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Listeria monocytogenes is a Gram-positive, psychrotrophic, facultative intracellular food-borne pathogen
responsible for severe illness (listeriosis). The bacteria can grow in a wide range of temperatures (1 to 45°C),
and low-temperature growth contributes to the food safety hazards associated with contamination of ready-
to-eat foods with this pathogen. To assess the impact of oxidative stress responses on the ability of L.
monocytogenes to grow at low temperatures and to tolerate repeated freeze-thaw stress (cryotolerance), we
generated and characterized a catalase-deficient mutant of L. monocytogenes F2365 harboring a mariner-based
transposon insertion in the catalase gene (kat). When grown aerobically on blood-free solid medium, the kat
mutant exhibited impaired growth, with the extent of impairment increasing with decreasing temperature, and
no growth was detected at 4°C. Aerobic growth in liquid was impaired at 4°C, especially under aeration, but not
at higher temperatures (10, 25, or 37°C). Genetic complementation of the mutant with the intact kat restored
normal growth, confirming that inactivation of this gene was responsible for the growth impairment. In spite
of the expected impact of oxidative stress responses on cryotolerance, cryotolerance of the kat mutant was not
affected.

Listeria monocytogenes is a Gram-positive, facultative intra-
cellular food-borne pathogen that has the ability to cause a
severe disease (listeriosis) in humans and animals (13, 28, 30).
L. monocytogenes is ubiquitously distributed in the environ-
ment and has the ability to grow over a wide range of temper-
atures (between 1 and 45°C) (13). Growth at low temperature
has important implications for environmental persistence of
the organism and for contamination of cold-stored, ready-to-
eat foods, thus contributing to the food safety hazards associ-
ated with L. monocytogenes (19).

L. monocytogenes is subjected to oxidative stress during both
extracellular and intracellular growth and has evolved several
responses to minimize the impact of reactive oxygen species
(ROS). Catalase and superoxide dismutase (SOD) work syn-
ergistically in detoxification of ROS: superoxide anions are
converted to H2O2 by SOD, with subsequent conversion of
H2O2 into water and oxygen by catalase (22). Exposure to ROS
may be especially acute during intracellular infection as well as
under certain environmental conditions, such as those involved
in repeated freezing and thawing (15, 16, 23, 29, 33).

Previous studies revealed that the ability of L. monocyto-
genes to survive repeated freezing and thawing (cryotolerance)
was markedly dependent on growth temperature, with bacteria
grown at 37°C having significantly higher cryotolerance than
those grown at either 4 or 25°C (1). However, mechanisms
underlying Listeria’s cryotolerance have not been identified.
Since oxidative damage is considered to take place during
freezing and thawing, determinants such as catalase may be
involved in cryotolerance.

The catalase of L. monocytogenes has been investigated pri-
marily in terms of its potential role in pathogenesis, with some-
what conflicting results. The isolation of catalase-negative
strains from human listeriosis patients has led to the spec-
ulation that catalase is not required for human virulence (4,
8, 12, 31). On the other hand, under certain conditions (e.g.,
reduced serum levels), catalase-negative strains were im-
paired in their ability to survive in activated macrophages in
comparison to catalase-positive strains (32). Furthermore, the
catalase gene kat was among those for which expression was
induced in infected cell cultures and in the spleens of mice in-
fected with L. monocytogenes EGD-e, suggesting possible contri-
butions to pathogenesis (5, 9).

The potential role of catalase in environmental adaptations
of L. monocytogenes such as growth at low temperature and
cryotolerance was not addressed in these earlier investigations.
In this study, we have characterized an isogenic mutant of L.
monocytogenes F2365 to determine the involvement of catalase
in growth at different temperatures, survival in selected foods,
and cryotolerance of L. monocytogenes.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used in this
study are listed in Table 1. L. monocytogenes F2365 was implicated in the
California outbreak of 1985 and has had its genome completely sequenced (24).
Before each experiment bacteria were grown on Trypticase soy agar with 5%
sheep blood (Remel, Lenexa, KS) at 37°C for 36 h. A single colony was trans-
ferred into 5 ml of tryptic soy broth (TSB; BBL, Sparks, MD) supplemented with
0.7% yeast extract (TSBYE; BBL), and the cultures were incubated at 37°C
overnight. Motility assays utilized soft agar medium (TSBYE with 0.4% agar
[TSAYE]). For growth under microaerobic conditions, we employed a Campy-
Pak Microaerophilic System (BBL, Sparks, MD) at 37°C for 36 h and at 25°C for
48 h. The gas mix generated by these packs consist of 80% nitrogen, 7.5%
hydrogen, 7.5% carbon dioxide, and 5% oxygen (2). Growth in liquid was mon-
itored (optical density at 600 nm [OD600]) using a spectrophotometer (Bio-Rad
SmartSpec 3000; Hercules, CA) with ca. 106 CFU/ml as the inoculum. The
OD600 readings were taken every 1 h (37°C), every 24 h (10°C), and every 3 days
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(4°C). In addition, we monitored growth of the mutant and the wild type in liquid
at 4°C with aeration (150 rpm).

When needed, antibiotics used with L. monocytogenes were chloramphenicol
(6 �g/ml), erythromycin (5 �g/ml), and nalidixic acid (20 �g/ml). Escherichia coli
strains were grown in Luria-Bertani (LB; BBL, Sparks, MD) broth or agar
medium supplemented with chloramphenicol (25 �g/ml). Antibiotics were pur-
chased from Sigma-Aldrich (St. Louis, MO).

Identification of catalase-negative mutant ROA3. A transposon mutant library
of L. monocytogenes F2365 was constructed with the mariner-based transposition
system using pMC38 as described previously (1a, 6). About 3,400 mariner-based
transposon mutants of L. monocytogenes F2365 were screened for catalase ac-
tivity. The mutants were grown overnight at 37°C on brain heart infusion (BHI)
agar (BBL, Sparks, MD). Hydrogen peroxide (H2O2; 2 �l of a 30% [vol/vol]
solution) (Superoxol; J. T. Baker Chemical Co., Phillipsburg, NJ) was dropped
on the agar cultures, and absence of bubbling indicated the loss of catalase
activity. The transposon insertion site was determined by sequencing DNA frag-
ments amplified by two-step arbitrary PCR using primers Marq207, Marq208,
Marq255, and Marq269 as described by Cao et al. (6). The PCR product was
sequenced (Genewiz Inc., South Plainfield, NJ), and the sequence was analyzed
by nucleotide BLAST. Transposon copy number was determined by Southern
blotting using digoxigenin-labeled ermC of pMC38 (6). Probe construction and
hybridizations were performed as described previously (10).

Genetic complementation. The promoter and the transcription termination
regions of kat were identified earlier in Listeria seeligeri (17), and sequence
comparisons revealed that the promoter and transcription termination sites
were conserved between L. monocytogenes F2365 and L. seeligeri (data not
shown). Primers ROA3F (5�-CTAACCCGGGCGATGAATTAGGTCGTCT
GT-3�; XmaI site underlined) and ROA3R2 (5�-GTAAGAGCTCTTACTCC
AATCTTCTAGCC-3�; SacI site underlined) were used to amplify a fragment
that included the kat coding sequence and the putative promoter and terminator.
The PCR product was digested with XmaI and SacI (New England Biolabs,
Ipswich, MA) and purified using a PCR purification kit (Qiagen, Valencia, CA).
The purified PCR product was ligated into the L. monocytogenes site-specific
integration vector pPL2 (20), which was digested with the same restriction
enzymes, yielding pPL2kat. The recombinant plasmid was electroporated into E.
coli SM10 as described previously (10). Conjugation was performed to mobilize
pPL2kat into ROA3 as described previously (1a, 10), yielding the genetically
complemented mutant, designated ROA3C. Transconjugants were selected us-
ing chloramphenicol and nalidixic acid, as described previously (10). The empty
vector pPL2 was similarly mobilized by conjugation into ROA3, yielding
ROA3E.

Assessments of cryotolerance. ROA3 and the wild-type parental strain F2365
were grown in TSBYE medium at 25°C (48 h) or 37°C (36 h), and samples (1.5
ml) were subjected to 18 cycles of repeated freezing (�20°C) and thawing, as
described previously (1). Cryotolerance was assessed by enumeration of cells
surviving following freezing and thawing, as described previously (1).

Survival and growth of catalase mutant in selected foods. Pasteurized and raw
milk were provided from the Food Science Dairy and Process Applications

Laboratory at North Carolina State University. Overnight 37°C cultures of F2365
and the catalase mutant ROA3 were inoculated in raw or pasteurized milk (1 ml
of culture into 99 ml of milk) and incubated at 4°C and 25°C for 21 days. To
assess survival/growth of the bacteria in the milk, samples of appropriate dilu-
tions were plated on modified Oxford selective medium (Oxoid, Basingstoke,
England), and the numbers of CFU were determined following incubation at
37°C for 36 h. Soft cheese (queso fresco, made with pasteurized milk) was
purchased at retail, cut aseptically into rectangular fragments, and surface inoc-
ulated with 100 �l of a cell suspension (ca. 105 CFU) of the bacteria. The
inoculated fragments were incubated at 10°C over 10 days. At selected time
points (immediately after inoculation and at 4 and 10 days) four samples inoc-
ulated with each strain were added to 100 ml of phosphate-buffered saline (PBS)
and shaken vigorously, and viable bacteria in the liquid were enumerated as
described above. All food inoculations were done in at least two independent
trials.

Chicken embryo infections. Overnight cultures were serially diluted in PBS,
and 0.1 ml of the 10�5 dilution was inoculated into 10-day-old embryonated hen
eggs via the chorioallantoic membrane, as described previously (25). Five em-
bryos were inoculated for each strain. Listeria innocua LO718 and PBS were used
as negative controls. Inoculated embryos were incubated at 37°C horizontally.
Survival of embryos was monitored daily over 3 days, using transillumination.

Sequence comparison of inactivated genes between L. monocytogenes F2365
and EGD-e. The kat genomic regions were compared by using the online se-
quence comparison tool WebACT. WebACT uses the Artemis Comparison Tool
(ACT) developed by the Sanger Institute (7).

Statistical analysis. All treatment combinations were replicated at least twice.
For the comparison of the cryotolerance of the mutants, a log reduction of each
sample was determined following 18 freeze-thaw cycles. The growth behaviors of
ROA3 and F2365 were compared by growth rates and final cell densities. The
differences between each strain and treatment combination were analyzed by
performing analyses of variance. The significance was determined at an unad-
justed level of an � of 0.05. All statistical analyses were performed using SAS,
version 9.1 (Cary, NC).

RESULTS

Of the ca. 3,400 transposon mutants, one (ROA3) was pre-
sumed to be catalase negative based on the absence of gas
bubbles upon exposure to H2O2. Southern blotting with the
erythromycin resistance gene (ermC) of pMC38 as the probe
revealed the presence of a single transposon insertion in
ROA3 (data not shown). Arbitrary PCR indicated that the
transposon insertion was in the coding sequence (nucleotide
[nt] 2833280 in the genome of F2365) of kat, the gene encoding
catalase (Fig. 1). Sequence alignments of the kat genomic
region between F2365 and EGD-e (serotype 1/2a) revealed
that in EGD-e kat is preceded by a cassette of three genes
(bvrABC) involved in �-glucoside metabolism, whereas F2365
lacks this cassette (Fig. 1). The serotype 4b strain H7858 had a
kat region similar to that of F2365 (data not shown). These
findings are in agreement with a previous report according to
which the bvrABC locus was harbored only by strains of lineage
II (serotypes 1/2a, 1/2c, 3a, and 3c) and serotype 4c (11).

Absence of catalase impacts growth on agar (TSAYE) under
aerobic conditions, especially at low temperatures. When bac-
teria were grown on TSAYE medium and incubated aerobi-
cally at 37°C, it was noted that colony size of the catalase
mutant ROA3 was about half that of F2365 (Fig. 2A). The
impact of the catalase mutation on colony size was more pro-
nounced with decreasing temperature: colony size of ROA3
was further reduced (in comparison to F2365) at 25°C (data
not shown) and even more so at 10°C (Fig. 2B). At 4°C ROA3
failed to form colonies following 28 days of incubation (data
not shown).

Genetic complementation confirmed that the decreased
growth of ROA3 on agar was due to the inactivation of kat.

TABLE 1. Bacterial strains used in this study

Strain Genotype and/or description Source or
reference

L. monocytogenes
F2365 Serotype 4b strain from 1985

California outbreak, epidemic
clone I

24

ROA3 Catalase-negative transposon
mutant of F2365 with insertion
in kat

This study

ROA3C Genetically complemented
ROA3 with integrated
pPL2::kat

This study

ROA3E Genetically complemented
ROA3 with integrated pPL2

This study

E. coli SM10 Conjugation donor; F� thi-1 thr-1
leuB6 recA tonA21 lacY1
supE44 (MuC

�) ��

�RP4-2(Tc::Mu)	 Kmr Tra�

D. Elhanafi
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The genetically complemented mutant ROA3C, harboring an
integrated intact kat, exhibited normal colony size at all tested
temperatures (Fig. 2), whereas ROA3E harboring the empty
integration vector was indistinguishable from ROA3 (Fig. 2B).

In contrast to the colony size impact observed with growth
on TSAYE medium under aerobic conditions, colony size of
ROA3 was not impacted by growth on TSAYE medium incu-
bated microaerobically (data not shown). Furthermore, colony
size of ROA3 was indistinguishable from that of F2365 when
the bacteria were grown aerobically on blood agar plates at 4,
10, 25, or 37°C (data not shown).

Absence of catalase results in impaired growth in liquid at
4°C, but not at 10, 25, or 37°C. In liquid medium (TSBYE)
under static conditions, growth curves of ROA3 were not sig-

nificantly different from those of F2365 at 10, 25, or 37°C (Fig.
3A; also data not shown). At 4°C, however, ROA3 grew sig-
nificantly more slowly than F2365 (P 
 0.05). Furthermore,
final cell density of ROA3 grown at 4°C was significantly lower
than that of F2365 (P 
 0.05). Growth of ROA3 was inhibited
even further when the cells were grown at 4°C with agitation
(Fig. 3B). Growth at 4°C in liquid was completely restored in
the genetically complemented mutant ROA3C (data not
shown).

Catalase is not required for cryotolerance of L. monocyto-
genes. To determine the impact of catalase on the cryotoler-
ance of L. monocytogenes, we screened the survival of F2365
and ROA3 grown in liquid medium at 25°C and 37°C following
18 freeze-thaw cycles. As previously observed (1), cells grown

FIG. 1. Comparison of the kat genomic regions between L. monocytogenes F2365 and L. monocytogenes EGD-e. Transposon insertion in ROA3
is shown (�). The putative rho-independent terminators are shown by a lollipop symbol.

FIG. 2. Impact of temperature on colony size of kat mutant ROA3. (A) Growth of F2365, ROA3, and ROA3C on TSAYE medium following
48 h of incubation at 37°C. (B) Growth of F2365, ROA3, ROA3C, and ROA3E on TSAYE medium following 7 days of incubation at 10°C.
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at 37°C were more cryotolerant than those grown at 25°C.
However, cryotolerance of ROA3 was indistinguishable from
that of F2365, regardless of whether the cells were grown at
25°C or 37°C (Fig. 4). Freeze-thaw tolerance was also assessed
over 18 freeze-thaw cycles with F2365 and ROA3 grown on
agar at 25°C. Survival following repeated freezing and thawing
was higher than with liquid-grown cells, as previously observed

(1), but no significant differences in survival were noted be-
tween F2365 and ROA3; both strains exhibited ca. 2-log re-
ductions following 18 cycles (data not shown).

Survival or growth in selected foods was not affected in the
catalase mutant. Both F2365 and ROA3 grew at 4°C in pas-
teurized milk over a 21-day period, and no significant differ-
ences were detected between the two strains (Fig. 5). Although
growth in raw milk over the same time period was suppressed,
bacteria survived, and there were no detectible differences
between F2365 and ROA3 (Fig. 5). F2365 and ROA3 grew
similarly on the inoculated pasteurized soft cheese samples at
10°C, with ca. a 2-log increase over the 10-day period (data not
shown).

Catalase-negative bacteria remain virulent in the chicken
embryo model. No significant differences were noted in survival
rates of embryonated eggs inoculated with F2365 or mutant
ROA3. By day 2, all embryos were killed, regardless of whether
the inoculum was F2365 or ROA3. No embryo mortalities
were seen for eggs inoculated with L. innocua or PBS (data not
shown).

DISCUSSION

In this study, the role of catalase in the growth of L. mono-
cytogenes was assessed by using a catalase-negative transposon
mutant of L. monocytogenes F2365 and its genetically comple-
mented derivative. The catalase-negative mutant showed im-
paired growth on solid medium at all temperatures tested,
except when the bacteria were grown microaerobically or on
blood agar. As the temperature decreased, there was a pro-
nounced increase in the impact of the mutation on growth on
solid medium, with no growth on TSAYE agar plates incu-
bated aerobically at 4°C.

The fact that growth was normal on blood agar plates may
reflect the ability of heme to quench some of the oxygen or the
presence of catalase in the blood. This, along with normal
growth on TSAYE medium under microaerobic conditions,
suggests that catalase contributes to protecting the cells against
damaging effects of reactive oxygen species produced during
aerobic growth. The observed increasing growth impairment of
the catalase-negative mutant with decreasing temperature sug-
gests that when L. monocytogenes grows aerobically on agar,

FIG. 3. Impact of temperature on growth of kat mutant ROA3 in
liquid medium. L. monocytogenes F2365 (}) and ROA3 (f) were
grown at 37°C (A) and 4°C (B) statically; F2365 (�) and ROA3 (�)
were grown at 4°C with agitation (150 rpm) in BHI broth, and growth
was monitored as described in Materials and Methods.

FIG. 4. Freeze-thaw tolerance of kat mutant ROA3. L. monocy-
togenes F2365 (triangles) and ROA3 (squares) were grown at 37°C
(filled symbols) or at 25°C (open symbols) and exposed to 18 re-
peated freeze-thaw cycles. Survival was assessed as described in
Materials and Methods.

FIG. 5. Growth of kat mutant ROA3 in milk. Raw milk (filled
symbols) and pasteurized milk (open symbols) were inoculated with L.
monocytogenes F2365 (triangles) and ROA3 (squares) and incubated
at 4°C over 21 days. Growth was monitored as described in Materials
and Methods.
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production of reactive oxygen species increases with decreas-
ing temperature, resulting in increased requirements for a
functional catalase. Impact of the mutation on low-tempera-
ture growth was also observed when the bacteria were grown at
4°C in liquid medium as the lag phase was significantly in-
creased in the mutant, and its final cell density was lower than
observed with the parental strain F2365. The inhibitory impact
of the mutation on growth at 4°C in liquid was markedly en-
hanced upon aeration of the cultures, suggesting increased
damage due to oxidative stress. Interestingly, the kat mutant’s
survival or growth in milk at 4°C or on cheese at 10°C was not
significantly different from that of the wild-type parental strain.
One may speculate that components such as SOD in the foods
compensated for the absence of catalase in the mutant by
reducing reactive oxygen intermediates in the environment of
the bacteria. SOD is present in milk and can remain active
after pasteurization (18).

These findings were of special interest as they suggest that
catalase may be one of the contributors to the ability of L.
monocytogenes to grow aerobically at low temperatures, espe-
cially on solid medium that lacks oxygen-quenching compo-
nents. The restoration of the growth impairment in the genet-
ically complemented mutant confirmed that the effects were
specifically associated with the inactivation of kat. SOD activity
has been reported to be increased in kat mutants (21, 34). SOD
levels of F2365 and ROA3 were not assessed in this study.
Further studies will be required to assess the possibly syner-
gistic impact of these enzymes on aerobic growth of L. mono-
cytogenes, especially at low temperatures.

Previous studies investigated the role of catalase in viru-
lence of L. monocytogenes (21, 34). In addition, several
reports have described catalase-negative strains from hu-
man listeriosis cases, suggesting that catalase was not required
for virulence (4, 8, 12, 31). This was also supported by our
findings using the chicken embryo model. However, formation
of smaller colonies by catalase-negative mutants or field iso-
lates has not been reported before in Listeria. It is noteworthy
that small-colony variants of other pathogens were isolated
from human clinical samples and reported to be deficient in
catalase (14, 27). Mutations in the heme biosynthesis pathway
were implicated in the phenotype of these small-colony vari-
ants in E. coli (27).

In L. monocytogenes, impact of catalase loss on growth
would have been especially noticeable if isogenic kat mutants,
such as those described by Leblond-Francillard et al. (21), were
grown under specific conditions, such as aerobically on blood-
free agar, and at a low temperature (e.g., 4°C). Growth under
such conditions was not reported in these earlier studies, pos-
sibly accounting for the lack of reports on impaired growth.
Differences in the strains used may also account for impaired
growth in the mutant of F2365 and possibly not in kat mutants
of other strains. Previously described transposon mutants in
kat were constructed in strain EGD (serotype 1/2a) (21). In
this strain kat is preceded by the bvrABC locus that appears to
be lacking from the genome of F2365 and other serotype 4b
strains (11). However, we think that the absence of bvrABC
from the genome of F2365 is not a likely reason for the im-
paired growth as the kat promoter region appears identical in
EGD-e and F2365, and a transcriptional terminator was iden-
tified downstream of bvrC in EGD-e (3).

In L. monocytogenes inactivation of perR, implicated in de-
fense against peroxide and ROS stress, resulted in reduced
colony size and enhanced susceptibility to peroxide (26) al-
though the possible impact of growth temperature on the perR
mutant phenotype was not reported. Interestingly, catalase
transcription and activity was enhanced in the perR mutant,
and genetic constructs overproducing catalase also had re-
duced colony size. Such findings led to the speculation that the
increased expression of catalase was toxic to the cells and
contributed to decreased colony size (26). These data, together
with the data from the current study, suggest that growth of
L. monocytogenes is compromised by both increased expres-
sion and inactivation of kat, with inactivation conferring
temperature-dependent inhibition of growth and loss of
catalase activity.

The absence of an impact of catalase loss on freeze-thaw
tolerance of Listeria observed in this study was surprising. Cells
are subjected to oxygen stress during thawing (15, 16), and
SOD has been reported to be important in the freeze-thaw
tolerance of other bacteria (16, 29). SOD and other oxidative
stress enzymes may compensate for the absence of catalase to
protect the bacteria against the damaging effects of ROS gen-
erated during freezing and thawing. This may be especially
likely if SOD levels are increased in the kat mutant, as de-
scribed with other catalase-deficient strains of L. monocyto-
genes (21, 34).

In conclusion, our findings revealed that growth impairment
of the kat mutant increased with decreasing temperature and
was significantly more pronounced on solid medium than in
planktonic cells. The data suggest enhanced peroxide stress for
aerobically grown surface-associated bacteria, especially at low
temperatures. This may have important implications for envi-
ronmental survival and persistence of L. monocytogenes in nat-
ural ecosystems as well as in the processing plant environment
and on foods.
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