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Abstract Promoter-active fragments were isolated from
the genome of the probiotic organism Lactobacillus rham-
nosus strain GG using the promoter-probe vector pNZ272.
These promoter elements, together with a promoter frag-
ment isolated from the vagina strain Lactobacillus fer-
mentum BR11 and two previously defined promoters
(Lactococcus lactis lacA and Lactobacillus acidophilus
ATCC 4356 slpA), were introduced into three strains of
Lactobacillus. Primer-extension analysis was used to map
the transcriptional start site for each promoter. All pro-
moter fragments tested were functiona in each of the
three lactobacilli and a purine residue was used to initiate
transcription in most cases. The promoter elements en-
compassed a 52- to 1140-fold range in promoter activity
depending on the host strain. Lactobacillus promoters were
further examined by surveying previously mapped se-
guences for conserved base positions. The Lactobacillus
hexamer regions (—-35: TTgaca and —10: TAtAAT) closely
resembled those of Escherichia coli and Bacillus subtilis,
with the highest degree of agreement at the —10 hexamer.
The TG dinucleotide upstream of the —10 hexamer was
conserved in 26% of Lactobacillus promoters studied, but
conservation rates differed between species. The region
upstream of the —35 hexamer of Lactobacillus promoters
showed conservation with the bacterial UP element.
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Introduction

Transcription and its regulation have been studied exten-
sively in gram-negative bacteria, particularly Escherichia
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coli. However, with the exception of Bacillus subtilis, the
study of transcription has been largely neglected in gram-
positive organisms. The primary o-factors of E. coli and
B. subtilis make site-specific contacts with key bases har-
boured within two conserved hexamers located at approx-
imately —35 (TTGACA) and —10 (TATAAT) with respect
to the transcriptional start site (Helmann 1995; Lisser and
Margalit 1993). The length of the spacer region connect-
ing the two hexamersis also conserved (17+1 bp). Severad
other elements within close proximity of these hexamers
have also been shown to influence transcription in these
organisms. These include the UP element, an AT-rich se-
guence upstream of the —35 hexamer which is contacted
by the C-terminal domain of the RNA polymerase a-sub-
unit (Ross et al. 1993) and a TG motif located upstream of
the =10 hexamer (Harley and Reynolds 1987).

Transcription has received little attention in the impor-
tant gram-positive organism Lactobacillus. No genes en-
coding o-factors have been identified and it is not yet
clear what constitutes an optimal promoter region in this
genus. A survey of 11 Lactobacillus promoters with
mapped transcriptional start sites identified typical —35
and —10 sequences which, when aligned, resembled those
of both E. coli and B. subtilis promoters (Mercenier et al.
1994; Pouwels and Leer 1993). Interestingly, strong con-
sensus promoters of foreign genes are not always tran-
scribed in lactobacilli (Natori et al. 1988). It is likely,
therefore, that additional sequences outside the traditional
—35 and —10 boxes are important in defining a Lactobacil-
lus promoter region.

The development of Lactobacillus strains expressing
heterologous proteins at sufficient levelsfor application in
industry and public health has been largely hindered by
the lack of detailed knowledge of gene expression control
in these organisms. The current study describes an analy-
sis of promoters in Lactobacillus. We isolated seven pro-
moter-active fragments from the genome of the important
probiotic strain Lactobacillus rhamnosus GG, aswell asa
single promoter fragment from the vaginal strain Lacto-
bacillus fermentum BR11, and evaluated the ability of
each fragment to drive transcription of the gusA reporter
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gene in three strains of Lactobacillus. Previously defined
promoters of Lactobacillus and lactococcal origin were
used for comparison. We then compiled a database of
mapped Lactobacillus promoters and analysed them for
conserved motifs that may represent determinants of pro-
moter activity in this genus.

Materials and methods

Bacteria strains and growth conditions

Lactobacillus acidophilus ATCC 4356, L. rhamnosus GG (ATCC
53103) and the guinea pig vagina isolates L. fermentum BR11
(Rush et al. 1994) and Lactobacillus plantarum BR3 (this labora-
tory) were grown in MRS (de Mann, Rogosa and Sharpe) medium
(Oxoid). Luria-Bertani (LB) medium (Sambrook et al. 1989) was
used for the growth and propagation of E. coli KW1. Chloram-
phenicol was used at a final concentration of 10 ug mi— or 25 ug
mi-1 for the culture of recombinant lactobacilli and E. coli, respec-
tively. Histochemical screening of gusA-positive clones used 5-
bromo-4-chloro-3-indoyl-B-p-glucuronide (X-gluc; AGP Tech-
nologies) in MRS and LB agars at afinal concentration of 0.5 mM.

DNA isolation and manipulation

Plasmid DNA wasisolated from E. coli KW1 using the alkaline ly-
sis method (Sambrook et al. 1989). Plasmid DNA was isolated
from Lactobacillus according to the method of O’Sullivan and
Klaenhammer (1993). Total DNA was isolated from lactobacilli
essentially as described by Scheirlinck et al. (1989). Electrocom-
petent E. coli KW1 cells were prepared and transformed by elec-
troporation as described by Sambrook et al. (1989). Plasmid DNA
was introduced into Lactobacillus strains using the methods of
Rush et al. (1994) and Wei et a. (1995). Penicillin concentrations
of 1, 5 and 10 pg ml-* were used for L. fermentum BR11, L. plan-
tarum BR3 and L. rhamnosus GG, respectively. Buffers containing
MgCl, were used for L. fermentum BR11 and L. plantarum BR3
only. Restriction and modification enzymes were obtained from
Boehringer Mannheim and used in accordance with manufac-
turer’ sinstructions. DNA was sequenced using an Applied Biosys-
tems 373A automated DNA sequencer.

RNA isolation, primer-extension mapping
and quantitative Northern blot analysis

Total RNA was isolated from exponentialy (ODggony 0.6-0.8)
growing lactobacilli using the method of Platteeuw et al. (1994),
except that Macaloid clay suspension was not used. RNA was
treated with 10 U of RNase-free DNase (Boehringer Mannheim)
prior to final ethanol precipitation. Primer-extension mapping of
total RNA was carried out with end-labeled [y33P]-ATP oligonu-
cleotide GUS-AS (5'-GGGTTGGGGTTTCTACAGGACGTA-3)
as described by McCracken and Timms (1999). The quantitative
Northern blot procedure and preparation of digoxigenin-labeled
gusA and 16S rRNA probes have been described previously (Mc-
Cracken and Timms 1999). Quantification of signals involved
standardisation for linear response range and RNA/signal correla-
tions using serial RNA dilutions in preliminary experiments. To
standardise the Northern blot data, the gusA signal was divided by
the 16S rRNA signal of the same RNA sample. Triplicate RNA
samples, prepared independently, were analysed separately for
each clone. Student’s t-test was used for comparison of means for
determining statistical significance.

Relative copy number determination

The relative copy number of plasmids within Lactobacillus species
was determined essentially as described by Platteeuw et al. (1994).

Random-prime 32P-labeled gusA and 16S rRNA PCR fragments
(McCracken and Timms 1999) were used as probes. The signals
were quantified with a Fujifilm BAS1500 phosphoimager (Fuji)
and AIS software (Imaging Research). The relative copy number
within a single recombinant Lactobacillus strain was calculated as
the ratio of the average gusA signal to the average 16S rRNA signal.

Isolation of L. rhamnosus GG genomic promoter fragments

Lactobacillus rhamnosus GG genomic DNA was digested to com-
pletion with Sau3Al and ligated to BamHI-digested, alkaline phos-
phatase-treated pNZ272, a Lactobacillus—E. coli shuttle vector
harbouring the promoterless E. coli gusA reporter gene down-
stream of a multiple cloning site (Platteeuw et al. 1994). L. rham-
nosus GG was transformed directly with the ligation mixture and
plated onto selective agar for the isolation of recombinant lacto-
bacilli. Recombinant clones were subsequently transferred to MRS
agar containing 10 pg chloramphenicol mi-t and 0.5 mM X-gluc
for histochemical screening. Constructs originating from recombi-
nant L. rhamnosus GG that displayed a blue phenotype were ex-
tracted and transferred into E. coli KW1 for sequencing and purifi-
cation. Plasmids were subsequently introduced into L. fermentum
BR11 and L. plantarum BR3, where possible.

Isolation and characterisation
of the putative L. fermentum BR11 clpC promoter

A genomic library of L fermentum BR11 was immunoscreened
with an antiserum raised against L. fermentum BR11 whole cells.
Construction of the library, preparation of the antiserum, and im-
munoscreening have been described previously (Turner et al.
1997). Sequence analysis of an immunoreactive clone indicated
that it potentially encoded a polypeptide similar to previously char-
acterised ClpC ATPase chaperones (Lazazzera and Grossman
1997), with a second open reading frame (orfl) immediately up-
stream of the clpC coding region. A 453-bp sequence encompass-
ing the intergenic region upstream from the beginning of the puta-
tive orfl gene was amplified by PCR using Pstl site-tagged
primers, cleaved with Pstl and ligated to Pstl-cleaved pNZ272.
The resulting plasmid, pNZclp, was used to transform L. rhamno-
sus GG, L. fermentum BR11 and L. plantarum BR3.

Control promoters lacA and slpA

Plasmid pNZ276, harbouring the Lactococcus lactis lacA promoter
downstream of the divergently transcribed lacR gene (Platteeuw et
al. 1994), was obtained (W. de Vos, NIZO) and introduced into
each Lactobacillus strain. The L. acidophilus ATCC 4356 slpA
promoter region, from position —286 to —20 (relative to the transla-
tional start codon) was amplified by PCR using the primer pair
4356-5P (5'-AAAAGGATCCTGCTTGTGGGGTAAGCGG-3)
and 4356-3P (5'-TTTTCTGCAGATATAAAAAAATGTAATA-
GGCC-3), digested with BamHI/Pstl and ligated to BamHI/Pstl-
digested pNZ272. The resulting plasmid, pNZslp, was introduced
into L. rhamnosus GG, L. fermentum BR11 and L. plantarum BR3
by electroporation.

Computer analysis

Lactobacillus promoter sequences were obtained from GenBank or
EMBL via The Australian National Genome Information Service.
Sequences (available upon request) were aligned either by the
transcriptional start site (89 promoters, extending from position
—80 to +26 where available) or by the proposed —35 and —10 re-
gions (96 promoters, extending from 45 bp upstream of the —35 re-
gion to 13 bp downstream of the —10 hexamer, where available).
Aligned sequences were analysed using the Consensus (Genetics
Computer Group) alignment program. The frequency of each base



Table 1 Nucleotide sequences and transcriptional start sites of
promoters in Lactobacillus sp. (bold typeface indicates identity and start site;
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spacer region; dots are used for alignment of hexamer sequences

consensus element sequences: UP element Estrem et

with consensus; / indicates long —10-transcriptional start site  al. (1998); hexamers, Pouwels and Leer (1993)

Promoter UP element =35 -10 Transcriptional start site

AA A
Consensus NNAAA T TTTTnnAAAANNN. TTGACA. . . .. ... .. ... .. ... TATAAT. . ........ AG........

TT T
P-GL1 CACGGTTTTAAAATGAGCGTTGTTTGTCAGCAAGCATTT. . . TATCCCGTATAGTTAT. . . TAAC. A. TAATAAGTT
P-GL2 CGTCAATTACTTATATTAAAAGCTAACAAAATCAGCGGCT. . TTTAAGATACAATCGT. . . TGTG. A. ATCAGAAAG
P-GL3-GG AAGGAT GAAGAAGGCACT GGCGGTAAGAAAAAGCTGTTT. . . AGTCGTGAAGCGICGT. . . . TTT. A. AGAACCCGG
P-GL3-11 GCAACGCTGCACAGT GCTAAGCCAAGGAT GAAGAAGGCA. . . CTGGCGGTAAGAAAAA. . . . CCT. G TTTAGTCGT
P-GL4-1 GAAAGAACCT GTGATTGT CAAGATTAAGGCTAAGGAACTGA. CAGCAGATACCGTTGA. . . . . CC. A. ATATTATGT
P-GL4-2 ACTGACAGCAGATACCGTTGAGCAATATTATGTTCGGGC. . . CAAGGACTATGAAAAG. . . TTCG A. TGTCATGAC
P-GL9c TTTTTAGACCAAAAAACTTCGCCTTGATGCCAGTTCGAG. . . TTGGCGCTATTTTAAA. . .. CAT. G TGCCTCTCT
P-GL9-3 GCCAGTTCGAGTTGGCGCTATTTTAAACATGTGCCTCTCT. . TGACACTTATTAGTCG ACCACT. A. CATACCTAT
P-GL10c TGCCAACATGATCTAGCCGCTGGI TCCCGGAAGGTGGECC. . . GTCTCCGITATATGIT. /. TGCC. A. TTTTACCAG
P-GL10-GG AGCTAAAAAAAGAACGATAATCTTTGCCAACATGATCTAGC. CCGCTGGITCCCGGAA. . . . . . G G TGGCCGTCT
P-GL21c TGGCCAAGCCCGGEGECCATCACGCTCAAGGACACTTATGC. . . TCCGGTTTCTAACCGG. . . GCTG G CTCACGCTC
P-GL21-GG CCGGGCTGGCTCACCCTCTTTGATTGACTTGCGITGIC. . . . AAATCTTTATACTGAA. . . . ACA. A. GTAATGATC
P-clpC CTTAAAATATAGT CATAGAATTAGGGCGTCGGTTTTAAA. . . AGTGTGGTAAAATAAT. . . . .. G GT. CAAGATTA
P-lacA-1 AAACAAAAAATTAACAAAAATAGTITGCGTITTTGTITTGAA. . . TGTTTGATTTCATATA. . . .. AA. C. AAAGAAATG
P-slpA TAGTATTTTTCGGTCATTTTAACTTGCTATTTCTTGAAG. . . AGGTTAGTACAATATG. . . AATC. G TGGTAAGTA

at each position of the sequence was determined and the highest
value at each position was used to generate histograms. Promoters
of Lactobacillus delbrueckii subsp. lactis (13), L. plantarum (9),
Lactobacillus helveticus (12) and L. rhamnosus (12) were aligned
for analysis at the species level.

Results

Isolation and characterisation
of promoter-active fragments in Lactobacillus sp.

Seven recombinant L. rhamnosus GG clones harbouring
L. rhamnosus GG genomic fragments produced detectable
primer-extension products. All L. rhamnosus GG genomic
fragments were also transcriptionally active in the heterol-
ogous hosts L. fermentum BR11 and L. plantarum BR3
via primer-extension analysis. Identical transcriptiona
start sites (primarily purine residues) were used in the
three organisms for most of the genomic promoter
fragments examined (Table 1). The only exception was
fragment GL3, where the functional start sites used in
L. rhamnosus GG and L. fermentum BR11 were different
(designated P-GL3-GG and P-GL3-11, respectively).
Severa promoter fragments directed transcription of the
gusA gene from multiple start sites and thus from multiple
promoters. This was particularly evident in L. rhamnosus
GG where multiple promoters were utilised from three of
the seven genomic promoter-active fragments (GL4, GL10
and GL 21, in addition to the lacA promoter, see below).
Potential —35 and —10 hexamers were identified by
analogy with the previously defined Lactobacillus con-
sensus sequences (Pouwels and Leer 1993). Preference
was given to motifs that matched the Lactobacillus con-

sensus sequence at the most conserved positions of the
hexamers and gave rise to a —35/—10 spacer of 17+1 bp.
The most consistent hexamer sequences were within pro-
moters P-GL1 and P-GL21-GG, both of which displayed
five out of six matches to the consensus with each hexamer
(Table 1). It was difficult to identify hexamer motifsin sev-

Table 2. Relative transcriptional activities of promoters in lacto-
bacilli (% relative to P-GL1 for individua strains, mean+SD (%)
for three independent determinations). ND Not determined; NT no
transcript detected

Promoter Relative gusA transcript level (%)

Lactobacillus  Lactobacillus  Lactobacillus

rhamnosus fermentum plantarum

GG BR11 BR3
P-GL1 (100%) 100 +10 100 + 14.8 100 + 30.5
P-GL2 29.5+ 85 12.8+ 26 21.3+ 44
P-GL3-GG 314+ 21 NT ND
P-GL3-11 NT 202+ 1.6 ND
P-GL4-1 40.1+ 8.3 202+ 1.7 ND
P-GL4-2 26.4+ 55 231+ 1.9 ND
P-GL9c 5.6+ 2.7 29.3+ 1.9 40 + 21
P-GL9-3 NT NT 675+ 3.6
P-GL10c 2.7+ 0.6 157+ 4.1 42 + 20
P-GL10-GG 11.9+ 25 NT NT
P-GL21c 80.5+ 6.0 324+ 59 ND
P-GL21-GG 56.6+ 4.2 NT ND
P-clpC 714 +£585 540 410 1551 +440
P-lacA-1 529 +47.6 146+ 2.4 NT
P-lacA-2 546 +49.1 NT NT
P-slpA 2069 *641 668 + 90.5 10889 +786
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Fig.1 Base conservation within transcriptionally mapped Lacto-
bacillus promoter sequences aligned to the transcriptional start site
(A), or the =35 and —10 hexamers (B). The abundance of the most
frequent base is plotted as a function of sequence position

era of the promoters, such as P-GL3-GG and P-GL3-11, as
they were not highly homologous to the consensus se-
guences. Weakly homologous structures were postulated in
such cases (Table 1). Dual adjacent residues located within
the clpC promoter region were utilised for transcription
initiation in each of the three lactobacilli. The transcrip-
tional start sites were preceded by a high-identity —10
hexamer and alow-identity —35 hexamer. A TG motif was
also observed upstream of the P-clpC —10 hexamer.

TTgaca TAtaaT

t tg B} tt
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-40 -30 -20
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Transcription was initiated at the published P-lacA lac-
tococcal start site (Van Rooijen et a. 1992) in L. rhamno-
sus GG (designated P-lacA-1). Transcription was also ini-
tiated from a second start site located approximately
100-120 bp upstream of the published site (designated P-
lacA-2). Due to heterogeneous primer-extension products,
however, neither the P-lacA-2 start site nor upstream se-
quences could be precisely mapped. Quantitative analysis
indicated that P-lacA-1 and P-lacA-2 were utilised by L.
rhamnosus GG with equal efficiency. P-lacA-driven gusA
MRNA was produced at low levelsin L. fermentum BR11
but was not detected in L. plantarum BR3. Primer-exten-
sion data indicated that the sIpA promoter sequence was
functional in each of the three lactobacilli, initiating tran-
scription from the published L. acidophilus ATCC 4356
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Table 3. Lactobacillus promoter consensus sequences (f alt, h alg, T =75%, T 60—74%, t 40-59%)

Species (no. promoters) Sequence position Reference
-50 -35 -24 -15 -10 -1
Lactobacillus (96) aa t..a..... a.t TTgaca t....... a.t.tg. TAtAAT .aa.tt Thisstudy
Lactobacillus del brueckii aT..... tt.tTt.a TTg.ca t.ttT.a ..t. TG TA aAT t...TT Thisstudy
subsp. lactis (13)
Lactobacillus ... f T attta. . t... TTGacf tttctct. ..ttTgg TAtAAT aTaaat Thisstudy
helveticus (12)
L.plantarum(9  ...... T.taaA a.aTat TT.aca atTt.TaA .AtA .. TATACT AAaatt Thisstudy
Lactobacillus aa. ... t...G TThaca t..t t....gg TAtaaT .a...t Thisstudy
rhamnosus (12)
Bacillus subtilis a..... t...aaaa t TTGAca ........ t.tg. TAtAAT aa.a Helmann
(1995)
Escherichiacoli ~ ......... a...... t TTGaca ........ t.tg. TAtaaT ...... Chassy and
Murphy
(1993)

start site (Boot et a. 1995) in all organisms examined.
Quantitative analysis revealed that P-sIpA was used with a
4.5-fold greater efficiency in L. rhamnosus GG thanin L.
fermentum BR11 and L. plantarum BR3.

The promoter elements encompassed a 1140-fold, 52-
fold and 512-fold range of activity in L. rhamnosus GG,
L. fermentum BR11 and L. plantarum BR3, respectively
(Table 2). In al organisms P-dlpA directed the highest lev-
els of gusA mRNA production. This was particularly pro-
nounced in L. plantarum BR3, where gusA-specific mMRNA
levels produced from the slpA promoter were 109- to 512-
fold higher than from any of the randomly isolated, ge-
nomic promoter-active fragments examined (p<0.01). The
P-lacA-1 and P-lacA-2 promoters were also used at signif-
icantly higher levels (5.3- to 206-fold) in L. rhamnosus
GG than were the promoters of random genomic origin
(p<0.01). The clpC promoter directed transcription of
gusA mRNA to higher levels than any of the randomly
isolated promoter fragments of L. rhamnosus GG origin.
Of the randomly isolated L. rhamnosus GG genomic pro-
moters, P-GL1 produced the most gusA-specific mMRNA
in all three lactobacilli, 1.8- to 17.9-fold higher than any
other genomic fragment (Table 2). The other promoter
fragments displayed varying activities depending upon
the strain in which they were harboured (Table 2).

Defining the Lactobacillus sp.
promoter consensus sequence

Promoters (of both Lactobacillus gene and bacteriophage
origin) with experimentally defined transcriptional start
sites, including the promotersisolated in the current study,
were aligned. When aligned to the transcriptiona start
site, no single base was more than 50% conserved at any
one position (Fig. 1A). Despite this lack of overall base
conservation some conserved features of Lactobacillus
promoters were observed. The start site was a purine
residue in 79% of all Lactobacillus promoters. Other
residues with a moderate degree of conservation included

aT at -1, —2, —40 and 41 and an A residue at positions
58, +25 and +26. The region from —12 to —7 wasrich in
A and T residues (average 73% A+T).

When Lactobacillus promoters were aligned to the —35
and —10 hexamers (Fig. 1B) the pattern of nucleotide con-
servation resembled that observed for E. coli and B. sub-
tilis. The consensus sequences for promoters of Lacto-
bacillus at the genus and species levels are represented in
Table 3. Highest conservation was observed in the —10 el-
ement where the last T residue was the most conserved
nucleotide position. Conservation within the —35 hexamer
was largely limited to the initial T residues of the hexa-
mer. Many other positions within the promoter region ex-
hibited a degree of sequence conservation in Lactobacil-
lus promoters when aligned to the hexamer sequences, al-
beit to alesser degree (Fig. 1B). Severa of these base po-
sitions were also conserved at the species level (Table 3).
The entire region upstream of the —35 hexamer (-80 to
—35) was enriched for short A and T tracts, with an AT-
rich region (average 72% A+T) centred around position
—53. A and T clusters, centred between position —60 and
—40, were also observed upstream of the —35 hexamer of
L. delbrueckii subsp. lactis, L. helveticus, L. plantarum
and L. rhamnosus promoters (data not shown). The aver-
age distance between the —35 and —10 hexamers of Lacto-
bacillus promoters was 17.4+1.6 bp, whilst the average
distance between the —10 hexamer and the transcriptional
start site was 6.9£2.7 bp.

The T residue at —15 and the G residue at —14 were
both moderately well-conserved in the Lactobacillus pro-
moters analysed in this study (Fig.1B). The bases oc-
curred as a dinuclectide in 26% of all Lactobacillus pro-
moters. Importantly, conservation of the TG motif ap-
peared to be species-dependent. The motif was moder-
ately conserved in L. delbrueckii subsp. lactis (54%) and
L. helveticus (33%) promoters, but was not a conserved
feature of the L. plantarum or L. rhamnosus promoters
analysed in this study (Table 3).
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Discussion

With the exception of the Lactococcus lactis lacA pro-
moter, which is regulated by the divergently transcribed
lacR repressor gene in the natural lactococcal host and in
E. coli (Van Rooijen et a. 1992), all promoter fragments
tested directed transcription in all three lactobacilli inves-
tigated. These results indicate that promoters recognised
by RNA polymerase of L. rhamnosus GG, L. fermentum
BR11 and L. plantarum BR3 share significant similarities.
Differences between promoter strengths in each strain,
however, indicate that discrete but significant differences
defining promoters exist between strains of lactobacilli.
These differences were reflected in the consensus se-
guence variations between Lactobacillus species defined
in the current study.

Conserved elements with consensus sequences closely
resembling the —35 and —10 hexamer motifs of vegetative
promoters from E. coli and B. subtilis were observed up-
stream of Lactobacillus transcriptional start sites in the
current work, including those promoters isolated from the
genome of L. rhamnosus GG. Agreement with the E. coli
and B. subtilis consensus sequences was higher at the —10
hexamer of Lactobacillus promoters than the —35 hexa-
mer, both at the genus and species levels. Promoters func-
tioning with highest efficiency in Lactobacillusin the cur-
rent study showed consistently good identity with the con-
sensus hexamers, particularly the —10 hexamer, substanti-
ating the importance of these motifs in promoter function
and strength. In contrast to observations in other organ-
isms, however, good identity at the =35 and —10 hexamer
positions alone was not a prerequisite for promoter func-
tion in Lactobacillus (e.g. P-GL3-GG and P-GL21c¢). In
addition, the presence of high-identity —35 and —10 hexa-
mers did not always correlate with efficient promoter ac-
tivity in the organism (e.g. P-GL1 and P-GL9c). Thesere-
sults clearly suggest that the —35 and —10 hexamers are
important, but not ultimate factors determining promoter
strength in lactobacilli.

A number of additional base positions outside of the
traditional hexamers displayed varying degrees of conser-
vation in Lactobacillus promoters. The functional signifi-
cance of these bases remains unclear; however, they may
play important roles in defining a promoter sequence in
Lactobacillus. Conserved bases corresponding to the con-
sensus AT-rich UP element (Estrem et al. 1998) were
identified in Lactobacillus promoters, both at the genus
and species levels. Most notable were the T at position
-50 and the A at position —41 which were conserved in
44% and 43% of all Lactobacillus promoters, respec-
tively. Interestingly, the promoters displaying greatest
strength in the current study, P-sIpA and P-lacA-1 (in L.
rhamnosus GG), identified very well with the UP element
consensus (Table 1). The weaker promoters, even those
which conformed well to the —35 and —10 hexamer con-
sensus sequences, identified to the UP element consensus
to areduced extent. This observation suggests that the UP
element, which has been shown to contribute significantly

to promoter strength in other organisms (Estrem et al.
1998; Ross et al. 1998), may play arolein transcription in
lactobacilli. The TG motif was conserved in 26% of Lac-
tobacillus promoters. Conservation of the motif varied
considerably depending on the species (up to 54%), per-
haps indicating that functional significance of the TG mo-
tif is determined at the species level. The TG motif has
been associated with promoter strength in severa gram-
positive organisms (Van der Vossen et a. 1987; Voskuil et
al. 1995), including lactobacilli (McCracken and Timms
1999).

The L. acidophilus ATCC 4356 slpA promoter directed
the highest levels of transcription in all Lactobacillus
strains examined in the current study. Combined with data
from other researchers indicating that the slpA promoter is
highly efficient in the natural host and in L. casel ATCC
393 (Boot et al. 1996), this suggests that the sIpA pro-
moter sequence harbours motifs that interact effectively
with RNA polymerase of several lactobacilli. This finding
has striking implications for the development of heterolo-
gous gene-expression cassettes in lactobacilli by offering
a powerful tool for achieving high levels of foreign pro-
tein production in these organisms. The clpC promoter
also displayed high activity in all three Lactobacillus
strains tested when present as a transcriptional fusion with
the gusA gene, although significantly less active than P-
slpA. Recent evidence suggests that P-clpC is likely to be
regulated by the product of the orfl gene (Derré et al.
1999). The strong basal activity of P-clpC in the absence
of orfl, however, indicates that it is potentially useful for
driving heterologous gene expression in lactobacilli.

The use of multiple transcriptional start sites was a
common finding in the current study, particularly in L.
rhamnosus GG. This organism utilised promoter se-
guences with considerable promiscuity and readily initi-
ated transcription from two promoters when presented in
a synthetic tandem arrangement (data not shown). Tan-
dem promoters have been identified upstream of several
highly expressed gram-positive genes including the Bacil-
lus brevis cell wall protein genes (Yamagata et al. 1987)
and the Lactobacillus brevis S-layer gene (Vidgrén et al.
1992). Multiple promoters would be expected to lead to
higher levels of transcript than would a single promoter.
This property of L. rhamnosus GG may prove useful in
the design of expression cassettes for the organism.

It is possible that the new promotersisolated in the cur-
rent study are recognised by an aternative RNA poly-
merase o-factor. No Lactobacillus aternative o-factors
have been identified to date, nor have alternative o-factor-
dependent promoter sequences been mapped. None of the
promoters analysed in the current work showed identity to
promoter sequences determined for alternative o-factors
of E. coli or B. subtilis. Assuming that alternative o-fac-
tors exist in lactobacilli, it is likely that much of their ac-
tivities may be growth-phase dependent or environmen-
taly regulated (Lonetto et a 1992). In the current work,
all analyses were done with cells taken from the exponen-
tial phase of growth; hence it islesslikely that differences
in promoter activity could be explained solely by alterna-



tive o-factor binding. It is possible that promoters analysed
in the current study were subject to regulation at the tran-
scriptional level. Such promoter sequences may be ex-
pected to show less structured identity with consensus
hexamers, particularly at the —35 region.

The current study has identified attributes that are im-
portant in the control of transcription in lactobacilli. This
information will no doubt benefit the design of heterolo-
gous gene expression cassettesin this genus. Detailed mu-
tagenesis of promoter regions displaying conservation
would be necessary to gain further information on therole
of such elements in defining promoter function and
strength in lactobacilli.
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