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Glucose-grown cells of Bacillus cereus respond to anaerobiosis and low extracellular oxidoreduction poten-
tials (ORP), notably by enhancing enterotoxin production. This response involves the ResDE two-component
system. We searched the B. cereus genome for other redox response regulators potentially involved in this
adaptive process, and we identified one gene encoding a protein predicted to have an amino acid sequence 58%
identical (80% similar) to that of the Bacillus subtilis Fnr redox regulator. The fur gene of the food-borne
pathogen B. cereus F4430/73 has been cloned and partially characterized. We showed that frur was up-regulated
during anaerobic fermentation, especially when fermentation occurred at low ORP (under highly reducing
conditions). The expression of fiir was down-regulated in the presence of O, and nitrate which, unlike fumarate,
stimulated the respiratory pathways. The inactivation of B. cereus fnr abolished fermentative growth but only
moderately affected aerobic and anaerobic nitrate respiratory growth. Analyses of glucose by-products and the
transcription profiles of key catabolic genes confirmed the strong regulatory impact of Fnr on B. cereus
fermentative pathways. More importantly, the fnr mutation strongly decreased the expression of PlcR-depen-
dent hbl and nhe genes, leading to the absence of hemolysin BL (Hbl) and nonhemolytic enterotoxin (Nhe)
secretion by the mutant. These data indicate that fur is essential for both fermentation and toxinogenesis. The
results also suggest that both Fnr and the ResDE two-component system belong to a redox regulatory pathway
that functions at least partially independently of the pleiotropic virulence gene regulator PlcR to regulate

enterotoxin gene expression.

Bacillus cereus is a facultatively anaerobic, spore-forming,
opportunistic human pathogen (25, 56). The majority of re-
ported illnesses involving B. cereus are food-borne intoxica-
tions, classified as emetic and diarrheal syndromes (28, 48).
Diarrheal syndrome may be the consequence of the production
in the human host’s small intestine of various extracellular
factors including hemolysin BL (Hbl), nonhemolytic entero-
toxin (Nhe), and cytotoxin CytK (28, 40). The genes encoding
these potential virulence factors belong to the PIcR regulon (1,
14, 38, 51).

B. cereus can grow well in amino acid-rich media supple-
mented with glucose or other carbohydrates as the major
source of carbon and energy (11, 39, 45). Such carbohydrates
are available in the human small intestine (6), where B. cereus
encounters an oxygen-deprived and highly reducing environ-
ment (32). We recently showed that B. cereus is able to grow
efficiently by anaerobic glucose fermentation under highly re-
ducing conditions (60) and that the ResDE two-component
system is one redox response regulator involved in the meta-
bolic adaptation to these conditions. Moreover, ResDE was
also demonstrated to play a role in the regulation of entero-
toxin expression (12). This led to the conclusion that entero-
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toxin expression and fermentative metabolism may be con-
trolled coordinately at the transcription level. However, the
ResDE system, although important, is not essential for both
fermentative metabolism and enterotoxin expression, suggest-
ing that another redox regulator may act in synergy with
ResDE to control the expression of fermentation and entero-
toxin genes. One candidate redox regulator may be a member
of the cyclic AMP receptor protein (CRP)-Fnr (fumarate and
nitrate reduction regulator) family (27). Indeed, the CRP-Fnr
regulators play an important role in modulating the expression
of numerous metabolic genes in many facultatively and strictly
anaerobic bacteria. Their functions also include the control of
virulence factors (3, 4, 24, 46, 58). Furthermore, one-compo-
nent CRP-Fnr regulators are known to act coordinately with
two-component regulators homologous to ResDE in response
to two environmental signals, namely, oxygen availability and
the presence of alternative electron acceptors (e.g., nitrate).
This coordinate action has been particularly well documented
for B. subtilis (43). Like all the members of the CRP-Fnr
family, the B. subtilis regulator (Fnrg,.) is characterized by a
large nucleotide-binding domain that extends from the N ter-
minus over roughly 170 residues to a C-terminally located
helix-turn-helix structural motif. This DNA-binding domain is
followed by a short C-terminal sequence with four cysteine
residues. Three Cys residues from this C terminus together
with one Cys residue from the central part of the protein bind
a [4Fe-4S]** center that serves as a redox sensor (42). The
ability of Fnrg,. to function as a transcription factor depends
on the integrity of the [4Fe-4S]** cluster, which promotes a
conformation that is necessary for site-directed DNA binding
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and transcriptional activation. Under anaerobic growth condi-
tions, Fnrg,. is directly responsible for the induction of the
narGHJI operon encoding the respiratory nitrate reductase;
the narK-fnr operon encoding both a potential nitrite extrusion
protein and Fnry,. itself; and the arfM gene, which encodes an
anaerobic respiration and fermentation regulator (31, 43). By
activating nitrate reductase formation, Fnrg,. also mediates
the repression of aerobic genes (such as cydABCD, encoding
cytochrome bd quinol oxidase) and key fermentation genes
(such as Idh and Ict, encoding lactate dehydrogenases) via the
redox regulator YdiH. For these reasons, Fnrg,, is considered
to be a major regulatory switch in the adaptation to anaerobic
growth conditions. B. cereus, like B. subtilis, is able to grow
under nitrate respiratory conditions with either glucose or glyc-
erol as a carbon source (45). Due to the energy conserved, this
mode of anaerobic growth is preferred over fermentation in B.
cereus (Fig. 1). However, the fermentative metabolism in B.
cereus is more efficient than that in B. subtilis (35, 37, 60).
Therefore, it is expected that the metabolism of B. cereus is
controlled differently in response to anaerobiosis.

In this study, we report the identification, cloning, and pre-
liminary functional characterization of a homolog of B. subtilis
fnr (42) in the food-borne pathogen B. cereus F4430/73 (52).
We show that fir expression is dispensable for nitrate respira-
tion but essential for both fermentation and the production of
the enterotoxins Hbl and Nhe.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Escherichia coli strain TOP10 (In-
vitrogen) [F~ mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74 deoR recAl
araD139 A(ara-leu)-7697 galU galK rpsL (Str") endAl nupG| was used as the
general cloning host, and E. coli strain ET12567 (F~ dam-13::Tn9 dcm-6 hsdM
hsdR recF143 zjj-202::Tnl0 galK2 galT22 aral4 pacY1 xyl-5 leuB6 thi-1) was used
to generate unmethylated plasmid DNA prior to B. cereus transformation. Both
E. coli strains were routinely grown in Luria broth with vigorous agitation at
37°C. B. cereus F4430/73 (52) and derivatives thereof were grown in synthetic
MOD medium (11, 60) supplemented with 30 mM glucose or 60 mM glycerol as
the carbon source in the presence or absence of 20 or 60 mM nitrate or fumarate
(potassium salts). Ampicillin (50 pg/ml for E. coli), kanamycin (50 pg/ml for E.
coli and B. cereus), and erythromycin (10 wg/ml for B. cereus) were added to the
media when needed.

pH-regulated batch cultures. B. cereus cells were grown in a 2-liter bioreactor
(Discovery 100; Inceltech, Toulouse, France) as previously described (12, 60).
Briefly, the temperature was maintained at 34°C and the pH was maintained at
7.2 by the automatic addition of 2N KOH. The bioreactor was equipped with a
Mettler Toledo polarographic oxygen electrode coupled with feedback regula-
tion to maintain the set-point dissolved-oxygen tension value (pO,) via air sparg-
ing and agitation speed (11). The bioreactor was sparged with air alone to set a
pO, value of 100%. The pO, values of 21% and 1% were obtained by sparging
the bioreactor with air balanced with pure nitrogen gas. In addition, the N, flow
was adjusted manually during growth to compensate for fluctuations 5% higher
than the theoretical set value. A pO, of 0% was obtained by continuously
flushing the medium at 20 ml/h with either pure N, gas or pure H, gas previously
passed through a Hungate column. The oxidoreduction potential (ORP) was
measured using a redox-combined electrode (AgCl; Mettler Toledo), and the
values were corrected according to the reference electrode value (+200 mV at
34°C). Each bioreactor was inoculated with a subculture grown overnight under
aerobiosis or anaerobiosis on MOD medium supplemented with a carbon source
and the required electron acceptors. A sample of the overnight culture was
diluted in fresh medium to achieve an initial optical density of the culture at 560
nm of 0.02.

Analytical procedures and physiological parameters. B. cereus growth was
monitored spectrophotometrically at 560 nm and calibrated against cell (dry
weight) measurements as previously described (11). The specific growth rate ()
was determined using the modified Gompertz equation (15, 61, 62). For sub-
strate, by-product, and enterotoxin determinations, a 4-ml sample was centri-
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fuged twice at 10,000 X g for 3 min at 4°C and the supernatants were frozen at
—80°C until analysis. Glucose, glycerol, lactate, ethanol, formate, acetate, succi-
nate, and nitrate concentrations were determined using commercial enzyme Kits
(Diffchamb, Lyon, France; R-Biopharm, Saint-Didier-au-Mont-d’Or, France;
and Roche Molecular Diagnostics). The nitrite concentration was determined
using the Griess reagent (17).

Carbon and oxidation balances were calculated using the established values for
glucose (6 mol of carbon/mol; oxidation state, 0), glycerol (3 mol of carbon/mol;
oxidation state, —1), lactate (3 mol of carbon/mol; oxidation state, 0), acetate (2
mol of carbon/mol; oxidation state, 0), formate (1 mol of carbon/mol; oxidation
state, +1), ethanol (2 mol of carbon/mol; oxidation state, —2), and CO, (1 mol
of carbon/mol; oxidation state, +2). Values for succinate were corrected for CO,
fixation, with 1 mol of CO, being required for 1 mol of succinate (Fig. 1), giving
3 mol of carbon/mol of the product (instead of 4 mol) and —1 (instead of +1) for
the oxidation state. The amount of CO, produced via the Pdh-dependent
oxidation of pyruvate (Fig. 1) was calculated using theoretical flux (CO, =
ethanol + acetate — formate). Biomass was also taken into account for calcu-
lations by factoring in a molecular mass of 100 g/mol (22), a 50% carbon content,
and an oxidation state of —1.5 (44).

The production of enterotoxins Hbl and Nhe in cultures was quantified as
previously described (60). The amounts of Hbl produced were determined from
the titer, which was defined as the reciprocal of the highest dilution of crude
supernatant that gave an Hbl-dependent agglutination signal. The amounts of
Nhe were estimated by measuring the optical density at 420 nm (1 U of Nhe was
defined as the equivalent of an optical density at 420 nm of 1.0). The specific level
of enterotoxin production was defined as the amount (in units) produced per
gram of cell (dry weight).

General molecular methods. Restriction endonuclease and T4 DNA ligase were
obtained from Promega and used in accordance with the manufacturer’s instruc-
tions. Genomic DNA of B. cereus was purified as described by Guinebretiere and
Nguyen-The (19). Plasmid DNA was purified by using anion exchange columns
(Promega). PCR amplification of DNA was carried out with Tag polymerase by
using the specifications of the manufacturer (Roche Molecular Biochemicals) for the
reaction conditions. DNA was introduced into B. cereus by electroporation (30).
Prior to sequencing or cloning, PCR fragments were purified with a High Pure PCR
product purification kit (Roche Molecular Biochemicals). For reverse transcription
(RT)-PCR assays, crude cell extracts were rapidly prepared from pellets obtained
from 200-ml culture aliquots harvested during the mid-exponential growth phase
(r = maximum p [pp,.,]) (12). Total RNA was isolated from these pellets using an
RNeasy minikit (QIAGEN Inc., France) according to the manufacturer’s instruc-
tions, with additional on-column DNase I digestion to eliminate genomic DNA
contamination. The absence of contaminating DNA was then verified by real-time
PCR with the fir primer set (Table 1).

Cloning of the B. cereus fur locus. The genome sequence database of the ATCC
14579 strain (http:/Awww.integratedgenomics.com) was used to construct primers
(5'-CGAACACTTCAGCAGGCATA-3" and 5'-TCGTACAACAATTGGCCCT
T-3") for the amplification and cloning of the 1,405-bp fir locus from the B. cereus
F4430/73 strain into the TA cloning vector pPCR-TOPO (Invitrogen).

Construction of fir-disrupted mutant and complementation assays. A DNA
fragment of 288 bp corresponding to the internal region of the fnr open reading
frame (codons 128 to 224) was first PCR amplified using the primer pairs
5'-GCAAACGAAGTTCCGAGATT-3" and 5'-GCAGAGCAATCTTCACAA
GC-3' and then cloned into the TA cloning vector pCR-TOPO (Invitrogen). The
PCR fragment was then cut with BamHI and NotI and ligated to similarly
digested pMUTIN4 (54). The resulting recombinant plasmid was obtained in E.
coli strain ET12567 and then used to transform B. cereus F4430/73. The inte-
grants resulting from a single-crossover recombination event between the chro-
mosomal locus and the cloned sequence were selected by using erythromycin
resistance. Gene disruption was confirmed by sizing of the PCR fragments
generated from this chromosomal region (data not shown).

To complement the fnr gene in trans, the 1,405-bp fnr locus (see above) was
cloned into the plasmid pHT304aph3, which is a Km" derivative (J. Brillard,
unpublished data) of the shuttle vector pHT304 (2). Briefly, the 1,405-bp fur
locus was isolated from pCR-TOPO by digestion with EcoRV and BamHI and
inserted into pHT304aph3 digested with the same restriction enzymes. The
integrity of the fir locus of the recombinant vector (pHT304aph3-fnr) was ver-
ified by sequencing, and the vector was then used to transform the wild-type
F4430/73 and its derivative fnr mutant strain. Attempts to restore the wild-type
growth phenotype were carried out in the presence of 50 wg of kanamycin added
to the MOD medium. Uncontrolled anaerobic and aerobic cultures were per-
formed as described previously (45). The amounts of enterotoxin produced were
determined as described by Guinebretiere et al. (18).
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FIG. 1. Architecture of fermentative and respiratory pathways in B. cereus. Genomic data (24) and information from references (12, 26, 45, 60)
were used for this scheme. Most of the genes and functions are described in Table 4. TCA, tricarboxylic acid; Q, (mena)quinone; DHAP,

dihydroxyacetone phosphate; e,

electron; ¢, cytochrome c; acetyl-CoA,

acetyl coenzyme A; FAD, flavin adenine dinucleotide; FADH,, reduced

flavin adenine dinucleotide. The glpD gene encoding sn-glycerol-3-phosphate dehydrogenase was repressed by glucose and induced during aerobic
and anaerobic growth on glycerol (reference 60 and data not shown). Respiratory complex III encoded by the gcrABC operon was required for
growth on glycerol, while it made only a minor contribution to growth on glucose (45).

Mapping of transcriptional start site. The 5’ end of the fur mRNA was
mapped from a 5’ rapid amplification of cDNA ends (RACE) PCR product
obtained with the 3'/5" RACE kit (Roche Molecular Biochemicals). For this
purpose, we used total RNA extracted from B. cereus F4430/73 cells harvested at
Pmaxe 1-€., the maximal expression of the fir gene. Briefly, the first-strand cDNA

was synthesized from total RNA with fnr-specific primer SP1 (5'GGGTAGAA
TACAGGGCACCTT 3’) (Fig. 1B), avian myeloblastosis virus reverse transcrip-
tase, and the deoxynucleotide mixture from the 3'/5" RACE kit as recommended
by the manufacturer. After purification and dA tailing of the cDNA, a PCR with
the dT anchor oligonucleotide primer and the specific fur SP2 primer (5'-GTG
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TABLE 1. Oligonucleotide primers used for real-time reverse
transcription-PCR

Oligonucleotide” Nucleotide sequence (5' to 3")
fnrF GCAAACGAAGTTCCGAGATT
fnrR GCAGAGCAATCTTCACAAGC
yrkEF GCAGCAGCGTATGATCAAGA
yrkER CTGCAAACTCTACGCCTTCC
yutJF TGGCGTTGAAGTAGCAAGTG
yutJR TAAGACAACCCGTCGCGTAC
yumBF TGTTGGTGGTGCTGGATTTA
yumBR ACACCTGCAGCCCAAACTAC
yjIDF GCTGGCGGCACTACTTTATC
yjiIDR GGATTTTTGGACCTGCTTCA
narGF TTATTCGTATGGCGTGCAAA
narGR ATTCCAGTCAGAGCGTGCTT
nasDF ACATCCAGCACGATGGTACA
nasDR CAGAAGCGAGAACCAACACA

“F, forward; R, reverse.

TTAGTTCTTGTCCGTCAGCAC-3') followed by a nested PCR with the SP3
primer (5'-ATAGAGTTCGGTTGCCTCCA-3") (Fig. 2) led to a PCR product
of 151 bp, as revealed by 2% agarose gel electrophoresis. This PCR product was
purified and sequenced.

Relative quantification of gene expression using SYBR green real-time PCR.
Real-time RT-PCR was performed using SYBR green technology on a Light-
Cycler instrument (Roche Diagnostics) as previously described (11, 12). Most of
the oligonucleotide sequences used for these experiments have been reported
previously (12). Sequences specifically used in the present study are given in
Table 1.

narHnard narl
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DNA seq e analysis. Sequencing was performed by MWG-
Biotech (Roissy, France). DNA and amino acid sequences were analyzed using
the Infobiogen and ExPASy servers (http://www.infobiogen.fr and http://au
.expasy.org/). DNA and protein homology searches were carried out by perform-
ing BLAST analyses (http://www.ncbi.nlm.nih.gov). Conserved and functional
domains were identified with rpsblast (http:/www.ncbi.nlm.nih.gov). The search
for a potential binding site in the promoter region was performed using the
PRODORIC database (http://www.prodoric.de).

Nucleotide sequence accession number. The DNA sequence corresponding to
the fnr locus amplified from B. cereus F4430/73 was deposited in GenBank under
accession no. DQ681074.

ing and

RESULTS

Fnr-like genes in B. cereus ATCC 14579 and F4430/73. In
silico analysis of the B. cereus ATCC14579 genome identified
one open reading frame (RZC00220) homologous to the B.
subtilis fnr gene (ERGO; Integrated Genomics Inc.). As shown
in Fig. 2A, the fnr-like gene is located immediately downstream
from and in the orientation opposite that of the putative
narGHJI operon, which encodes the three-subunit nitrate re-
ductase complex (NarGHI) and a fourth polypeptide required
for the assembly of the complex (NarJ). This genomic organi-
zation differs from that found in B. subtilis, in which far is
located far in the 5’ region of the narGHJI operon (9) and is
surrounded upstream by the narK gene, encoding an integral
membrane protein involved in nitrite extrusion, and down-
stream by the arfM gene, encoding a modulator of anaerobic
respiration and fermentation (31). In B. cereus, the narK gene

nark nasFnask nasD
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..... -+ -+
SP1 SP2 SP3

P L

>
mfﬁ

RBS Startcodon e

ATG TQAQTHTQTQ&%TCN!CTCGATCATATT!’ACACT@GGMA@TMTG CTTA TAAGAAGAAAGGTGATGCT GTG GCA AGT ATG

CRP box (- 154.5) -35 -10

+1 CRP box (+28.5)

FIG. 2. Genetic organization of the fnr chromosomal region of B. cereus F4430/73 and ATCC 14579. (A) Large arrows represent the open
reading frames identified in strain ATCC 14579 (ERGO; Integrated Genomics, Inc.), and their orientation shows the transcriptional direction.
Only the names of open reading frames encoding proteins with predicted metabolic functions are indicated. (B) The nucleotide sequences of the
promoter region and the putative terminator of F4430/73 fur are shown. Primers F and R were used for the amplification of the overall DNA of
the fur locus, and primers SP1, SP2, and SP3 were used to map the transcriptional start site. The transcriptional start site (+1) and the putative
—35 and —10 motifs are boxed. Putative CRP boxes are underlined. RBS, ribosome-binding site.
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FIG. 3. Effect of growth conditions on specific levels of fur transcripts. Wild-type F4430/73 cells were grown in regulated batch cultures
(pH 7.2) under aerobic (pO, = 100% and 21%), microaerobic (pO, = 1%), and anaerobic (pO, = 0%) conditions at different initial ORPs
(iIORP) as described in Materials and Methods. Relative specific levels can be compared to the 100% value that was arbitrarily fixed for the
fully aerobic condition (pO, = 100%). For each experiment, two measures from two independent RNA samples from the same culture taken
during the mid-exponential growth phase (n = .., were analyzed in parallel. Each data point represents an average of the results
for the combined experiments. RNA sampling and statistical methods were identical to those described in Table 4 and in Materials and

Methods.

is located 5,169-bp downstream of fnr (Fig. 2A) and no arfM-
like gene was found in the ATCC 14579 genome.

Given that the B. cereus F4430/73 strain belongs to the same
genetic group as the ATCC 14579 strain (23), we designed
primers corresponding to the ATCC 14579 fnr-like locus to
clone and sequence its homolog from strain F4430/73. The
DNA sequence of the 1,405-bp cloned fragment differed by
only one base from that from the ATCC 14579 strain. This
base change was located in the 3’ untranslated region (data not
shown). The start codon (GTG) of the fur-like gene was iden-
tified according to protein sequence alignments and the posi-
tion of a potential ribosome-binding site. A transcriptional
start site (G) located 30 bp from the translational start site
(GTG) was determined by 5" RACE PCR (Fig. 2B). Upstream
of this transcriptional start site, we identified a potential house-
keeping o type —10 sequence, CAAAAT (underlining indi-
cates deviations from the —10 o consensus sequence of B.
subtilis). This sequence is preceded by a poor —35 signal,
TTGCAT, suggesting the involvement of a transcription acti-
vator. Interestingly, two putative CRP-Fnr-binding sites were
mapped to the positions centered at —154.5 upstream and
+28.5 downstream of the transcriptional start site (Fig. 2B)
(27). Furthermore, the fir locus appeared to be followed by an
inverted repeat (AG® = —22.3 kcal/mol) that may be a tran-
scriptional terminator, indicating that the fnr gene of B. cereus
may be transcribed as a single unit.

Properties of B. cereus fur. The B. subtilis fnr-like gene in B.
cereus encodes a protein of 230 amino acid residues with 58%
sequence identity and 80% sequence similarity to Fnrg,. (42).
While the Fnr-like protein and Fnrg,. do not share the same
hydropathy profiles, they include the same two conserved do-
mains that characterize the CRP-Fnr superfamily. In addition,
the C-terminal DNA-binding regions of both proteins are fol-
lowed by similar four-cysteine clusters (Cys-X;-Cys-X,-Cys-
X,4-Cys). Due to these protein similarities, the gene and pro-
tein from B. cereus were designated fir and Fnr, respectively.

Together with the four cysteines of the C-terminal cluster, B.
cereus Fnr contains three other cysteine residues. Two of them
(Cyse, and Cys,,) are in conserved positions in relation to
those of Fnrg,., while the third (Cysgs) is replaced by a valine
in Fnrg,. (42). The latter difference might be a signature of B.
cereus-type CRP-Fnr proteins, since it has been found in other
sequenced members of the B. cereus group (21, 42).

Expression of fnr in aerobic and anaerobic B. cereus
F4430/73 cells. Using real-time RT-PCR, we investigated the
expression of B. cereus fnr in aerobic (pO, = 100% and 21%),
microaerobic (pO, = 1%), and anaerobic F4430/73 cells grown
in pH-regulated batch cultures on glucose-containing MOD
medium. Our focus was on a single physiological state, i.e., the
mid-exponential growth phase (i = p,..), Which is the phase
showing the highest level of transcription of fnr (data not
shown). We used the transcription of the housekeeping ssu
gene (11, 12, 60) as a normalization control. As shown in Fig.
3, levels of fnr transcripts remained unaffected by changes in
O, tension between 100 and 1%. In contrast, fur mRNA levels
were increased during anaerobic fermentative growth, espe-
cially when it took place at low ORPs (initial ORP = —148
mV). These results indicate that fir expression in B. cereus is
activated by anaerobiosis and highly reducing conditions for
fermentative cells.

Impact of fnr mutation on the aerobic and anaerobic growth
behavior of B. cereus F4430/73. To investigate the role of B.
cereus Fnr, an far-disrupted mutant was created by the inte-
gration of the suicide vector pMUTIN4 (54). No transcription
of the disrupted gene was detected by RT-PCR analyses (data
not shown), proving that the genomic disruption of the gene
generated a null allele.

Growth features of the fnr mutant and the parental F4430/73
strain under aerobiosis (pO, = 100%) and anaerobiosis
(pO, = 0%; generated under an N, atmosphere) were com-
pared. Both strains were also compared under conditions fa-
voring anaerobic respiration by using 20 mM nitrate or fuma-
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TABLE 2. Results for pH-regulated batch cultures of the finr mutant and its parent strain, B. cereus F4430/73“

Value under indicated growth conditions

Parameter or yield Aecrobic (respiration)

Anaerobic

Fermentation

Fumarate® respiration Nitrate® respiration

WT far WT far WT far WT far
Initial ORP (mV) +280 +280 +47 NG +77 NG +180 +180
Final ORP (mV) +160 +160 =57 NG —14 NG +5 +73
Growth parameters
Pmax (B71) 1.4 1.1 0.9 NG 0.9 NG 1.0 1.0
Final biomass (g/liter) 2.5 2.8 0.8 NG 0.8 NG 1.0 0.5
Glucose consumed (%) 100 100 100 NG 100 NG 100 12
Nitrate consumed (%) ND ND ND NG ND NG 100 99
Residual nitrite (mM) ND ND ND NG ND ND 0.1 0.7
Yields of end products
(mol/mol of glucose)
Biomass® 0.83 0.93 0.27 NG 0.25 NG 0.34 1.40
Lactate NZ NZ 1.40 NG 1.24 NG 0.90 0.5
Acetate 0.96 0.56 0.29 NG 0.22 NG 0.73 1.11
Formate NZ NZ 0.34 NG 0.52 NG 0.56 0.43
Ethanol NZ Nz 0.08 NG 0.18 NG Nz Nz
Succinate NZ 0.94 0.04 NG 0.05 NG 0.10 0.21
Carbon recovered (%)? 39 73 92 NG 89 NG 86 91
Oxidation state balance® —1.24 —2.33 -0.21 NG —0.26 NG +0.29 —-0.50

“ Cultures were grown on MOD medium containing 30 mM glucose with or without an alternative electron acceptor. Values are means of results for triplicate
cultures. For clarity, standard deviations (below 10%) are not shown. WT, wild type (B. cereus F4430/73); far, far mutant; NG, no growth; ND, not determined; NZ,

yield was near zero or below 0.01.

b Potassium salts of this acid were added to the medium at a final concentration of 20 mM.

¢ The biomass yield was calculated (22) with the following approximate molecular formula: molecular mass of C;H;O,N ~ 100 g/mol.

4 The values were corrected for CO, fixation related to the formation of succinate (see Fig. 1). The biomass was taken into account as a carbon content of 50%.

¢ The oxidation state balance was calculated as the sum of products with positive oxidation states and products with negative oxidation states per mole of consumed
glucose. The balance was corrected for CO, fixation. For more details, see Materials and Methods.

rate as a potential terminal electron acceptor. As shown in
Table 2, far disruption only moderately disturbed aerobic res-
piration but abolished anaerobic fermentative growth. This
defect was restored by the addition of nitrate, which allowed
the cells to harbor a mixed respirofermentative metabolism
(45). Fumarate did not restore the growth of the frnr mutant
and did not modify the fermentative growth parameters of the
wild-type (Table 2). Thus, B. cereus, like B. subtilis (7, 10, 33,
59), was probably unable to perform anaerobic fumarate res-
piration. This conclusion was backed up by the absence of
anaerobic growth of B. cereus F4430/73 on MOD medium with
60 mM glycerol (as a respiratory substrate) and 20 mM fuma-
rate (data not shown). Taken together, these data indicate that
the fnr mutant is unable to grow under glucose-based fermen-
tative conditions and that this growth defect is repaired by
respiratory functionality. Under anaerobic nitrate conditions,
there was no difference in the w,,, between the fnr mutant
strain and the wild type but the percentage of glucose con-
sumed by the mutant decreased by 88% compared to that
consumed by the wild type and the final biomass was twofold
lower. The major defect in glucose consumption was partially
compensated for by a higher biomass yield (and ATP-gener-
ating acetate overproduction). From these results, we conclude
that glucose catabolism is strongly affected in the frnr mutant. In
order to determine whether fnr disruption also disturbed an-
aerobic respiration, we compared the growth of the fnr mutant

with that of its parental F4430/73 strain on MOD medium
supplemented with glycerol as a carbon source (Table 3). The
data showed that the fnr mutant required a high level of nitrate
in order to grow similarly to the wild type. This confirms that
fnr plays a role in anaerobic nitrate respiration. However, this
role is moderate compared to the role played in fermenta-
tion. Finally, we concluded that fnr is generally important
for the anaerobic growth of B. cereus.

Analysis of by-product profiles of the frr mutant. The
amounts of by-products excreted by wild-type B. cereus and the
fnr mutant under aerobic and anaerobic nitrate conditions
were compared (Tables 2 and 3). During anaerobic respirofer-
mentative growth on glucose plus nitrate, the amounts of lac-
tate and formate in the frnr mutant fell by approximately 45%
and 25%, respectively. In contrast, acetate and succinate were
overproduced. As a consequence, the oxidation state balance
was significantly modified (Table 2). These results suggested
that fnr had an impact on carbon partitioning at the three
putative branch points of the fermentative pathways, i.e., the
phosphoenolpyruvate (if succinate is produced through phos-
phoenolpyruvate carboxykinase), pyruvate, and acetyl coen-
zyme A nodes (Fig. 1). Acetate overproduction and the con-
comitant inhibition of formate production might be the result
of pyruvate dehydrogenase complex activation at the expense
of pyruvate formate lyase (Pfl). In contrast, during anaerobic
respiratory growth on glycerol, the frr mutant excreted two- to
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TABLE 3. Results for pH-regulated batch cultures of the fnr
mutant and its parent strain, B. cereus F4430/73¢

Value for anaerobic growth with nitrate

Parameter or yield 20 mM 60 mM
WT far WT fnr

Initial ORP (mV) +150 +150 +170 +170
Final ORP (mV) +20 +60 +30 +70
Growth parameters

Momax (B71) 0.8 0.4 0.9 0.8

Final biomass (g/liter) 0.5 0.2 0.6 0.6

Glycerol consumed (%) 75 75 91 91

Nitrate consumed (%) 100 100 99 99

Residual nitrite (mM) NZ NZ 0.04 0.05
Yields of end products

(mol/mol of glycerol)

Biomass 0.11 0.05 0.11 0.11

Lactate NZ NZ NZ NZ

Acetate 0.32 0.11 0.35 0.15

Formate 0.06 0.04 0.02 0.03

Ethanol NZ NZ NZ NZ

Succinate NZ NZ 0.03 0.10
Carbon recovered (%) 34 12 37 27
Oxidation state balance +0.41 +0.14 +0.56 —0.11

¢ Cultures were grown under anaerobic conditions on MOD medium with 60
mM glycerol as the carbon source and nitrate as the electron acceptor. Values
are means of results for triplicate cultures. For clarity, standard deviations (below
10%) are not shown. Data are presented as described in the footnotes to Table
2. WT, wild type (B. cereus F4430/73); far, far mutant; NG, no growth; NZ, yield
near zero or below 0.01.

threefold-lower levels of acetate (the usual, most persistent
by-product) than the wild-type strain (Table 3). This decrease
was not compensated for by an increase in formate levels,
notably because Pfl is poorly functional under respiratory con-
ditions. An additional finding was the effect of fnr on succinate
production under almost all the growth conditions tested (Ta-
ble 2 and 3). This impact was especially visible during aerobic
glucose respiration. Therefore, fur plays a key role in carbon
metabolism and the production of acidic by-products under
both anaerobic and aerobic growth conditions.

Expression profiles of genes involved in glucose catabolism
and nitrate respiration under anaerobiosis. Using real-time
RT-PCR, we investigated the effect of the presence of nitrate
on the transcription of both glucose catabolism genes and
nitrate respiration genes under anaerobiosis (Table 4). We
observed a strong change in the mRNA profiles of two (IdhA
and ldhC) of the three (IdhA, ldhB, and IdhC) genes predicted
to encode L-lactate dehydrogenase and also a significant de-
crease in the levels of transcripts of adhE (encoding acetalde-
hyde dehydrogenase) and adhA (encoding alcohol dehydroge-
nase) in the presence versus in the absence of nitrate. These
variations in transcription levels were consistent with the lower
production of lactate and ethanol (Table 2). The transcription
of pdhA remained unchanged in the presence of nitrate, indi-
cating that pyruvate dehydrogenase (Pdh) is essential for both
the fermentative and respirofermentative anaerobic growth of
B. cereus. In contrast, the transcription of pfl was strongly
reduced when nitrate was added to the growth medium. This
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TABLE 4. Expression of genes involved in glucose metabolism,
nitrate respiration, and enterotoxin production in B. cereus
F4430/73 grown under anaerobic conditions”

Induction or repression
(n-fold) under indicated
conditions”

Gene Description of product
Nl'trat'e Fermentation
respiration
Genes for glucose
catabolism
ptsG Phosphotransferase system; +1.5 +2.1
glucose-specific ABC IT
component
ptsH Phosphotransferase system; +1.5 1.0
phosphocarrier protein HPr
PpykA Pyruvate kinase I +1.1 +1.1
PYkF Pyruvate kinase IT —4.4 +2.1
pckA Phosphoenolpyruvate +1.3 -1.6
carboxylase
pycA Pyruvate carboxylase +3.2 +1.4
ldhA Lactate dehydrogenase I —34.0 +2083
ldhB Lactate dehydrogenase 11 +5.5 +8.4
ldhC Lactate dehydrogenase IIT —16.5 +12.3
pfl Pyruvate formate lyase +3.7 +86.8
pdhA Pyruvate dehydrogenase E1 +6.0 +6.9
alpha subunit
pta Phosphate acetyltransferase +17.5 +11.6
ackA Acetate kinase +4.2 +11.2
adhE Acetaldehyde dehydrogenase +6.7 +40.1
adhA Alcohol dehydrogenase -1.1 +17.8
sdhA Succinate dehydrogenase +29.0 +15.2
flavoprotein subunit
Genes for nitrate
respiration
yut] Respiratory dehydrogenase 1 +7.9 +3.8
yjID Respiratory dehydrogenase IT +2.3 +2.9
yrkE Respiratory dehydrogenase II1 +10.5 +31.2
yumB Respiratory dehydrogenase IV -2.1 +2.7
narG Nitrate reductase alpha +174.8 +19.8
subunit
nasD NADH-dependent nitrite +807.1 +116.3
reductase
Genes for
enterotoxin
production
hblA Hemolysin BL component L2 =55 +10.2
nheC Nonhemolytic enterotoxin —11.0 +6.8
component A
Regulators
resD Two-component response +1.7 +4.6
regulator
for One-component regulator -1.6 +6.9
plcR Phospholipase C regulator +2.5 +17.0

“ F4430/73 anaerobic cells were grown in pH-regulated batch cultures on
MOD medium with 30 mM glucose as the carbon source and 20 mM nitrate
when required.

® Each value represents the mean specific level of the mRNA in the anaerobic
sample in relation to that in the aerobic sample. For each experiment, two
measures from two independent RNA samples from the same culture taken
during the mid-exponential growth phase (i = p,,,,) Were analyzed in parallel.
Each value is an average of the results from the combined experiments. Only
ratios of =0.5 and =2 were considered to be significant (i.e., P of =0.05)
according to the precision of the method. + and — indicate up- and down-
regulation of genes, respectively.

finding was in agreement with a diminished role of Pfl when-
ever respiration is present but did not match with formate
production data (Table 2). Thus, it is still unclear how formate
production is regulated in B. cereus. The level of sdhA mRNA
was increased twofold in the presence of nitrate. Succinate
levels exhibited a similar trend (Table 2). These data suggested
that the anaerobic fumarate reductase activity involved in suc-
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TABLE 5. Glucose metabolism genes of B. cereus F4430/73
differentially expressed in the frnr mutant strain grown
under aerobic and anaerobic nitrate conditions®

Difference in mRNA level
(n-fold) under the indicated

Gene conditions?
Without O,, .
with nitraté With O,
Genes for glucose catabolism
ptsG +1.0 -25
ptsH —-1.2 —4.1
pykA —24 +8.1
PpYkF -1.7 +8.6
pckA +1.4 —13.3
pycA -1.1 -2.8
ldhA +1.0 +24.1
ldhB +1.3 +3.2
ldhC +1.1 -1.1
pfl -13 =35
pdhA +1.3 +2.8
pta +1.1 +1.5
ackA +1.2 +1.3
adhE -13 +26.6
adhA -14 +10.7
sdhA +1.2 +34.0
Genes for nitrate respiration
yut] -1.6 -1.8
yjld +1.6 =25
yrkE -13 +2.3
yumB +1.5 -2.5
narG -1.2 +2.2
nasD —-1.4 +2.8
Regulator
resD -1.2 +1.5

“ Cells were grown in pH-regulated batch cultures on MOD medium with 30
mM glucose as the carbon source, and 20 mM nitrate was used if needed.

® Each value represents the mean specific level of the mRNA in the mutant
sample in relation to that in the wild-type sample. Data are presented as de-
scribed in Table 4 footnote b.

cinate production was due to the respiratory succinate dehy-
drogenase (SdhABC). As expected, the levels of transcripts of
the genes encoding nitrate and nitrite reductases (narG and
nasD) were much higher in the presence of nitrate. Nitrate also
modified the expression profiles of genes encoding respiratory
dehydrogenases (yut/, yjID, yrkE, and yumB). Interestingly,
there was no difference in the transcription of resD and fnr
under anaerobic nitrate conditions and aerobic conditions
while fermentative conditions enhanced the transcription of
these genes (Table 4). This suggests that nitrate respiration,
unlike glucose fermentation, may not be governed by the over-
expression of these anaerobic regulators.

Involvement of frr as a metabolic transcriptional regulator.
Since the fnr mutant cannot grow under fermentative condi-
tions, mRNA levels from both wild-type and mutant strains
under aerobic and anaerobic nitrate conditions were compared
(Table 5). During aerobic glucose respiration, most of the
genes tested were deregulated in the frnr mutant. Among the
genes tested, fermentative genes such as ldhA, adhE, and adhA
were highly up-regulated while ldhB, pfl, and pdhA showed
more moderate deregulation. These fermentative genes are
poorly expressed under aerobiosis compared to anaerobiosis
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TABLE 6. Comparison of specific levels of enterotoxin production
between the frnr mutant and its parent strain, B. cereus F4430/73¢

Amt of enterotoxin
(U g~! [dry weight] of cells)

Growth conditions

Hbl Nhe
WT far WT far
Aerobic
Glucose 1.0 £0.2 NZ 1.5+03 NZ
Anaerobic
Glucose 12.0 £ 2.0 NG 80=x1.0 NG
Glucose and 20 mM 10.0 £ 2.0 NG 55=x05 NG
fumarate
Glucose and 20 mM 1.0 £0.2 NzZ 21+02 NZ
nitrate
Glycerol and 20 mM  0.16 = 0.03 Nz 037 =0.03 NZ
nitrate
Glycerol and 60 mM  NZ NZ NZ NZ
nitrate

“ Hbl and Nhe levels were measured in culture supernatants at the end points
for pH-regulated batch cultures. Cells were grown under aerobiosis or anaero-
biosis on MOD medium supplemented with glucose (30 mM) or glycerol (60
mM) as a carbon source and with or without an external electron acceptor
(nitrate or fumarate). Values are means * standard deviations of three inde-
pendent measurements. WT, wild type (B. cereus F4430/73); fur, far mutant; NG,
no growth; NZ, yield near zero or below 0.01.

(Table 4) according to the mode of energy generation used
(Fig. 1), which means that changes in their expression levels
had no impact on bacterial growth (Table 2). Under nitrate
respirofermentative conditions, the fnr mutation caused no
significant deregulation of genes required for glucose catabo-
lism and nitrate respiration. This finding confirms the moder-
ate contribution of fnr to nitrate respiration. However, this
result partially conflicts with the disrupted glucose catabolism
(Table 2) and suggests that Fnr may modulate glucose catab-
olism at a mainly posttranscriptional level in the presence of
nitrate. Finally, these data suggest that fermentative gene ex-
pression in the absence of nitrate depends on fur expression.
As a consequence, the lack of high frr expression under anaero-
biosis could not allow B. cereus to complete fermentation,
resulting in the absence of growth. Interestingly, fnr disruption
had no impact on resD expression (Table 5), indicating that
resD expression was not dependent on fnr expression.

Analysis of enterotoxin production by the fnr mutant. To
determine the effect of finr expression on the production of
enterotoxins, the specific levels of Hbl and Nhe were quantified
at the end points for pH-regulated batch cultures of mutant
and wild-type B. cereus strains (Table 6). In the parental
F4430/73 strain, the highest production of Hbl and Nhe was
observed under anaerobiosis when cells were grown fermenta-
tively, i.e., on glucose-MOD medium in the presence or ab-
sence of fumarate. This finding indicates that enterotoxin pro-
duction is not enhanced by anaerobic conditions per se (60)
but rather by the mode of anaerobic growth. Interestingly, the
jfnr mutation inhibited Hbl and Nhe production to almost un-
detectable levels under both aerobic and anaerobic conditions
(more than 99% reduction compared to that in the parental
strain). This result indicates that fnr expression is essential for
Hbl and Nhe production whatever the mode of growth.



Vor. 189, 2007

10
lcR
— 14
9
5
< plcR
g
g 0.1+ nhe
&
§
5 bl hbl
=
= 001 4
nhe
0001 1 S~ —
+0, -0, + nilrate

FIG. 4. Changes in specific levels of transcripts of the PlcR-regu-
lated genes hbl, nhe, and plcR induced by frnr mutation under aerobic
(respiratory) and anaerobic nitrate (respirofermentative) growth con-
ditions. The change in the mRNA level for each gene in the frnr mutant
was calculated in relation to the mRNA level for the wild-type. Data
presentation is as described in the legend to Fig. 3.

The fur gene is involved in enterotoxin gene activation. The
fnr-dependent transcription of Abl and nhe was investigated
using real-time RT-PCR with total RNA obtained from fnr
mutant cells cultivated on glucose under aerobic (respiratory)
and anaerobic nitrate (respirofermentative) conditions. As
shown in Fig. 4, transcription of 4bl and nhe was dramatically
(>90%) down-regulated. This explains why enterotoxins were
almost undetectable in the culture supernatants of the fur
mutant under all the growth conditions tested. Therefore,
these results identify fir as a crucial component of the regu-
latory system of enterotoxin expression in B. cereus. Further-
more, the observed variations in levels of PlcR-regulated Ab/
and nhe transcripts were not correlated with the variations in
plcR mRNA levels (Fig. 4). This indicates that the fnr-depen-
dent regulation of enterotoxin expression could not be medi-
ated directly by PIcR.

Complementation of the fnr mutant. To confirm that the
defect in fermentative growth and enterotoxin production was
specifically ascribable to the disruption of fnr, a wild-type copy
of the fnr locus cloned into the pHT304aph3 vector (2) and the
vector was used to complement the fnr mutant strain. The trans
complementation with fur restored the fermentative growth of
the fnr mutant (Table 7) and permitted the mutant to produce
enterotoxins at levels comparable to those obtained with the
wild-type strain (data not shown).

DISCUSSION

This research provides additional data on the anaerobic met-
abolic features of B. cereus. As has been well demonstrated
with other facultative anaerobes (49), our data notably showed
that key anaerobic catabolic enzymes were transcriptionally
regulated by the availabilities of O, and nitrate (as terminal
electron acceptors). Similar to B. subtilis, B. cereus was unable
to grow anaerobically by fumarate respiration but likely uses
the succinate dehydrogenase SdhABC (respiratory complex IT)
for the reduction of fumarate to succinate during anaerobic
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fermentation and respirofermentation (with nitrate). Both ba-
cilli possess genes encoding the putative fumarate transporter
(ERGO; Integrated Genomics, Inc.; RZC06566) but lack the
frd gene encoding fumarate reductase as well as genes resem-
bling nuoAN encoding the subunits of the proton-pumping
NADH dehydrogenase I of E. coli. It is thus likely that, as that
of B. subtilis, the lack of anaerobic respiratory growth of B.
cereus on fumarate is due to the absence of Nuo-type NADH
dehydrogenase, which was reported as the only site for H*
translocation in fumarate respiration (53). It is still unknown
whether the fumarate reductase activity of B. cereus could
generate an electrochemical membrane potential via a redox
half-loop (47). The NADH-recycling succinate pathway (also
known as the reducing branch of the tricarboxylic acid cycle) is
not a major fermentation route in B. cereus. Consistent with
this hypothesis, succinate is formed as a minor by-product
(Table 2), genes encoding key fermentative enzymes (IdhA, pfl,
and adhA) were more highly up-regulated than sdhA during
glucose fermentation (Table 4), and conversely, succinate lev-
els and sdhA transcription were increased under anaerobic
nitrate (respirofermentative) conditions while the activities of
true fermentative pathways were reduced (Tables 2 and 4).
Unlike B. subtilis (33, 59), B. cereus has a very efficient
glucose-fermentative metabolism which allows it to grow under
highly reducing (low-ORP) conditions (60). In the fermenta-
tion pathways of B. cereus (Fig. 1), the conversion of pyruvate
to acetyl coenzyme A is catalyzed by both pyruvate formate
lyase (Pfl, which is absent in B. subtilis) and the pyruvate
dehydrogenase complex (Pdh). Fermentation appeared to re-
quire high levels of Pfl compared to Pdh (Table 4), probably to
avoid excessive NADH formation (Fig. 1). In contrast, Pdh
may catabolize pyruvate preferentially under nitrate respira-
tory conditions, during which NADH reoxidation is less limit-
ing. The main NAD "-regenerating fermentative pathway in B.
cereus is the pyruvate-to-lactate pathway (Table 2). In B.
cereus, this pathway involved three putative lactate dehydroge-
nases, instead of two as in B. subtilis. The anaerobic expression
patterns of ldhA, ldhB, and ldhC clearly depend on the avail-
ability of the external electron acceptor (Table 4). In more
specific terms, IdhA and IdhC were strongly down-regulated in
the presence of nitrate, resulting in lower lactate production.
The regulation of formate production was less clear, since pfl
transcript levels and formate levels showed opposite trends

TABLE 7. Results for uncontrolled batch cultures of the wild-type
F4430/73 and the derivative fnr mutant transformed with the
pHT304aph3-fnr recombinant vector®

Final ODsg, under indicated
growth conditions

Strain
Aerobic Anaerobic
WT 0.60 = 0.02 0.32 £ 0.01
WT(pHT304aph3) 0.57 = 0.02 0.30 £ 0.02
WT(pHT304aph3-fnr) 0.60 = 0.02 0.36 = 0.01
far 0.55 =0.03 NG
fnr(pHT304aph3) 0.45 = 0.01 NG
fnr(pHT304aph3-fnr) 0.45 = 0.01 0.28 = 0.02

“ Cells were grown as described in Material and Methods. Values are the
means * standard deviations of results for triplicate cultures. WT, wild type;
for, fnr mutant; ODsg, optical density at 560 nm; NG, no growth.
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under anaerobic nitrate conditions (Tables 2 and 4). The in-
volvement (not yet excluded) of one or more putative anaer-
obic formate dehydrogenases (ERGO; Integrated Genomics
Inc.) may complicate the analysis of formate levels. Our data
also showed that the expression of the four genes encoding
putative respiratory NADH dehydrogenases was also strongly
influenced by nitrate and O,. This result will be further exam-
ined together with the levels of expression of the other aerobic
or anaerobic potential dehydrogenases and respiratory com-
ponents.

In B. subtilis, respiratory and fermentative enzymes are reg-
ulated by oxygen availability via a signal transduction system,
which includes the one-component Fnr and the two-compo-
nent ResDE systems (35, 36). A regulatory model was recently
proposed (43) taking into account that B. subtilis fnr directly
activates nitrate respiration via induction of the nitrate reduc-
tase operon (narGHJIK) and nitrate and nitrite transporter
gene (narK) and indirectly controls the transcriptional activity
of fermentative genes via the fermentation modulator ArfM
(31) and the redox regulator YdiH (29). In this study, we
identified in B. cereus a gene homologous to B. subtilis fnr
located in a chromosomal region that, like the corresponding
region in B. subtilis, comprises the genes encoding nitrate and
nitrite reductase (9). However, these genes showed a genetic
organization different from that observed in B. subtilis, and
apart from fnr we found no other genes encoding proteins
similar to regulatory proteins (such as arfM) in the vicinity of
these nitrate respiratory genes. It should be emphasized that
this organization appeared to be a characteristic of the se-
quenced members of the B. cereus group (references 21 and 41
and data not shown). The genetic organization of the fir locus
(Fig. 2) indicates that B. cereus fnr transcription is probably
monocistronic, whereas B. subtilis fnr was expressed either as
an far-specific transcript or as a bicistronic narK-fnr mRNA (9).
Therefore, in B. cereus the absence of fur up-regulation in the
presence of nitrate (Table 4) could reflect the absence of the
control via the narK promoter (which induced fnr transcription
in B. subtilis). Putative Fnr-binding sites were found centered
at positions —154.5 and +28.5 relative to the transcriptional
start point of the fnr promoter of B. cereus. The positions of
these Fnr boxes are different from those of B. subtilis Fnr-
activated promoters (the palindromic sequence is centered on
bp —40.5) (43) but consistent with those of CRP-activated
promoters (27), suggesting that fnr autoregulation patterns
may be different in B. cereus and B. subtilis. Analysis of the B.
cereus fnr promoter region also revealed the presence of a
putative binding sequence for the response regulator ResD
(12). Furthermore, data presented in the study (Table 4)
showed a correlation between the anaerobic changes in finr
expression and resD expression. This finding suggests that in B.
cereus, as in B. subtilis (31), the anaerobic condition-dependent
fnr signal transduction system is probably controlled by ResD.
We have previously shown that like Fnr, the B. cereus ResDE
system does not play a major role in aerobic respiration but
unlike Fnr, it does not play a major role in fermentation under
classical (N, atmosphere) anaerobic conditions (12). In con-
trast, the ResDE-dependent regulation is essential under
highly reducing (low-ORP) fermentative conditions generated
under an H, atmosphere. From additional experiments (data
not shown), we observed that fnr expression was strongly re-
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duced in a resD mutant when the mutant was grown under
fermentative conditions (5- and 25-fold decreases under high-
and low-ORP conditions, respectively) while no significant ef-
fect under respiratory conditions was observed. Therefore, the
beginning of the regulatory pathway controlling the catabolic
gene expression under anaerobiosis in B. cereus could involve,
in hierarchical order, first the two-component ResDE system
and second Fnr, as in B. subtilis (43). Subsequently, Fnr may
act differently in B. cereus than in B. subtilis since Fnr is essen-
tial for glucose fermentation and dispensable for anaerobic
nitrate respiration in B. cereus while it is essential for nitrate
respiration and dispensable for glucose fermentation in B. sub-
tilis. In B. cereus, Fnr may directly regulate certain key fermen-
tative genes (such as Idh, pfl, and adh) via a cis-acting Fnr box
in the corresponding promoter regions (such Fnr boxes were
found using bioinformatics approaches; data not shown) and
indirectly regulate the genes involved in nitrate formation. The
link between nitrate respiration and fermentation may involve
a redox regulator such as YdiH (29), since a gene encoding this
B. subtilis homolog has been found in the B. cereus genome
(ERGO; Integrated Genomics, Inc.; RZC01387). Neverthe-
less, this putative regulatory model requires experimental val-
idation.

In B. subtilis, the ability of Fnr to function as a transcription
factor depends on its level of synthesis and on the integrity of
its [4Fe-4S]*" cluster, which promotes a conformation that is
necessary for site-directed DNA binding and transcriptional
activation. From a structural point of view, the predicted Fnr
of B. cereus resembles the B. subtilis Fnr (42). It is thus tempt-
ing to speculate that the [4Fe-4S]*" cluster could also be a key
component required for the DNA-binding activity of B. cereus
Fnr under anaerobiosis. However, the data presented here
indicated that B. cereus Fnr modulates the transcription of
some catabolic genes under both anaerobic and aerobic con-
ditions (Table 5). For instance, the frnr mutation led to an
abnormal overproduction of succinate during aerobic glucose
respiration. This finding suggests that the B. cereus Fnr con-
served some site-specific DNA-binding properties under aero-
biosis, thus supporting the notion that the stability of the [4Fe-
4S] cluster could be conserved, at least partially, in aerobically
grown B. cereus cells, as reported for E. coli (5, 16). No such
result has been reported for B. subtilis Fnr. This led us to
consider that the B. subtilis and B. cereus Fnr proteins could
not show the same sensitivities to oxygen due to a difference in
their cluster stabilities. The findings that there is a significant
variation in the amino acid residues around the cysteine li-
gands in the two proteins (42) and that the stability of the Fe-S
cluster is dependent on this composition (55) further support
this hypothesis. Clearly, pioneering experimental approaches
are required to address this issue. In any case, the most con-
vincing evidence that B. cereus Fnr can exist in an active state
under aerobiosis was provided by the studies of enterotoxin
expression (Table 6; Fig. 4). Indeed, B. cereus Fnr is required
for the expression of PlcR-regulated genes #bl and nhe with or
without the presence of oxygen. Surprisingly, enterotoxin gene
expression was lower under anaerobic nitrate conditions than
under aerobiosis while levels of fir expression were not signif-
icantly different (Table 4). Given that B. cereus cells grown
anaerobically with nitrate as the terminal electron acceptor
generate significant NO (26), we propose that the [4Fe-4S]
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cluster of Fnr could be NO labile, as reported for E. coli (8).
Assuming that Fnr binds at an Fnr box within the 4bl and nhe
promoter (data not shown), NO-inactivated Fnr may have a
lower affinity for DNA than O,-inactivated Fnr and conse-
quently could have a lower inducible capacity. However, while
the expression of enterotoxin genes was lower under anaerobic
nitrate conditions, specific levels of production of Hbl and Nhe
remained similar, suggesting posttranscriptional regulation of
enterotoxin expression. Under anaerobiosis, the expression of
enterotoxin genes is thus controlled by at least two separate
pathways, i.e., the PlcR-dependent pathway and the Fnr
(ResDE)-dependent pathway. The signals triggering or block-
ing the Fnr (ResDE) pathway may be O, and NO, which may
interact not only with Fnr but also ResE (34) and other small
redox effector molecules produced in response to anaerobic
and highly reducing conditions.

In conclusion, this study showed that Fnr plays a more es-
sential role than the ResDE two-component system in B.
cereus fermentative growth. In addition, Fnr, like ResE, is
essential for the production of the major virulence factors, i.e.,
enterotoxins Hbl and Nhe (13, 57). Therefore, the interplay
between fermentative growth and virulence in a pathogen such
as B. cereus F4430/73 undoubtedly implicates Fnr as a major
regulatory protein. In the human intestine, B. cereus encoun-
ters anaerobic, highly reducing fermentative conditions (6, 20,
32, 50). The diarrheal syndrome may thus result from the
capacity of a B. cereus strain to efficiently ferment carbohydrate
in the small intestine environment.
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