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Nestlé Research Center, Vers-Chez-Les-Blanc, 1000 Lausanne 26, Switzerland

Received 27 August 2009/Accepted 22 October 2009

The development of molecular tools allowed light to be shed on several widespread genetic mechanisms
aiming at limiting the effect of molecular damage on bacterial survival. For some bacterial taxa, there are
limited tools in the genetic toolbox, which restricts the possibilities to investigate the molecular basis of their
stress response. In that case, an alternative strategy is to study genetic variants of a strain under stress
conditions. The comparative study of the genetic determinants responsible for their phenotypes, e.g., an
improved tolerance to stress, offers precious clues on the molecular mechanisms effective in this bacterial
taxon. We applied this approach and isolated two heat shock-tolerant strains derived from Bifidobacterium
longum NCC2705. A global analysis of their transcriptomes revealed that the dnaK operon and the clpB gene
were overexpressed in both heat shock-tolerant strains. We sequenced the hspR gene coding for the negative
regulator of dnaK and clpB and found point mutations affecting protein domains likely responsible for the
binding of the regulators to the promoter DNA. Complementation of the mutant strains by the wild-type
regulator hspR restored its heat sensitivity and thus demonstrated that these mutations were responsible for
the observed heat tolerance phenotype.

Over the last few decades, genetic analysis of the bacterial
stress response has revealed a panoply of mechanisms protect-
ing the bacterial cell from deleterious molecular damage (13).
Mostly performed on model organisms like Escherichia coli,
these experiments identified, sometimes fortuitously, a set of
genetic components involved in the cellular stress response.
Despite the strikingly high level of genetic conservation and
the widespread nature of these genes, variations on the same
theme were the rule. Differences exist even between closely
related organisms (23, 33). The study of these mechanisms and
their comparison were possible thanks to the genetic tools
available for these model organisms. For some bacterial taxa,
the genetic toolbox is rather limited, restricting the investiga-
tions of the molecular basis of the stress response to specula-
tive comparisons with well-established model systems. In these
cases, the “omics” technologies (genomics, transcriptomics,
proteomics, and metabolomics) are frequently proposed to
address questions in genetically less treatable organisms. Un-
fortunately, correlations are not causal relationships. Due to
the large data sets generated by “omics” technologies, these
approaches frequently raise more hypothesis than they can rule
out. This may be circumvented by applying strategies to narrow
down the complexity of the obtained “omics” data set. In that
respect, comparison of parental strains with spontaneous mutants
showing a defined phenotype is an interesting approach. Direct
comparison of the global gene expression profiles between a mu-
tant strain and the wild-type (wt) strain might lead directly to the
genetic differences underlying the phenotypes. Additionally, the
collection of data from analyses of several independent mutants
allows identification of their common genetic determinants likely

associated with the investigated phenotype. The few remaining
genetic associations can then be tested by classical molecular
approaches, when they are available for use to study this organ-
ism.

Some bacterial species, including Bifidobacterium longum,
are known to have poor tolerance to temperature increase,
oxygen, or desiccation (35). However, even in such a species,
variations in stress tolerance have been documented (19). Ro-
bust stress-resistant mutants arise, sometimes spontaneously
(9, 20, 29, 30). Specific stress-tolerant mutants might thus be
obtained by natural selection. In this process, a strain is sub-
jected to alternating periods of normal growth conditions and
stress conditions. If stress-adapted mutants appear, they
quickly outcompete the parental strain, facilitating their isola-
tion. Hence, such an iterative natural evolution process allows
us to quickly obtain genetic variants that are less sensitive to
stress than the original bacteria.

The genetic response of Bifidobacterium longum to heat
shock (HS) was recently documented in its complexity (27, 31).
When doing a global transcriptomic analysis by microarrays,
HS altered the transcription of 46% of the genes analyzed. The
contributions of the various parts of this complex molecular
response still needs to be separately evaluated. However, this is
an arduous task due to the limited efficacy of the molecular
tools available for this genus (11).

In this work, we proposed to untangle the complexity of the
heat shock response in B. longum by combining an iterative nat-
ural evolution process, as described above, with a comparative
global transcriptome analysis. Eventually, we identified mutations
in a regulator gene and demonstrated by gene complementation
its implication in the observed heat tolerance.

MATERIALS AND METHODS

HS assay and natural evolution process for heat shock tolerance. Each cycle
of selection consisted in applying a HS stress of 13 min to 5 ml of a culture grown
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Nutrition and Health, Vers-Chez-Les-Blanc, P.O. Box 44, Lausanne
1000, Switzerland. E-mail: bernard.berger@rdls.nestle.com.

� Published ahead of print on 30 October 2009.

256



overnight in MRS medium (Becton Dickinson AG, Basel, Switzerland) contain-
ing 0.05% (wt/vol) cysteine (MRS-Cys medium). HS was performed by successive
dilution of the culture; the culture was diluted 10 times in 45 ml of preheated
medium and placed in a heated water bath. Similarly, the temperature was
rapidly decreased by diluting the 50 ml with 225 ml of medium at room temper-
ature (RT). The resulting culture was grown for 16 h in anaerobiosis (Anaero-
Gen; Oxoid AG, Basel, Switzerland) at 37°C (until stationary phase) before
being submitted to a new cycle of selection. Finally, clones were isolated by
double streaking to generate pure cultures from colonies obtained after HS. The
isolated clones were checked for a phenotype at least as good as the one of the
corresponding population. For this HS assay, 1.5 ml of a culture grown overnight
was diluted in 13.5 ml of prewarmed MRS-Cys medium and incubated 13 min,
and then 100 �l was cooled down in a dilution microtiter plate. During the
selection process and for the HS assays, cell counts were performed before and
after HS. Plates were incubated 48 h at 37°C before counting. The loss in viability
is expressed in log units after dividing the post-HS count by the pre-HS count.

Strain identification by PCR. The primer pair oNCC2705-A/oNCC2705-B was
used for the molecular identification of B. longum NCC2705 and NCC2705
derivative strains. The design of these PCR primers was based on the genome
sequences of B. longum NCC2705 (32). Thirteen primer pairs, amplifying chro-
mosomal sequences related to the position of mobile elements, were challenged
against a reference collection of 24 different strains from the same species (data
not shown). This approach was previously mentioned elsewhere (17). The primer
pair oNCC2705-A/oNCC2705-B, which targeted the position of the insertion
sequence ISBlo1b, generated a PCR product only with the NCC2705 strains.
PCR mixtures (25 �l) contained 10 pmol of each primer, each nucleotide at a
concentration of 50 �M, 1� reaction buffer, 1.25 U of AmpliTaq Gold (Applied
Biosystems), and a tiny portion of colonies directly added to the PCR mix. The
PCR program was as follows: (i) 5 min at 94°C; (ii) 30 cycles, with 1 cycle
consisting of 30 s at 94°C, 30 s at 60°C, and 30 s at 72°C; (iii) 7 min at 72°C.
Finally, 12 �l of PCR product was loaded onto a 1.5% agarose gel and identified
at 500 bp.

Bacterial growth and HS for transcriptomic study. Bacteria were grown in
MRS-Cys medium at 37°C. Precultures were incubated in anaerobic conditions,
whereas the cultures to be used in the HS experiment were grown in 0.5-liter
Sixfors fermentors (Infors AG, Bottmingen, Switzerland) with stirring (150 rpm)
in a CO2 atmosphere. All fermentations were performed in duplicate. In mid-
exponential-phase (optical density at 600 nm of 0.7), bacterial cultures were
sampled before HS; 25-ml samples were centrifuged at RT for 5 min at 3,600 �
g. Then, the bacterial pellet was immediately frozen in liquid nitrogen and stored
at �80°C. In parallel, a 200-ml aliquot was centrifuged, and the pellets were
suspended in 90 ml of MRS-Cys medium prewarmed to 50°C. The concentrated
bacterial suspension was incubated 7 min at 50°C. A 10-ml sample was collected
and centrifuged, and the pellet was immediately frozen in liquid nitrogen. To
determine the loss in viability, cell counts were performed from the two sam-
plings. For stationary-phase sampling, the optical density at 600 nm of batch
cultures grown in 10-ml tubes was monitored for 16 h. The cells were then
harvested as described above.

RNA extraction and hybridization on microarrays. RNA extraction and qual-
ity checking were performed as previously described (26) except an additional
DNase I treatment (Ambion) was performed before using the RNeasy kit (Qiagen).
Agilent 60-mer oligonucleotide microarrays were designed with four or five
probes per gene (Agilent Technologies Inc.). RNA labeling and cDNA synthesis
were carried out using the 3DNA Array 900 MPX Genisphere kit (Genisphere
Inc., Hatfield, PA) combined with the in situ hybridization kit plus (Agilent
Technologies Inc.). The hybridization conditions and slide washing were per-
formed as follows. To the 20 �l of cDNA (obtained with the Genisphere kit), 25
�l of the control target (Agilent), 60 �l of H2O, and 105 �l of Agilent buffer were
added. After 10 min of incubation at 80°C and 15 min at 65°C, the reaction
mixture was loaded on a prewarmed slide in the hybridization chamber and
incubated for 16 h at 65°C, at 4 rpm in an Agilent oven. The cDNA hybridization
mixture was washed for 10 min at 42°C with 6� SSC (1� SSC is 0.15 M NaCl plus
0.015 M sodium citrate) and 0.005% Triton X-100 and washed for 10 min at RT
in 0.2� SSC and 0.00016% Triton X-100. The 3DNA hybridization was carried
out as described in the Genisphere protocol except for the hybridization mixture
volume, which was increased to 204 �l, and the washing was modified as follows:
10 min at 65°C in 2� SSC and 0.0016% Triton X-100, 5 min at RT in 2� SSC
and 0.0016% Triton X-100, and 10 min at RT in 0.2� SSC and 0.00016% Triton
X-100.

Microarray data analysis. The slides were scanned at 10 �m with a Scanarray
4000 (Packard Biochip Technologies, Billerica, MA), and the data were extracted
with Imagene 5.6 (Biodiscovery, El Segundo, CA). Data were treated with
homemade scripts in Python language (www.python.org) and a local installation
of the ArrayPipe web server (15). Probes showing a signal smaller than twice the
standard deviation of the local background were considered without signal.
Probes showing no signal or saturated signals in both channels were discarded
from the analysis. Assuming an intensity-dependent variation in dye signal,
(limma) loess global normalization was applied to the signal ratios. Having
several probes per gene, we summarized the results for each gene as follow.
Within each hybridization data set, the change in expression for the gene was
given by the median of the corresponding probe values. The average intensity
was calculated based on the same “selected” probes. Between hybridizations,
the gene values are given by the mean of the gene values obtained from each
hybridization. Results used in this study are based on four replicates, two
biological replicates and two technical replicates. The data have been depos-
ited in NCBI’s Gene Expression Omnibus and are accessible through GEO
Series accession number GSE14628 (http://www.ncbi.nlm.nih.gov/geo/query
/acc.cgi?acc�GSE14628).

Gene amplification and sequencing. Genomic DNA was extracted following
the procedure previously described (12). Genes were amplified from genomic
DNA with Expand long template PCR system (Roche, Germany) and sequenced
on both strands by Fasteris (Fasteris SA, Geneva, Switzerland). Gene sequences
were analyzed by BLAST (1).

HspR cloning and genetic complementation. The hspR gene of B. longum
NCC2705 and NCC2912 were amplified from genomic DNA with Expand high-
fidelity PCR system (Roche, Germany) (primers listed in Table 1). The 600-bp

TABLE 1. Primers used in this study

Primer Sequencea Purpose, use, or description

pHspR-F TGCCCGATGTGAGATAACAA hspR sequencing
pHspR-R AAAAAGCCGGCGACTATCTC hspR sequencing
pBL0516F1 CCCGGGCTCGAGATGGCGCGGTTAGCCAACC Cloning XhoI
pBL0516R1 CCCGGGAAGCTTTCACCAACCCCACAGGACC Cloning HindIII
pBL0516_F1_qPCR CCAACATTCACCCCCAGACT qPCR
pBL0516_R1_qPCR TGCGCTGCGGACGAA qPCR
pBL0520_F1_qPCR TCATCAAGGGCGACCGTAAG qPCR
pBL0520_R1_qPCR TCATGATGCCACCCTTGGT qPCR
pBL1250_F1_qPCR GCGTCCTGAACGAAATCAAGA qPCR
pBL1250_R1_qPCR TGGTGTGAATCTCGTCGATGA qPCR
pBL0118_F1_qPCR TCTGCTGCCACCGAACTG qPCR
pBL0118_R1_qPCR CCCCAAATAATCTGGGCTTCA qPCR
pBL0301_F1_qPCR CAACCGCCGCGATCTTC qPCR
pBL0301_R1_qPCR CCAGCTGTGAAAGCAACGTATT qPCR
oNCC2705_A TCCAGATCATTTCCGATTCC Strain-specific primer
oNCC2705_B CGGCGTATTTCTATCGCATC Strain-specific primer

a The XhoI and HindIII restriction sites used for cloning are underlined.
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amplicons of strain NCC2705 or NCC2912 were cloned into the XhoI and
HindIII sites of the pGUSA plasmid (18) to obtain plasmids pDM12 and
pDM13, respectively. Similar clonings in pGUSC (18) gave plasmids pDM14
and pDM15, respectively. The DNA sequences were verified by sequencing
(Fasteris). Plasmids were transformed into strains NCC2705 and NCC2912.
DNA manipulations, plasmid isolation, and transformation of E. coli and B.
longum were performed as previously referred (18). High transcriptional levels
were obtained with pDM12 and pDM13. Medium or low levels of transcription
were obtained with pDM14 and pDM15 in the presence of glucose or raffinose,
respectively.

Gene expression measurement by qPCR. Three biological replicates of cul-
tures in stationary phase were analyzed by quantitative PCR (qPCR) as previ-
ously described (27). Results were normalized with the housekeeping genes
BL0301 and BL0118. The primers designed with the Primer Express software
(Applied Biosystems, Foster City, CA) are reported in Table 1. Results were
analyzed by analysis of variance with three factors, complementation, biological
replicate, and genes.

RESULTS

Natural selection of heat shock-tolerant mutants. The HS
tolerance of the B. longum strain NCC2705 was determined in
liquid medium in stationary phase (data not shown). The sub-
lethal temperature for a 13-min HS was measured as 53°C, and
the lower limit of detection of our setup (6-log-unit loss) was
reached at 62°C. Then, on the basis of these borderline cases,
we performed an iterative selection of naturally occurring HS-
resistant mutants. In order to do so, the bacteria were allowed
to grow under normal conditions (nonharmful) until they
reached stationary phase, when they were subjected to delete-
rious HS treatments. In serial passages starting at 54°C, the
first batch was progressively brought to 59°C in a total of 27
cycles. Figure 1 shows that each temperature increase dramat-
ically affects the bacterial viability. Then it rapidly returned
back to a level close to the initial situation, indicating that the
batch was rapidly enriched in HS-tolerant mutants for this
temperature. From the population obtained after 27 cycles, we
isolated a new strain, which we named NCC2912. With the
second batch (data not shown), we started the selection at 60°C
and observed a regular loss in viability of 5 log units at each
cycle. After 10 cycles, the loss suddenly dropped close to zero,
indicating that the population was considerably enriched in
bacteria with improved resistance to HS. We then performed
10 additional cycles at 62°C, which first led to a loss in viability
of 5 log units and then ended up with a steady 3-log-unit loss.
A new strain, NCC2913, was isolated from this batch. In order

to distinguish between a physiological adaptation and a genetic
adaptation, more than 100 generations of subculturing were
performed before submitting the strains to a new HS selection.
The heat-tolerant phenotype of both strains was still observed
(data not shown). This supports a genetic origin for this new
trait, rather than a transient adaptation. The viability of strains
NCC2912 and NCC2913 was subsequently tested at 59°C for
13 min and compared to the parent wt strain (Fig. 2). Both
mutants showed an impressive survival improvement (4 to 5
log units) compared to the wt strain, with NCC2913 perform-
ing slightly better. To confirm the derivation of the two new
strains from the original wt strain, they were tested by PCR
with primers designed for NCC2705-specific genomic regions
(see Materials and Methods for more details on this ap-
proach). Both strains yielded the expected PCR product, show-
ing that they were NCC2705 derivatives (data not shown).

Transcriptomic characterization of the HS-tolerant deriva-
tive strains NCC2912 and NCC2913. We hypothesized that the
increased heat resistance of the new strains resulted from a
difference in the expression of genes involved in the stress
response, compared to the parental strain previously investi-
gated (27). Whole-genome expression analysis of the mutants
versus that of the wt NCC2705 would then focus on what make
these strains more resistant to HS. In the documented HS
study (27), a NCC2705 liquid culture was challenged in expo-
nential phase at 50°C. In order to guarantee that the transcrip-
tomic differences observed in the HS-tolerant mutants were
relevant to their improved heat resistance, their phenotypes
were validated in the same conditions: after 10 min of HS at
50°C, the viability of strain NCC2705 started an exponential
decline and lost 2 log units after 50 min, whereas the viability
of strains NCC2912 and NCC2913 remained unaffected (data
not shown). For their transcriptomic analysis, the three strains
were grown separately at 37°C in fermentors and harvested in
mid-exponential phase with or without being subjected to HS,
as previously described (27). Then, by microarray hybridiza-
tions, we compared the whole transcriptomes of these strains
under two conditions, no HS and 7-min HS (Fig. 3A, B, D,
and E).

This comparative design, with the parental strain NCC2705
as a reference, allowed direct highlighting of the most striking
difference observed in the transcriptomes of the mutants: the
overexpression of the dnaK operon and the clpB gene. Figure

FIG. 1. Cyclic selection of naturally occurring heat shock-tolerant
mutants. The black bars represent the loss in viability at each heat
shock treatment, expressed as a logarithm of the loss in viability (left-
hand y axis). The limit of detection was reached at cycle 14. The black
diamonds show the temperature of selection for each cycle (right-hand
y axis).

FIG. 2. Characterization of the newly isolated strains by measure-
ment of their loss in viability after a 13-min heat shock at 59°C. The
strains are shown in the figure without the NCC prefix. Strain
NCC2705 is the wt strain. Strains NCC2912 and NCC2913 are inde-
pendent heat shock-tolerant mutants. The bars show the mean values
from 7 to 15 replicates (error bars show the 95% confidence intervals).
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3A and D show the change in expression of all genes in the
absence of HS. Among the few genes differentially transcribed,
all the genes of the dnaK operon (BL0516 to BL0520) were
overexpressed by at least 6-fold in strain NCC2912 and at least
13-fold in strain NCC2913. Similarly, the overexpression of the
clpB gene was more pronounced in NCC2913 (9.3-fold) than in
NCC2912 (3.6-fold). When measured after a 7-min HS, the
transcription levels of these genes in the mutant strains and the
wt strain proved to be similar, as shown in Fig. 3B and E. These
two observations mean that in both mutant strains, the dnaK
operon and the clpB gene are constitutively expressed at a level
corresponding to the HS response of the wt strain.

Considering that we selected the HS-tolerant mutants in
stationary phase, it seemed important to show that the mutants
were also overexpressing dnaK and clpB in this growth phase.
Thus, transcriptomes from cells harvested in stationary phase
were analyzed to compare mutant strains NCC2912 and
NCC2913 versus the wt strain NCC2705 (Fig. 3C and F). Al-
though the upregulation of the dnaK operon and the clpB gene
appeared lower than in the mid-exponential phase (approxi-
mately 1.5- to 4-fold instead of 4- to 25-fold), both mutants still
expressed more of these chaperones than the wt strain. Over-
expression of dnaK operon and clpB in strain NCC2912 was
also documented by proteomics (14).

In addition to this convergence of dnaK-clpB overexpression
between the two HS-tolerant mutants, other differences in
gene expression exist compared to the wt strain transcriptome.
Some are only observed in one of the mutants. Figure 4, which
is based on the same data set as Fig. 3, compares the most
pronounced up- and downregulated genes of the two strains in
fermentor experiments, without HS (Fig. 4A) or with HS (Fig.
4B). In this unusual representation of transcriptomic data, the
diagonal line clearly shows the positions of genes with similar
transcript levels in both strains. In Fig. 4A and B, on the
bottom left of the diagonal lines, a group of four genes orga-
nized in an operon (BL0341-BL0344) and coding for an ABC
transporter is downregulated in both mutants, as well as a
transcription regulator (BL1137) and a conserved hypothetical
protein (BL0400). On the right part of the diagonal lines, the
levels of transcription of an aspartate aminotransferase
(BL0628) and an endo-beta-xylanase (BL1543) are slightly
higher in both mutants and in both conditions. Observed below
the left diagonal line in Fig. 4B, a phage-related transcription
regulator (BL0367) is less transcribed in both mutants during
HS. Strikingly, the only gene found more than threefold up-
regulated in both mutants upon stress conditions is htrA
(BL0555), coding for a serine protease (Fig. 4B, right of the
diagonal line). It is remarkable that, among 30 classical stress-

FIG. 3. Global transcriptome analysis of the heat shock-tolerant strains compared to the wt strain NCC2705. The change in expression versus
average intensity is plotted in gray for each gene, except for the dnaK operon (black) and the clpB gene (white). Measurements were performed
in exponential phase before (A and D) or during (B and E) heat shock treatment and in stationary phase (stat.) (C and F) for both mutants versus
the wt strain. The strains are shown in the figure without the NCC prefix. The BL numbers are gene locus tags.
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related genes found in B. longum (27), the few showing an
altered expression level in the HS-tolerant strains behave sim-
ilarly in both mutants (the dnaK-clpB regulon and htrA). As
shown in Fig. 4A, some alterations of transcription level are
found in only one of the mutants. The putative fimbrial operon
(BL0674-BL0678) is downregulated only in strain NCC2912.
Two genes involved in potassium uptake (BL0194 and
BL0545), a cluster of ABC transporter proteins associated with
three membrane proteins (BL0450 to BL455), and a group of
slightly upregulated ABC transporter components (BL0887 to
BL0889) are upregulated only in strain NCC2912.

Sequencing of the hspR gene in NCC2912 and NCC2913
mutants. The coregulation of the dnaK operon and the clpB
gene were previously documented in other members of the
subclass Actinobacteridae (5) and proposed in B. longum (27).
Considering the constitutive upregulation of these two features
in our HS-tolerant strains, we hypothesized that some muta-
tions affecting the transcriptional regulator HspR occurred in
both mutants. Therefore, we PCR amplified the hspR gene of
both strains and compared their whole sequences with the wt
gene. In strains NCC2912 and NCC2913, we found point mu-
tations modifying the amino acid sequence in the helix-turn-
helix motif or the winged 1 motif of HspR, respectively (Fig. 5).

Restoration of heat sensitivity by hspR complementation. To
demonstrate that the observed mutations in the hspR gene
were responsible for the improved resistance to heat, we com-
plemented the NCC2912 mutant with the wt hspR gene or
mutated hspR from strain NCC2912. For each hspR version,
the PCR-amplified gene was cloned into two vectors and under
the control of previously characterized promoters (18). One
promoter shows a constitutive strong expression level,
whereas the second promoter has a mild to low expression
level, depending on the carbon source of the medium (glu-

cose or raffinose). All in all, three levels of gene expression
were available for this complementation of mutant strain
NCC2912 by the wt hspR gene or the NCC2912 mutated
hspR gene. Similarly, we complemented the wt strain
NCC2705 with the same constructions. The viability of all
these complemented strains was measured after heat shock.
Complementation with the empty vector was without effect

FIG. 4. Comparison of the changes in gene expression obtained with the two heat shock-tolerant mutants versus the wt strain. The change in
expression for one strain versus the change in expression for the other strain is plotted in gray for each gene, except for genes showing more than
threefold differences of transcript level in at least one of the strains (A) or in the two strains (B), which are plotted in black. Measurements were
performed in exponential phase before (A) or during (B) heat shock treatment. The diagonal line depicts the position of genes showing the
identical change in expression in both strains.

FIG. 5. Positions of the mutations in the HspR regulator. (a) Sche-
matic representation of the protein with the functional domains and
the amino acid substitutions. N, N terminus; HTH, helix-turn-helix
domain; W1 and W2, winged helix domains 1 and 2, respectively; C, C
terminus. (b and c) Sequences of the mutations in strains NCC2912 (b)
and NCC2913 (c). Underlined amino acids were conserved in Acti-
nobacteridae. The boldface amino acids indicate that the residue in-
teracts with the DNA molecule. Mutations in the DNA and protein
sequences are indicated by white letters on black background.
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(data not shown). Independently of the level of expression
and the version of the hspR gene, strain NCC2705 always
showed a higher sensitivity to heat stress when comple-
mented. This sensitivity was slightly more pronounced for
the wt HspR (data not shown). Complementation of the
NCC2912 mutant by an increasing amount of wt HspR par-
tially restored its sensitivity to heat in a dose-responsive
way, whereas the mutated hspR showed only a weak effect,
independently of its expression level (Fig. 6).

Restoration of genetic negative control by hspR complemen-
tation. To demonstrate that the increased sensitivity to heat
was linked to the genetic negative control brought by the hspR
complementation, samples were harvested in stationary phase
and prepared for transcriptomic analysis by qPCR (only the
cultures complemented with the highest expression vector).
Figure 7 shows the transcription levels for the genes in the
dnaK operon and for the clpB gene of the mutant NCC2912,
complemented or not, versus the wt NCC2705. In the mutant
NCC2912, all the tested genes showed an increase of mRNA of
more than 6.5-fold. When complemented with the wt hspR, all
the genes tested except hspR were significantly downregulated
to a level very close to that measured in the wt NCC2705. In
the mutated hspR complementation, we observed an interme-
diate transcription level; the genes had a twofold downregula-
tion compared to the mutant without complementation. In all
cases, hspR mRNA was seen as highly present, which is not
surprising, considering that the qPCR primers did not differ-
entiate between mRNA from the chromosomal or plasmid
copies.

DISCUSSION

In light of the limited genetic tools available for Bifidobac-
terium species (11, 18), the isolation of heat shock-tolerant
mutants represented a convenient way to unravel the genetic
mechanisms underlying the stress response in this genus. We
proposed to identify the most significant contributors of the
genetic stress response by direct comparison between sponta-
neous resistant mutants and the original wt strain. Thus, the
mechanisms truly contributing to the stress tolerance were
identified only in the resistant mutants, whereas indirect effects
of stress were observed in both parties being compared. We
used a transcriptomic approach with microarrays to compare
the strains. To complete our reductive approach, we hypothe-
sized that the differences observed in two independent mutants
are consequences of convergent evolution and are genetic mu-
tations affecting key mechanisms of the HS response.

In order to obtain bacterial strains with better resistance to
stress, the selection of natural variants was previously applied
to bifidobacteria, e.g., for resistance to cholate (20), acid (9,
29), or bile (30). With the current work, we applied a similar
approach that may be seen as an accelerated evolution of a
bacterial strain: sequential selection of naturally occurring mu-
tants showing an adaptation to specific physiological condi-
tions. Growing the bacteria under normal (nonharmful)
growth conditions between stress-induced selections allows the
natural diversity of the bacterial culture to increase and for
alternative stress-adapted solutions (“trajectories”) to appear
and to persist (10). Another case deserving attention are sur-
vivors, which simply represent extreme cases of physiological
adaptation to stress, instead of mutants (4). Their growth un-
der nonharmful conditions allows them to behave exactly as
the original culture and therefore to be eliminated at the next
selection step. Better-adapted mutants rapidly outcompete the
initial bacteria and are then easily isolated.

Such an iterative evolution process was previously used with
Lactobacillus delbrueckii to improve survival to freezing (21).
Our selection of heat shock-tolerant mutants similarly targeted
a technological property. However, the genetic response of B.
longum to HS is likely to confer a broader stress resistance, as
shown by its numerous classical stress-associated genes in-
duced by heat treatment (27, 31). The high complexity of the
bifidobacterial HS response resembles a genetic stampede for
survival. This observation is consistent with the stable temper-
ature of the known ecological niche of B. longum, the mam-
malian gut (26).

FIG. 6. Loss in viability of the complemented strains after a 13-min
heat shock at 59°C. The strains are shown in the figure without the
NCC prefix (NCC2705 is the wt strain, and NCC2912 is the comple-
mented heat shock-tolerant mutant). The black triangles depict an
increased expression of the wt HspR (hspR from strain NCC2705
[hspR-2705]) or mutated HspR (hspR from strain NCC2912 [hspR-
2912]) obtained by three transcriptional levels of promoters. The bars
show the means from four or five replicates (error bars show the 95%
confidence intervals).

FIG. 7. Analysis by qPCR of the dnaK-clpB regulon transcription level in the complemented strains in stationary phase without heat shock. The
bars show the means from three biological replicates of the mutant strain NCC2912 without complementation (2912), with the highest expression
of the wt HspR (hspR from strain NCC2705 [hspR-2705]) or the mutated HspR (hspR from strain NCC2912 [hspR-2912]) (error bars show the 95%
confidence intervals). Results are expressed in comparison with three biological replicates of the wt strain NCC2705. Significant differences from
the value for the wt strain are indicated when the P value is lower than 0.05 (*) or 0.01 (**).
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During our evolution process, we applied two strategies,
stepwise increased selective pressure or steady high selective
pressure. In both cases, we obtained HS-tolerant mutants.
However, when in the latter case we increased the selective
pressure to 62°C, the isolation of a mutant showing a survival
rate similar or better to that of the whole improved population
was laborious (data not shown). Most of them were less resis-
tant to HS than expected, although largely improved compared
with the initial strain. This denoted higher population diversity
and dynamic in this batch with harsher stress. This is an ex-
pected consequence of the nonharmful growth passages. In-
deed, at high constraint, fitness gains obtained by beneficial
mutations tend to represent a minor advantage (10). Due to
the nonharmful growth passages, which further decrease the
competitive advantage of the descendants showing higher fit-
ness, several solutions to the selective pressure may coexist.

Analysis of the two HS-tolerant mutants showed convergent
evolution. The genes coding for the chaperone proteins, DnaK,
DnaJ, GrpE, the protease ClpB, as well as the transcriptional
regulator HspR were found constitutively strongly upregu-
lated. In fact, their level of expression corresponds to that
observed in the wt strain after a HS induction, indicating an
absence of negative regulation. Considering that the selection
of the HS-tolerant mutants occurred in stationary phase, where
an increased expression of the dnaK operon was observed (16),
we verified that expression of these genes was also higher in the
mutants in stationary phase. The relatively mild upregulation
of the dnaK-clpB regulon that we observed by microarray anal-
ysis is explained by an artifact of measurement, which is fre-
quent with this technology: the dynamic range of expression
ratios tends to be lower for genes with high expression on both
channels (34). The results obtained by qPCR confirmed this
hypothesis: in the mutant NCC2912, all the genes tested show
an increase of mRNA of more than 6.5-fold, instead of 2- to
3-fold as measured by microarrays. A comparison of the pro-
teomes of strain NCC2912 and strain NCC2705 in stationary
phase (14) undermines the hypothesis that the improved fit-
ness of the mutant results from the accumulation of the DnaK
and ClpB proteins during exponential phase. However, in the
cellular machinery, DnaK is associated with the synthesis of a
significant fraction of protein molecules (7). Consequently,
growth in the presence of a constant high level of this chaper-
one may considerably influence the folding quality of many
proteins and therefore their resistance to stress.

Apart from expression of the dnaK operon and clpB gene,
other differences were observed in the mutants. Surprisingly,
eight of them were clearly shared by the two independent
mutants in exponential phase. For most of these differences,
e.g., a complete ABC transporter operon, it is most likely an
adaptive effect. Indeed, genetic adaptations may be accompa-
nied by the selection of other mutations to fine-tune the level
of expression of proteins indirectly affected by the initial mu-
tation (3). Another noticeable convergent upregulation con-
cerned htrA after 7 min of HS. HtrA is a widely distributed
serine protease (25), which is strongly induced by HS in B.
longum (27, 31). Again, its upregulation may be an indirect
effect of the dnaK-clpB modulation, which could interfere with
the expression of htrA and its proteolytic processing normally
undergone during HS in B. longum (31). In any event, in this
case, it would clearly contribute to the fitness of the mutants.

Interestingly, other proteins whose expression was strongly
promoted by HS in bifidobacteria, e.g., the Hsp20 chaperone
(27, 36), were not upregulated in the two mutants. This shows
that a high level of expression during HS does not necessarily
entail that the corresponding protein plays a crucial role in the
bacterial stress response.

In Streptomyces coelicolor, HspR is a regulator of HS gene
expression which has been experimentally shown to be in-
volved in the regulation of the dnaK operon and clpB (5, 6).
The product of hspR, which is part of the dnaK operon, binds
to the promoter of the dnaK operon and clpB to negatively
regulate their expression. On the basis of the crystal structures
of other MerR family members (24), a HspR model was pre-
viously proposed for several members of the subclass Acti-
nobacteridae, including B. longum (37). HspR contains a DNA-
binding motif belonging to the winged helix-turn-helix family
and forms active multimers. Since the whole dnaK and clpB
machinery of S. coelicolor has well-conserved homologues in
bifidobacteria (37, 38) and the HS response in B. longum was
consistent with a similar coregulation of dnaK and clpB by
HspR (27), our microarray results prompted us to search for
mutations impairing the functioning of HspR in our mutants.
In both cases, we found one point mutation affecting tyrosine
residues of the DNA-binding domain. Both tyrosines were
well-conserved in Actinobacteridae, and for one of the two
tyrosines, putatively involved in the direct interaction with the
DNA molecule (24, 37).

To show to which extent the dnaK and clpB upregulation was
responsible for HS tolerance through the failure of HspR in
DNA binding, we genetically complemented the NCC2912 mu-
tant by controlled expression of the wt hspR gene or the mu-
tated (NCC2912) hspR gene on a plasmid vector. At a high
level of expression, the mutated HspR variant caused partial
repression of the dnaK-clpB regulon. Thus, the mutated regu-
lator retains weak activity, despite its mutation in the DNA-
binding domain. In the HS tolerance assay, this remaining
activity is reflected in a hardly detectable decrease in survival
of the complemented mutant. Following the wt hspR comple-
mentation, we expected that the potential multimerization of
the wt protein with the cellular mutated HspR would have
titrated its efficacy. However, the wt HspR fully restored the
negative control on dnaK and clpB. Strikingly, when comple-
mented with the wt hspR gene, the mutant still survived better
than the wt strain. To explain this improved survival, we might
consider the possibility that the HspR regulation was not re-
stored to its full complexity. Though the quantity of plasmid-
expressed wt HspR might be sufficient to exert its genetic
control in the absence of stress, its expression is not regulated
by HS. During HS, the mutated HspR produced by the cellular
dnaK operon might multimerize with the wt HspR and thus
weaken the normally loop-controlled negative regulation of
the operon. However, it is most likely that other genetic mod-
ifications exist in the NCC2912 mutant that could explain the
remaining HS tolerance. Since this mutant was obtained by
stepwise HS temperature increases, which were clearly fol-
lowed by progressive HS tolerance increases, it is expected that
this hspR mutation is not the only stress-related genetic mod-
ification.

In Campylobacter jejuni (2) and Helicobacter pylori (28),
HspR inactivation was shown to affect the motility of the bac-
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teria and consequently their ability to invade humans. There-
fore, it would be interesting to study whether the inactivation
of HspR in our mutants would also affect their interaction with
the host. Notably, one of our mutants showed a downregula-
tion of genes similar to those involved in fimbria biogenesis of
Actinomyces naeslundii and Actinomyces viscosus (17, 32). We
also showed in this work that the hspR mutants express more
DnaK chaperone protein than the wt strain does. According to
a recent publication, this protein is present in large amounts on
the cell surface and may be responsible for the activation of the
plasminogen system of the host (8). This effect would be more
pronounced with our DnaK-overexpressing mutants. Heat
shock proteins are also known for their immunomodulator
properties. In Mycobacterium tuberculosis, DnaK was reported
for its immunosuppressive properties (22), which also suggests
a new potential of our mutant strains for health-promoting
applications.
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