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Abstract: Lactobacilli are Gram-positive aerotolerant organisms that comprise the largest genus of
Lactic Acid Bacteria (LAB). Most lactobacilli are devoid of the antioxidant enzymes, superoxide
dismutases, and catalases, required for protection against superoxide radicals and hydrogen peroxide
(H2O2), respectively. However, some lactobacilli can accumulate millimolar concentrations of intra-
cellular manganese and spare the need for superoxide dismutase, while others possess non-heme
catalases. L. plantarum is associated with plant materials and plays an important role in fermented
foods and gut microbiomes. Therefore, understanding the effects of the environment on the growth
and survival of this organism is essential for its success in relevant industrial applications. In this
report, we investigated the physiological role of Mn-catalase (MnKat) in Lactobacillus plantarum ATCC
14431. To this end, we compared the physiological and morphological properties of a ∆Mnkat mutant
strain and its isogenic parental strain L. plantarum ATCC 14431. Our data showed that the MnKat is
critical for the growth of L. plantarum ATCC 14431 in the presence of oxygen and resistance to H2O2.
The aerobic growth of the mutant in presence or absence of H2O2 was improved in the Mn-rich
medium (APT) as compared to the growth in MRS medium. Furthermore, under aerobic conditions
the mutant strain possessed atypical cellular morphology (i.e., shorter, and fatter). In conclusion, the
MnKat of L. plantarum ATCC 14431 is important for aerobic growth, protection against H2O2, and
maintenance of the rod-shaped cell morphology under aerobic conditions.
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1. Introduction

Lactic acid bacteria (LAB) include a diverse group of microaerophilic, Gram-positive
organisms that are generally regarded as catalase negative. Lactobacilli comprise the largest
genus of the LAB group and occupy habitats ranging from foodstuffs to the microbiomes
of humans and animals. In the presence of oxygen, lactobacilli generate reactive oxygen
species (ROS) (i.e., superoxide radicals (O2

−), hydrogen peroxide (H2O2), and hydroxyl
radicals (HO•)). Indeed, in presence of oxygen, they can accumulate up to millimolar
concentrations of H2O2 [1–6]. Therefore, mechanisms to combat the toxicity of ROS in
LAB are essential for their aerobic survival. Indeed, understanding the mechanisms
for combating oxidative stress in these economically important organisms is a critical
element in maximizing their role in fermented foods, as well as in human and animal
microbiome/health.

Some strains of LAB accumulate high concentrations of intracellular manganese (i.e.,
mM levels) and use it for non-enzymatic detoxification of superoxide radicals, O2

− [1,7].
On the other hand, the presence of antioxidant enzymes, i.e., manganese superoxide
dismutases (MnSODs), heme-catalases, and manganese catalases, have been identified
in a few selected species of LAB [8–23]. In general, lactic acid bacteria are unable to
synthesize heme [24]. Therefore, the presence of a non-heme catalase, i.e., Mn-catalase
(MnKat), in Lactobacillus plantarum ATCC 14431 represents an alternative mechanism
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for removing H2O2 in an organism that cannot synthesize heme or acquire it from the
environment. Genes encoding Mn-catalase (Mnkat) from L. plantarum and L. casei have
been cloned and heterologously expressed in Escherichia coli and L. bulgaricus [25,26].
Furthermore, the crystal structure and chemical properties of L. plantarum MnKat has been
determined [27,28].

Previous studies used chemicals to inhibit MnKat or compared non-isogenic strains
to demonstrate the role of MnKat in protecting L. plantarum against H2O2 toxicity [18,29].
Recently, our group constructed a ∆Mnkat mutant in L. plantarum ATCC 14431 [30]. In
the present study, we used the wildtype strain L. plantarum ATCC 14431 and its isogenic
∆Mnkat mutant strain to demonstrate the role of MnKat in protecting L. plantarum ATCC
14431 against H2O2, growth in presence of oxygen, and unexpectedly discovered its role in
cellular morphology.

2. Materials and Methods
2.1. Bacterial Strains, Media, and Growth Measurements

L. plantarum, ATCC 14431 (NC1542) and its isogenic ∆Mnkat strain (NC 1543) (30)
were cultured at 37 ◦C in de Man Rogosa and Sharpe medium (MRS) or in APT medium
(Becton–Dickinson). The MRS medium contained 220 µM of Mn2+ while the APT contained
710 µM of Mn2+.

When required, erythromycin (Em, 5 µg/mL) was added to the cultures of the MnKat
mutant. L. plantarum cultures were grown at 37 ◦C. Rotary shaker (New Brunswick, NJ,
USA), (135 rpm), static incubator (Fisher Scientific, Waltham, MA, USA), or in a Coy
anaerobic chamber (Coy Labs, Grass Lake, MI, USA) were used for oxic, static, or anoxic
growth conditions, respectively. In all growth experiments, the liquid: flask ratio was
1:5. Growth was determined by measuring changes in optical density as a function of
time at 600 nm (OD600) using a Kontron (Uvikon 810) spectrophotometer (Poway, CA,
USA). Specific growth rates (µmax·h−1) were calculated by linear regression from the rate
of change of cell density from the expression: ln X/X0 = µmax (t − t0); where X0 and X are
the cell densities at times t0 and t, respectively.

2.2. Chemicals and Enzymes

N, N’-tetramethylenediamine (TEMED), Lysozyme, 3,3′-diaminobenzidine, antibiotics,
and horseradish peroxidase were purchased from Sigma-Aldrich (St. Louis, MO, USA). All
other chemicals (i.e., hydrogen peroxide and bacteriological media) were purchased from
Fisher Scientific (Pittsburgh, PA, USA).

2.3. Preparation of Cell-Free Extracts (CFEs)

Cultures of the L. plantarum strains were grown under aerobic conditions with shaking
at 135 rpm and 37 ◦C. Cells were harvested, in the exponential growth phase, by cen-
trifugation at 3000× g for 20 min. Pellets were washed three times in an equal volume
of phosphate–EDTA buffer (50 mM phosphate, 0.1 mM EDTA buffer, pH 7.8). After the
final wash, the resulting pellet was suspended in phosphate–DTA buffer containing 1 mM
phenylmethanesulfonyl fluoride (PMSF), at 1/40th the original culture volume. This sus-
pension was then transferred to a 2 mL gasket sealed screw cap tube containing ~1 g of
0.2 mm silica beads (BioSpec, Inc., Bartlesville, OK, USA); for cellular disruption a Mini-
BeadBeater-8 (BioSpec, Inc., Bartlesville, OK, USA) was used. Cell/beads suspensions
were homogenized for 10 × 1 min cycles with 3 min rest on ice in between each cycle to
prevent sample overheating and protein denaturation. Following the final homogeniza-
tion, cellular debris was precipitated by centrifugation at 20,000× g and 4 ◦C for 30 min.
The supernatant was transferred to 6000–8000 MW Cut-Off dialysis tubing, and dialyzed
against two changes of phosphate–EDTA buffer at 4 ◦C for 24 h.
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2.4. Biochemical Assays

Total protein concentration in CFEs was determined using the Bradford method [31],
with bovine serum albumin (BSA) serving as the standard. Zymograms for catalase activity
gels were performed using 10% non-denaturing native PAGE gels, and the staining method
of Clare et al. [32]. A screening for catalase activity was performed by smearing a portion
of a colony on a microscope slide followed by adding a drop of 3% H2O2 and observing
the presence or absence of O2 bubble formation. Catalase activity in CFEs was determined
according to Beer’s method based on a decrease in absorbance at 240 nm using an UVIKon-
810 dual-beam spectrophotometer [33]. Catalase was expressed as specific activity (U/mg
protein). All experiments were performed in biological triplicate. The specific activity
replicates were averaged and plotted as histograms with SE bars based on small sample
size standard deviation using GraphPad Prism 4 for Macintosh (GraphPad Software, San
Diego, CA, USA).

For comparing the biochemical profiles of wild-type (NC1542) and mutant (NC1543)
strains, API 20EÓ (bioMérieux SA, Marcy l”Etoile, France) strips were used according to
manufacturer’s specifications.

2.5. Western Blotting

Cell-free extracts (5–10 µg protein) were separated on a 10% SDS-PAGE gel using
Bio-Rad Mini-Protean II electrophoresis system (Bio-Rad, Inc., Hercules, CA, USA). Elec-
trophoretically separated proteins were then electroblotted to a 0.45 µm nitrocellulose
membrane (Schleicher and Schüll, Dassel, Germany) using the Invitrogen XCell II blot
module (Invitrogen, Corp., Carlsbad, CA, USA). Verification of complete transfer of pro-
tein bands was performed using Amido Black staining (Bio-Rad, Hercules, CA) of the
membrane, per the manufacturer’s instruction.

Membranes were then blocked for 1 h in blocking buffer [5% (wt./vol) non-fat milk
(Carnation) solubilized in PBS-T (phosphate buffered saline containing 0.1% Tween 20,
pH 7.0)]. Monoclonal antibodies, specific for MnKat (Gift from J.W. Whittaker, Oregon
Health Sciences University, Portland, OR, USA), were added to fresh blocking buffer at a
1:10,000 dilution and incubated with the membrane for 2 h. Membranes were then washed
3 × 15 min in blocking buffer after which fresh blocking buffer containing 1:10,000 goat
anti-rabbit conjugated horseradish peroxidase antiserum was added to the membranes
and incubated for additional 2 h. Lastly, the membranes were washed in fresh blocking
buffer 1 × 15 min followed by another wash in PBS-T for 2 × 15 min. The signal was
detected by incubating the membranes in an equal volume mixture of Western Lightning
Chemiluminescence Reagent Plus substrates (Perkinelmer, Waltham, MA, USA) for 1 min
followed by a 15–30 sec exposure to Kodak BioMax Light film (PerkinElmer, Waltham, MA,
USA). Experiments were performed in biological triplicate.

2.6. Effects of H2O2 on Growth (OD600nm)

These studies were performed in 96-well microtiterplates (NUNC-96F, ThermoFisher
Scientific, Rochester, NY, USA). Each well contained 100 µL aliquots of fresh MRS or APT
media with or without 1 mM H2O2, and were inoculated from logarithmic phase cultures
(i.e., WT and MnKat mutant) growing in either MRS or APT media without H2O2, to a
starting OD600nm = 0.08–0.09.

Cultures were incubated aerobically at 37 ◦C with continuous shaking, and changes
in OD600nm were monitored as a function of time using the FLUOStar OPTIMA plate
reader system (BMG LABTECH Inc., Durham, NC, USA). Data were plotted as a semi-log
plot (OD600nm vs. time), and maximum specific growth rate (µmax·h−1) was calculated
from the slope of the line during the exponential phase multiplied by 2.303. The specific
growth rate replicates were averaged and fitted to a linear regression model, with SE
bars based on small sample size standard deviation formula, using GraphPad Prism 4 for
Macintosh (GraphPad Software, San Diego, CA, USA). Data represent the mean of at least
two biological replicates.
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2.7. Microscopy and Imaging

Cultures were Gram-stained using standard bacteriological methods [34] and visual-
ized with a Nikon Alphaphot Microscope (Nikon, Inc., Melville, NY, USA). Images were
taken with a Nikon camera D40X SLR with 50 mm lens (Nikon, Inc. Melville, NY, USA).

3. Results
3.1. NC1543 Is Devoid of Catalase (MnKat)

Data in Figure 1 show that the mutant (NC1543) exhibited a complete absence of
MnKat. Addition of 3% H2O2 to cell smears of the mutant showed lack of effervescence
whereas the isogenic wild-type strain (NC1542) displayed effervescence due to MnKat
activity, Figure 1{I}. The lack of MnKat in L. plantarum (NC1543) was further confirmed
by activity gel assay and Western-blot analysis, Figure 1{II and III}, respectively activity,
Figure 1{I}. The lack of MnKat in L. plantarum (NC1543) was further confirmed by activity
gel assay and Western-blot analysis, Figure 1{II and III}, respectively.

Figure 1. Biochemical properties of the MnKat mutant strain (NC1543) and its parental Wild type
(NC1542). {I} Qualitative catalase activity—the test is based on the presence or absence of efferves-
cence upon the addition of 3% H2O2 to a smear from a single colony. NC1542 and NC1543 were
grown on MRS (a) or APT (b); {II} Catalase activity gel—CFEs were prepared from cells grown in
either MRS (Lanes 1 and 2) or APT (Lanes 3 and 4). Aliquots (50 µg protein per lane) were applied
to 10% non-denaturing native PAGE gels, after electrophoresis the gels were stained for catalase
using [32]. Achromatic bands seen in lanes 1 and 3, indicate the presence of active MnKat—Lanes 1
and 3 (NC1542); Lanes 2 and 4, (NC1543); {III} Western blotting of CFE’s of NC1542 and NC1543—
separation of total proteins (5 µg/lane) was performed using a 10% denaturing SDS-PAGE. Following
electroblotting, Mn-catalase was probed with Mn-catalase monoclonal antibodies, as described in
M and M. Dark bands seen in lane 1 indicate the presence of MnKat antigens—Lane 1—wild-type
grown in MRS, Lane 2—mutant grown in MRS, and Lane 3—mutant grown in APT.
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Furthermore, the specific activity of catalase in CFEs prepared from the WT strain
(NC1542) and the mutant strain (NC1543) demonstrated that the mutant is devoid of
MnKat, Figure 2. The specific activity of MnKat of the parent strain (NC1542) was 60%
higher in cells grown in APT as compared to cells grown in MRS media (i.e., 180.9 ± 40.9
vs. 112.9 ± 0.9 U/mg protein), Figure 2.

Figure 2. Catalase (MnKat) activity in L. plantarum (WT) NC1542 and (Mutant) NC1543. Cell-Free-
Extracts were prepared from cells grown aerobically in MRS and APT Media. Standard error bars
based on small sample size standard deviation using GraphPad prism 4 for Macintosh (GraphPad
Software, San Diego, CA, USA). WT 112.9 ± 0.9 and 180.9 ± 40.9 U/mg protein in MRS and APT,
respectively; while the Mutant 00 U/mg protein in both media.

3.2. MnKat and Cellular Physiology

Gram-staining of cells grown on MRS, or APT media showed that the MnKat mutant
and the wild-type strains were Gram-positive. However, the mutant and wild-type strain
exhibited significant physiological differences.

3.2.1. Effect of MnKat on Biochemical Profile

The metabolic profile of mutant and wild-type strain was compared using API 20E©

test strips under both aerobic and anaerobic conditions. The data showed that the biochem-
ical patterns in both strains were identical; except that the mutant (NC1543) lacked catalase
activity under both aerobic and anaerobic conditions and produced a lower concentration
of acetoin (VP test) only under aerobic conditions (Table 1).

3.2.2. Effect of MnKat on Sensitivity to H2O2

The effects of 1 mM H2O2 on the growth kinetics of the mutant (NC1543) and the wild-
type (NC1542) strains were examined using MRS and APT liquid media (Figure 3). Data
showed that the specific growth rate (µmax·h−1) of the wild-type strain in MRS, without
H2O2, was 4-fold higher than that of the MnKat mutant strain (i.e., 0.76 +/− 0.025 h−1

vs. 0.19 +/− 0.05 h−1) (Figure 3A, MRS). However, with addition of 1 mM H2O2 to the
MRS media, an approximate ~15% reduction in the specific growth rate of wild-type strain
(NC 1542) was observed compared to that seen in the absence of H2O2 (0.65 +/− 0.000 h−1

vs. 0.76 +/− 0.025 h−1). The inclusion of 1 mM H2O2 completely inhibited growth of the
mutant strain (NC 1543) (Figure 3B, MRS).

Conversely, growth of the wild-type in APT media, in the absence of H2O2, resulted
in a slower specific growth rate than that observed in MRS (i.e., 0.58 +/− 0.001 h−1 vs. 0.76
+/− 0.025 h−1) (Figure 3A, APT vs. MRS). However, in APT media, the specific growth
rate of the MnKat mutant strain (NC1543) was ~2.8-fold higher than that in MRS (i.e., 0.54
+/− 0.01 h−1 vs. 0.19 +/− 0.05 h−1). Furthermore, addition of 1 mM H2O2 to APT media
resulted in a comparable decrease (~22%) in the specific growth rate of the wild-type strain
(NC1542) as was also observed in the MRS media (Figure 3A, APT vs. MRS). However,
the specific growth rate of the MnKat mutant strain (NC1543) in the presence of 1 mM
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H2O2 was greater in APT than in MRS media (i.e., µmax = 0.25 +/− 0.05 h−1 vs. 0.00 +/−
0.00 h−1) (Figure 3B, APT vs. MRS).

Table 1. Metabolic activities of wild-type (NC1542) and MnKat mutant (NC1543) as determined
using API-20E. Cells used were grown statically in MRS under oxic or anoxic conditions.

Tests a Reactions/Enzymes
Aerobic Anaerobic

WT Mutant WT Mutant

ONPG β-galactosidase − − − −
ADH Arginine dehydrolase − − − −
LDC Lysine decarboxylase − − − −
ODC Ornithine decarboxylase − − − −
CIT Citrate utilization − − − −
H2S Hydrogen Sulfide production − − − −
URE Urease − − − −
TDA Tryptophan deaminase − − − −
IND Indole − − − −

VP Vogues-Proskauer + weak b + +

GEL Gelatin liquefaction − − − −
GLU Glucose utilization + + + +

MAN Mannitol utilization + + + +

INO Inositol utilization + + + +

SOR Sorbitol utilization + + + +

RHA Rhamnose utilization + + + +

SAC Sucrose utilization + + + +

MEL Melibiose utilization + + + +

AMY Amygdalin utilization + + + +

ARA Arabinose utilization + + + +

NIT RED Nitrate reductase + + + +

CAT Catalase +c − + −d

OX Oxidase − − − −
a Acronyms for each reaction/enzyme; b Indicates a weak positive reaction intensity; c Indicates a positive
reaction; and d Indicates a negative reaction.

3.2.3. Effect of MnKat on Cell and Colony Morphology

Cells of the mutant strain (NC1543), grown on MRS, appeared shorter and plumper
compared to the more elongated and slender shaped cells of the wild-type strain (NC1542)
grown under the same conditions (Figure 4A—upper images). The colonies of the mutant
strain on MRS plates were round, pinpoint in size, slightly opaque, and exhibited a smooth
surface compared to colonies of the wild-type strain that appeared round, opaque, and
convex with an entire smooth glossy surface (Figure 4A—lower images). However, when
cultivated on APT media, the cell morphology of the MnKat mutant (NC1543) appeared
slightly shorter and plumper than the wild-type (Figure 4B—upper images); while the
colonies of mutant strain were translucent, slightly raised, and irregular with a rough
surface as opposed to those of the wild type (NC1542) that appeared round, opaque, and
convex with an entire smooth glossy surface (Figure 4B—lower images). Interestingly, these
morphological changes (i.e., colony and cellular) were not manifested when the mutant
and wild-type strains were grown in MRS or APT under anaerobic conditions (data not
shown).
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Figure 3. Growth kinetics of L. plantarum ATCC 14431 (�) and MnKat mutant (N) strains in MRS
and APT media in the presence and absence of 1 mM H2O2. Each point represents an average of
biological duplicates and error bars represent SEM. (A) 0 mM H2O2; and (B) 1 mM H2O2.

Figure 4. Gram-stain (top images) and colony morphology (lower images) of the wild-type L.
plantarum NC1542 (left images) and its isogenic MnKat mutant strain NC 1543 (right images).
(A) Cells grown on MRS; and (B) Cells grown on APT.
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4. Discussion

Lactobacilli are known to generate O2
− and H2O2 and accumulate millimolar con-

centrations of the peroxide [1–6]. Mechanisms to combat the toxicity of ROS are essential
for survival in presence of oxygen. Superoxide dismutases (SODs) and hydroperoxidases
(i.e., catalases and peroxidases) provide the first line of defense against O2

− and H2O2,
respectively [35].

The presence of SODs in lactobacilli is sporadic. However, in the absence of SODs some
lactobacilli accumulate high concentrations of intracellular manganese (~30 mM) [1,6,7,11].
Lactic acid bacteria (LAB) are generally classified as catalase negative and incapable of
synthesizing heme; however, heme-dependent catalases have been reported in some
lactobacilli when an external source of heme is provided (23). The discovery of a non-heme
catalase (MnKat) in L. plantarum led to several in-depth studies, including the cloning of the
gene, determining the protein crystal structure, and characterizing enzyme properties [25–28].
The present report describes the use of a MnKat mutant to define the physiological function
this enzyme plays in L. plantarum ATCC 14431 (NC1542).

Our data clearly supported the findings of Kono and Fridovich [29], who concluded
that MnKat is important for H2O2 detoxification; however, the current findings also showed
that in an oxygenated environment, the lack of MnKat had a profound effect on cellular
morphology, metabolism, and growth kinetics. This conclusion was indicated by morpho-
logical changes (Figure 4A,B), and the ability to reverse those changes when the mutant
strain (NC1543) was grown under anoxic conditions (data not shown).

Although differences in the specific growth rate (k·h−1) were observed when the wild-
type strain (NC1542) was grown aerobically in MRS vs. APT media, in the presence and
absence of exogenous H2O2 (Figure 3), the fold differences were similar (i.e., ~1.3 and ~1.2,
respectively). The most profound variance was observed with the MnKat mutant strain
(NC1543), where aerobic growth in MRS appeared to be hindered in both the presence
and absence of exogenous H2O2 (Figure 3). However, when grown in APT medium, the
mutant strain (NC1543) appeared to grow better even in the presence of exogenous H2O2
(Figure 3). Possibly components in the APT medium afforded some physiological benefit to
these cells. Most likely this additional protective measure was due, in part, to the presence
of higher concentrations of MnCl2 (i.e., ~3.2 folds) in APT compared to MRS media. It
is also interesting to note that, under aerobic conditions, the wild-type strain possessed
60% higher MnKat activity when grown in APT versus MRS media (i.e., 180 vs. 112 U/mg
protein), probably due to the availability of higher [Mn], the enzyme’s cofactor.

Furthermore, qualitative data (Table 1) showed that under aerobic conditions the
wild-type strain NC1542 was positive in the Vogues–Proskauer test (VP), designates the
production of acetoin/diacetyl, while the MnKat mutant strain NC1543 scored as weak.
However, under anaerobic conditions both strains were equally VP-positive. The pro-
duction of acetoin/diacetyl is dependent on the availability of pyruvate and the enzyme
alpha-acetolactate synthase [36,37]. Thus, our data suggests that under aerobic conditions
the presence of functional MnKat spares the availability of sufficient pyruvate to produce
α-acetolactate and acetoin/diacetyl. However, further studies are needed to prove the
hypothesis.

Lastly, there are two important points to address regarding the function of MnKat
under aerobic growth:

4.1. How the Absence of the MnKat ENZYME CAUSES the Observed Changes in
Cell Morphology?

In the presence of oxygen, L. plantarum and other LAB generate millimolar concen-
trations of endogenous hydrogen peroxide [1–6]. In addition, L. plantarum ATCC 14431
possesses MnKat [25,27–30], but lacks superoxide dismutase (SOD) [7,11]. Consequently,
the MnKat mutant (NC1543) is devoid of the enzymes required for the removal of both
O2

− and H2O2 (i.e., SODs and MnKat, respectively) and therefore most likely subject to
increased exposure to ROS and experience oxidative stress [38].
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It is also known that bacterial cell shapes are determined by the peptidoglycan (PG)
layer of the cell wall, and unbalanced PG biosynthesis can cause changes in bacterial
morphology [39–41]. Therefore, the data presented herein suggest that increased ROS
in the MnKat mutant may result in unbalanced cell wall biosynthesis and triggers the
observed changes in cell morphology. These changes can be reversed by the presence
of MnKat or the absence of oxygen. Indeed, changes in cell morphology observed in
the photosynthetic bacterium, Fremyella diplosiphon, during chromatic adaptation have
been attributed to the generation of elevated ROS [42]. Also, morphological changes
within bacteria and LAB have been documented as natural events [24], stress induced
events [43,44], or genetic events [45]. Currently, the exact molecular mechanism of how
increased ROS affect cell wall biosynthesis and cell morphology is unknown, and further
research is needed.

4.2. How can Manganese Protect against Hydrogen Peroxide Toxicity?

In general, manganese is an essential micronutrient for living cells. It is important
for the catalytic activity of many antioxidant enzymes (e.g., MnSOD, MnKat, etc.), many
metabolic enzymes (e.g., those involved with carbohydrate, amino acid processing, etc.),
and gene regulation [46–50]. It was previously shown that L. plantarum possesses man-
ganese transport systems [51–53], and intracellular Mn was sequestered via high molecular
weight protein-polyphosphate molecules [11,54]. It was also demonstrated that limiting
the concentration of phosphate reduces the uptake of Mn(II), which, in turn, increased L.
plantarum sensitivity to ROS [7,11,54]. In addition, Mn-complexes (i.e., Mn-pyrophosphates
and Mn-polyphoshates) were shown to protect against oxidative damage caused by hy-
droxyl radical (HO•) generated from H2O2 and iron under aerobic conditions [55]. Given
the chemistry involved in the generation of HO• from H2O2 via “Fenton” or “Haber–Weiss”
reactions, a likely scenario for the role of Mn in protecting the MnKat mutant of L. plantarum
against the toxicity of hydrogen peroxide might be proposed.

5. Conclusions

• Under aerobic conditions, MnKat is essential for normal aerobic growth of L. plan-
tarum ATCC 14431; it is required for removing endogenous H2O2;

• Inactivation of MnKat results in hyper-sensitivity to added H2O2; and
• Media containing high Mn concentrations (e.g., APT) improves the growth of the

MnKat mutant strain (NC1543) relative to that seen in the low Mn medium (e.g., MRS).
• This information will help to guide future investigations into alternative mechanisms

for ROS detoxification and broaden studies on the role of Mn-catalases in other
members of the LAB group as well as other prokaryotes. The findings will also bring
awareness of the need to protect economically important organisms (e.g., LAB and
probiotics) against oxidative stress, which is very important in the food fermentation
and microbiome studies.
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