operons[END_REF][START_REF] Bourgeois | Physicaland genetic map of the chromosome of Lactococcus lactis subsp. lactis IL1403[END_REF]) and one was sequenced [START_REF] Beresford | Cloning and partial characterization of genes for ribosomal ribonucleic acid in Lactococcus lactissub sp. lactis[END_REF][START_REF] Chiaruttini | Gene organization, primary structure and RNA processing analysis of a ribosomal RNA operon in Lactococcus lactis[END_REF].

We did not resequence all other operons since the diagnostic sequencing would not reveal reliably any difference. However, we confirmed map positions of these operons by PCR amplification of the corresponding genome regions. tRNA genes were identified with the computer programme tRNA scan-SE [START_REF] Lowe | tRNAscan-SE: a program for improved detection of transfer RNA genes in genomic sequence[END_REF]. We detected 62 tRNA genes, corresponding to the 20 amino acids. Most of the tRNA genes were found to be organised in four large operons, three of them transcribed as parts of rrnB, rrnE and rrnF rRNA operons. The trnA operon, encoding seven tRNAs, was described earlier [START_REF] Nilsson | A conserved sequence in tRNA and rRNA promoters of Lactococcus lactis[END_REF].

Twenty genes encoding tRNA were found to be isolated from other tRNA genes. RNA component of RNAse P (rnpB gene) and 10S RNA (ssrA) were detected by homology at 1703 and 1458 kb, respectively.

Protein-coding genes. Prediction of protein-coding regions by methods based on statistical properties of DNA is limited for the sequences of diagnostic quality, since potential frameshifts will hamper the prediction of true stop codons. It is, however, possible to predict genes encoding proteins homologous to proteins from other organisms. We used for the comparison 30757protein sequences, corresponding to prokaryotic and phage genes, available from SwissProt (release of17.02.98). Several home-made Perl 5.0 or UNIX shell scripts had been used for automatic extraction of L.lactis protein sequences and other parameters from the standard BLASTx or FASTx output files and organising them into clickable tables or genome map drawings. The extracted protein set of L. lactis genome was then again used for homology searches, to find all paralogous proteins encoded in the genome. The largest protein from the FASTx comparison, or the one, having BLASTx homology hits to the same Swissprot entry, was considered as really encoded by a particular area of the L. lactis genome. The final protein set consists of 1495 proteins. If the true number of genes in the L. lactis genome were close to 2300 (a density of one gene per kb), our analysis would have identified about two thirds of them. A version of the automatically generated ORF map of L. lactis IL1403genome is shown on Figure 9. There is a strong bias of gene orientations to be colinear with the direction of replication. The same phenomenon was seen for another AT-rich Gram positive bacterium B. subtilis [START_REF] Kunst | The complete genome sequence of the Gram-positive bacterium Bacillus subtilis[END_REF], but not for the GCrich M. tuberculosis [START_REF] Cole | Deciphering the biology of Mycobacterium tuberculosis from the complete genome sequence[END_REF]. It may be a characteristic of AT-rich gram positive microorganisms.

Another automatic tool, based on the proposed functional classifications of genes in prokaryotic genomes [START_REF] Riley | Functions of the gene products of Escherichia coli[END_REF][START_REF] Fleischmann | Whole-genome random sequencing and assembly of Haemophilus influenzae Rd[END_REF] and commentaries from SwissProt, has been used to classify the genes. The programme uses list of functional categories and the relevant keywords with assigned weights corresponding to each category for a given keyword. The advantages of such a classification method are: it is completely automatic, it can be applied to genes with hypothetical functions and needs the interaction with an expert only at the stage of construction of the keyword list.

After a keyword list was constructed and the programme had been educated y using several functionally annotated genomes, it provided satisfactory results, which can be used by experts as a draft for more precise functional annotation of the genome and classification of the genes. Any protein database can be automatically classified by using this approach and then used in turn to classify a set of new proteins.

Presumably, such method of automatic functional classification of protein databases can be further developed to give tools, which are completely independent from human expert and use different sources for functional description of proteins. Parameters of homology with several proteins, rather than with the best one, can be used to increase the performance of the approach for classification of hypothetical proteins. The functional classification of predicted genes is colour-encoded on Figure 9 and summarised in Figure 10 and in Table 3. A more detailed and systematically updated version of Table 3can be found at http://spock.jouy.inra.fr.

Metabolic potential of L. lactis IL1403.

The automatic procedure for protein finding, function assignment and classification, described above, allows to estimate the potential of L. lactis as a free-living microorganism. Several of the detected systems were characterised experimentally earlier, by biochemical, genetic or gene cloning means.

Amino acid, vitamin and nucleotide biosynthesis

Lactic acid bacteria are nutritionally fastidious. The presence of a gene for synthesis of a metabolite does not mean that a strain of L. lactis where the gene was found will not require this metabolite in the growth medium. The studies performed long ago (Anderson& Elliker 1953) and recently [START_REF] Jensen | Minimal requirements for exponential growth of Lactococcus lactis[END_REF][START_REF] Cocaign-Bousquet | Rational development of a simple synthetic medium for the sustained growth of Lactococcus lactis[END_REF] showed that synthetic medium for L. lactis should contain at least six amino acids (isoleucine, valine, leucine, histidine, methionine and glutamic acid) and seven vitamins (biotin, pyridoxal, folic acid, riboflavin, niacinamide, thiamine and pantothenic acid). Our analysis showed that L.lactis has a genetic potential to synthesise 20 standard amino acids and at least four cofactors (folic acid, menaquinone, riboflavin and thioredoxin). The genes for biosynthesis of aromatic amino acids, threonine, branched chain amino acids and histidine were cloned and characterised earlier [START_REF] Bardowski | Tryptophan biosynthesis genes in Lactococcus lactis subsp. lactis[END_REF][START_REF] Delorme | Histidine biosynthesis genes in Lactococcus lactis subsp. lactis[END_REF][START_REF] Godon | Branched-chain aminoacid biosynthesis genes in Lactococcus lactis subsp. lactis[END_REF]Griffin & Gasson1995;[START_REF] Madsen | Cloning and transcriptional analysis of two threonine biosynthetic genes from Lactococcus lactis MG1614[END_REF]. The regulation of transcription of the tryptophane operon was studied in detail [START_REF] Raya | Multiple transcriptional control of the Lactococcus lactis trpoperon[END_REF][START_REF] Van De Guchte | tRNATrp as a key element of antitermination in the Lactococcus lactis trp operon[END_REF]. The problem of fastidious nutritional requirements of L. lactis strains has recently been addressed by application of the single-omission technique [START_REF] Cocaign-Bousquet | Rational development of a simple synthetic medium for the sustained growth of Lactococcus lactis[END_REF][START_REF] Novak | Metabolism and energetics of Lactococcus lactis during growth in complex or synthetic media[END_REF]) and genetic approaches [START_REF] Lapujade | Glutamate biosynthesis in Lactococcus lactis subsp lactis NCDO 2118[END_REF]. It was shown also that auxotrophy of IL1403, used as a dairy strain, for histidine and branched-chain amino acids is due to the recently acquired mutations [START_REF] Delorme | Gene in activation in Lactococcus lactis: Histidine biosynthesis[END_REF][START_REF] Godon | Gene inactivation in Lactococcus lactis: Branched-chain amino acid biosynthesis[END_REF].

Biosynthesis and salvage of nucleotides and nucleosides in L. lactis were explored earlier and several pyrimidine and purine biosynthetic genes were cloned and sequenced [START_REF] Martinussen | Nucleotide metabolism in Lactococcus lactis: salvage pathways of exogenous pyrimidines[END_REF][START_REF] Altschul | Sequence analysis and identification of the pyrKDbF operon from Lactococcus lactis including a novel gene, pyrK, involved in pyrimidine biosynthesis[END_REF][START_REF] Nilsson | Cloning and expression of the Lactococcus lactis purDEK genes, required for growth in milk[END_REF]. It was demonstrated that milk does not contain sufficient purine compounds to support growth and therefore de novo biosynthesis is necessary [START_REF] Dickely | Isolation of Lactococcus lactis nonsense suppressors and construction of a food-grade cloning vector[END_REF]. Nucleoside compounds are not needed in the minimal synthetic medium to maintain exponential growth of L. lactis [START_REF] Jensen | Minimal requirements for exponential growth of Lactococcus lactis[END_REF]. We detected 47genes implicated in this metabolism. Most of the genes for biosynthesis of purines are clustered near the purDEK operon, which was recently characterised [START_REF] Nilsson | Cloning and expression of the Lactococcus lactis purDEK genes, required for growth in milk[END_REF]. A copy of IS983 is detected between the purDEK operon and other genes of purine biosynthesis.

Energy metabolism and transporters.

The main feature of the energy metabolism in L. lactisis that fermented carbon sources are used mostly to maintain the energetic potential of the cells (Poolman1993; Cocaign-Bousque et al. 1996). About 5%of the fermented sugar is used as the source of substrates for synthetic reactions [START_REF] Novak | Cométabolisme sucre-acides aminés chez Lactococcus lactis (inFrench)[END_REF].

L.lactis does not have a functional citric acid cycle and gluconeogenesis enzymes and is unable to carry out many anaplerotic reactions. The exponential growth of this bacterium appears to be 'programmed' to happen only in sugar rich complex media, like milk. As mentioned above, many metabolites have to be added into the synthetic medium [START_REF] Jensen | Minimal requirements for exponential growth of Lactococcus lactis[END_REF], although the corresponding biosynthetic genes seem to be present.

It is interesting to compare the genetic potential of L. lactis to grow on different carbon sources with the available experimental data. The genetic potential can be estimated from the presence of the biodegradation genes and the relevant transporters. IL1403 has genes which can be used to grow on different carbon sources: glucose (glycolysis genes), fructose (positions 1519and 2230 kb), N-acetyl glucosamine (1032 kb), xylose(1550 kb), ribose (1685 kb), mannose (777 kb), gluconate(606 and 2253 kb), maltose (692, 700 and 1526kb), lactose (2040 kb), galactose (2045 kb), mannitol(33 kb), different -glucosides (186, 419, 830, 1490and 1520 kb). Glucuronate or galacturonate catabolic operon (1670 kb) can be used for utilisation of pectin degradation products as a supplementary source of energy and carbon. Components of sugar-specific enzyme II of phosphoenol-pyruvate dependent transport systems were found for mannitol (30 kb), sucrose or trehalose (435 kb), fructose (984 and 1747kb), mannose (1748 kb) and -glucosides (175, 416, 830,1144 and 1489 kb). These findings are summarised in Table 4, along with references to experimental data on the growth of L. lactis on different carbon sources. The ability to grow more efficiently in particular conditions can be acquired by L. lactis by means of plasmid transfer. This is well illustrated by experimental studies of the system needed for efficient growth of L. lactis in milk. To overgrow other bacteria in this niche L. lactis needs efficient systems for utilisation of lactose and peptides. Such genes, which include PEP-dependent transporter for lactose and proteinase for peptides, were found in the plasmidpLP712 isolated from Streptococcus lactis NCDO 712 [START_REF] Gasson | Plasmid complements of Streptococcus lactis NCDO 712 and other lactic streptococci after protoplast-induced curing[END_REF][START_REF] Maeda | Cloning, expression and location o fthe Streptococcus lactis gene for phospho-beta-D-galactosidase[END_REF]). The systemin coded by pLP712 contains a PEP-dependent transporter for lactose. This allows efficient entry of lactose into glycolytic pathways through glucose, which is phosphorylated by glucokinase, and galactose-6P, which is metabolised through the tagatose-6P pathway, also encoded by pLP712. Sequence analysis of the IL1403 chromosome revealed that the genes encoding the PTS-dependent pathway of lactose utilisation are absent in this strain. The chromosome contains, however, another system for lactose utilisation, dependent on the transport by the product of the lacS gene, encoding an HC symporter or galactose-lactose antiporter. This system was characterised earlier for Streptococcus thermophilus. Special selection is needed for S. thermophilus strains to be able to ferment galactose [START_REF] Thomas | Selection of galactose-fermenting Streptococcus thermophilus in lactose-limited chemostat cultures[END_REF][START_REF] Hutkins | Galactokinase activity in Streptococcus thermophilus[END_REF]. Strain IL1403 was isolated from cheese starter culture and cured from plasmids for the purpose to be used as a general genetic engineering host [START_REF] Chopin | Two plasmid-determined restriction and modification systems in Streptococcus lactis[END_REF][START_REF] Simon | Protoplast transformation of group N streptococci with cryptic plasmids[END_REF]. Probably one of the eliminated plasmids contained genes for efficient utilisation of lactose, similar to the ones encoded by pLP712.

Chromosomal genes for galactose and lactose utilisation were cloned and characterised recently from different L. lactis strains [START_REF] Grossiord | Genetics of galactose utilisation via the Leloir pathway in lactic acid bacteria[END_REF][START_REF] Vaughan | Transcriptional regulation and evolution of lactose genes in the galactose-lactose operon of Lactococcus lactis NCDO 2054[END_REF]. It appeared that the strains can be divided in two groups by their possession or lack of the inducible -galactosidase gene. Since we found the gene in IL1403, this strain belongs to the former group. It is different in this respect from another model strain cured of plasmids, MG1363 [START_REF] Gasson | Plasmid complements of Streptococcus lactis NCDO 712 and other lactic streptococci after protoplast-induced curing[END_REF], which does not have -galactosidase.

Automatic analysis detected 14 genes involved in glycolysis, completing the description of this system and revealed a second glyceraldehyde-phosphate dehydrogenase gene. It also confirmed the absence of a complete citric acid cycle, revealing only the genes working around pyruvate, like citrate lyase (5 genes), malate oxidoreductase and pyruvate dehydrogenase (4 genes). Close analysis of the genes automatically classified as relevant to glyconeogenesis confirmed that this process is not present in L.lactis. No genes for fructose 1,6 bisphosphatase, phos71phoenolpyruvate carboxy kinase or phosphoenolpyruvate synthetase were found.

It is interesting to mention that all genes of the pentose-phosphate pathway were detected, but not a putative trans-aldolase. It is not yet clear which gene is encoding this function in B. subtilis. It seems that the structure of the corresponding enzyme in AT-rich gram positive bacteria is different from that in gram negative and GC-rich gram positive bacteria. The corresponding gene in AT-rich gram positive bacteria still has to be identified.

Cell envelope

The cell surface structure has a large impact on the properties of lactic acid bacteria relevant for their application in milk industry, such as resistance to stress, cell lysis, sensitivity to phages antimicrobial agents and influence on the product texture. However, very few studies, mostly related to the potential application of lactic acid bacteria as a live vehicle for vaccine delivery, were reported [START_REF] Pouwels | Lactic acid bacteria as antigen delivery vehicles for oral immunization purposes[END_REF]). Our analysis revealed 73 genes implicated in cell envelope function, including 29 membrane proteins, 23 murein succulus and peptidoglycan biosynthesis genes and 21 surface polysaccharide biosynthesis genes. Operons for the biosynthesis of extracellular polysaccharides were identified recently in the chromosome of Streptococcus thermophilus [START_REF] Stingele | Identification and characterization of the eps (Exopolysaccharide) gene cluster from Streptococcus thermophilus Sfi6[END_REF] and on a plasmid in L. lactis [START_REF] Van Kranenburg | Molecular characterization of the plasmid-encoded eps gene cluster essential for exopolysaccharide biosynthesis in Lactococcus lactis[END_REF]). We did not find similar genes in the chromosome ofIL1403. This may be another property of industrial interest which is encoded and propagated predominantly by plasmids in L. lactis.

Cellular processes

L. lactis is not known as a good secretor of proteins compared to, for example, Bacillus species.

Optimised gene constructions allow L. lactis to produce up to 20 mg of foreign protein per litre [START_REF] Venter | A model system for the investigation of heterologous protein secretion pathways in Lactococcus lactis[END_REF][START_REF] Loir | A nine residue synthetic propeptide enhances secretion efficiency of heterologous proteins in Lactococcus lactis[END_REF]), compared to 800 mg produced by B. subtilis [START_REF] Hemila | Expression of the Erwinia carotovor a polygalacturonase encoding gene in Bacillus subtilis: role of signal peptide fusions on production of a heterologous protein[END_REF]). The reasons maybe the lack of some components of the secretion machinery or the inefficiency of energy metabolism. We did not detect components such as secDF genes, which are known to improve the secretion efficiency in gram negative and gram positive bacteria (Pogliano& Beckwith1994; [START_REF] Duong | The SecDFyajC domain of preprotein translocase controls preprotein movement by regulating SecA membrane cycling[END_REF]Bolhuis et al.1998). Also, only one signal peptidase gene was foundin IL1403, compared to five detected in the B. subtilis genome [START_REF] Kunst | The complete genome sequence of the Gram-positive bacterium Bacillus subtilis[END_REF]). Probably, the useful genes Figure 10.

Distribution of the detected genes by functional categories. Colours designating different categories are defined in the legend of Figure 9. The number and the percentage of homology hits to SwissProt are indicated for each category. Classification method is presented in the text. for protein secretion can be acquired by lactococci from closely related species through plasmid transfer, if selective conditions for this are created by industrial applications.

Natural competence for DNA-mediated transformation was not described for L. lactis species. However, we found that the L. lactis genome contains four operons, comE, comF, comC and comG, which encode nine genes that share strong similarity with the late competence genes from B. subtilis and S. pneumoniae. Since L. lactis seems to possess a complete set of these genes and since no function other than the involvement in DNA-mediated transformation is known for them, it is possible that L. lactis can acquire natural competence. Sequence studies of late competence genes showed that they are quite similar in different AT-richgram positive bacteria, like B. subtilis or Streptococci [START_REF] Dubnau | Binding and transport of transforming DNA by Bacillus subtilis: the role of type-IV pilin-like proteins -are view[END_REF][START_REF] Campbell | A competence regulon in Streptococcus pneumoniae revealed by genomic analysis[END_REF]. It is apparental so that a big difference exists in the molecular mechanisms which regulate the development of this process in Streptococci and Bacilli. In B. subtilis the regulator ComK assembles the signals from earlier stages of competence development [START_REF] Van Sinderen | comK encodes the competence transcription factor, the key regulatory protein for competence development in Bacillus subtilis[END_REF][START_REF] Hahn | Regulatory inputs for the synthesis of ComK, the competence transcription factor of Bacillus subtilis[END_REF]. A functional counterpart of such a regulator was not yet discovered for Streptococci. A way to discover the conditions for acquiring the competence may be the study of regulation of the late genes.

We analysed the regions preceding the first ORF in the four late competence operons. The corresponding alignment is shown in Figure 11. It is apparent that a common feature exists for these regions, which suggests that they may be recognised by a common transcription regulator. An interesting feature, which seems to be unique for these genes, is the presence of a strictly conserved sequence AGTATG, in which ATG always corresponds to the start codon of the first gene in each operon. This is different from the usual ribosome binding site in AT-rich gram positive bacteria, which has a sequence (SD) homologous to the 30-end of 16S rRNA (Vollenoweth & Rabinowitz1992). Several recent reports show that the efficiency of translation may be not much lower for mRNAs that start directly from ATG codon than for mRNAs withlong leaders and strong SD-sequences (Resch et al.1996;[START_REF] Moll | Discrimination of 50-terminalstart codons by translation initiation factor 3 is mediated by ribosomal protein S1[END_REF][START_REF] Van Etten | An AUG initiation codon, not codon-anticodon complementarity, is required for the translation of unleadered mRNA in Escherichia coli[END_REF], and that the ribosomal protein S1 is not needed for the translation of unleadered mRNA [START_REF] Tedin | Requirements for ribosomal protein S1 for translation initiation of mRNAs with and without a 5' leader sequence[END_REF]). It appears that the absence of the leader region is a common feature of mRNAs of late competence genes in L. lactis.

Studies of the regulation of competence in Streptococci revealed the presence of a gene, encoding a small peptide, that stimulates the induction of expression of the whole competence regulon [START_REF] Havarstein | An unmodified heptadecapeptide pheromone induces competence for genetic transformation in Streptococcus pneumoniae[END_REF][START_REF] Havarstein | Natural competence in the genus Streptococcus: Evidence that Streptococci can change phenotype by interspecies recombinational exchanges[END_REF]. In Streptococci the gene encoding competence-stimulating peptide (CSP) precursor was always found to be the first gene of an operon encoding a two-component regulatory system, which is involved in the induction of competence [START_REF] Havarstein | Identification of the streptococcal competence-pheromone receptor[END_REF]. Homology search over the L. lactis genome sequence did not reveal any two-component system which resembles the one regulating competence in Streptococci. However, we found an operon encoding proteins homologous to DprA or Smf protein, supposed to be required for chromosomal transformation in H. influenzae, and DNA topoisomerase I from B. subtilis. Interestingly, upstream of the dprA gene there is a sequence resembling that found in the putative com-promoters, described above (Figure 11B). A small ORF between this putative promoter and initiation codon of the dprA gene, may be a candidate for the gene of CSP precursor, since the C-terminal part of the encoded peptide resembles that of CSP from Streptococci. This potential CSP precursor does not have, however, a Gly-Gly pattern that is always found in the Streptococcal CSP precursors (Havarstein et al.1997).

Regulatory functions

Regulation of gene expression in L. lactis was not yet thoroughly explored. A few examples of experimental study of chromosomal gene regulation are known [START_REF] Bardowski | BglR protein, which belongs to the BglG family of transcriptional antiterminators, is involved in beta-glucoside utilization in Lactococcus lactis[END_REF][START_REF] Kilstrup | A transcriptional activator, homologous to the Bacillus subtilis PurR repressor, is required for expression of purine biosynthetic genes in Lactococcus lactis[END_REF][START_REF] Luesink | Transcriptional activation of the glycolytic Las operon and catabolite repression of the gal operon in Lactococcus lactis are mediated by the catabolite control protein CcpA[END_REF][START_REF] Raya | Multiple transcriptional control of the Lactococcus lactis trpoperon[END_REF][START_REF] Van De Guchte | tRNATrp as a key element of antitermination in the Lactococcus lactis trp operon[END_REF][START_REF] Vaughan | Transcriptional regulation and evolution of lactose genes in the galactose-lactose operon of Lactococcus lactis NCDO 2054[END_REF][START_REF] Wouters | Clustered organization and transcriptional analysis of a family of five csp genes of Lactococcus lactis MG1363[END_REF]).Automatic analysis revealed 83 genes potentially involved in regulation, which is about 6% of the total number of the identified ORFs. This figure is about two times higher than that for M. genitalium (Fraser et al. 1995), coincides with that found in H. influenzae [START_REF] Fleischmann | Whole-genome random sequencing and assembly of Haemophilus influenzae Rd[END_REF] and is about two-fold lower than that found in B. subtilis using the same classification criteria [START_REF] Lapidus | Sequencing and functional annotation of the Bacillus subtilis genes in the 200kb rrnB-dnaB region[END_REF]). These ratios support the hypothesis that the increase of genome size in bacteria results in the proportional increase of the number of different regulatory systems.

Seven two-component systems were detected. They are all organised in operons, consisting of a cognate sensor kinase and a response regulator. The genes of five two-component systems were cloned recently from the strain MG1363 by complementation of E.coli mutants [START_REF] O'connell-Motherway | Cloning and sequence analysis of putative histidine protein kinases isolated from Lactococcus lactis MG1363[END_REF]. All of them were identified in our sequence.

An interesting class of regulatory genes are theRAS-like GTP-binding proteins. Several such regulators were found in other bacteria, including the most intensively studied Era protein of E. coli, Obg of B.subtilis and several others, usually revealed by genome sequencing. Exact biological functions of most of these proteins are unknown, although they are sometimes essential and have pleiotropic functions.

Interestingly, although all these proteins are homologous and can be considered as a family of paralogs.

Each of the nine L. lactis proteins has its clear counterpart in B. subtilis or other bacteria. This suggests that each of these proteins may have a unique biological function in the cell and that revealing it in one microorganism will be directly applicable to the others. It would be interesting to test whether the counterparts ofthe B. subtilis genes from L. lactis can complement the corresponding mutations in B. 

Replication, transcription and translation

Seventy-seven, 30 and 134 genes were assigned to replication, transcription and translation functional categories, respectively. It is apparent that the replication system of L. lactis is very similar to that of B.subtilis. Counterparts of dnaB and dnaD genes, essential for DNA replication in B. subtilis and not presen tin gram negative bacteria were detected. Two DNA polymerase III -chain genes, one corresponding to polC and another to dnaE of B. subtilis, were also detected in L. lactis. E. coli has only the latter gene. The transcription and translation machinery does not seem to have any remarkable difference compared to B. subtilis. Presumably B. subtilis with its well-developed genetic tools can be a convenient host organism to study gene regulation of L. lactis systems.

Conclusions and perspectives

We present here the data on a diagnostic sequencing study of the L. lactis IL1403 genome. The sequencing data with a low average redundancy (about 2) allowed to reveal 1495 proteins, encoded by the L. lactis genome, and to classify them by functions predicted on the basis of homology to known proteins. Some statistical properties of the L. lactis genome sequence were also calculated.

The data presented here allow to evaluate L. lactisas a model organism for studies of bacterial metabolism, physiology and regulation. Compared to the well established models, like E. coli or B. subtilis, L.lactis represents a simplified system and is, therefore, potentially more amenable for detailed understanding. The absence of numerous genes, relative to E. coli orB. subtilis, should facilitate, in the case of L. lactis, detecting of phenotypes associated with genes of unknownfunction. With regard to even more simple microorganisms,such as Mycoplasma, the advantage of L. lactis is the ease of manipulation and the absence of any pathogenicity for humans. These properties, withthe complete genome information available, place L.lactis among the best model bacteria, to be used for fundamental biological research.

  subtilis and vice versa. A gene encoding the extra cytoplasmic function (ECF) -factor was detected in L. lactis. This finding can be interesting for studies of regulation of stress response in L. lactis. It is not clear if any of the 11ECF -factors from B. subtilis has the same biological function as the one detected in L. lactis. The most similar proteins are SigV, SigX and YlaC, butthe biological function of none of them has yet been established in B. subtilis.
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