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Identification and Characterization of Hydrogen Peroxide-generating
Lactobacillus fermentum CS12-1

D.-K. Kang™*, H. K. Oh* J.-S. Ham? J. G. Kim?, C. H. Yoon® Y. T.Ahn®*and H. U. Kim?
! Bio-Resources Institute, EASY BIO System, Yangdae-Ri 254-6, Ipchang-Myun, Chonan
Choongnam-Do 330-822, Korea

ABSTRACT : Lactic acid bacteria were isolated from silage, which produce high level of hydrogen peroxide in cell culture
supernatant. The 16S rDNA sequences of the isolate matched perfectly with that of Lactobacillus fermentum (99.9%), examined by a
16S rDNA gene sequence analysis and similarity search using the GenBank database, thus named L. fermentum CS12-1. L. fermentum
CS12-1 showed resistance to low pH and bile acid. The production of hydrogen peroxide by L. fermentum CS12-1 was confirmed by
catalase treatment and high-performance liquid chromatography. L. fermentum CS12-1 accumulated hydrogen peroxide in culture broth
as cells grew, and the highest concentration of hydrogen peroxide reached 3.5 mM at the late stationary growth phase. The cell-free
supernatant of L. fermentum CS12-1 both before and after neutralization inhibited the growth of enterotoxigenic Escherichia coli K88
that causes diarrhea in piglets. (Asian-Aust. J. Anim. Sci. 2005. Vol 18, No. 1 : 90-95)
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INTRODUCTION

Lactic acid bacteria (LAB) are increasingly important as
probiotic organism in the human and animal intestinal tract
(Gilliland, 1979; Fuller, 1989; Lee and Salminen, 1995; Jin
et al., 1996). Until now, many researchers have extensively
studied LAB for their potential use as probiotics.
(Reinheimer et al., 1990; Ahn et al., 2002; Bae et al., 2002;
Pato, 2003; Surono, 2003).

Probiotic LAB produce many kinds of metabolites
which might affect bacteria such as Escherichia coli,
Saphylococcus aureus, Salmonella spp., etc. (Abee et al.,
1995; Bae et al., 2003; Ham et al., 2003). The inhibitory
activity against pathogens is mostly due to the metabolites,
such as organic acids, hydrogen peroxide (H,0,),
bacteriocins produced by the probiotic bacteria (Gilliland
and Speck, 1977; Fuller, 1989; Oh et al., 2003). The
antimicrobial properties of hydrogen peroxide have been
recognized for many years (Baldry, 1983; Kullisaar et al.,
2002; Annuk et al, 2003), and, currently, hydrogen
peroxide is widely used in the food industry for aseptic
packaging of fluid foods (Ito et al., 2003). Many reports
have demonstrated that hydrogen peroxide produced by
LAB inhibits the growth of pathogens, such as Saphyloccus
aureus (Dahiya and Speck, 1968), Salmonella typhimurium
(Watson and Schubert, 1969), and Listeria monocytogenes
(Siragusa and Johnson, 1989), therefore, hydrogen peroxide
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generating LAB could be beneficial for not only prevention
of growth of food borne pathogens but also human and
animal health as probiotics.

We have selected from corn silage LAB that produce
high levels of hydrogen peroxide in cell cultures, and
showed that their cell-free filtrates containing hydrogen
peroxide were very effective in inhibiting enterotoxigenic
Escherichia coli K88 that induces piglet diarrhea.

MATERIALS AND METHODS

Screening for lactic acid bacteria that produce hydrogen
peroxide

Various lactic acid bacteria (LAB) were isolated from
silage and pig feces. Screening for the hydrogen peroxide
(H,O,) producer was performed using the agar well
diffusion method modified from that of Kim and Rajagopal
(2001). The culture supernatants of LAB were prepared by
growing the cultures in MRS broth for 24 h at 37°C and
removing the cells by centrifugation. The supernatant was
stored at -60°C before use. Filter sterilized catalase (Sigma)
was added to the supernatants to obtain a final
concentration of 2.5 mg/ml and was incubated for 3 h at
37°C to examine the loss of antimicrobial activity against E.
coli K88 by catalase treatment. Prepoured LB (Luria-
Burtani) agar plates were overlaid with 4 ml of soft LB agar
inoculated with 0.1 ml of 1:100 dilution of an overnight
culture of E. coli K88. After allowing the media to harden at
room temperature for 20 min, wells of 9 mm diameter were
made with a sterile cork borer, and 100 ul of the cell-free
culture supernatant was placed into each well. The
inoculated plates are incubated at 37°C overnight after
preincubation for 2 h at 4°C and were subsequently
examined for zones of inhibition.
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Table 1. Oligonucleotide primers for amplification of 16S rDNA
in lactobacilli (from Pavlova et al., 2002)

Primer* Sequence (5°-3”) Target site**
F1 AGAGTTTGATCCTGGCTCAG 27
F2 GTGCCAGCAGCCGCGG 530
F3 AAACTCAAAGGAATTGACGG 926
R1 TCTACGCATTCCACCGCTAC 685
R2 GGGTTGCGCTCGTTG 1,100
R3 AAGGAGGTGATCCAGCC 1,525

*F1, F2 and F3: forward primers; R1, R2 and R3: reverse primers.
** According to the numbering of the Escherichia coli 16S rDNA.

16S rDNA sequence analysis

16S rDNA sequence analysis of the hydrogen peroxide-
producing LAB was performed by the according to the
method of Pavlova et al. (2002). To amplify 16S rDNA,
universal primers were used corresponding to six conserved
regions of the E. coli numbering system, as shown in Table
1. The chromosomal DNA of the isolate was isolated using
a genomic DNA extraction kit (Qiagen, Germany).
Polymerase chain reaction (PCR) was performed in a 50 pl
reaction mixture containing primers (50 pmole), template
DNA (50 ng), 5 ul of 10xTaq DNA polymerase buffer, 4 ul
of 2.5 mM dNTP, and 1 U of Taqg DNA polymerase (Takara-
Korea Biomedical, Korea). The PCR amplification product
was purified using a QIAquick gel extraction kit (Qiagen,
Germany), ligated into a pSTBlue-1 vector (Novagen,
USA), and transformed into E. coli DH5a competent cells.
The recombinant plasmids were purified using a DNA
purification kit (Promega, USA) and digested with ECORI to
confirm the insert. The nucleotide sequence of the insert
was determined using a BigDye'™-terminator sequencing
kit and ABI PRISM 377 sequencer (Perkin-Elmer, USA),
according to the manufacture’s instructions. The 16S rDNA
sequences were subjected to a similarity search using the
GenBank database.

Scanning electron microscopy (SEM)

One typical colony on MRS agar was selected and
transferred to filter paper. Then it was fixed with 8%
paraformaldehyde and 3% glutaraldehyde in a cacodylate
buffer overnight. After washing and dehydration, the
sample was coated with gold and observed under a Philips
SEM (XL30CP).

Acid tolerance and bile tolerance

Survival of the isolate in MRS broth adjusted between
pH 2 to 4 with 1 N HCI was determined. Culture samples
were taken up to 4 h of incubation to count surviving cells.
Bile tolerance of the isolate was tested in MRS broth
containing 0.25 and 0.5% (w/v) bile extract (Sigma) and
incubated at 37°C for 24 h. The surviving cells were
counted after grown on MRS agar at 37°C.
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Figure 1. Antimicrobial activity of the cell-free filtrate of the LAB
isolate. (a) culture supernatant (b) culture supernatant neutralized
(c) culture supernatant after catalase treatment (d) culture
supernatant neutralized after catalase treatment.

Assay for hydrogen peroxide by high-performance
liquid chromatography (HPLC) analysis

Reverse phase HPLC based on the method of Barnard
and Stinson (1996) was used for analyzing hydrogen
peroxide. The culture supernatant incubated for 24 h at
37°C was filtrated before use. 20 ul aliquots, with or
without catalase treatment for 3 h at 37°C, were subjected
to reverse phase HPLC (Jasco, Japan) with a UV-
absorbance detector (UV-1575) on a C;3 column (4.5 by
250 mm) (Altex Scientific Inc, USA). The mobile phase
was aqueous 1 mM HCI at a flow rate of 0.5 ml/min and
was monitored for Ayys.

Hydrogen peroxide production during the growth

To determine the levels of hydrogen peroxide
quantitatively along with the growth stage of LAB, the
spectrophotometric method was used as previously
described (Barnard and Stinson, 1996). Briefly, culture
supernatants, aerobically cultivated in cotton-plugged
Erlenmeyer flasks with shaking, were mixed with 2 U of
horseradish peroxidase (Sigma, USA) and 0.1 pmol of 2,
2’-Azino-Bis-(3-ethylbenz-Thiazoline)-6-Sulfonic acid (Sigma,
USA) in a total volume of 1 ml of 0.1 M NaH,PO,-
Na,HPO, (pH 6.0). The colorimetric reaction was allowed
to develop for 2 min, and then the Ay, was read
immediately versus a no-peroxide blank. The concentration
of hydrogen peroxide was found by generating a standard
curve.
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Figure 2. Scanning electron micrograph of the LAB isolate
producing hydrogen peroxide. Bar represents 1 pum.

RESULTS

Screening for hydrogen peroxide-producing lactic acid
bacteria

To search for hydrogen peroxide-producing LAB, 100
pl of the cell-free filtrate of the isolates with and without
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catalase treatment was placed into each well of LB (Luria-
Bertani) agar plate overlaid with LB soft agar containing E.
coli K88 as an indicator strain, and incubated at 30°C
overnight. The cell-free filtrate of some isolate without
catalase treatment (Figure 1a) was inhibitory to E. coli K88,
while those treated with catalase (Figure Ic) lost almost
antimicrobial activity. The inhibition of E. coli K88 was not
due to acid or low pH, because the neutralized supernatant
without catalase treatment (Figure 1b) showed antimicrobial
activity while those treated with catalase (Figure 1d) lost
antimicrobial activity. A little of residual antimicrobial
activity may be due to bacteriocin (data not shown), which
should be confirmed by further study. These results indicate
that the main inhibitory factor of the isolate against E. coli
K88 is hydrogen peroxide.

Identification of hydrogen peroxide-producing lactic
acid bacteria

The isolate producing hydrogen peroxide was found to
be the Gram-positive, non-motile, catalase-negative, and
non-spore forming strain (data not shown). Under an
electron microscope, the cells were observed to be rod-
shaped (Figure 2). The isolate was examined by a 16S
rDNA sequence analysis. To amplify 16S rDNA, universal
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catgcaagtcgaacgcgttggcccaattgattgatggtgcttgcacctgattgattttgg
tcgccaacgagtggcggacgggtgagtaacacgtaggtaacctgcccagaagcgggggac
aacatttggaaacagatgctaataccgcataacagcgttgttcgcatgaacaacgcttaa
aagatggcttctcgctatcacttctggatggacctgcggtgcattagettgttggtgggg
taacggcctaccaaggcgatgatgcatagccgagttgagagactgatcggccacaatggg
actgagacacggcccatactcctacgggaggcagcagtagggaatcttccacaatgggcg
caagcctgatggagcaacaccgcgtgagtgaagaagggtttcggctcgtaaagetctgtt
gttaaagaagaacacgtatgagagtaactgttcatacgttgacggtatttaaccagaaag
tcacggctaactacgtgccagcagccgcggtaatacgtaggtggcaagegttatccggat
ttattgggcgtaaagagagtgcaggcggttttctaagtctgatgtgaaagccttceggett
aaccggagaagtgcatcggaaactggataacttgagtgcagaagagggtagtggaactcc
atgtgtagcggtggaatgcgtagatatatggaagaacaccagtggcgaaggcggctacct
ggtctgcaactgacgctgagactcgaaagcatgggtagcgaacaggattagataccctgg
tagtccatgccgtaaacgatgagtgctaggtgttggagggtttccgeccttecagtgecgg
agctaacgcattaagcactccgcctggggagtacgaccgcaaggttgaaactcaaaggaa
ttgacgggggcccgcacaagcggtggagcatgtggtttaattcgaagctacgcgaagaac
cttaccaggtcttgacatcttgcgccaaccctagagatagggegtttecttcgggaacge
aatgacaggtggtgcatggtcgtcgtcagctcgtgtcgtgagatgttgggttaagtcccg
caacgagcgcaacccttgttactagttgccagcattaagttgggcactctagtgagactg
ccggtgacaaaccggaggaaggtggggacgacgtcagatcatcatgeccccttatgacctg
ggctacacacgtgctacaatggacggtacaacgagtcgcgaactcgcgagggcaagcaaa
tctcttaaaaccgttctcagttcggactgcaggctgcaactcgecctgcacgaagtcggaa
tcgctagtaatcgcggatcagcatgccgcggtgaatacgttcccgggecttgtacacacce
gcccgtcacaccatgagagtttgtaacacccaaagtcggtggggtaaccttttaggagec
agccgcctaaggtgggacagatgattagggtgaagtcgtaacaaggtagccgta

Figure 3. 16S rDNA sequences of the isolate producing hydrogen peroxide.
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Figure 4. Acid (a) and bile acid (b) tolerance of L. fermentum 12-1
in MRS broth.

primers were used corresponding to six conserved regions
of the E. coli numbering system (Pavlova et al., 2002). It
was amplified by PCR and subjected to a similarity search
using the GenBank database. Thel6S rDNA sequences
(Figure 3) of the isolate matched perfectly with that of
Lactobacillus fermentum (99.9%). The utilization of
carbohydrates showed the same result (data not shown),
therefore, the isolate was named L. fermentum CS12-1.

Acid and biletolerance

The isolate was investigated for acid and bile tolerance.
As shown in Figure 4a, L. fermentum CS12-1 has high
viability in acidic conditions. It survived after incubation

for 4 h in MRS broth adjusted to pH 2.0. Bile tolerance of L.

fermentum CS12-1 was investigated, and the result is shown
in Figure 4b. Although the growth rate of L. fermentum
CS12-1 decreased with increasing concentration of bile
extract, it grew well in the presence of 0.5% (w/v) bile in
MRS broth. Therefore, it is shown that L. fermentum CS12-
1 is highly tolerant to acid and bile stress conditions. Acid
tolerance and bile tolerance is important characteristics for
the survival and growth of the bacteria in the intestinal tract
(Gilliland, 1979; Conway et al., 1987).

Hydrogen peroxide assay by HPLC
To confirm the hydrogen peroxide production by L.
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(b)

Figure 5. Reverse-phase HPLC profiles of the cell-free filtrate of
L. fermentum CS12-1 containing hydrogen peroxide. (a) hydrogen
peroxide peak before catalase treatment (b) hydrogen peroxide
peak after catalase treatment. The elution time of pure hydrogen
peroxide as standard indicated by arrow in (a).

% 4r | —a— Hydrogen peroxide —— O.D. | 120
= 3 11.5
3 g
X =
2 | =
g 2 L0 <
2 o
e 1 105 ©
e
>
s

0 ' . 0

0 10 20 30 40 50

Incubation time (h)

Figure 6. The production of hydrogen peroxide by L. fermentum
CS12-1 along with cell growth. The values were the means of
triplicate experiments.

fermentum CS12-1, the culture supernatant incubated in
MRS broth for 24 h at 37°C and was subjected to reverse-
phase HPLC in 1 mM HCI. Peak identification was based
on the retention time, with hydrogen peroxide as the
standard. As seen in Figure 5a, hydrogen peroxide had a
retention time of 4 min and 30 sec. When the culture
supernatant was incubated with catalase, most of the
corresponding peak disappeared (Figure 5b). This
observation strongly suggests that L. fermentum CS12-1
produces hydrogen peroxide, which inhibits enterotoxigenic
E. coli K88.

Hydrogen peroxide production along with growth

We investigated the accumulation of hydrogen peroxide
in aerated cultures as the cells grew. As shown in Figure 6,
L. fermentum CS12-1 accumulated hydrogen peroxide as
the cells grew, and the highest concentration of hydrogen
peroxide in the culture medium was 3.5 mM, which was
reached at the late stationary growth phase. A correlation
was found between hydrogen peroxide production and
antimicrobial activity against E. coli K88. Meanwhile, there
was no detectable level of hydrogen peroxide in non-
agitated growth (data not shown).
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DISCUSSION

In this study, we have found the hydrogen peroxide-
producing lactic acid bacteria and identified it as L.
fermentum CS12-1. Production of hydrogen peroxide by
LAB has been documented previously. Sakamoto and
Komagata (1996) reported that L. delbrueckii subsp.
delbrueckii NRIC1053 accumulated 4.9 mM of hydrogen
peroxide in aerobic cultures. The levels of H,O, in L.
crigpatus supernatant increased during its growth and
reached its maximum level during the early stationary phase
(3.29 mmol H,0, L'l) under aerated conditions (Ocana et al.,
1999). Inhibition of pathogenic microorganisms by
hydrogen peroxide or hydrogen peroxide-generating LAB
has been demonstrated by many authors. Collins and
Aramaki (1980) reported that some strains of L. acidophilus
from dairy origins were able to inhibit Pseudomonas
species by producing 1.18 to 1.62 mM of hydrogen
peroxide in agitated cultures. Venkitanarayanan et al. (2002)
reported that hydrogen peroxide with lactic acid effectively
killed foodborne pathogens such as E. coli O157:H7,
Salmonella  enteritidis, and Listeria monocytogenes.
Currently, hydrogen peroxide is widely used in the food
industry for the asceptic packaging of fluid food (Ito et al.,
2003). In addition, Hawes et al. (1996) found that vaginal
colonization with hydrogen peroxide-producing lactobacilli
was associated with a decrease in the occurrence of
bacterial vaginosis.

The bactericidal effect of hydrogen peroxide has been
attributed to its strong oxidizing effect on the bacterial cell
and to the destruction of basic molecular structures of cell
protein (Lindgren and Dobrogosz, 1990). Up to now, it is
uncertain how L. fermentum CS12-1 generates hydrogen
peroxide, though, in the cell lysate of L. fermentum CS12-1
(data not shown), we have detected pyruvate oxidase
activity which catalyzes the oxidative decarboxylation of
pyruvate for yielding hydrogen peroxide (Sedewitz et al.,
1984). Further study to elucidate the mechanism for the
generation of hydrogen peroxide by this microorganism
remains. In addition, studies on the in vivo antagonistic
effect of L. fermentum CS12-1 against intestinal pathogenic
microorganisms should be investigated.
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