APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Oct. 2004, p. 6197-6209
0099-2240/04/$08.00+0 DOI: 10.1128/AEM.70.10.6197-6209.2004

Vol. 70, No. 10

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Characterization of the groEL and groES Loci in Bifidobacterium breve
UCC 2003: Genetic, Transcriptional, and Phylogenetic Analyses

Marco Ventura,"** Carlos Canchaya,"? Ralf Zink,”> Gerald F. Fitzgerald,'
and Douwe van Sinderen'+?

Department of Microbiology' and Alimentary Pharmabiotic Centre,> National University of Ireland, Cork, Ireland,
and Department of Nutrition and Health, Cognis, Germany®

Received 1 April 2004/Accepted 27 May 2004

The bacterial heat shock response is characterized by the elevated expression of a number of chaperone
complexes, including the GroEL and GroES proteins. The groES and groEL genes are highly conserved among
eubacteria and are typically arranged as an operon. Genome analysis of Bifidobacterium breve UCC 2003
revealed that the groES and groEL genes are located in different chromosomal regions. The heat inducibility
of the groEL and groES genes of B. breve UCC 2003 was verified by slot blot analysis. Northern blot analyses
showed that the csp4 gene is cotranscribed with the groEL gene, while the groES gene is transcribed as a
monocistronic unit. The transcription initiation sites of these two mRNAs were determined by primer exten-
sion. Sequence and transcriptional analyses of the region flanking the groEL and groES genes of various
bifidobacteria revealed similar groEL-cspA and groES gene units, suggesting a novel genetic organization of
these chaperones. Phylogenetic analysis of the available bifidobacterial groES and groEL genes suggested that
these genes evolved differently. Discrepancies in the phylogenetic positioning of groES-based trees make this
gene an unreliable molecular marker. On the other hand, the bifidobacterial groEL gene sequences can be used
as an alternative to current methods for tracing Bifidobacterium species, particularly because they allow a high

level of discrimination between closely related species of this genus.

The genus Bifidobacterium includes gram-positive, pleomor-
phic, and strictly anaerobic bacteria, which are major constit-
uents of the intestinal microflora of humans, of other warm-
blooded animals, and even of honeybees (for a review see
reference 43). In recent years, bifidobacteria have been the
subject of growing interest due to their possible role in the
maintenance of gastrointestinal health (23, 35). For this reason
various bifidobacterial strains are considered to be probiotic,
and they are often added as viable bacteria to dairy products
(e.g., yoghurt) or supplied in infant foods. Bifidobacterial
strains have been selected on the basis of activities that could
assist in maintaining an improved intestinal microflora, stimu-
lating the immune response (2), protecting against coloniza-
tion by pathogens, or reducing activities of bacterial enzymes
that are associated with the development of colonic cancer (2).
However, such strains must also demonstrate resilience to the
adverse conditions encountered in industrial processes, such as
those encountered during starter handling and food storage
(freeze-drying, freezing, or spray-drying). Bifidobacteria are
subjected to potentially stressful conditions not only in indus-
trial processes but also in their natural environments, where
their ability to respond rapidly to stress is essential for survival
(41). The heat shock response is a universal example of a
global control system designed to increase bacterial survival.
The heat shock response induces the production of a large set
of proteins (known as the heat shock proteins), which are
generally involved in the maturation of newly synthesized pro-
teins and in the refolding or degradation of denatured proteins
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(10). The heat shock response has been extensively studied in
many gram-positive bacteria (Bacillus subtilis and Lactococcus
lactis) and gram-negative bacteria (Escherichia coli and Agro-
bacterium tumefaciens). Some of the most intensively investi-
gated heat shock proteins include the molecular chaperones
GroEL and GroES, which are highly conserved in E. coli and
eukaryotic cells (14). The GroEL and GroES chaperones (also
known as Hsp60 and Hspl0 chaperonins) have been recog-
nized as heat shock proteins in many bacteria, including E. coli,
B. subtilis (16), A. tumefaciens (33), Streptomyces lividans (6), L.
lactis (20), Lactobacillus helveticus (3), Lactobacillus johnsonii
VPI 11088 (50), Streptococcus suis (4), and Pseudomonas
aeruginosa (9). The genes encoding the molecular chaperones
GroES and GroEL are normally organized as a monocistronic
operon, while their translation products are assembled into
single or double heptameric rings (10). In the presence of
high-energy nucleotides, GroES forms an equimolar complex
with GroEL, which binds the protein substrate (22). The re-
lease of the correctly folded protein is contingent upon ATP
hydrolysis, and multiple binding and release may be necessary
for a protein to reach its native conformation (51). In addition
to its established role in protein folding and assembly, GroEL
has recently been shown to be implicated in protection of
mRNA from nuclease degradation, as well as in membrane
stabilization (14, 39).

The presence of the groEL and groES genes thus makes an
essential contribution to the survival of bacterial cells, and
consequently these molecules are included in the category of
housekeeping genes. Due in particular to their ubiquitous dis-
tribution, functional preservation, and sequence conservation,
the groESL genes are considered valuable molecular markers
for bacterial phylogenetic investigations (15, 24). They have
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TABLE 1. Strains, origins, and groES and groEL sequence accession numbers

Species Strain® groES accession no.” groEL accession no.”
Bifidobacterium lactis LMG 18906 AY586538 AY586539
Bifidobacterium animalis ATCC 25527 AYS585250 AY488178
Bifidobacterium lactis NCC 239 ND AY488182
Bifidobacterium lactis NCC 402 ND AY488177
Bifidobacterium lactis NCC 363 ND AY488176
Bifidobacterium lactis ATCC 27536 ND AY488181
Bifidobacterium lactis ATCC 27674 ND AY488179
Bifidobacterium animalis ATCC 27672 ND AY488183
Bifidobacterium coryneforme JCM 5819 AY585258 AY004275
Bifidobacterium breve UCC 2003 AY585262 AYS585261
Bifidobacterium adolescentis JCM 1275 AY585248 AF210319
Bifidobacterium longum NCC 2705 NC_004307 NC_004307
Bifidobacterium longum JCM 7053 ND AY166574
Bifidobacterium longum JCM 1217 ND AF240578
Bifidobacterium longum JCM 7052 ND AY166573
Bifidobacterium infantis JCM 1222 AYS585254 AF240577
Bifidobacterium infantis JCM 1210 ND AF240577
Bifidobacterium suis JCM 1269 AY585253 AY013248
Bifidobacterium suis JCM 7139 ND AY166575
Bifidobacterium bifidum JCM 1255 AY585252 AY004280
Bifidobacterium dentium JCM 1195 AY585247 AF240572
Bifidobacterium catenulatum JCM 1194 AY585249 AY004272
Bifidobacterium pseudocatenulatum JCM 1200 AY585259 AY004274
Bifidobacterium angulatum JCM 7096 AY585256 AF240568
Bifidobacterium globosum JCM 5820 AY585260 AF286736
Bifidobacterium pullorum JCM 1214 AY585255 AY004278
Bifidobacterium magnum JCM 1218 AY585251 AF240569
Bifidobacterium thermophilum JCM 1207 AYS585257 AF240567
Lactobacillus plantarum WCFS1 NC_004567 NC_004567
Lactobacillus gasseri ATCC 33323 NZ_AAA002000001 NZ_AAA002000001
Lactobacillus johnsonii NCC 533 NC_002662 NC_002662
Lactobacillus lactis subsp. lactis 1L1403 NC_002662 NC_002662
Streptococcus pyogenes MI1GAS NC_002737 NC_002737
Oenococcus oeni MCW NZ_AABJ00000000 NZ_AABJ00000000
Leuconostoc mesenteroides ATCC 8293 NZ_AABH02000054 NZ_AABH02000054
Enterococcus faecalis V583 NC_004668 NC_004668
Clostridium acetobutylicum ATCC 824 NC_003030 NC_003030
Mycobacterium bovis AF 2122/97 NC_002945 NC_002945
Streptomyces coelicolor A3 NC_003888 NC_003888
Corynebacterium glutamicum ATCC 13032 NC_003450 NC_003450
Listeria monocytogenes EGD NC_003210 NC_003210

“ ATCC, American Type Culture Collection; LMG, Laboratorium voor Microbiologie, University of Ghent; JCM, Japanese Collection of Microorganisms.
b For the strains whose genome sequences are available, the groES and groEL sequences were retrieved from the complete bacterial genome. ND, not determined.

been successfully used for identification of Mycobacterium,
Staphylococcus, Streptococcus, Enterococcus, Ruminococcus,
and Bifidobacterium species (4, 12, 17, 18, 36, 37). Several
genetic approaches targeting rRNA genes (19, 25, 30, 46, 48,
49) have been used in recent years for identification of bi-
fidobacteria. With the advent of the genomics era and polypha-
sic taxonomy (40), many molecular markers that are alterna-
tives to the 16S ribosomal DNA (rDNA) sequences have now
been described. Recently, alternative genes, such as those en-
coding elongation factor Tu (5, 44, 45) and ATPase subunits
(42) and recA (21, 44), have been used to examine phylogenetic
relationships and to trace bifidobacterial species.

In this study, we identified and characterized the groEL and
groES loci of Bifidobacterium breve UCC 2003 and Bifidobac-
terium lactis LMG 18906 and explored the heat induction of
these genes at transcriptional levels by Northern blot hybrid-
ization and primer extension analysis. Moreover, we evalu-
ated the robustness of using groES and groEL sequences as

molecular markers to infer the phylogeny of bifidobacterial
species.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used are sum-
marized in Table 1. All Bifidobacterium strains were grown anaerobically in MRS
(Difco, Detroit, Mich.) supplemented with 0.05% L-cysteine-HCI and incubated
at 37°C for 16 h.

DNA isolation. Genomic DNA was extracted by using the protocol described
in a previous study (47).

DNA amplification and cloning of the groES gene. PCR was used to amplify
the groES gene in all Bifidobacterium strains investigated. DNA fragments that
were approximately 200 bp long corresponding to the groES gene were amplified
by using the oligonucleotides gro-1 (5'-CTCACACCGTTGGAAG-3") and gro-2
(5'-GN(CA)GGAGACGATGAGGTA-3'). The resultant amplicons represent
the most conserved central part of the groES gene. Each PCR mixture (50 pl)
contained a reaction cocktail consisting of 20 mM Tri-HCI, 50 mM KCI, each
deoxynucleoside triphosphate at a concentration of 200 wM, 50 pmol of each
primer, 1.5 mM MgCl,, 1 U of Tag DNA polymerase (Gibco BRL, Paisley,
United Kingdom), and 25 ng of DNA template. Each PCR cycling profile con-
sisted of an initial denaturation step of 3 min at 95°C, followed by amplification
for 30 cycles as follows: denaturation for 30 s at 95°C, annealing for 30 s at 51°C,



VoL. 70, 2004

and extension for 1 min at 72°C. The resulting amplicons were separated on a
1.5% agarose gel, and this was followed by ethidium bromide staining. PCR
fragments were purified with a PCR purification spin kit (Genomed, Lohne,
Germany) and were subsequently sequenced.

DNA sequencing and phylogenetic study. Nucleotide sequencing of both
strands obtained from PCR amplicons was performed by MWG-Biotech AG
(Ebersberg, Germany). The primers used were gro-1 and gro-2 labeled with
IRD800 (MWG Biotech). The groES genes of all Bifidobacterium strains deter-
mined in this study, as well as those available in the GenBank database, were
used for comparison. Sequence data assembly and analysis were performed by
using the DNASTAR software (version 5.05; DNASTAR, Madison, Wis.). Se-
quence alignments were done by using the MultiAlign program and Clustal W
(38). Phylogenetic calculations, including distance calculations and generation of
phylogenetic trees, were performed by using the PHYLIP package (8). Trees
were calculated by the neighbor-joining method as implemented in the neighbor
module of PHYLIP. DNA distances were calculated with dnadist by using the
maximum-likelihood option. Protein distances were calculated with protdist by
using the PAM matrix of amino acid substitution (8). The robustness of the
results was assessed by resembling with substitution, commonly referred to as
bootstrapping. Branch length estimates (from dnadist or protdist) were super-
imposed on the consensus tree by using the fitch module within PHYLIP. Also,
dendrograms from gene sequences were constructed by using the Clustal X
program and were visualized with the TreeView program.

Bioinformatic analysis. Secondary structure prediction was performed with
MFOLD, version 3.1 (55). Isoelectric points were predicted with the European
Molecular Biology Open Software Suite (EBI).

Southern hybridization. Ten micrograms of bacterial DNA was digested to
completion by using restriction endonuclease EcoRI, EcoRV, or Xbal as rec-
ommended by the supplier (Roche, Mannheim, Germany). These restriction
enzymes were chosen because no restriction sites were observed within the
amplified groES and groEL gene fragments. Southern blotting of agarose gels was
performed on Hybond N+ membranes (Amersham, Little Chalfont, United
Kingdom) by using the method outlined by Sambrook and Russell (29). The
filters were hybridized with groES and groEL probes which were labeled with
«-3?P by use of the Random Primed DNA labeling system (Roche) and a DNA
template extracted from B. breve strain UCC 2003. Subsequent prehybridization,
hybridization, and autoradiography were carried out as described by Sambrook
and Russell (29).

RNA isolation and Northern blot analysis. B. breve UCC 2003 cells were
grown to an optical density at 600 nm of 0.6, at which point the culture was held
at 37°C or shifted to 43, 47, or 50°C. At the initial time, at 25, 50, 100, and 150
min, and at 15 h a 30-ml sample was collected from each culture and briefly
centrifuged to harvest cells. Total RNA was isolated by using macaloid acid and
was treated with DNase (Roche, East Sussex, United Kingdom). The initial
Northern blot analysis of the groEL-groES activity of bifidobacteria was carried
out by using 15-pg aliquots of RNA. The RNA was separated in a 1.5% agarose—
formaldehyde denaturing gel, transferred to a Zeta-Probe blotting membrane
(Bio-Rad, Hertfordshire, United Kingdom) as described by Sambrook and Rus-
sell (29), and fixed by UV cross-linking with a Stratalinker 1800 (Stratagene, La
Jolla, Calif.). By using PCR amplicons obtained with primers targeting the
groEL, groES, and cspA genes, all the genes were radiolabeled (29). Prehybrid-
ization and hybridization were carried out at 65°C in 0.5 M NaHPO, (pH
7.2)-1.0 mM EDTA-7.0% sodium dodecyl sulfate (SDS). Following 18 h of
hybridization, the membranes were rinsed twice for 30 min at 65°C in 0.1 M
NaHPO, (pH 7.2)-1.0 mM EDTA-1% SDS and twice for 30 min at 65°C in 0.1
mM NaHPO, (pH 7.2)-1.0 mM EDTA-0.1% SDS and then exposed to X-
OMAT autoradiography film (Eastman Kodak, Rochester, N.Y.). Autoradio-
graphs were analyzed with ImaGene 5.1 (BioDiscovery).

Primer extension analysis. The 5’ ends of the RNA transcripts were deter-
mined as follows. Separate primer extension reactions were conducted with
15-pg aliquots of RNA isolated as described above and mixed with 1 pmol of
labeled primer IRD800 (MWG Biotech) and 2 pl of buffer H [2 M NaCl, 50 mM
piperazine-N,N'-bis(ethanesulfonic acid) (PIPES), pH 6.4]. The mixture was
denatured by incubation at 90°C for 5 min and then hybridized for 60 min at
42°C. After addition of 5 ul of 1 M Tris-HCI (pH 8.2), 10 pl of 0.1 M dithio-
threitol, 5 wl of 0.12 M MgCl,, 20 l of a mixture containing each deoxynucleo-
side triphosphate at a concentration of 2.5 mM, 0.4 pl (5 U) of reverse tran-
scriptase (Sigma, St. Louis, Mo.), and 49.6 pl of double-distilled water, the
enzymatic reaction mixture was incubated at 42°C for 2 h. The reaction was
stopped by adding 250 pl of an ethanol-acetone mixture (1:1), and the reaction
mixture was incubated at —70°C for 15 min was and then centrifuged at 10,000
rpm for 15 min in a model S417C centrifuge (Eppendorf, Hamburg, Germany).
The pellets were dissolved in 4 pl of distilled water and mixed with 2.4 ul of
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loading buffer from a sequencing kit (Thermosequenase; fluorescence labeled;
Amersham, Buckinghamshire, United Kingdom). The primer extension product
was subjected to electrophoresis on an 8% polyacrylamide—urea gel along with
sequencing reaction mixtures from reactions that were conducted by using the
same primers employed for the primer extension and detected by using a LiCor
sequencer (MWG Biotech). The following synthetic oligonucleotides were used:
cspA-prom (5'-GATCACCCTCGTACAGCATC-3") and groES-prom (5'-GAT
GCGGTCTGAGTCTCG-3'), located at positions 91 to 110 and 933 to 955 in
the corresponding nucleotide sequences.

Slot blot hybridization of the groEL and groES mRNAs. Twenty-five micro-
grams of total RNA was alkali denatured, transferred to Zeta-Probe blotting
membranes (Bio-Rad Laboratories) with a Bio-Dot SF microfiltration apparatus
(Bio-Rad) as specified by the manufacturer, and subjected to one UV auto-cross-
linking cycle with the UV Stratalinker 1800 (Stratagene). Prehybridization and
hybridization were carried out at 65°C in 0.5 M NaHPO, (pH 7.2)-1.0 mM
EDTA-7.0% SDS with the same [«->?P]dATP-labeled, groEL- and groES PCR-
generated probes.

Nucleotide sequence accession numbers. The GenBank accession numbers for
partial Bifidobacterium groES gene sequences generated in this study are as
follows: B. bifidum JCM 1255, AY585252; B. infantis JCM 1222, AY585254; B.
catenulatum JCM 1194, AY585249; B. pseudocatenulatum JCM 1200, AY585259;
B. adolescentis JCM 1275, AY585248; B. animalis ATCC 25527, AY585250; B.
lactis LMG 18906, AY586538; B. suis JCM 1269, AY585253; B. coryneforme JCM
5919, AY585258; B. dentium JCM 1195, AY585247; B. angulatum JCM 7096,
AYS585256; B. thermophilum JCM 1207, AY585255; B. magnum JCM 1218,
AYS585251; B. globosum JCM 5820, AY585260; and B. pullorum JCM 1214,
AYS585255. The nucleotide sequence data for the groEL and groES loci of B.
breve UCC 2003 have been deposited in the GenBank database under accession
numbers AY585261 and AY585262, respectively, and the nucleotide sequence
data for the groEL and groES loci of B. lactis LMG 18906 have been deposited
in the GenBank database under accession numbers AY586539 and AY586538,
respectively.

RESULTS

Within the framework of the B. breve UCC 2003 genome
sequencing project, the nucleotide sequences of the groEL and
groES regions were determined. The sequences encoded by
two open reading frames (ORFs) located in distant DNA re-
gions displayed high levels of similarity with the deduced
amino acid sequences of GroEL (81% identical amino acids)
and GroES (94% identical amino acids) from B. longum NCC
2705, which led to precise assignment of the B. breve UCC 2003
groEL and groES genes. The groEL gene starts with the canon-
ical start codon AUG and encodes a predicted protein consist-
ing of 541 amino acids, whereas the groES gene starts at the
alternative start codon GUG and encodes a deduced protein
consisting of 97 amino acids. Comparison of the B. breve UCC
2003 groEL and groES products with proteins deposited in the
publicly available databases revealed high levels of sequence
similarity with GroEL and GroES chaperonins from other
high-G+C-content gram-positive bacteria (e.g., Mycobacte-
rium and Streptomyces). The complete nucleotide sequences of
the groES and groEL loci in B. breve and B. longum were
determined, and the proposed organization of the two regions
is shown in Fig. 1.

We also analyzed the groEL and groES gene composition of
a phylogenetically distant taxon, B. lactis LMG 18906. Thus,
screening of a clone library of B. lactis LMG 18906 revealed
the presence of two clones, whose groEL and groES gene
products exhibited significant amino acid homology with the
groEL and groES gene products of B. breve UCC 2003. By using
a PCR amplification strategy it was possible to extend the
region surrounding the groEL and groES genes of B. lactis
LMG 18906.

The deduced amino acid sequences encoded by the B. breve
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FIG. 1. Comparison of the groEL and groES loci in B. breve UCC 2003 with the corresponding loci in different bacteria. Each arrow indicates
an ORF. The length of the arrow is proportional to the length of the predicted ORF. Corresponding genes are indicated by the same color. Red
indicates the groES gene; blue indicates the groEL gene; brown indicates the cspA gene; dark green indicates a gene encoding a putative response
regulator; brilliant green indicates a gene encoding a putative transport regulator; yellow indicates a gene encoding a putative lyase; black indicates
a gene encoding the putative ribosomal protein L33; grey indicates a gene encoding a hypothetical protein. The putative function of the protein
is indicated above each arrow. Genes exhibiting =70% amino acid similarity are linked by blue shading, and genes exhibiting =69% amino acid
similarity are linked by violet shading. The levels of amino acid identity, expressed as percentages, are indicated.

UCC 2003 groEL and groES loci were aligned with those of B.
lactis LMG 18906, B. longum NCC 2705, B. longum DJO10A,
Streptomyces coelicolor A3, L. johnsonii NCC 533, and E. coli
K-12 (Fig. 1). In B. breve UCC 2003 the groEL gene is located
directly downstream of the cspA4 gene (encoding a predicted
major cold shock protein) and upstream of a hypothetical
ORF. Comparative analysis of the cspA4-encoded product with
proteins in the databases revealed a high degree of similarity
with several cold shock proteins from various high-G+C-con-
tent bacteria and also a significant level of similarity with CspA
of E. coli. Furthermore, CspA of B. breve shared extensive
features with other CspA proteins, including an acidic isoelec-
tric point, the presence of the RNP-1 motif (KGFGFIQP), and
the absence of cysteine residues. The predicted B. breve UCC
2003 CspA protein contains the consensus cold shock domain
that has been described as being highly conserved among CspA
homologs; this protein is thought to be involved in the binding
to DNA or RNA (26).

The protein comparison showed that the proteins most sim-
ilar to B. breve CspA were those from B. longum strains NCC
2705 and DJO10A. In contrast, CspA from B. lactis LMG

18906 exhibited high levels of similarity with CspA proteins of
many low-G+C-content bacteria (L. lactis, Lactobacillus plan-
tarum, and Clostridium actetobutylicum). The groES gene is
preceded by a gene encoding a hypothetical protein and is
followed by an rpmG gene that encodes the putative ribosomal
protein L33. Interestingly, two tRNA genes specific for Met
(CAT anticodon) and Tyr (GTA anticodon) were located in
the intergenic region between the groES and rpmG genes.
Furthermore, an insertion (IS)-like element belonging to the
IS3 family was identified between the two tRNA genes, and it
was identical to an IS-like element (ISBlo3a) identified in the
genome of B. longum NCC 2705 (31). The DNA region span-
ning the tRNA genes and the IS-like sequences showed a level
of similarity of more than 80% in the bifidobacterial strains
used.

The analysis of the genome sequences of B. longum NCC
2705 and DJO10A revealed similar physical locations for the
groEL and groES genes, which were similar to those observed
in B. breve UCC 2003. We found that the groES and groEL
genes were located in different chromosome regions and not
on a contiguous DNA segment.
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FIG. 2. Heat shock induction of the B. breve UCC 2003 groEL and groES loci. Total RNA was isolated from B. breve UCC 2003 following
exposure to various temperatures for specific times and was analyzed by slot blot hybridization. (a) All slots, each of which contained 25 g of RNA
from cells incubated for up to 150 min at a temperature from 37 to 50°C, were probed with **P-labeled PCR products corresponding to the groEL
gene. (b) All slots, each of which contained 25 pg of RNA from cells incubated for up to 150 min at 43°C, were probed with **P-labeled PCR
products corresponding to the groEL gene. (c) All slots, each of which contained 25 wg of RNA from cells incubated for up to 150 min at 43°C,
were probed with *?P-labeled PCR products corresponding to the groES gene. The numbers above the slot blots indicate the incubation times (in

minutes), while the temperatures are indicated on the right in panel a.

The overall genetic structure of the cspA-groEL region was
highly conserved among bifidobacteria. In fact, PCR amplifi-
cation with a primer pair targeting conserved DNA sequences
within the cspA and groEL genes yielded the expected am-
plicons for all bifidobacterial species used. Subsequently,
sequencing of these amplicons confirmed the conserved cspA-
groEL organization (data not shown). Surprisingly, this genetic
organization of the groEL locus does not resemble the orga-
nization of any other groEL operon described so far. The only
exception to this finding is S. coelicolor A3, which has a similar
cspA-groEL gene arrangement, but the similarity at the amino
acid level with the homologous proteins of B. breve UCC 2003
was low. Interestingly, S. coelicolor A3 contains two copies of
the groEL genes, and only groEL?2 is located next to the cspA
gene, whereas groEL1 is adjacent to a groES gene (Fig. 1 and
data not shown).

Heat induction of the B. breve UCC 2003 groEL gene. To
evaluate the heat shock response in B. breve UCC 2003 and
to determine the most effective temperature for subsequent
groESL induction experiments, a slot blot hybridization proce-
dure was used to test RNA which was isolated from B. breve
UCC 2003 cultures grown for different lengths of time at tem-
peratures ranging from 37 to 50°C. Based on the intensity of
the hybridization signal, the highest expression of the groEL

gene in this temperature range occurred at 43°C (Fig. 2a). To
verify this finding and to calculate the extent of heat induction,
RNA was isolated from heat-treated cultures of B. breve and
used as a target in an RNA slot blot analysis with radiolabeled
probes for the groEL and groES genes. The levels of groES and
groEL. mRNAs were induced approximately 8- and 12-fold,
respectively, when bacterial cells were subjected to heat stress
for 150 min (Fig. 2b and c).

Transcription analysis of groEL and groES loci. Northern
hybridization experiments were performed in order to deter-
mine whether the groEL and groES genes were cotranscribed
with their flanking genes. Total RNA was extracted from cul-
ture of B. breve UCC 2003 grown at 37°C or under heat stress
conditions (43°C). The transcription of the groEL gene was
investigated by Northern blotting by using an internal groEL
probe. A 2.1-kb transcript was detected in RNA extracted from
37 and 43°C samples. The shift to heat shock conditions (43°C)
clearly increased the strength of expression of the 2.1-kb tran-
script (Fig. 3a). When a probe spanning the csp4 gene was
used in Northern blot hybridization experiments, a 2.1-kb sig-
nal was still detected. The cspA gene had kinetics of activation
similar to that of the groEL gene. The transcription levels of
both genes increased upon a temperature shift and reached the
maximum value at 150 min. This result indicated that the cspA
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FIG. 3. Northern blot analysis of the B. breve UCC 2003 groEL (a) and groES (b) loci. The mRNAs isolated from cultures maintained under
normal or heat shock conditions were probed with PCR fragments corresponding to the groEL, groES, and cspA genes and genes located in
intergenic or upstream regions. Schematic representations of the transcription maps of the groEL and groES loci are included. All predicted ORFs
are indicated and are annotated with their database matches. The locations of the probes used are indicated by the lines below the gene maps. The
transcripts are indicated by arrows, and the arrows point to the 3’ end of the mRNA. The estimated size of each transcript is indicated. Hairpins
indicate possible rho-independent terminators. The transcripts are positioned with respect to the genome map shown above. The DNA probes used
for hybridization are indicated as thin lines below the genome map. Each blot contained mRNA extracted from B. breve UCC 2003 maintained
under normal or heat shock conditions. Lane 1, RNA isolated from a culture at the beginning of the experiments; lane 2, RNA isolated from a
culture at 25 min upon a temperature shift; lane 3, RNA isolated from a culture at 50 min upon a temperature shift; lane 4, RNA isolated from
a culture at 100 min upon a temperature shift; lane 5, RNA isolated from a culture at 150 min upon a temperature shift; lane 6, RNA isolated
from a culture after 15 h upon a temperature shift. The estimated length of the transcript corresponding to the hybridization signal is indicated.
hypoth, hypothetical open reading frame.
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and groEL genes form a monocistronic unit. When Northern
hybridization was performed with a probe corresponding to the
OREF following the groEL gene, no transcripts were detected,
suggesting that this gene is not part of the groEL locus. An
inverted repeat was observed in the region immediately down-
stream of the groEL gene, which may serve as the terminator
sequence (Fig. 3a). Northern hybridization with a specific
groLS probe yielded a 0.3-kb signal whose size did not change
after heat shock (Fig. 3b). However, the levels of groES-specific
mRNA increased upon heat shock. Northern analysis of the
DNA sequences surrounding the groES gene with RNA ex-
tracted from unstressed and heat-shocked cells did not reveal
any transcripts, indicating that these genes do not belong to the
groES locus. Analysis of the nucleotide sequence of the groES
locus revealed that the groES gene was delimited at its 3’ end
by a strong inverted repeat that may function as a terminator
sequence (Fig. 3b).

Identification of transcription start sites of the groEL and
groES loci. To determine the general characteristics and orga-
nization of the cspA and groES promoters, transcription initi-
ation sites were mapped by primer extension. Primer extension
experiments were performed by using total RNA isolated from
heat-shocked and unshocked cells. The transcriptional start
sites were identified upstream of the assumed start codons of
the cspA and groES genes (Fig. 4a and b). Analysis of the
putative promoter regions revealed a potential promoter-like
sequence having a putative —10 hexamer and —35 box (Fig.
4d). The same 5' terminus was found for the transcripts syn-
thesized at 37°C (data not shown). Thus, the cspA and groES
promoters are functional under stressed and unstressed con-
ditions. Notably, in the groES promoter sequence two inverted
repeats (GTTAGCACTC) were detected in the region sur-
rounding the —35 box. These inverted repeats varied by only
one mismatch from a regulatory structure termed CIRCE (33),
which has been demonstrated to be involved in expression of
the groES gene in many bacteria. In the csp4 promoter region
a 10-bp inverted repeat (GCCACCATCA) was detected up-
stream of the —35 box, and an 8-bp inverted repeat (CGTTC
CCT) and a 5-bp direct repeat were found in the untranslated
leader sequences. The promoter region of cspA and groES
revealed the presence of long 92- and 93-bp untranslated
leader sequences, respectively. Computer analysis of the sec-
ondary structure of the untranslated leader sequence of the
putative cspA promoter predicted the formation of an exten-
sive hairpin-like structure (Fig. 4c). This feature is shared with
several cold shock genes, and it has been shown to play a
crucial role in mRNA stability and in the translation efficiency
of the cspA mRNA (53, 54).

Investigation of the copy number of the groEL and groES
genes in the genomes of different bifidobacterial species. Many
species of bacteria (including high-G+C-content gram-positive
bacteria) contain several genes homologous to groEL (33). To
determine whether the members of the genus Bifidobacterium
also contain multiple copies of the groEL and groES genes, the
amplified groEL and groES DNAs were used as probes in
Northern blot experiments and hybridized to genomic DNAs
of 12 bifidobacterial species digested with the enzymes
EcoRI, EcoRV, and Xbal (data not shown). Each of the
bifidobacterial strains examined yielded a single band, and
the bands were different sizes (ranging from 1,600 to 5,100
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bp for the groEL probe and from 1,800 to 5,000 bp for the
groES probe), suggesting that only single copies of the groEL
and groES genes are present in all of these genomes. These
findings were also confirmed by sequence analysis of the entire
genomes of B. breve UCC 2003 (S. Leahy, J. A. M. Munoz, G.
F Fitzgerald, D. G. Higgins, and D. van Sinderen, unpublished
data), B. longum NCC 2705 (31), and B. longum DJO10A
(GenBank accession numbers NZ_AABM02000001 to NZ_
AABMO02000120 [DOE Joint Genome Institute]), each of
which harbors a unique copy of the groEL and groES genes.

Sequencing and phylogenetic analysis based on groEL and
groES sequences. Several groES sequences retrieved from pub-
lic database were aligned and compared. Two conserved re-
gions were identified, and two PCR primers (gro-1 and gro-2)
amplifying a 200-bp region were designed. This primer pair
allowed amplification of the central part of the groES gene
from 16 Bifidobacterium strains. The sequence alignments of
the groES genes were used to examine the phylogenetic rela-
tionships of the bifidobacterial species included in our analysis,
as well as other strains belonging to different genera represent-
ing the high- and low-G+C-content gram-positive bacteria
(Fig. 5b). A phylogenetic tree was also generated by using
partial groEL sequences retrieved from publicly available da-
tabases. The groEL-based tree was designed by using the same
set of strains that were employed for the groES gene-based tree
(Fig. 5). In order to evaluate the reliability of the branching
of the trees, a bootstrap analysis was performed. Both trees
showed that the gram-positive bacteria form two groups based
on the different G+C contents: the low-G+C-content bacteria
(the genera Lactobacillus, Lactococcus, Streptococcus, Listeria,
Clostridium, Oenococcus, Leuconostoc, and Enterococcus) and
the high-G+C-content bacteria (Bifidobacterium, Mycobacte-
rium, Corynebacterium, and Streptomyces). The genera Myco-
bacterium, Streptomyces, and Corynebacterium have been de-
scribed as organisms that contain more than one copy of the
groEL gene (33). Phylogenetic analysis of these bacteria based
on the partial groEL gene sequence showed that all groEL2
genes clustered together, while the groEL1 sequences resulted
in a separate cluster. The bifidobacterial groEL genes branched
with the groEL2 gene from high-G+C-content gram-positive
bacteria, suggesting a common origin.

Comparison of the two phylogenetic trees shows that there
are many branching discrepancies (Fig. 6). The phylogenetic
positions of many bifidobacterial species were bound to be very
different in the two trees. In order to improve the accuracy of
our phylogenetic estimates, we traced trees using different
methods. The tree topologies obtained had similar hierarchical
arrangements (data not shown). A phylogenetic tree was also
constructed on the basis of the 16S rDNA sequences available
in databases by using the same set of strains that were em-
ployed to construct the groES- and groEL-based trees. The
phylogenetic positions of bifidobacterial species based on
groEL sequences were generally in agreement with those de-
termined by using the 16S rDNA sequences but were not in
agreement with the groES-based phylogeny (data not shown).
These findings were also confirmed by the relationship be-
tween the pairwise distances of the 16S rRNAs and the syn-
onymous distances for the groEL and groES genes. In fact, the
correlation between the genetic distances of the 16S rDNA
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FIG. 5. Phylogenetic trees obtained by using the groEL (a) and groES (b) genes. The bar scales indicate phylogenetic distances. Bootstrap values
are indicated for a total of 1,000 replicates. The trees were calculated by the neighbor-joining method as implemented in the neighbor module of

PHYLIP.
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FIG. 6. Histograms showing the distribution of the chaperonin 60 gene (grey bars) and 16S rRNA (solid bars) pairwise DNA sequence
identities for bifidobacteria. A total of 135 pairwise comparisons were used for each gene.

sequences and the distances of the groES genes was very low
(r = 0.26), whereas there was a significant correlation (r =
0.94) between the genetic distances of the16S rDNA sequences
and those of the groEL sequences.

Comparison between 16S rRNA distances and groEL gene
distances. The pairwise distances (for 135 comparisons) be-
tween groEL gene sequences were calculated by the maximum-
likelihood procedure (8) and were compared to the distances
between the corresponding 16S rDNA sequences. The results
are presented as a histogram in Fig. 6. The chaperonin groEL
gene sequences of bifidobacteria were found to be signifi-
cantly more distant from each other than the 16S rDNA se-
quences were; the average pairwise groEL gene distance was
0.16, compared to an average 16S rRNA distance of 0.084.
The chaperonin groEL gene sequences also showed a great-
er diversity; there were 7 distances of 95 to 90% in the chap-
eronin groEL gene distance matrix, compared to 80 such dis-
tances in the 16S rRNA distance matrix, again indicating that
the chaperonin groEL gene sequences are more discriminat-
ing.

When we aligned the partial groEL gene sequences of bi-
fidobacterial species included in Table 1, we noticed that most
of the base substitutions in the groEL sequences were synon-
ymous; i.e., they did not result in amino acid changes. In ad-
dition, attention was focused on closely related taxa, like B. lac-
tis and B. animalis strains or B. longum, B. suis, and B. infantis
strains. Twelve nucleotide substitutions were observed when
the groEL sequences of B. lactis and B. animalis strains were
compared, but only two of these substitutions contributed to an
amino acid substitution. In parallel, 11 synonymous nucleotide
substitutions were noticed for the groEL gene sequences of
B. longum, B. suis, and B. infantis strains. Interestingly, many of
these base differences were thymine or adenine in B. longum
and cytosine in B. infantis and B. suis. In addition, most of the
base substitutions were adenine or thymine in B. lactis and
cytosine or guanine in B. animalis.

DISCUSSION

The GroEL and GroES chaperones have been extensively
studied in low-G+C-content gram-positive bacteria, whereas
very little is known about these proteins in high-G+C-content
gram-positive bacteria, like bifidobacteria. In the present study
we genetically characterized the individual transcription units
containing the groEL and groES genes of B. breve UCC 2003.
In contrast to other high-G+C-content gram-positive bacteria,
which may contain multiple copies of chaperonin-encoding
genes (33), bifidobacterial genomes were shown to contain just
a single groEL homolog.

The genetic organization of the groEL and groES loci in
B. breve, as well as in B. longum and B. lactis, is without
precedent in the bacterial world, which could be of great in-
terest from an evolutionary point of view. The only exception
to this finding is S. coelicolor A3, which has a similar cspA4-
groEL gene arrangement; however, unlike the situation in bi-
fidobacteria, the S. coelicolor A3 cspA gene is located down-
stream of the groEL gene, which might indicate that there are
different gene regulation mechanisms for the cspA-groEL locus
in these species. The bifidobacterial groEL and groES genes are
not organized as a monocistronic operon, while a short ORF is
located upstream of the groEL gene, which encodes a protein
which exhibits significant amino acid homology with the cspA
gene product of E. coli (52).

Interestingly, we showed that in bifidobacterial genomes the
groEL and groES genes are located in two different chromo-
some regions, and an ISBlo3a element was identified adjacent
to the groES chaperonin-encoding gene. The significance of
this genomic arrangement is unknown, but a similar organiza-
tion has been reported for 1S7223 and groES in L. johnsonii
(50).

Phylogenetic analysis of bifidobacterial species based on the
groES and groEL genes indicates that these genes evolved
differently. The data presented here show that the phyloge-
netic position of bifidobacteria based on GroEL-encoding se-
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quences is generally in agreement with 16S rRNA-based phy-
logeny but not with groES-based phylogeny. The discrepancies
in the branching orders suggest that the groES gene in bi-
fidobacteria might have been acquired through horizontal
transfer in one lineage at an earlier stage of divergence. An-
other possible scenario which might explain this gene inventory
situation may be that an early incomplete operon duplication
generated a second copy of the groEL gene in the Actinobac-
teria, which subsequently came under the control of the pro-
moter of a cspA-like gene. While the environmental Actinobac-
teria maintained the original groEL gene in an operon with
groLS, the groEL copy was lost by deletion early in speciation
of bifidobacteria since all of these organisms seem to lack this
gene.

Since the groES and groEL sequences have been used for
phylogenetic purposes (4, 12, 14, 17, 18, 36, 37), the existence
of the groES gene originating from horizontal gene transfer or
by duplication followed by a deletion event may alter the phy-
logeny when this gene is used for such an analysis. Hence, this
finding, together with the fact that the groES gene evolved
separately and distantly from the classical molecular marker,
makes the Hspl10-encoding gene an unreliable molecular evo-
lutionary clock for inferring the phylogeny of bifidobacteria.
Conversely, the GroEL-encoding gene fulfils all of the prereq-
uisites for being a suitable phylogenetic marker, such as a wide
distribution, very high genetic stability, and no exchangeability
among lineages by horizontal gene transfer (24). In this study,
we confirmed the robustness of the groEL genes as a molecular
marker, as proposed by Jian et al. (18). Our results showed that
the groEL sequences provide superior discrimination between
closely related strains (e.g., B. animalis and B. lactis or B. lon-
gum, B. infantis, and B. suis) compared to the 16S rRNA se-
quences and at the same time produce results which closely
parallel those of a 16S rRNA phylogenetic analysis. Interest-
ingly, most of the nucleotide differences between these closely
related taxa might be a consequence of the spontaneous de-
amination of cytosine. A similar finding was described for
mutation of the fuf and recA gene sequences of B. lactis and
B. animalis (44) and for mutation of the 16S rDNA of Lacto-
bacillus delbrueckii in relation to its speciation (11). These
sequence signatures can be used directly to design specific
PCR primers or as a target for specific restriction enzymes that
provide species-specific restriction fragment length polymor-
phism patterns. Use of the groEL sequences, as well as the fuf
(5, 44, 45), recA (44), and atpD genes (42), as phylogenetic
markers for bifidobacteria has the advantage that the amino
acid sequences can be used to infer bacterial phylogenies,
which avoids the problems of rRNAs and likely overestimation
of the relatedness of taxa with similar nucleotide differences, a
lack of independence of substitution patterns at different sites,
and bias resulting from different G+C contents (7, 27).

The bacterial heat stress response is a very complicated
mechanism, which involves a large arsenal of proteins (41). For
many bacteria it has been demonstrated that exposure to high
temperature and the subsequent protein denaturation are fol-
lowed by an increase in the amount of Hsp60 and Hsp10 (3, 6,
10, 20, 50). Identification of the genetic basis of heat resistance
for industrially applicable bifidobacterial strains that are more
resistant to high temperatures during food manufacture (e.g.,
spray-drying) is highly desirable.
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This study showed that in bifidobacteria the groEL and
groES genes are strongly induced during growth at 43°C, which
is in agreement with the observation that the activity of Hsp10
and Hsp60 in related high-G+C-content bacteria is enhanced
upon heat shock (32, 34). Interestingly, transcription of the
groEL-groES genes from B. breve occurs at a normal growth
temperature and is increased significantly upon a shift to a
higher temperature. The level of groEL transcription seems to
be considerably higher than the level of groES transcription. A
similar observation was described for S. lividans, in which one
of the two copies of the groEL gene (groEL2) showed a higher
level of heat induction (6). In the latter case it was suggested
that groEL2 chaperone activity might not require the presence
of a cochaperonin. It may be that a similar situation occurs in
B. breve.

We demonstrated that the CspA- and GroEL-encoding genes
are cotranscribed and belong to the same transcription unit.
Primer extension experiments precisely mapped the start of the
transcript in the cspA-groEL operon. A 2.1-kb transcript de-
rived from the cspA promoter covers all of the cspA-groEL
operon of B. breve UCC 2003. Cotranscription of the cspA and
groEL genes might suggest a common function for these genes
following environmental stresses. Like E. coli CspA and
B. subtilis CspB (13, 52), it is possible that CspA of B. breve acts
as an RNA chaperone or has a role in ensuring protein syn-
thesis from the groEL gene. In fact, groEL transcripts of
B. breve contain a large number of high-energy RNA secondary
structures, which can reduce its translation level. Hence, it may
be that CspA acts as an RNA chaperone by preventing the
formation of extensive secondary structures along groEL
mRNAs. Moreover, cold shock proteins have been described
as functioning as molecular chaperones that act upon the struc-
ture of preexisting polypeptides by assisting the refolding of
denatured proteins in a concerted action with GroEL and
GroES chaperonins (15). Therefore, CspA of B. breve might
act as a molecular chaperonin by interacting with the GroEL
chaperonin in assisting protein folding. A likely ancient func-
tion of the CspA protein was binding to nucleic acids. It is
possible that the genes came under the control of different
promoters during the course of evolution of gram-positive and
gram-negative bacteria, leading to the acquisition of mutations
which resulted in CspA becoming a true cold shock regulatory
protein in the evolutionarily younger proteobacteria, whereas
it became a heat shock regulatory protein in bifidobacteria.

The heat shock proteins are highly conserved, whereas con-
trol of their expression is highly variable among organisms,
even among various bacteria (32). Expression of the groEL and
groES genes in many bacteria has been reported to be gov-
erned by the widespread HrcA-CIRCE control system (1, 54).
HrcA, a repressor protein, negatively regulates transcription of
the groES-groEL genes by binding to a DNA element called
CIRCE (for controlling inverted repeat of chaperone expres-
sion) upon heat shock. Sequence analysis of the promoter
region of the groEL locus did not reveal any consensus CIRCE
operator sequence, whereas the groES promoter region con-
tains a nearly perfect consensus CIRCE sequence. Control of
chaperone expression by the HrcA-CIRCE system has been
postulated to be more ancient than the o°**-dependent tran-
scription of heat shock genes (28); consequently, the presence
of CIRCE sequences in the groES promoter region of bi-
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fidobacteria is another sign supporting the ancient presence of
a traditional groESL operon in the ancestors of all bifido-
bacteria, whose descendants (the extant bifidobacteria) main-
tained the CIRCE sequence but lost the groEL gene.

Interestingly, in the genome sequence of B. longum NCC
2705 a heat shock sigma factor has been identified (31), which
might be implicated in regulation of the expression of the
cspA-groEL and groES loci.

A better understanding of the mechanisms of heat stress
resistance or other adaptive responses and the associated
cross-protection is expected to lead to full exploitation of fitter
bifidobacteria for industrial processes (32). In this context,
future genome and transcriptome analyses should increase the
genetic information available and shed new light on the per-
ception of, and the response to, stress by bifidobacteria.
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