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Lactococcus lactis NZ9000 and its parent MG1363 are the most commonly used lactic acid bacteria for
expression and physiological studies. We noted unexpected but significant differences in the growth behaviors
of both strains. We sequenced the entire genomes of the original NZ9000 and MG1363 strains using an
ultradeep sequencing strategy. The analysis of the L. lactis NZ9000 genome yielded 79 differences, mostly point
mutations, with the annotated genome sequence of L. lactis MG1363. Resequencing of the MG1363 strain
revealed that 73 out of the 79 differences were due to errors in the published sequence. Comparative tran-
scriptomic studies revealed several differences in the regulation of genes involved in sugar fermentation, which
can be explained by two specific mutations in a region of the ptcC promoter with a key role in the regulation

of cellobiose and glucose uptake.

The mesophilic homofermentative bacterium Lactococcus
lactis is an important industrial microorganism, which has
GRAS (generally regarded as safe) status. In addition to its
traditional use in food fermentations, this Gram-positive lactic
acid bacterium (LAB) is increasingly being used in modern
biotechnological applications. Its economical importance has
prompted the development of genetic engineering tools and
molecular characterization of the organism (9, 12, 15, 24). The
availability of technology for genetic and metabolic engineer-
ing of L. lactis combined with a long history of safe usage
opened a range of new opportunities for applications even
beyond the food industry. L. lactis was also recently used as the
first living genetically modified organism for the treatment of a
human disease (4).

A number of genome sequences of L. lactis strains are avail-
able, including strains from L. lactis subsp. lactis, such as
IL1403 (3) and KF147 (28), as well as strains from L. lactis
subsp. cremoris, such as MG1363 (33) and SK11 (22). L. lactis
subsp. cremoris MG1363 is the international prototype for
LAB genetics; it is a plasmid-free progeny of the dairy starter
strain NCDO712 (8). A derivative of MG1363 was created by
the integration of the nisRK genes (involving the “NICE” sys-
tem for nisin-controlled protein overexpression) into the pepN
gene, yielding L. lactis NZ9000 (14). Since then, L. lactis
NZ9000 has been distributed to laboratories and strain collec-
tions worldwide and has become the “laboratory workhorse”
for expression and various types of physiological studies (1, 16,
18, 23). We and others have noted physiological differences
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between L. lactis strains MG1363 and NZ9000, which were not
anticipated and which prompted us to (re)sequence both
strains. Here, we present the revised genome sequence of L.
lactis MG1363, the first genome sequence of L. lactis NZ9000,
and comparative transcriptomics and growth studies.

MATERIALS AND METHODS

Bacterial strains and growth conditions. L. lactis strains NZ9000 and MG1363
were grown as standing cultures at 30°C in M17 medium (Oxoid, Basingstoke,
United Kingdom) or in chemically defined medium (CDM) (27), both supple-
mented with 1% (wt/vol) glucose unless stated otherwise. To estimate the max-
imum specific growth rate (j,,,) and other growth parameters, cultures of 200
wl were grown for 48 h at 30°C in 96-well microtiter plates and monitored with
a PowerWave microplate spectrophotometer (BioTek Instruments). Next, the
growth curves were analyzed with the Gompertz model (34).

Genome sequencing and data analysis. Genomic DNA was purified by using
the Qiagen genomic DNA purification kit (Qiagen Ltd., Crawley, United King-
dom). Shotgun DNA libraries were generated according to the manufacturer’s
sample preparation protocol for genomic DNA. Briefly, 1 to 5 pg of genomic
DNA was randomly sheared by using a nebulizer (Invitrogen, Carlsbad, CA), and
the ends were repaired by using polynucleotide kinase and Klenow enzyme. The
5’ ends of the DNA fragments were phosphorylated, and a single adenine base
was added to the 3’ ends using Klenow Exo™* (Illumina, San Diego, CA). Fol-
lowing the ligation of a pair of Illumina adaptors to the repaired ends, the DNA
was amplified in 10 cycles using adaptor primers (Illumina, San Diego, CA), and
fragments of around 250 bp were isolated from an agarose gel. Sequencing
libraries were quantified with a Bio-Rad Experion analyzer using a 12K DNA kit
(Bio-Rad, Hercules, CA) as well as the Picogreen fluorescence assay (Invitrogen,
Carlsbad, CA). Cluster generations were performed on an Illumina cluster sta-
tion using 4 pmol of sequencing libraries. A total of 76 cycles of sequencing were
carried out by using the Illumina Genome Analyzer II system according to the
manufacturer’s specifications. Sequence analysis was first done by using the
Illumina analysis pipeline. The output of the Illumina analysis was fed into CLC
Bio-Software. At the assembly stage, sequence reads were aligned to the previ-
ously assembled L. lactis MG1363 genome sequence (GenBank accession num-
ber AM406671).

DNA microarray experimental procedures. DNA microarrays containing am-
plicons of 2,457 annotated genes in the genome of L. lactis subsp. cremoris
MG1363 were designed and made as described previously (31). Samples used for
RNA isolation were obtained from mid-exponential-phase cultures grown in
M17 medium or CDM supplemented with glucose (GM17 and GCDM, respec-
tively). Cell disruption, RNA isolation, RNA quality control, cDNA (target)
synthesis, indirect labeling, and hybridization were performed as described pre-
viously (32). Dual-channel array images were acquired with a GeneTac LS IV
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confocal laser scanner (Genomics Solutions, Huntingdon, United Kingdom) and
analyzed with ArrayPro 4.5 software (Media Cybernetics Inc., Bethesda, MD).
Slide data were processed by using MicroPreP as described previously (10). Prior
to the analysis, automatically and manually flagged spots and spots with very low
background-subtracted signal intensities (5% of the weakest spots [sum of Cy3
and Cy5 net signals]) were filtered out. Net signal intensities were calculated by
using grid-based background subtraction. In postprep, negative and empty values
were eliminated, and outliers were removed by the deviation test. Differential
expression tests were performed by using a Cyber-T Student’s ¢ test for paired
data (19). A gene was considered differentially expressed when the P value was
<0.001 and the false discovery rate was <0.05. Fold change cutoffs of 2 for the
GCDM arrays and 1.5 for the GM17 arrays were applied.

Accession numbers. The nucleotide sequence of the L. lactis NZ9000 strain
described in this paper has been deposited in the GenBank database (accession
number CP002094), and potential protein-coding genes were identified by the
Prokaryotic Genomes Automatic Annotation Pipeline (PGAAP) of the National
Center for Biotechnology Information. The microarray data have been deposited
in the NCBI Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm
.nih.gov/geo/) under GEO series accession number GSE21759.

RESULTS

Ultradeep genome sequencing. In this work, we sequenced
L. lactis strain NZ9000 using the Illumina ultradeep sequenc-
ing technology (17, 21, 29) to obtain a 200-fold average cover-
age (standard deviation [SD], ~60-fold) across the entire ge-
nome sequence. The reads were assembled and mapped onto
the previously published L. lactis MG1363 reference sequence
(33). A major genomic difference between strains NZ9000 and
MG1363 is the deletion of 1,821 nucleotides of the pepN-napC
locus due to the insertion of nisR-nisK (plus some flanking
regions from nisP and nisF) by gene replacement. To the best
of our knowledge, the exact sequence of the nisR-nisK inser-
tion site has not been reported previously. In addition to this
anticipated difference, we observed 79 single-nucleotide vari-
ations and/or deviations between strain NZ9000 and strain
MG1363 (Table 1). The threshold for a reliable single-nucle-
otide polymorphism (SNP) in the primary sequence data was
set to be a coverage of at least 100-fold and a minimum variant
frequency of 0.9.

To determine whether these SNPs reflect true differences
between the strains or possible sequencing errors, we rese-
quenced the original MG1363 strain used previously by Weg-
mann and coworkers (33). Indeed, 73 out 79 differences turned
out to be sequencing errors in the published genome sequence.
Of the 73 alterations, 37 are SNPs and 36 are single-base indels
(DIPs), randomly distributed over the chromosome. Twenty-
four SNPs are transversions, and 13 SNPs are transitions. Glo-
bally, 30 differences are located in intergenic regions, 3 are
located in pseudogenes, and 40 are located in coding regions (8
are synonymous substitutions, 22 cause an amino acid change,
and 10 lead to frameshifts). The consequences of these frame-
shifts for the annotated sequence are as follows: three proteins
have a C terminus that is shorter than originally described, and
there are four fewer open reading frames (ORFs) due to the
fact that consecutive annotated genes are combined in a
unique ORF (llmg_0227 and llmg_0228; llmg_1011 and
llmg_1012; and llmg_1127, llmg_1128, and llmg_1129). Three
different single-nucleotide deletions were identified in the
same gene (llmg_1941), resulting in frameshifts and conse-
quently a (partly) wrong protein sequence.

Importantly, we identified six SNPs reflecting genuine dif-
ferences between strains MG1363 and NZ9000; these SNPs
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were subsequently verified by PCR amplification of genomic
DNA and dideoxy sequencing (Table 2). These nucleotide
substitutions affect the following genes: gltX, aroD, pepF, ptcC,
and groEL, all encoding basal functions of the cell. ptcC en-
codes the IIC component of the cellobiose-specific phospho-
transferase system (PTS), involved in glucose and cellobiose
transport and metabolism (5, 13). The chaperonin GroEL is an
HSP60 family protein involved in the productive folding of
proteins under stressful conditions (e.g., elevated tempera-
tures) (6). The remaining three genes encode proteins related
to amino acid metabolism. AroD is a type I 3-dehydroquinate
dehydratase involved in aromatic amino acid biosynthesis,
pepF encodes an M3B oligoendopeptidase F (11, 25), and GItX
is a glutamyl-tRNA synthetase that charges glutamine to its
corresponding tRNA during protein translation. The muta-
tions may have appeared after the construction of strain
NZ9000 by independent evolution. These differences were not
observed for other sequenced strains of L. lactis, such as SK11
and IL1403.

Global analysis of L. lactis MG1363 and NZ9000 transcrip-
tomes. To identify patterns of differential expression between
L. lactis strains MG1363 and NZ9000, the transcription pro-
files of both strains were determined for cells grown in GM17
medium and GCDM. Samples used for RNA isolation were
taken in the mid-exponential phase of growth (optical density
[OD] at 600 nm [ODy,] of 0.6); the data are presented in
Table 3. Taking strain MG1363 as a reference, the downregu-
lation of genes in strain NZ9000 occurred more frequently
than did upregulation. To interpret the data more globally, the
genes were grouped on the basis of the putative functions of
the encoded proteins (30). Under both conditions, growth in
GM17 medium and growth in GCDM, most of the affected
genes were in the COG functional category “carbohydrate
transport and metabolism.” Most significantly, a downregula-
tion of the large cluster malR-mapA-agl-amyY-maa-dexA-dexC-
malEFG in NZ9000 was observed. The corresponding proteins
are involved in the breakdown of polysaccharides and starch
(amylose and amylopectin) to glucose and maltose and the
subsequent uptake (e.g., via the maltose transporter) and in-
tracellular conversion by a-glucosidases and a-amylases. Other
genes involved in starch degradation (glgP and apu, encoding
glycogen phosphorylase and amylopullulanase, respectively)
were also significantly downregulated in NZ9000 (both in
GM17 medium and GCDM). Other carbon source-related
genes that were downregulated in NZ9000 include the
mtIARFD operon, involved in mannitol uptake (7), and the
trehalose utilization operon of llmg_0454 and trePP. The genes
for further downstream steps of carbohydrate utilization, such
as pfk, pyk, ldh, and pgiA, and those for galactose (galPMKTE)
and fructose metabolism (fruACR) were not differentially ex-
pressed.

As anticipated from the genome sequences, differences in
the expression of genes of the cellobiose-specific phosphoenol-
pyruvate (PEP)-dependent PTS were observed. Although prcA
was somewhat downregulated in NZ9000, the genes for the
structural components of cellobiose transport and metabolism,
ptcC and cel4 (bglA), were highly upregulated in NZ9000.
Most likely, this is caused by the two mutations in the promoter
region of the ptcC-celA operon in NZ9000 (see Fig. 2A). The
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TABLE 1. Single-nucleotide differences in L. lactis MG1363, revised relative to the previously published genome

J. BACTERIOL.

b

. . Amino acid

Ref«;rf: nee Variation Nucleotide Region and/or gene or product change or ORF
position type change frameshift

26455 SNP T—C Intergenic

218270 DIP —C Gene CDS, hypothetical protein Change frameshift llmg_0227
311626 SNP T—C Gene CDS, ImrC Cys—Arg Ilmg_0324
549522 DIP —>T Intergenic

589181 DIP —C Intergenic

594325 SNP T—A Gene CDS, rec] Ile—Lys Ilmg_0606
617310 SNP A—C Gene CDS, divalent cation transport-related protein Synonymous Ilmg_0628
672541 SNP A—>T Gene CDS, hypothetical protein Synonymous llmg_0681
672705 SNP T-G Intergenic

674847 DIP A—>— Intergenic

876869 SNP C—>G Gene CDS, amtB His—Asp llmg_0910
894625 DIP —>G Gene CDS, hypothetical protein Change frameshift Ilmg_0924
912618 SNP T—A Gene CDS, hypothetical protein Leu—Gln llmg_0944
912718 SNP T—A Gene CDS, hypothetical protein Asn—Lys llmg_0944
977526 DIP C—— Gene CDS, IplA Change frameshift llmg_1011
1007288 SNP C—>T Gene CDS, bglP Synonymous llmg_1045
1061785 SNP A—>T Gene CDS, putative secreted protein Ile—Asn llmg_1101
1093300 DIP —C Gene CDS, cell wall surface anchor family protein Change frameshift llmg_1127
1093563 DIP ——C Gene CDS, hypothetical protein Change frameshift Ilmg_1128
1167414 SNP T-G Intergenic

1210279 DIP —A Pseudogene llmg_pseudo_39
1223555 DIP G—>— Intergenic

1277684 SNP T—A Gene CDS, hypothetical protein Asn—lle llmg_1306
1492365 SNP T—A Gene CDS, kinE Synonymous Ilmg_1518
1500910 SNP C—A Gene CDS, hypothetical protein Asp—Glu Ilmg_1528
1532424 SNP G—C Gene CDS, stress-induced DNA-binding protein Pro—Arg llmg_1560
1572256 SNP T—A Intergenic

1572258 SNP G—A Intergenic

1588193 SNP T-G Gene CDS, ugd Gln—Pro llmg_1616
1588245 SNP T—A Gene CDS, ugd Thr—Ser llmg_1616
1588246 SNP A—T Gene CDS, ugd Asn—Lys llmg_1616
1588356 SNP T—A Gene CDS, ugd Asn—Tyr llmg_1616
1610761 SNP T—C Gene CDS, hypothetical protein Tle—Val llmg_1634
1614129 DIP —T Gene CDS, mileP Change frameshift llmg_1637
1660050 DIP —T Intergenic

1681037 SNP T—C Gene CDS, pepV’ Glu—Gly llmg_1706
1731090 SNP T—C Gene CDS, hypothetical protein Synonymous llmg_1749
1826407 SNP A—G Gene CDS, metal-dependent hydrolase Synonymous llmg_1845
1826460 DIP —T Intergenic

1838903 SNP T—C Gene CDS, rmaB Thr—Ala Ilmg_1860
1853472 SNP C—A Gene CDS, glgP Met—lle llmg_1871
1854998 SNP T—A Gene CDS, glg4 Synonymous llmg_1872
1891450 SNP C—A Gene CDS, hypothetical protein Trp—Leu Ilmg_1911
1916379 DIP T—— Pseudogene llmg_pseudo_59
1921434 DIP T—— Gene CDS, hypothetical protein Change frameshift llmg_1941
1921461 DIP C—>— Gene CDS, hypothetical protein Change frameshift Ilmg_1941
1921473 DIP C—>— Gene CDS, hypothetical protein Change frameshift llmg_1941
1921516 SNP C->T Intergenic

1921529 DIP T—— Intergenic

1921636 DIP T—— Intergenic

1921651 DIP T—— Intergenic

1921655 DIP G—>— Intergenic

1921664 DIP T—— Intergenic

1921674 DIP A—>— Intergenic

1921680 DIP T—— Intergenic

1921693 DIP G—— Intergenic

1921702 DIP A—>— Intergenic

1921707 DIP T—— Intergenic

1921717 DIP T—— Intergenic

1921724 DIP A—>— Intergenic

1921743 DIP T—— Intergenic

1921753 DIP A—— Intergenic

1921776 DIP T—— Intergenic

1921788 DIP G—>— Intergenic

1933214 SNP G—C Gene CDS, atpB Synonymous llmg_1951
1933215 SNP C—-G Gene CDS, atpB Gly—Ala llmg_1951
1935399 DIP T—— Pseudogene, comEC llmg_pseudo_60
1942432 SNP T—C Gene CDS, hypothetical protein Ile—Val llmg_1960
1942730 SNP C—A Intergenic

2112671 DIP —T Intergenic

2122554 SNP G—A Gene CDS, cfa Ser—Leu llmg_2161
2122558 SNP C—>T Gene CDS, cfa Ala—Thr llmg_2161
2230258 DIP A—>— Gene CDS, hypothetical protein Change frameshift llmg_2272

“ Location is based on the previously published genome sequence of L. lactis MG1363 (GenBank accession number AM406671).

> Abbreviations: SNP, single-nucleotide polymorphism; DIP, single-nucleotide indel; CDS, coding sequence; ORF, open reading frame; —, gap.
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TABLE 2. Single-nucleotide mutations in L. lactis NZ9000 relative to L. lactis MG1363 and other sequenced L. lactis strains (IL1403 and SK11)

Nucleotide

Reference Gene Coverage® Frequency
position* MG1363 NZ9000 1L1403 SK11 (%)°
404128 groEL T G T T 151 100
430174 ptcC C T C C 202 100
430179 ptcC T G T T 208 100
770829 aroD G A G G 200 100
1887895 pepF G T G G 205 99.51
2291986 gltx G A G G 237 99.58

“ Location is indicated as described in Table 1.
b Coverage is the number of reads for a given position.
¢ Frequency is the occurrence (percent) of the indicated nucleotide in NZ9000.

TABLE 3. Genes with significantly different expression profiles in
L. lactis strains NZ9000 and MG1363 grown in
GCDM or GM17 medium”

Fold change in expression

Functional category and gene

GCDM GM17 Global
Carbohydrate transport and metabolism
Maltose, dextrose, and amylose
mapA =75.73 —32.52 —49.63
dexA —-5791 -—16.42 -30.83
amyY —58.69 —13.23 —-27.87
malE —-15.10 —15.11 -—15.11
agl —-29.56  —4.67 —11.75
maa —27.98 —10.30
dexC -17.36  —6.02 —10.23
malF —1246 524 881
malR -2.10 —431 -3.01
malG —2.52 —2.30
apu —-11.74 —6.26
glgP —-10.67 —527 -6.99
llmg_1868 —4.77 —3.46
Cellobiose PTS system
ptcA -241 —-197 -2.18
ptcC 49.84 13.25 25.69
bglA 41.68 21.03
Mannitol PTS system
mtlR —55.37 -16.32
mtlA —14.34 —16.08 —15.31
mtlF =17.76
mtlD —5.53
Trehalose metabolism
llmg 0454 —2.53 -2.19
trePP -2.35 —2.96
Other
msmK —-524 —1396 —8.55
Amino acid transport and metabolism
pepN —3240 —8.65 -—16.74
argG —2.86
argH —2.54
argEl —2.22
argB =217
argF -2.11
gitS -2.09
Nucleotide metabolism
nrdH 3.05 1.55 2.18
nrdl 3.04
nrdE 2.89 1.97 2.38
nrdF 2.69
nrdG 2.22
nucA 4.01
napC 12.81 5.62

“ Ratios of the intensity of the respective gene spots on the microarray slides
are indicated. Positive values indicate upregulation in NZ9000, and negative
values indicate downregulation (relative to MG1363).

data suggest that these mutations result in the constitutive
expression of the cellobiose-specific PTS in NZ9000.

Besides the heretofore described carbon (carbohydrate)
source-related genes, very few others were differentially ex-
pressed. Examples are the genes for the arginine biosynthetic
pathway, gltS-argE, argGH, and argBF, an effect that was ob-
served exclusively for GCDM-grown cells, and the nrdH-nrdE
genes, involved in deoxynucleoside triphosphate (ANTP) bio-
synthesis. The upregulation of the gene encoding the putative
multidrug efflux transporter (napC) in NZ9000 may be related
to the insertion of the nisR-nisK genes, which truncates the 3’
end of the napC gene (Fig. 1).

Growth of MG1363 and NZ9000 on different sugars. The
fact that the majority of transcriptomic differences between
MG1363 and NZ9000 were observed for (clusters of) genes
involved in sugar metabolism prompted us to analyze the
growth of the strains on a wide range of carbohydrates and
sugar alcohols as carbon and energy sources (mannose, su-
crose, arabitol, maltose, fructose, xylose, dextran, cellobiose,
glucose, raffinose, trehalose, and mannitol). For this purpose,
CDM was used instead of M17 medium, as residual growth was
observed with this complex broth, that is, without added sugar.
Growth on mannose or glucose was the fastest (. = 0.84 h™%)
and much faster than that on trehalose or maltose (. = 0.33
h™1). The growth on fructose was extremely slow (. < 0.2
h™'), and the yields were low (final OD of 0.2). In contrast, no

2653 bp
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FIG. 1. Schematic representation of the nisin gene cluster in L.
lactis NZ9000. A DNA fragment, including the nisR-nisK genes, the 3’
part of nisP (117 residues), and the 5’ end of nisF (36 residues), was
integrated into the chromosome by gene replacement (14). As a result,
a large part of pepN and the last 123 nucleotides of napC were re-
moved. The integrated fragment is indicated in black, and the removed
sequence is indicated in grey. Numbers indicate the reference positions
in the annotated genome sequence of L. lactis MG1363 (33).
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FIG. 2. (A) Genetic organization of the L. lactis cellobiose operon. The putative —35 and —10 boxes in the promoter region of the L. lactis

MG1363 catabolite-controlled ptcC gene are underlined. ptcB, cellobi

nent; [lmg_0439, putative DNA-binding transcriptional regulator; ptcC,

ose-specific PTS I1IB component; ptcA, cellobiose-specific PTS 1A compo-
cellobiose-specific PTS IIC component; bglA (annotated as cel4), phospho-

B-glucosidase. The putative cre site is indicated in the box. Asterisks indicate the mutations mapped in L. lactis NZ9000. (B to D) Typical growth
profiles of L. lactis NZ9000 (@) and MG1363 (O) cultivated in CDM supplemented with 1% glucose (B), 1% cellobiose (C), or 1% cellobiose plus
0.1% glucose (D). All cultures were grown as biological triplicates, and average values are plotted.

growth in CDM supplemented with sucrose, arabitol, xylose,
dextran, raffinose, or mannitol was observed. Although the
differences between NZ9000 and MG1363 were small, NZ9000
grew consistently and significantly faster in GCDM than did
MG1363 (Fig. 2B). The most prominent differences were ob-
served for growth on cellobiose (Fig. 2C). Starting from pre-
cultures grown in GCDM, strain MG1363 required incubation
periods longer than 25 h to reach the mid-exponential phase.
The lag time was reduced from more than 20 h to only a few
hours in NZ9000. In addition to the lag time, the maximum
specific growth rates on cellobiose were 0.69 h™' for NZ9000
and 0.49 h~! for MG1363. The long lag phase was not observed
for MG1363 when the precultures were already grown on cel-
lobiose (data not shown); the constitutive expression of the
cellobiose-specific genes was also seen in media with both
glucose and cellobiose as carbon and energy sources (Fig. 2D).

DISCUSSION

We present the genome sequences of L. lactis NZ9000 and
L. lactis MG1363. The sequence of the latter genome was
published previously (33). By using ultradeep sequence tech-
nology, we obtained an almost-50-fold-higher sequence cover-
age and, consequently, a much higher fidelity of the sequence
than that previously reported. The 73 differences between the
published and resequenced MG1363 genomes must reflect se-
quencing errors rather than strain variations, as they are

present in our in-house MG1363 and its derivative NZ9000,
which were obtained at different times and via different routes.
From the relatively low number of errors, we conclude that the
previously published genome sequence was very accurate
(Phred quality score of 45.4). Forty of the 73 errors are in
coding regions. L. lactis NZ9000 carries another six mutations
compared to the revised MG1363 genome sequence. To our
knowledge, there is no reason to think that the creation of
these mutations is associated with the integration of nisRK.
Either these mutations appeared after the construction of
strain NZ9000 by independent evolution, or they occurred in
an MG1363 strain different from the one sequenced. Strain
MG1363 was propagated for many generations after it was
used to construct NZ9000 in 1998 (14) and before it was
subjected to the sequencing effort in 2007 (33). The mutations
in groEL, pepF, aroD, and gltX correspond to conservative
substitutions (i.e., Leu to Ile in pepF, Val to Ile in aroD, and
Ala to Val in gltX), and these substitutions are not likely to
affect the functioning of the proteins. A more drastic effect was
anticipated (and indeed observed) for the two mutations lo-
cated in the ptcC promoter.

Cellobiose belongs to the group of plant-derived B-glucoside
sugars. This disaccharide [two glucose molecules linked via a
B(1-4) bond] is transported via a PEP-dependent cellobiose-
specific PTS (13). The phospho-B-glucosidase is responsible
for the intracellular cleavage of cellobiose-6-phosphate to glu-
cose and glucose-6-phosphate. As observed for the transcrip-
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tomic data, the genes encoding the cellobiose-specific PTS IIC
component (pfcC) and phospho-B-glucosidase (bgld) were
highly upregulated in strain NZ9000 compared to strain
MG1363, both in GCDM and in GM17 medium. In fact, the
growth experiments presented in Fig. 2 confirm that the
mutations in the ptcC promoter of strain NZ9000 led to a
constitutive expression of the cellobiose-specific genes. It is
noteworthy that the two mutations in the ptcC promoter are
present in the putative cre site, the binding site of carbon
catabolite control protein A (CcpA) (Fig. 2A). CcpA regulates
carbon metabolism in Gram-positive bacteria, often by re-
pressing genes involved in the utilization of other carbon
sources when a rapidly metabolizable carbon source such as
glucose is available. The known targets of CcpA in L. lactis are
the gal operon for galactose utilization (20), the fru operon for
fructose utilization (2), and the ptcABC operon for cellobiose
utilization (35). In addition to cellobiose, the ptcABC-encoded
cellobiose-specific PTS of L. lactis also facilitates the uptake of
glucose. In fact, one of the consequences of the disruption of
the glk (glucokinase) and ptnABCD (glucose/mannose PTS)
genes in L. lactis NZ9000 was the transcriptional upregulation
of the cellobiose-specific PTS operon (26), which is entirely
consistent with the data presented here (Fig. 2). The down-
regulation of the genes related to the transport and metabo-
lism of maltose, dextrose, amylose, mannitol, and trehalose
may thus be related to a general catabolite-repressing effect,
i.e., as a result of an increased capacity of NZ9000 to take up
glucose. The small increase in the growth rate of NZ9000 may
have had its impact on the expression of genes involved in
nucleotide biosynthesis. We and others have noted that a slight
change in the growth rate has an immediate effect on the
expression of these genes. We cannot rule out the possibility
that the disruption of pepN in NZ9000, i.e., as consequence of
the integration of the nisRK genes, had an effect on the ex-
pression of genes involved in amino acid transport and metab-
olism, as PepN is the major aminopeptidase in L. lactis.

In summary, we present new genome sequencing data for
two L. lactis strains that are the paradigms for research on
lactic acid bacteria. The physiological differences of L. lactis
strains NZ9000 and MG1363 can be rationalized on the basis
of the differences in the genome sequences and should be
taken into account in future -omics and cell physiology studies.
The small but significant increase in the growth rate of L. lactis
NZ9000 in the presence of glucose as the sole carbon and
energy source might be explained by the increased transport
capacity for glucose; that is, the cellobiose-specific PTS is co-
expressed even in the presence of glucose. The improved fit-
ness of strain NZ9000 on glucose may have been a determining
factor in the selection for the mutations in the promoter region
of the cellobiose-specific PTS.
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