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peroxide removal appears essential in functioning nodules.
Dalton et al. (12) showed that an efficient ascorbate-glutathione cycle, which can adjust to various physiological conditions,
is present in the host cell cytosol and that there is a key link
between nitrogen fixation and this detoxification process (11).
Another possible process of hydrogen peroxide detoxification can be provided by catalase, which catalyzes the conversion of hydrogen peroxide into water and oxygen. Catalases
occur in both the plant cytosol and microsymbiont (20) and
appear to represent a well-conserved group of proteins (53) in
spite of the existence of variant forms. For example, Escherichia coli, the only gram-negative bacterium whose catalase
has been studied in depth, produces two species of hydroperoxidases (HPI and HPII) whose synthesis is genetically controlled by at least four noncontiguous loci (katE, rpoS, katG,
and oxyR). HPI, encoded by katG (49), is a bifunctional enzyme, having both catalase and peroxidase activities which are
dependent on the oxidative stress response (oxyR) regulon (8).
HPII, encoded by katE (54), possesses only catalase activity
and is maximally synthesized as cells enter the stationary phase
of growth (34) and undergo osmotic changes (27). The expression of HPII requires a functional rpoS (katF) gene (for a
review, see reference 33) which has been shown to also be a
regulator of katG transcription in an oxyR-independent manner (26).
Little is known about the catalases in the family Rhizobiaceae. It has recently been reported that Rhizobium leguminosarum bv. phaseoli responds to H2O2-mediated oxidative stress
by a modest induction of catalase activity (10). Catalase
showed a cell density-dependent regulation controlled by the
accumulation of extracellular components in the growth medium (10). Moreover, the catalase activity of a Rhizobium japonicum strain collected from effective soybean nodules was
greater than that in a strain from the ineffective root structures
(20).
In this paper, we describe the characterization of a chromo-

Reactive oxygen species such as superoxide radical, hydrogen peroxide, and hydroxyl radical naturally arise during normal metabolism in aerobically growing cells as a result of the
incomplete reduction of molecular oxygen. These species can
damage lipids, proteins and DNA and are probably involved in
some degenerative processes in living cells (23). In this framework, there is increasing evidence that oxygen-derived species
play an important role in Rhizobium-legume symbiosis, at least
during the senescence period. This symbiotic association leads
to the formation of nodules where a high degree of interaction
between the host cell and the microbial symbiont is found (35).
The symbiosis is mainly characterized by its ability to fix atmospheric nitrogen, and the key enzyme of this process, the nitrogenase located in the microsymbiont, is rapidly and irreversibly inactivated by oxygen; the possible role of oxygen-derived
species in this inactivation is still an open question (40). Nodules have a high potential to produce damaging oxygen-derived
species such as hydrogen peroxide because of the strong reducing conditions required for nitrogen fixation and the action
of several proteins, including ferredoxin, uricase, hydrogenase,
and leghemoglobin (12). This hemoprotein, present in large
amounts in legume nodules, is itself subject to an autoxidation
process, generating superoxide anion and hydrogen peroxide
(41). Furthermore, hydrogen peroxide has been shown to react
with leghemoglobin to generate further damaging species (13),
and significant amounts of hydroxyl radicals have been found
in senescing nodules (3). This can be related to the high concentration of catalytic iron, which is able to catalyze the hydroxyl radical formation from hydrogen peroxide via the Fenton reaction in the cytosol of these nodules (3). Thus, hydrogen
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To investigate the involvement of bacterial catalases of the symbiotic gram-negative bacterium Rhizobium
meliloti in the development of Medicago-Rhizobium functional nodules, we cloned a putative kat gene by
screening a cosmid library with a catalase-specific DNA probe amplified by PCR from the R. meliloti genome.
Nucleotide sequence analysis of a 1.8-kb DNA fragment revealed an open reading frame, called katA, encoding
a peptide of 562 amino acid residues with a calculated molecular mass of 62.9 kDa. The predicted amino acid
sequence showed a high homology with the primary structure of monofunctional catalases from eucaryotes and
procaryotes. The katA gene was localized on the chromosome, and the katA gene product was essentially found
in the periplasmic space. A katA::Tn5 mutant was obtained and showed a drastic sensitivity to hydrogen
peroxide, indicating an essential protective role of KatA. However, neither Nod nor Fix phenotypes were
impaired in the mutant, suggesting that KatA is not essential for nodulation and establishment of nitrogen
fixation. Exposure to a sublethal concentration of H2O2 enhanced KatA activity (100-fold) and also increased
survival to subsequent H2O2 exposure at higher concentrations. No protection is observed in katA::Tn5,
indicating that KatA is the major component of an adaptive response.
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TABLE 1. Bacterial strains and plasmids used in this study
Relevant characteristic(s)a

Strain or plasmid

DH5a

J. Dénarié
16
This work

C58 cured of pAtC58 and pTiC58
GMI9023 pRmeSU47b
GMI9023 pRmeSU47a

44
17
17

B. japonicum, wild type

31

D(mcrA) 183D(mcrCB-hsdSMR-mrr) 173 endA1 supE44 thi-1 recA1 gyrA96 relA1 lac[F9proAB
lacIq ZD M15 Tn5 (Kanr)]
F2 supE44 DlacU169(f80dlacZDM15) hsdR17(rK2mK1) recA1 endA1 gyrA96 thi-1 relA1

Stratagene

HB101

F9 hsdS20(rB mB recA13(Sm) ara14 proA2 lacY1 galK2 leuB6 xyl5 mtl1 supE44 rpsL20

MT607
MT609
MT614
MT616

pro-82 thi-1 hsdR17 supE44 recA56
thyA36 polA1 Spr, recipient for Tn5 mutagenesis of IncP1 plasmids
MT607VTn5
MT607(pRK600)

Bethesda Research
Laboratories
Bethesda Research
Laboratories
17
51
56
17

IncP1 cosmid cloning vector Tcr
ColE1 replicon with RK2 transfer region Cmr
IncP1 Gmr Spr Cmr
Derivative of pUC19 with f1(1)oriR, Apr
Derivative of pBluescriptSK(1) with SrfI site, Apr
pLAFR1, R. meliloti cosmid clone with katA
Same as pLRK1 but with katA::Tn5
Same as pLRK1 but with katA::Tn5
Same as pLRK1 but with katA::Tn5
pBluescript, 1.4-kb EcoRI-ApaI fragment with partial katA
pBluescript, 442-bp PstI-ApaI fragment with partial katA

21
17
4
Stratagene
Stratagene
This work
This work
This work
This work
This work
This work

Plasmids
pLAFR1
pRK600
pPH1JI
pBluescriptKS(1)
pPCR-ScriptSK(1)
pLRK1
pLRK13
pLRK14
pLRK16
pBSKA1-1
pBSKA1-2
a

SU47, wild type
rif-5
Same as Rm5000 but with katA::Tn5

2

2

Abbreviations: Tc, tetracycline; Sm, streptomycin; Ap, ampicillin; Kan, kanamycin; Cm, chloramphenicol; Gm, gentamicin; Sp, spectinomycin.

somal katA gene from R. meliloti, encoding the monofunctional
hydrogen peroxide-inducible catalase KatA. The sensitivity to
H2O2 and the ability to establish a functional symbiosis for a
katA::Tn5 mutant are discussed.
MATERIALS AND METHODS
Bacterial strains, plasmids, and transposon. Bacterial strains, plasmids, and
the transposon used in this study are listed in Table 1.
Media, antibiotics, and growth conditions. E. coli was maintained and grown
at 378C in Luria Bertani (LB) medium (yeast extract, 5 g/liter; tryptone, 10 g/liter;
NaCl, 10 g/liter). R. meliloti was grown in LB-MC, which is LB medium containing 2.5 mM MgSO4 and 2.5 mM CaCl2. Thymine (60 mg/ml), ampicillin (100
mg/ml), rifampin (20 mg/ml), spectinomycin (100 mg/ml), tetracycline (10 mg/ml),
gentamicin (70 mg/ml), chloramphenicol (30 mg/ml), neomycin (200 mg/ml), and
kanamycin (50 mg/ml) were added to the medium as needed.
DNA preparation, screening of library, and sequencing. Total DNA from
Rhizobium meliloti was isolated according to the method of Ausubel et al. (1).
Restriction endonuclease digestions and analyses, ligations, transformations in
DH5a, plasmid DNA isolations, and Southern transfer were performed by standard methods (46). Probes were 32P labeled with the Prime-a-gene labeling
system (Promega, France). Screening of the genomic library, constructed in
pLAFR1 (21), was essentially performed according to standard procedures (1).
A filter containing 2 3 103 bacterial clones was hybridized overnight with the
probe in 63 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–53
Denhardt’s solution–0.05% sodium pyrophosphate at 608C. Subsequently, unbound probe was removed by washing the filters four times for 30 min in 63
SSC–0.5% sodium dodecyl sulfate at 608C. The filter was autoradiographed on
Kodak XAR-5 film with intensifying screens. Southern analysis of genomic DNA
was performed with similar hybridization and washing conditions. The nucleotide
sequences of both strands of the katA coding region were determined by the
dideoxy chain termination method (47) according to the U.S. Biochemicals
protocol for the Sequenase 2.0 enzyme with a-35S-dATP (ICN, Orsay, France).

Sequence data were analyzed with the University of Wisconsin Genetics Computer Group program library (15).
Amplification of DNA by PCR. PCR mixtures contained 100 pmol of each
primer; 300 ng of genomic DNA or 100 ng of amplified DNA; 200 mM (each)
dATP, dTTP, dGTP, and dCTP; 13 Taq polymerase buffer (Appligen, Illkirch,
France); and 1 U of Taq DNA polymerase (Appligen) in a final volume of 100
ml. Samples were overlaid with mineral oil. Reaction mixtures were cycled automatically with a PHC-3 Thermal Cycler (Techne-Cambridge Ltd., Cambridge,
United Kingdom) through temperature-time cycles as follows: denaturation,
958C for 1 min; annealing, 428C for 1 min; extension, 728C for 1 min. Denaturation time of the first cycle was prolonged to 4 min to ensure a single-stranded
template for the PCR, and the final extension time was increased to 5 min to
ensure completion of strand synthesis. Ten microliters of reaction mixture was
analyzed by electrophoresis on 1.5% agarose gels. PCR-amplified DNA was
excised and recovered by using the GeneClean II kit (Bio 101, Inc., La Jolla,
Calif.).
Transposon mutagenesis of the R. meliloti katA locus. For Tn5 insertion in the
katA coding region, the MT614 E. coli strain carrying the Tn5 transposon on the
chromosome was transformed with the plasmid pLRK1. Recombinant plasmids
were transferred to the MT609 E. coli recipient strain by triparental mating,
using the MT616 E. coli strain as a helper according to the protocol previously
described (22). The recipient strains containing the recombinant plasmid were
selected by growth on medium containing tetracycline, spectinomycin, and thymine. Plasmid DNA was prepared from 48 different clones. Restriction analyses
of plasmid DNA revealed that three different cosmids (pLRK13, pLRK14, and
pLRK16) carried an insertion of the Tn5 transposon in the 1.4-kb ApaI-EcoRI
fragment corresponding to the coding region. For genomic recombination, these
three tetracycline-resistant IncP1 group plasmids were introduced into the rifampin-resistant SU47 derivative Rm5000 by triparental mating, using the
MT609 E. coli strain as a helper. The plasmid incompatibility technique (45) was
then used to detect strains in which the insertion had recombined from the
plasmid to the R. meliloti genome. Recombinants carrying Tn5 on the katA gene
(MK5001) were selected for the gentamicin- and spectinomycin-resistant plasmid pH1JI (4).
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Strains
R. meliloti
RCR2011
Rm5000
MK5001
A. tumefaciens
GMI9023
At125
At128
B. japonicum
USDA110
E. coli
XL1-Blue MRF9 Kan

Source or reference
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RESULTS
Cloning of a kat gene in R. meliloti by nested PCR. The
three-dimensional structures of bovine liver catalase (39), Penicillium vitale catalase (50), and Micrococcus lysodeikticus catalase (38) have been solved and reveal four distinct domains:
the N-terminal extended arm, the b-barrel core, the wrapping
domain, and the C-terminal external a-helices (18, 19). Alignment of the amino acid sequences of several catalase sequences from different species revealed homology boxes particularly in the C-terminal portion of the extended arm and the
N-terminal region of the barrel core (Fig. 1). This permitted
the identification of a catalase consensus sequence. A similar
high degree of amino acid homology was found during a comparative study of 20 different catalase proteins (53). In order to
isolate a kat gene from R. meliloti using a PCR strategy, three
degenerate oligonucleotides, 59CCIGARMGIGTIGTICA
YGC (kat 1), 59ARRTTYTAYACIGARGARGG (kat 2), and
59GTIGGIAAYAAYACICCIGTITTYTT (kat 3) derived
from amino acids 69 to 75 (PERVVHA), 134 to 140 (KFYT
EEG), and 145 to 154 (VGNNTPVFF) of the consensus sequence (Fig. 1), were synthesized and used as primers to amplify DNA from the R. meliloti genome. The first PCR with kat
1 and kat 3 primers produced a fragment of approximately 250
bp, which corresponded to the expected size from the amplified region of a kat gene. Using this 250-bp fragment as a DNA
template, a second PCR with kat 1 and kat 2 primers produced
a fragment of 220 bp as expected. The PCR-amplified 250-bp
fragments were ligated into pPCR-ScriptSK(1) and trans-

FIG. 1. Multiple alignment of the predicted amino acid sequence of an R.
meliloti PCR fragment amplified between kat 1 and kat 3 (rmkatA) with sequences of bovine liver catalase (blc; GenBank accession no. P00432) and procaryotic catalases from the following organisms: Rhizobium sp. strain SNU003
(rsp; GenBank accession no. U56239), Bacillus subtilis (bsub; GenBank accession
no. M80796), B. abortus (bruab; GenBank accession no. U11439), Bacteroı̈des
fragilis (bfra; GenBank accession no. U18676), H. influenzae (catalase hktE) (hiu;
GenBank accession no. U02682), B. pertussis (borper; GenBank accession no.
U07800), E. coli (hyperoxidase II) (ecolihpii; GenBank accession no. M55161),
and P. syringae (catF) (psesyr; GenBank accession no. U03465). Identities between the published sequences are shaded in grey. The consensus sequence has
been determined, and gaps (dots) have been introduced in protein sequences to
optimize the match, using the Genetics Computer Group program. Identities
between rmkatA and the consensus sequence are boxed. Amino acids chosen for
the synthesis of PCR primers are underlined. The active-site residues (His-74,
Ser-113, and Asn-147) and the distal heme site ligands (Val-73, His-74, Asn-147,
and Phe-152) of blc are indicated by asterisks and solid circles, respectively.

formed into the E. coli XL1-Blue MRF9 Kan strain. Sequencing of the inserts from four clones showed that the 246-bp
fragment contained an open reading frame encoding part of a
protein which is 70% identical to the catalase consensus sequence (Fig. 1). The insert from one of the plasmids was then
radiolabeled and used as a hybridization probe to screen a
genomic DNA library of R. meliloti (21).
Nucleotide and predicted amino acid sequence analysis of
the katA gene. Analyses of three positive clones carrying a
DNA insert of 22 kb revealed the same restriction map; one of
those clones, called pLRK1, was used for further studies. Sequencing and analysis of a 1,944-bp DNA fragment carried by
pLRK1 identified one major open reading frame of 562 residues with an ATG start codon corresponding to a protein with
an Mr of 62,973 and a pI of 7.0 (Fig. 2). An inverted repeat
sequence is present downstream of the stop codon and might
serve as a transcription terminator. The ATG was preceded by
a potential ribosome binding site located 10 bp upstream. The
G1C content (63%) of the putative katA gene is similar to that
of other genes from R. meliloti. A search of the current DNA
and protein in databases with the BLAST algorithm (Beckman
Center for Molecular and Genetic Medicine, Stanford University School of Medicine, Stanford, Calif.) revealed significant
similarities to large regions of numerous procaryotic and eucaryotic catalases. The highest amino acid identity was found
with Brucella abortus catalase (71% identity), and paradoxically, catalase sequences of R. meliloti and Rhizobium sp. strain
SNU003 showed only 44% identity. The predicted katA gene
product also showed high identity to catalases from several
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Bacterial extract preparation and biochemical assays. Cell crude extracts were
prepared from saturated cultures (100 ml) harvested by centrifugation at 7,000 3
g for 10 min at 48C. The cell pellet was resuspended in 1 ml of ice-cold phosphate
buffer (50 mM KH2PO4, 0.1 mM EDTA) and sonicated on ice (six times during
30 s, one pulse per s). The sonicated extract was then clarified by centrifugation
at 10,000 3 g for 10 min at 48C. Isolation of periplasmic proteins from saturated
cultures was performed by using a cold osmotic shock as described previously
(32). Protein concentration was determined according to the method of Bradford
(6). The amount of malate dehydrogenase, a cytoplasmic enzyme, was measured
by the production of NADH monitored at 340 nm in an assay mixture containing
2.5 mM NAD1, 85 mM L-malate (pH 7.5), and 100 mM glycine (pH 10). One
unit of malate dehydrogenase is the amount of enzyme which produces 1 nmol
of NADH per min at 258C. Catalase activity was measured spectrophotometrically by following the decomposition of H2O2 at 240 nm, using an extinction
value of 43 M21 cm21 (28). One unit of catalase is the amount of enzyme which
decomposes 1 mmol of H2O2 per min at 258C. Bacterial extracts were loaded on
8% nondenaturing polyacrylamide gels (Mini-cuve; Bio-Rad) and submitted to
electrophoresis at 100 V for 3 h. Catalase and peroxidase activities in polyacrylamide gels were visualized via inhibition of diaminobenzidine oxidation by H2O2
in the presence or in the absence of horseradish peroxidase-H2O2, respectively
(9).
H2O2 sensitivity assay and H2O2 induction treatment. Cells grown to an
optical density at 600 nm of 0.2 in LB-MC medium with shaking at 308C were
challenged with H2O2. Aliquots were withdrawn at various times during 6 h, and
survival was assessed by plating onto LB plates. Colonies were counted after 3
days of incubation at 308C. H2O2 pretreatments and H2O2 induction experiments
were performed using a protocol adapted from that of Brown et al. (7); 200 mM
H2O2 was added five times at 12-min intervals to the exponential culture (1 mM,
final concentration).
Nodulation and nitrogen fixation assays. Medicago sativa was used as the host
plant to test the nodulation and fixation of R. meliloti strains. Plants were grown
in sterile tubes (2 plantlets per tube) containing 20 ml of an N-free nutrient
medium with 0.8% agarose prepared as a slope. The plants were inoculated
twice, 1 and 2 weeks after germination, with the appropriate R. meliloti strains.
The plants were visually screened for nodule formation by observing the root
system 4 weeks after the second Rhizobium inoculation. Phenotypes of bacteria
recovered from nodules were checked on the appropriate media. N2 fixation
activity was determined by C2H2 reduction, using a gas chromatograph (ATIUnicam, model 610) equipped with a column of Porapak T (80/100 mesh) as
described by Rigaud (42). Incubations of nodulated plantlets were made, in four
replicates, at 258C, in 80-ml rubber-capped tubes containing O2 (20 kPa) and
C2H2 (10 kPa) in argon.
Nucleotide sequence accession number. The DNA sequence of the R. meliloti
katA gene has been submitted to GenBank and assigned accession number
U59271.
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other bacteria such as Bordetella pertussis (51% identity), Haemophilus influenzae (50% identity), and E. coli HPII (34%
identity) as well as to eucaryotic catalases such as bovine liver
catalase (43% identity), human catalase (36% identity), and
catalases from Nicotiana tabacum (34% identity) and Arabidopsis thaliana (32% identity).
Location of the katA gene on the R. meliloti chromosome.
The genome of R. meliloti 1021, like those of many R. meliloti
strains, exhibits three replicons: the chromosome, 3.4 Mb, and
two megaplasmids, pSym-b (pRmSU47b), 1.7 Mb, and pSym-a
(pRmSU47a), 1.4 Mb (25). In order to determine on which
replicon the katA gene is located, each plasmid was mobilized
into Agrobacterium tumefaciens (17), and total DNA from resulting hybrid strains was tested by Southern analysis using as
a radiolabeled probe the 1.4-kb ApaI-EcoRI fragment corresponding to the katA coding region (Fig. 3). No significant
hybridization of the probe was detected in hybrid strains, indicating that the katA gene is located on the chromosome of R.
meliloti and not on one of the Sym plasmids. Under these
stringent conditions, no cross-hybridization was observed with
E. coli, A. tumefaciens, or Bradyrhizobium japonicum DNA.
However, low hybridization of the probe with a 14-kb ApaI-

FIG. 3. Chromosomal location of the R. meliloti katA gene by Southern
analysis. Total DNA of different strains was digested with ApaI, transferred onto
a nylon membrane after electrophoresis, and probed with the radiolabeled 1.4-kb
EcoRI-ApaI fragment from pBSKA1-1. Lane 1, R. meliloti RCR2011; lane 2, B.
japonicum USDA110; lane 3, E. coli HB101; lane 4, A. tumefaciens GMI9023;
lane 5, A. tumefaciens At125; lane 6, A. tumefaciens At128 (see Table 1 for
relevant characteristics). Numbers on the left indicate sizes of selected lambda
markers (in base pairs).
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FIG. 2. Nucleotide sequence of the 1,944-bp DNA fragment containing the R. meliloti katA gene. The deduced amino acid sequence of the katA gene product is
presented underneath the DNA sequence. The putative Shine-Dalgarno (SD) sequence, the potential terminator hairpin, and the restriction enzyme sites used in this
study are underlined. Numbers on the left indicate amino acid positions; those on the right indicate nucleotide positions. The putative histidine active-site residues
(His-123, Ser-161, and Asn-195) and the proximal (Pro-383, Arg-401, and Tyr-405) and distal (Val-122, His-123, Asn-195, Phe-200, and Phe-208) heme site ligands are
indicated by solid circles. The putative SKL sequence is indicated by asterisks.
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ApaI fragment of the R. meliloti chromosome DNA was detected, suggesting the presence of a second catalase gene homologous to the katA gene. These results were confirmed by
Southern analysis of EcoRI-digested DNA, showing also a
pattern of two bands for chromosomal DNA of R. meliloti
(data not shown).
Transposon mutagenesis of the katA gene shows that this
gene encodes a catalase. Recombinant Rm5000 strain carrying
the Tn5 transposon on the katA gene (MK5001) was constructed as described in Materials and Methods, and the insertion of Tn5 in the coding region of katA was confirmed by
Southern analysis of the MK5001 genomic DNA (data not
shown). To determine whether the mutation of the katA gene
resulted in the loss of catalase activity associated with the katA
gene product, protein extracts of stationary-phase cells from
RCR2011 and Rm5000 wild-type strains and MK5001 katA::
Tn5 mutant were analyzed for catalase and peroxidase activities on a native polyacrylamide gel (Fig. 4). The enzyme assays
revealed that R. meliloti showed at least two catalases (KatA
and KatB). The lower band (KatA) was only present in wildtype strains, and this corresponds to the katA gene product.
There was no corresponding peroxidase activity, indicating that
KatA is a monofunctional catalase hydroperoxidase enzyme,
possessing only catalase activity. In contrast, a peroxidase activity was detected at the level of the second catalase KatB,
suggesting a bifunctional hydroperoxidase (Fig. 4B).
Sensitivity of the katA mutant to H2O2. To assess the contribution of the catalase encoded by katA to the H2O2 resistance of R. meliloti, the survival to various concentrations of
H2O2 of wild-type Rm5000 was compared with that of mutant
MK5001. Up to 2 mM H2O2, growth of both strains occurred
at a rate similar to that of the untreated culture (data not
shown). In the presence of 3 mM H2O2, an adaptation period
of 3 h was required for the wild-type cells to acquire a survival
rate similar to that of the untreated cells (Fig. 5A). In contrast,
this characteristic V-shaped survival curve was not observed
for the katA cells. Moreover, in the presence of 4 mM H2O2,
mutant MK5001 was rapidly killed, whereas survival of wildtype cells was only slightly reduced (Fig. 5B; 40% wild-type
survival versus 0.7% katA survival after a 2-h challenge). This
implies that the catalase encoded by katA is essential for resistance to exogenous H2O2.
Induction of KatA and adaptation to H2O2. To further investigate the role of KatA in the resistance of R. meliloti to
H2O2, R. meliloti strains were exposed to a sublethal dose of
H2O2 (final concentration, 1 mM). The intensity of the total

catalase activity was considerably increased in wild-type
Rm5000 (100-fold), whereas no induction by H2O2 was observed in mutant MK5001 (Table 2). Analysis of the catalase
activity on native gels showed a similar pattern for MK5001
with and without H2O2, indicating that the second hydroperoxidase (KatB) is not H2O2 inducible (data not shown). Moreover, H2O2 pretreatment of wild-type cells with this sublethal
concentration (1 mM) allowed a total recovery of survival at 4
mM H2O2 (Fig. 6). This acquired resistance to 4 mM H2O2 can
be blocked in the presence of the protein synthesis inhibitor
chloramphenicol, indicating that de novo KatA synthesis is required for adaptation of R. meliloti to H2O2 (Fig. 6). In contrast, no enhanced protection was observed for mutant MK5001
after pretreatment with 1 mM H2O2 (Fig. 6), indicating that
KatA is the major component of an adaptive response.
Periplasmic location of KatA. To test the localization of the
H2O2-induced KatA, periplasmic extracts of Rm5000 with and
without H2O2 treatment were prepared by the cold osmotic
shock method, which is known to preserve the plasmic mem-

FIG. 5. Sensitivity of wild-type (■ and å) and katA mutant (h and Ç) strains
to H2O2. Cells were grown exponentially in LB-MC medium (4 ml) to an optical
density at 600 nm of 0.2, which represents 100% survival. Cells were challenged
with 3 mM H2O2 (A) and 4 mM H2O2 (B). ■ and h, control cells without H2O2;
å and Ç, H2O2-treated cells. Samples were taken periodically, diluted, and
plated onto LB medium to determine cell viability. Datum points are the means
of duplicates from representative experiments.
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FIG. 4. Effect of a katA mutation on the pattern of catalase and peroxidase
activities. Catalase activity (A) and peroxidase activity (B) were detected in
samples (25 mg of protein) after electrophoresis on native polyacrylamide gels.
Lane 1, RCR2011; lane 2, Rm5000; lane 3, MK5001.
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TABLE 2. Effect of H2O2 on catalase activity in wild-type
(Rm5000) and katA::Tn5 mutant (MK5001) strains
Crude extracta
R. meliloti strain

Catalase
activity

MDH

Periplasm
b

Catalase
activity

Rm5000
10.4 6 0.5
678 6 18
1.3 6 0.2
Rm5000 1 H2O2 1,178.8 6 13.4
819 6 11 122.8 6 10.5
MK5001
9.6 6 0.4 1,077 6 13
0.5 6 0.1
MK 5001 1 H2O2
13.3 6 0.8 1,173 6 19
0.3 6 0.1

MDH

NDc
ND
ND
ND

a
Values were obtained by using triplicate samples from two independent
experiments and are given in units per milligram of protein.
b
MDH, malate dehydrogenase.
c
ND, not detected.

FIG. 6. Adaptation of wild-type (å, }, and F) and katA mutant (Ç, {, and
E) strains to H2O2. Cells were grown as described in the legend to Fig. 5 and then
treated with 53 200 mM H2O2 for 1 h in the absence and in the presence of
chloramphenicol (100 mg/ml). After pretreatment, the cells were harvested by
centrifugation at 3,000 3 g for 2 min at room temperature. The cell pellet was
resuspended in 4 ml of LB-MC medium containing 4 mM H2O2. Samples were
taken periodically, diluted, and plated onto LB medium to determine cell viability. å and Ç, no pretreatment; F and E, pretreated in the absence of chloramphenicol; } and {, pretreated in the presence of chloramphenicol. Datum
points are the means of duplicates from representative experiments.

for M. sativa nodulated with the MK5001 or Rm5000 strain.
The level of C2H2 reduction observed for MK5001-nodulated
plants was not significantly different from that of Rm5000nodulated plants during the first 6 weeks of fixation (Fig. 8).
This result shows that the katA::Tn5 mutant strain has also a
fixing phenotype (Fix1).
DISCUSSION
With the aim of determining the role of catalases in the
establishment and/or the maintenance of Medicago-Rhizobium
functional nodules, we first cloned the R. meliloti katA gene,
which encodes an H2O2-inducible catalase KatA. The katA
gene encodes a protein of 562 amino acids, and multiple amino
acid sequence alignment showed a strong relationship between
KatA and the group of catalases including the E. coli monofunctional HPII catalase which has been localized in the cytoplasm (24). In contrast, no similarity to bacterial catalaseperoxidase-type enzymes such as periplasmic E. coli HPI was
found, which is consistent with the absence of peroxidase activity of KatA. Since the HPII-type catalases appear to represent a well-conserved group of proteins, they were used for
phylogenetic reconstruction by Von Ossowski et al. in 1993
(53). Indeed, the KatA amino acid sequence shows high identity with the animal pathogenic bacterium B. abortus, which has
recently been shown to be a member of the phylogenetic Rhizobiaceae group close to R. meliloti on the basis of 16S rRNA

FIG. 8. Time course of C2H2 reduction activity. C2H2 reduction activity per
tube containing two plants was measured at weekly intervals after the second
inoculation by the MK5001 mutant strain or the wild-type Rm5000 strain. Values
are means 6 standard errors of the means (n 5 4). Experimental data were
assessed for statistical significance by means of the Student t test.
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brane integrity but allows only low release of the periplasmic
proteins (only 1.2% of the periplasmic cyclic phosphodiesterase) and particularly those with a high molecular weight (32).
In both extracts, the absolute absence of malate dehydrogenase activity (a cytoplasmic marker enzyme) suggested that
there was no contamination by cytoplasmic proteins. Catalase
activity was always detected in periplasm extracts of Rm5000,
and there was a 100-fold increase of catalase activity in the
periplasm after H2O2 treatment (Table 2). Analysis of extracts
for catalase activity on nondenaturing gels suggested that KatA
and KatB are located in the periplasm (Fig. 7, lane 2) and
confirmed the induction of KatA by H2O2 (Fig. 7, lane 3).
The katA mutant has a Nod1 Fix1 phenotype. To test the
capacity of the katA::Tn5 mutant to nodulate M. sativa host
plants, plants were inoculated with the MK5001 strain and the
wild-type Rm5000 strain as a control. All the plants inoculated
with MK5001 showed a nodulating phenotype (Nod1). The
number of nodules was comparable for plants nodulated with
the MK5001 strain and those nodulated with the Rm5000
strain (data not shown). To study the nitrogen fixation of
nodulated plants, acetylene reduction activity was assayed

FIG. 7. Induction of KatA by H2O2. Strain Rm5000 protein (25 mg) was
loaded on a native polyacrylamide gel and stained for catalase activity. Lane 1,
crude extract; lane 2, periplasmic proteins; lane 3, periplasmic proteins from cells
pretreated with 53 200 mM H2O2 for 1 h.

6808
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demonstrate that a mutation of the H2O2-inducible KatA of R.
meliloti has no effect on the number of plant nodules, showing
that the mutant still copes with a potential H2O2 burst. However, other H2O2-scavenging systems like the periplasmic KatB
enzyme can supply the deficiency of the KatA enzyme in R.
meliloti. The fact that this katA mutant has a Fix1 phenotype
does not support the hypothesis of an important protective role
of the KatA in the nitrogen fixation process. Thus, the cloning
of the gene encoding KatB and experiments with a double katA
katB mutant are needed to give a clear-cut answer to the role
of catalase in the maintenance of functional nodules.
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