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Streptococcus macedonicus ACA-DC 198, a strain isolated from Greek Kasseri cheese, produces a food-grade
lantibiotic named macedocin. Macedocin has a molecular mass of 2,794.76 * 0.42 Da, as determined by
electrospray mass spectrometry. Partial N-terminal sequence analysis revealed 22 amino acid residues that
correspond with the amino acid sequence of the lantibiotics SA-FF22 and SA-M49, both of which were isolated
from the pathogen Streptococcus pyogenes. Macedocin inhibits a broad spectrum of lactic acid bacteria, as well
as several food spoilage and pathogenic bacteria, including Clostridium tyrobutyricum. It displays a bactericidal
effect towards the most sensitive indicator strain, Lactobacillus sakei subsp. sakei LMG 13558", while the
producer strain itself displays autoinhibition when it is grown under conditions that do not favor bacteriocin
production. Macedocin is active at pHs between 4.0 and 9.0, and it retains activity even after incubation for 20
min at 121°C with 1 atm of overpressure. Inhibition of macedocin by proteolytic enzymes is variable.

In recent years, numerous food-poisoning outbreaks involv-
ing various pathogens, along with increasing concern about the
preservation of minimally processed foods, have spurred a
growing awareness in the importance of food safety. This has
prompted new approaches for inhibiting food-borne pathogens
and for prolonging the shelf life of food products. In particular,
there has been increasing interest in the antimicrobial activity
of lactic acid bacteria (LAB). LAB have been used for centu-
ries in the fermentation of foods, not only for flavor and tex-
ture development but also because of their ability to produce
antimicrobial compounds which prevent the growth of spoilage
and pathogenic microorganisms (9).

Some of these antimicrobial compounds, bacteriocins, are
defined as proteinaceous compounds which kill closely related
bacteria. In particular, the lantibiotics have attracted much
attention in the last decade because of the success of the
well-characterized lantibiotic nisin as a food preservative (3).
Indeed, the commercial exploitation of bacteriocins to date has
been restricted mainly to the food applications of nisin, the
prototype LAB bacteriocin first discovered in 1928 by Rogers
(51). Numerous lantibiotics have been identified and exten-
sively characterized, resulting in increased understanding at
both the structural and mechanistic levels (24, 32, 39, 53). So
far, streptococcal lantibiotics have been isolated mainly from
oral streptococci. These bacteria are commonly found in the
oral cavities and upper respiratory tracts of humans and ani-
mals, although they may be isolated from almost any type of
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clinical specimen as well (18). Some examples include saliva-
ricin A produced by Streptococcus salivarius (52), mutacin
MT6223 produced by Streptococcus sobrinus (31), mutacin B-
Ny266 (37), mutacin 1140 (19), mutacin I (48), mutacin II (40),
and mutacin IIT (47) produced by Streptococcus mutans, and,
finally, streptococcins SA-FF22 (20, 22, 23, 57, 58, 59) and
SA-M49 (21) produced by Streptococcus pyogenes. Because the
lantibiotic-producing oral streptococci cross the border of
pathogenicity, it is obvious that there is no chance that these
organisms can be used in food applications.

Although several problems concerning bacteriocin produc-
tion in food environments still need to be addressed, the use of
bacteriocin-producing cultures in food has considerable advan-
tages over the use of purified bacteriocin preparations (7).
Recently, some lactic streptococci isolated from Greek Kasseri
cheese were assigned to a newly described Streptococcus spe-
cies designated Streptococcus macedonicus (60). Several S.
macedonicus strains were found to display antimicrobial activ-
ity against Clostridium tyrobutyricum (16). The spores from
anaerobic, spore-forming, butyric acid bacteria, such as C. #y-
robutyricum and Clostridium butyricum, appear quite frequently
in milk. These bacteria convert lactic acid into butyric acid,
which causes off-flavors in cheese. Furthermore, the carbon
dioxide and hydrogen gas produced are responsible for the
so-called late blowing, which is a serious defect, especially in
hard and semihard cheeses, like Kasseri, Emmental, Gruyere,
Grana, Edam, and Gouda, in which Clostridium growth is fa-
vored by the rather high pH of the cheeses (55, 62).

In this context, the possibility of using a food-grade micro-
organism such as S. macedonicus as a culture that provides
protection against clostridia in cheese was challenging. The
aims of the present work were to describe the structure and the
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biochemical properties of the bacteriocin produced by S. mace-
donicus ACA-DC 198 and to determine its antimicrobial spec-
trum and mode of action in view of its applicability as a starter
culture in cheese production.

MATERIALS AND METHODS

Strain and growth conditions. S. macedonicus ACA-DC 198, isolated from
Greek Kasseri cheese (ACA-DC Collection of the Laboratory of Dairy Re-
search, Agricultural University of Athens, Athens, Greece), was used throughout
this study. It was stored at —30°C in sterile skim milk (10%, wt/vol; Irish Dairy
Board, Dublin, Ireland). Before experimental use, the strain was subcultured
twice (inoculum, 1% [vol/vol]) in sterile milk containing yeast extract (0.3%,
wt/vol; Merck, Darmstadt, Germany) at 37°C for 24 h unless otherwise stated.
Final growth was performed in the latter medium under the same conditions.
Growth was assessed by measurement of the pH and the optical density at 480
nm (ODyg) (26).

Quantitative determination of bacteriocin activity. The well diffusion assay
(56) was used in the macedocin purification and biochemical characterization
procedure (Lactococcus lactis subsp. lactis LMG 6890" was used as the indicator
strain), as well as for testing bacteriocin activity against Clostridium strains. The
wells were filled with 50-pl portions of serial twofold dilutions (in 50 mM sodium
phosphate buffer, pH 6.5) of a bacteriocin sample, and inhibition zones were
measured after 12 h of incubation at 30°C. The activity was expressed in arbitrary
units (AU) per milliliter, corresponding to 50 wl of the highest dilution that
caused a clear zone of inhibition.

The soft agar assay (10) was used to determine the antimicrobial spectrum of
the bacteriocin (apart from the antimicrobial spectrum against Clostridium
strains). Briefly, 10-ul portions of serial twofold dilutions (in 50 mM sodium
phosphate buffer, pH 6.5) of the S. macedonicus ACA-DC 198 cell-free culture
supernatant or the culture supernatant after ammonium sulfate precipitation
(50% saturation) were spotted onto lawns of an indicator organism. The overlaid
agar plates were incubated for at least 12 h and examined for inhibition zones.
The activity was expressed in AU per milliliter, corresponding to 10 wl of the
highest dilution that caused a clear zone of inhibition.

Inhibitory spectrum of the bacteriocin. The bacterial strains used as indicator
organisms and the growth conditions used for them are listed in Table 1. The
antagonistic activity of S. macedonicus ACA-DC 198 was tested by the soft agar
assay or the well diffusion assay (Clostridium strains), except that only cell-free
culture supernatant and the fraction obtained by ammonium sulfate precipitation
(50% saturation) were tested (no dilutions were prepared). For each indicator
strain the appropriate solid medium was used. Solid media were prepared by
adding 1.5% (wt/vol) granulated agar (Oxoid) to the broth media. Overlay agar
was prepared by adding 0.75% (wt/vol) granulated agar (Oxoid).

Mode of inhibition. To investigate the mode of inhibition, the bacteriocin was
obtained by the two-step procedure of De Vuyst et al. (10), except that 500 ml of
skim milk (10%, wt/vol) containing yeast extract (0.3%, wt/vol; Merck), inocu-
lated with S. macedonicus ACA-DC 198 (inoculum, 1% [vol/vol]) and incubated
at 37°C for 12 h, was used. Also, isopropanol was used instead of a mixture of
chloroform and methanol. The inhibition assay was performed as follows. Two-
or four-milliliter portions of a bacteriocin solution containing 3,200 AU/ml were
added to 9-ml portions of exponentially growing cultures of Lactobacillus sakei
subsp. sakei LMG 13558" (the most sensitive strain), Lactobacillus paracasei
subsp. paracasei LMG 13552 (a nonsensitive strain), and S. macedonicus
ACA-DC 198 (the producer strain) in de Man-Rogosa-Sharpe (MRS) medium
(4) (Oxoid). The preparations were incubated at 30, 30, and 37°C, respectively.
Growth was monitored by measuring the ODg, and by plate counting on LAPTg
agar (S. macedonicus) (49) and MRS agar (lactobacilli; Oxoid). LAPTg agar was
composed of yeast extract (10 g/liter; Merck), bacteriological peptone (15 g/liter;
Oxoid), tryptone (10 g/liter; Oxoid), Tween 80 (1 ml/liter; Merck), glucose (10
g/liter; Merck), and granulated agar (15 g/liter; Oxoid). All media were sterilized
in an autoclave at 121°C and 2.1 X 10° Pa for 20 min; glucose was sterilized
separately.

For the producer strain S. macedonicus ACA-DC 198, the inhibition assay was
also performed in a medium that favors bacteriocin production, namely, skim
milk supplemented with yeast extract (0.3%, wt/vol). Two milliliters of a bacte-
riocin solution containing 1,600 AU/ml was added to 5 ml of an exponentially
growing culture. The culture was incubated at 37°C, and growth was monitored
by measuring the OD g, (26) and by plate counting on LAPTg agar (49). For the
control strain, 2 ml of a milk protein solution was added instead of 2 ml of the
bacteriocin solution. The milk protein solution was prepared by using the two-
step isolation method (10) with 500 ml of sterilized skim milk supplemented with
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yeast extract (0.3%, wt/vol). Briefly, the caseins were removed by adjusting the
pH of the milk to 4.0 with lactic acid (90%) at 55°C, followed by centrifugation
(20,000 X g, 30 min, 4°C). After salting out with ammonium sulfate (50%
saturation), the whey proteins were collected by centrifugation (20,000 X g, 30
min, 4°C) and dissolved in sodium phosphate buffer (pH 6.5). Finally, the whey
fraction was subjected to isopropanol extraction, the sediment was dissolved in
ultrapure water, and 2 ml was added to the control culture.

Effects of growth media on bacteriocin production. The effects of different
growth media, listed in Table 2, on both the growth and the bacteriocin produc-
tion of S. macedonicus ACA-DC 198 were tested. Subculturing and final growth
were performed in the appropriate media at 37°C. Bacteriocin activity in the
cell-free culture supernatant was determined at the end of the log phase by using
the soft agar assay as described above with L. sakei subsp. sakei LMG 135587 as
the indicator strain. To determine cell-associated bacteriocin activity, the pH-
dependent methods described by Tagg and Wannamaker (59) and Yang et al.
(63) were used during growth of S. macedonicus ACA-DC 198 in MRS broth.

During growth in skim milk supplemented with yeast extract (0.3%, wt/vol),
bacteriocin production in the cell-free culture supernatant was determined at
various times (3, 6, 9, 12, and 24 h) by using the well diffusion assay described
above with L. lactis subsp. lactis LMG 6890" as the indicator strain.

Purification of the bacteriocin. All the purification steps were performed at
room temperature by using a fast protein liquid chromatography system (Waters
650E advanced protein purification system). All of the columns used were pur-
chased from Amersham-Pharmacia (Uppsala, Sweden).

Skim milk (500 ml) supplemented with yeast extract (0.3%, wt/vol) was inoc-
ulated with S. macedonicus ACA-DC 198 (inoculum, 1% [vol/vol]) and incubated
at 37°C for 24 h. The cells were removed by centrifugation at 15,000 X g and 4°C
for 30 min. The pH of the supernatant was adjusted to 6.5 with 5 N NaOH, and
the supernatant was saturated up to 50% with ammonium sulfate. After over-
night stirring at 4°C, the bacteriocin was pelleted by centrifugation at 15,000 X
g and 4°C for 30 min and dissolved in 20 mM Tris buffer (pH 7.5).

The sample was then applied to a Resource Q column (inside diameter, 16
mm; length, 30 mm) equilibrated with 20 mM Tris-HCI buffer (pH 7.5). Elution
was performed at a flow rate of 2 ml/min with a linear 0 to 1.0 M NaCl gradient
in the same buffer. The nonretained, bacteriocin-containing fraction was prop-
erly diluted in 20 mM phosphate buffer (pH 5.5) and applied to a Resource S
column (inside diameter, 16 mm; length, 30 mm) equilibrated with the same
buffer. Elution was performed at a flow rate of 2 ml/min with a linear 0 to 1.5 M
NaCl gradient in the same buffer. The bacteriocin-containing fractions were
pooled, properly diluted in double-distilled water containing 0.1% (vol/vol) tri-
fluoroacetic acid, and applied to a Resource RPC column (inside diameter, 6.4
mm; length, 100 mm) equilibrated with the same solvent. Elution was performed
at a flow rate of 2 ml/min with a linear 0 to 100% acetonitrile gradient containing
0.1% (volvol) trifluoroacetic acid. The bacteriocin-containing fractions were
pooled, lyophilized, and dissolved in 20 mM phosphate buffer (pH 6.0) contain-
ing 0.25 M NaCl. The sample was then filtered on a Superdex peptide HR 10/30
column equilibrated with the same buffer. Elution was performed at a flow rate
of 0.5 ml/min. The bacteriocin-containing fractions were pooled and used for
characterization of the bacteriocin.

PAGE. Two electrophoretic systems were used to control the purification steps
and to determine the molecular weight of the bacteriocin. Sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (10% acrylamide sep-
arating gel) was performed by the method of Laemmli (28). Myosin (molecular
weight, 205,000), B-galactosidase (116,000), phosphorylase b (97,400), bovine
serum albumin (66,000), egg albumin (45,000), and carbonic anhydrase (29,000)
were used as marker proteins (Sigma, Steinheim, Germany). Discontinuous
Tricine-SDS-PAGE (with 4, 10, and 20% acrylamide used for the stacking,
spacer, and separating gels, respectively) was performed by the procedure of
Schégger and Von Jagow (54). Cytochrome ¢ (molecular weight, 12,500), apro-
tinin (6,500), and substance P (1,348) were used as marker proteins (Sigma).

The latter procedure was used for postelectrophoretic detection of bacteriocin
activity, and it was performed as described by De Vuyst et al. (10). The gel
assayed for antimicrobial activity was overlaid with soft MRS agar, inoculated
with the indicator strain L. sakei subsp. sakei LMG 13558" (inoculum, 4%
[vol/vol]), incubated at 30°C for 24 h, and observed for the formation of inhibi-
tion zones.

Protein concentration determination. Protein concentrations were determined
by the method of Lowry et al. (30) by using bovine serum albumin as the
standard.

Effect of pH on bacteriocin activity. Purified bacteriocin (pH 6.0; 50 wl) was
mixed with 100 pl of buffer (50 mM acetate, pH 4.0 or 5.0; 50 mM potassium
phosphate, pH 6.0 or 7.0; or 50 mM Tris-HCI, pH 8.0 or 9.0) and incubated for
4 and 24 h and for 1 week at 30°C. The bacteriocin activity was then determined
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Sensitivity to

Cultivation "
Indicator organism macedocin

Medium?® Incubation temp (°C) Conditions SUP¢ ASP?
Bacillus cereus LMG 660° BHI 30 Aerobic - +/—
Bacillus cereus LMG 6923" BHI 30 Aerobic - -
Bacillus cereus LMG 13569 BHI 30 Aerobic - +
Bacillus subtilis LMG 813 BHI 30 Aerobic - +
Bacillus subtilis LMG 7135 BHI 30 Aerobic - +
Bacillus subtilis LMG 17721 BHI 30 Aerobic + +
Bacillus subtilis LMG 17722 BHI 30 Aerobic - +
Bacillus subtilis LMG 17727 BHI 30 Aerobic +/= +
Bacillus subtilis LMG 17728 BHI 30 Aerobic + +
Bifidobacterium angulatum LMG 10503" CAB 37 Anaerobic - +
Bifidobacterium bifidum LMG 13195 CAB 37 Anaerobic - +
Bifidobacterium breve LMG 11042" CAB 37 Anaerobic +/- +
Bifidobacterium breve LMG 13208 CAB 37 Anaerobic - +
Bifidobacterium catenulatum LMG 11043" CAB 37 Anaerobic + +
Bifidobacterium infantis LMG 88117 CAB 37 Anaerobic +/= +
Bifidobacterium infantis LMG 10499 CAB 37 Anaerobic - +
Bifidobacterium longum LMG 13197" CAB 37 Anaerobic +/— +
Bifidobacterium pseudolongum subsp. pseudolongum CAB 37 Anaerobic + +

LMG 11571"
Clostridium sporogenes LMG 13570 RCM 37 Anaerobic - +
Clostridium tyrobutyricum LMG 12857 RCM 37 Anaerobic + +
Clostridium tyrobutyricum LMG 13571 RCM 37 Anaerobic - +
Enterococcus casseliflavus EC 24 MRS 37 Microaerophilic - -
Enterococcus casseliflavus LMG 10745 MRS 37 Microaerophilic +/= +
Enterococcus durans LMG 10746 MRS 37 Microaerophilic - +
Enterococcus faecalis LMG 7937 MRS 37 Microaerophilic - -
Enterococcus faecalis LMG 16337 MRS 37 Microaerophilic - -
Enterococcus faecalis Y MRS 37 Microaerophilic - +/—
Enterococcus faecium CTC 492 MRS 37 Microaerophilic - +/—
Enterococcus faecium LMG 11423 MRS 37 Microaerophilic +/- +/-
Enterococcus gallinarum LMG 13129" MRS 37 Microaerophilic - -
Enterococcus hirae LMG 6399" MRS 37 Microaerophilic - -
Lactobacillus acidophilus ACA-DC 106 MRS 37 Microaerophilic - -
Lactobacillus acidophilus LA, MRS 37 Microaerophilic - +
Lactobacillus acidophilus LMG 13550" MRS 37 Microaerophilic - +
Lactobacillus brevis ACA-DC 3407 MRS 37 Microaerophilic +/— +
Lactobacillus curvatus subsp. curvatus LMG 13553 MRS 30 Microaerophilic + +
Lactobacillus delbrueckii subsp. bulgaricus LMG 6901" MRS 37 Microaerophilic + +
Lactobacillus delbrueckii subsp. delbrueckii ACA-DC 81 MRS 37 Microaerophilic + +
Lactobacillus fermentum ACA-DC 114 MRS 37 Microaerophilic +/= +
Lactobacillus fermentum LMG 6902" MRS 37 Microaerophilic + +
Lactobacillus fermentum LMG 8896 MRS 37 Microaerophilic + +
Lactobacillus gasseri ACA-DC 85a MRS 37 Microaerophilic + +
Lactobacillus helveticus LMG 13555" MRS 42 Microaerophilic + +
Lactobacillus johnsonii ATCC 33200 MRS 37 Microaerophilic +/= +
Lactobacillus paracasei subsp. paracasei ACA-DC 116 MRS 37 Microaerophilic - -
Lactobacillus paracasei subsp. paracasei LMG 13552 MRS 37 Microaerophilic - -
Lactobacillus paracasei subsp. tolerans ACA-DC 177 MRS 37 Microaerophilic - -
Lactobacillus pentosus ACA-DC 3356" MRS 37 Microaerophilic +/= +
Lactobacillus plantarum ACA-DC 113 MRS 37 Microaerophilic + +
Lactobacillus plantarum ACA-DC 142 MRS 37 Microaerophilic +/— +
Lactobacillus plantarum ATCC 14917" MRS 37 Microaerophilic +/— +
Lactobacillus plantarum LMG 13556 MRS 37 Microaerophilic - +
Lactobacillus rahmnosus ACA-DC 112 MRS 37 Microaerophilic - -
Lactobacillus reuteri ATCC 53608 MRS 37 Microaerophilic + +
Lactobacillus reuteri LMG 13557" MRS 37 Microaerophilic + +
Lactobacillus sakei subsp. sakei LMG 13558" MRS 30 Microaerophilic + +
Lactococcus garviae ACA-DC 219 MRS 30 Microaerophilic +/— +
Lactococcus lactis subsp. cremoris LMG 6897" MRS 30 Microaerophilic + +
Lactococcus lactis subsp. lactis ACA-DC 46 MRS 30 Microaerophilic - -
Lactococcus lactis subsp. lactis ACA-DC49 MRS 30 Microaerophilic - -
Lactococcus lactis subsp. lactis ACA-DC 73 MRS 30 Microaerophilic - -
Lactococcus lactis subsp. lactis LMG 6890" MRS 30 Microaerophilic + +
Lactococcus lactis subsp. lactis LMG 8522 MRS 30 Microaerophilic + +
Leuconostoc mesenteroides subsp. cremoris LMG 13562 MRS 25 Microaerophilic + +
Leuconostoc mesenteroides subsp. dextranicum MRS 25 Microaerophilic + +
ACA-DC 135

Listeria innocua CTC 1014 BHI 30 Microaerophilic - +

Continued on following page

SNIHLY 40 AINN TVYNLINDIYOV Aq 2102 ‘2T Arenigad uo /Aio wse wae//:dny wolj papeojumoq


http://aem.asm.org/

5894 GEORGALAKI ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 1—Continued

Sensitivity to

Cultivation - b
Indicator organism macedocin
Medium* Incubation temp (°C) Conditions SUP¢ ASP?

Listeria innocua LMG 11387" BHI 30 Microaerophilic - +
Listeria innocua LMG 13568 BHI 30 Microaerophilic - -
Listeria innocua RZS BHI 30 Microaerophilic - +
Listeria ivanovii LTH 3097 BHI 30 Microaerophilic - +
Listeria monocytogenes Scott A TSB 30 Microaerophilic - -
Micrococcus luteus LMG 4050" NB 30 Aerobic + +
Pediococcus pentosaceus LMG 13560 MRS 30 Microaerophilic + +
Pediococcus pentosaceus LMG 13561 MRS 30 Microaerophilic - +
Propionibacterium acidipropionici LMG 13572 MRS 30 Anaerobic + +
Propionibacterium freudenreichii subsp. shermanii LMG 16424 MRS 30 Anaerobic - -
Staphylococcus carnosus LMG 13567 BHI 37 Microaerophilic +/= +
Streptococcus macedonicus ACA-DC 198 LAPTg 37 Microaerophilic - +
Streptococcus macedonicus ACA-DC 206" MRS 37 Microaerophilic - -
Streptococcus thermophilus ACA-DC 4 MRS 42 Microaerophilic + +
Streptococcus thermophilus ACA-DC 9 MRS 42 Microaerophilic + +
Streptococcus thermophilus ACA-DC 79 MRS 42 Microaerophilic - -
Streptococcus thermophilus LMG 13564 MRS 42 Microaerophilic + +
Streptococcus thermophilus LMG 13565 MRS 42 Microaerophilic - +/—

“ BHI, brain heart infusion broth (Oxoid); MRS, de Man-Rogosa-Sharpe broth (Oxoid); NB, nutrient broth (Oxoid); RCM, reinforced clostridial medium (Oxoid);
TSB, tryptone soy broth (Oxoid); CAB, Columbia agar base containing special peptone (23 g/liter; Oxoid), glucose (20 g/liter; Merck), and sodium chloride (5 g/liter)

and adjusted to pH 7 before autoclaving; LAPTg, see Materials and Methods.

> —, not sensitive (no inhibition zone), +/—, weakly sensitive (hazy inhibition zone), +, sensitive (clear inhibition zone).

¢ SUP, S. macedonicus culture supernatant.

4 ASP, 50% ammonium sulfate precipitate of the S. macedonicus culture supernatant.
¢ LMG, Laboratorium Microbiologie Gent, Ghent, Belgium; CTC, Centre de Tecnologia de la Carn, Monells, Spain; ACA-DC, Collection of the Agricultural
University of Athens, Athens, Greece; ATCC, American Type Culture Collection, Manassas, Va.; RZS, Rijks Zuivel Station, Melle, Belgium; LTH, Lebensmitteln

Technologie Hohenheim, Hohenheim, Germany.

by using the well diffusion assay with L. lactis subsp. lactis LMG 68907 as
described above.

Effect of temperature on bacteriocin activity. Purified bacteriocin (pH 6.0) was
heated for 1 h at 97°C (with a heat block) and for 5, 10, and 20 min at 121°C with
1 atm of overpressure (with an autoclave). The bacteriocin activity was then
determined as described above. Furthermore, purified bacteriocin was stored for
4 weeks at —70, —20, 4, and 30°C. The bacteriocin activity was determined at
1-week intervals by using the well diffusion assay with L. lactis subsp. lactis LMG
6890T as described above.

Effects of enzymes on bacteriocin activity. Purified bacteriocin was incubated
at 30°C for 1, 4, and 24 h in the presence of ficin and trypsin (0.05 M sodium
phosphate buffer, pH 7.0); a-chymotrypsin, protease, and proteinase K (0.05 M
sodium phosphate buffer, pH 7.5); renin (0.05 M sodium phosphate buffer, pH
6.0); and pepsin (0.2 M citric acid buffer, pH 2.0). All enzymes were used at a
final concentration of 2 mg/ml and were obtained from Sigma. Purified bacteri-
ocin in buffer without enzyme, enzyme-buffer solutions, and buffers alone were
used as controls. The bacteriocin activity was determined by using the well
diffusion assay with L. lactis subsp. lactis LMG 6890T as described above.

N-terminal amino acid sequencing. A purified sample of the bacteriocin was
applied to a 476 A protein sequencer (Applied Biosystems, Foster City, Calif.).
Homology searches were carried out with the National Center for Biotechnology
Information and Swiss-Prot protein databases (BLAST search [1]).

MS. Mass spectra were recorded with a Q-TOF mass spectrometer (Micro-
mass, Manchester, United Kingdom) equipped with a nanoelectrospray source.
Three microliters of a high-performance liquid chromatography fraction was
mixed with a similar amount of 50% acetonitrile-0.1% formic acid in water, and
this mixture was loaded onto a nanospray capillary (Protana, Odense, Denmark).
Generally, 1,250 V was applied to the spraying capillary, which was gently broken
to initiate the spray formation. Argon was used as the collisional induced disso-
ciation gas for mass spectrometry (MS)-MS experiments at a pressure of 10° Pa.
The collision energy was set at 40 V.

RESULTS

Effects of growth media on bacteriocin production. The
composition of the growth medium was critical for bacteriocin
production by S. macedonicus ACA-DC 198. Indeed, S. mace-

donicus ACA-DC 198 grew well in all media tested. However,
bacteriocin activity was detected only when the strain was
grown in skim milk supplemented with nitrogen sources such
as yeast extract, tryptone, lactalbumin hydrolysate, Casamino
Acids, and casein hydrolysate at a concentration of 0.3% (wt/
vol) (Table 2). Increasing the concentration of tryptone or
lactalbumin hydrolysate to 1.5% (wt/vol) did not influence the
bacteriocin production, while a slight increase in production
was observed with 1.5% (wt/vol) yeast extract. On the other
hand, increasing the concentration of Casamino Acids or ca-
sein hydrolysate inhibited bacteriocin production by S. mace-
donicus ACA-DC 198.

Occasionally, activity was detected when growth took place
in MRS broth. Moreover, no cell-associated bacteriocin activ-
ity was observed after pH-dependent extraction methods were
used. Also, heating of the cell suspension to promote desorp-
tion of cell-associated material did not result in any inhibitory
activity. Finally, no bacteriocin production was observed in the
other growth media tested.

Bacteriocin production in skim milk supplemented with
yeast extract (0.3%, wt/vol) started in the early exponential
growth phase, reached a maximum in the early stationary
phase, and then remained constant, reflecting primary metab-
olite kinetics (Fig. 1).

Spectrum of inhibition of the bacteriocin. Macedocin exhib-
ited a broad spectrum of inhibition (Table 1). When the cell-
free culture supernatant of S. macedonicus ACA-DC 198 was
tested against the 84 indicator strains used, 41 of them were
found to be sensitive. The activity spectrum included several
LAB, as well as gram-positive spoilage and pathogenic bacte-
ria, such as Bacillus subtilis and C. tyrobutyricum. Apart from
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TABLE 2. Bacteriocin production by S. macedonicus ACA-DC 198 in various growth media

MACEDOCIN 5895

Bacteriocin

Growth medium” production

(AU/mly’
SKIM MILK (1090, WEHVOL) ..ttt sttt n e senas s s neasaens -
Skim milk (10%, wt/vol) supplemented with yeast extract (0.3%, WE/VOL) ......cccccuviuiiiriiriiiniciiiiciiiciic e 200
Skim milk (10%, wt/vol) supplemented with yeast extract (1.5%, WE/VOL) ......cccooviieiriniiririicieiceetcenreee ettt ssane 300
Skim milk (10%, wt/vol) supplemented with tryptone (0.3%, wt/vol) ...... 400
Skim milk (10%, wt/vol) supplemented with tryptone (1.5%, Wt/VOl) ......ccevueuencece. 400

Skim milk (10%, wt/vol) supplemented with lactalbumin hydrolysate (0.3%, wt/vol).
Skim milk (10%, wt/vol) supplemented with lactalbumin hydrolysate (1.5%, wt/vol). .
Skim milk (10%, wt/vol) supplemented with Casamino Acids (0.3%, wt/vol).......... .. 150
Skim milk (10%, wt/vol) supplemented with Casamino Acids (1.5%, wt/vol)... -
Skim milk (10%, wt/vol) supplemented with casein hydrolysate (0.3%, wt/vol)
Skim milk (10%, wt/vol) supplemented with casein hydrolysate (1.5%, wt/vol) .
IMIRSS DIOTH L.ttt ettt ettt +/—
MRS broth containing pepticase (2%, wt/vol) instead of Polypeptone and meat EXtIACt........covweueurericremriiuerierierersieeieeeeeseeeseseneeseeneneaae -

MRS broth containing casein hydrolysate (2%, wt/vol) instead of Polypeptone and meat eXtract.........cocccoveeuecuricucunnes . =

MRS broth containing bacteriological peptone (0.25%), Lab Lemco (0.2%), and yeast extract (0.1%, wt/vol)..
MRS broth containing bacteriological peptone (0.50%), Lab Lemco (0.4%), and yeast extract (0.2%, wt/vol)..
MRS broth containing bacteriological peptone (0.75%), Lab Lemco (0.6%), and yeast extract (0.3%, wt/vol)..
MRS broth supplemented With 1aCtOSE (20) .......eueuiuciiuiiiciiiniciriciciie e .
MRS broth supplemented with whey protein concentrate (1 0F 2%, WE/VOL) ...c.couiueiiiieiriieiriiceeenete e neane -
MRS broth supplemented with lactose (2%) and whey protein concentrate (1 or 2%, WH/VOL) .....ccoiviciviiiinciniciniiciciceceeeieaes -
MRS broth supplemented with lactose (2%) and lactalbumin hydrolysate (2%, wt/vol).......... . =
LT DIOTH ..ttt sttt . =
Elliker broth..... . =
Nutrient broth..
LAPTE oot -
LAPTg supplemented with yeast exXtract (0.3%, WHVOL) ......c.cccuiuiiinimiiiiiiiiiciciieti e -

“Media and medium components were obtained from the following sources: skim milk, Belgomilk (Kallo, Belgium); yeast extract, Merck (Darmstadt, Germany);

Casamino Acids, Bio-Trading (Bierbeek, Belgium); lactalbumin hydrolysate, casein hydrolysate, tryptone, bacteriological peptone, and Lab Lemco, Oxoid (Basingstoke,
Hampshire, England); MRS broth, Oxoid, Merck, Biokar Diagnostics (Beauvais, France), and LabM (Bury, England); pepticase, Sigma (Steinheim, Germany); lactose,
Merck (Darmstadt, Germany); whey protein concentrate, Danmark Protein (Videbak, Denmark); and M17 broth, Elliker broth, and nutrient broth, Biokar

Diagnostics.
b

Enterococcus casseliflavus LMG 10745" and Enterococcus fae-
cium LMG 114237, none of the enterococcal strains tested was
affected. This was also the case with the Listeria monocytogenes,
Listeria innocua, and Listeria ivanovii strains used.

—, no bacteriocin production, +/—, occasional and weak bacteriocin production. L. sakei subsp. sakei LMG 13558" was used as the indicator strain.

When the S. macedonicus ACA-DC 198 cell-free culture
supernatant was concentrated by ammonium sulfate precipita-
tion and then tested against the same set of indicator strains,
more strains (64) were found to be sensitive. Moreover, with
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FIG. 1. Growth of S. macedonicus ACA-DC 198 and bacteriocin production in skim milk (10%, wt/vol) containing 0.3% yeast extract at 37°C.
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this preparation activity was detected against Bacillus cereus,
Clostridium sporogenes, L. innocua, and L. ivanovii. Even the
producer strain itself was inhibited.

A quantitative screening analysis was performed with strains
clearly inhibited by the cell-free culture supernatant (data not
shown). The greatest inhibition was observed with L. lactis
subsp. lactis LMG 6890 (160 AU/ml), L. sakei subsp. sakei
LMG 135587 (225 AU/ml, as determined by the spot-on-lawn
method), Micrococcus luteus LMG 4050" (200 AU/ml), C. ty-
robutyricum LMG 12857 (120 AU/ml), and Propionibacterium
acidipropionici LMG 13572 (250 AU/ml). When the well dif-
fusion method was used, C. tyrobutyricun LMG 1285" and L.
sakei subsp. sakei LMG 13558 showed the same sensitivity
(120 and 160 AU/ml, respectively). All values represent the
averages of two experiments.

Mode of inhibition. Exposure of the indicator strain L. sakei
subsp. sakei LMG 13558 to partially purified bacteriocin at a
concentration of 400 AU/ml resulted in a small reduction in
the viable cell count (from 1.9 X 10® to 5.5 X 107 CFU/ml)
after 5 h of incubation at 30°C (Fig. 2). Increasing the bacte-
riocin activity (to 800 AU/ml) did not result in a greater re-
duction in the indicator cell count. The initial population,
2.3 X 10® CFU/ml (ODgq, 0.71), was reduced to 1.3 X 10°
CFU/ml (ODg, 0.77) after 1 h, while a population containing
4.2 X 107 CFU/ml (ODg, 0.86) was present at the end of the
incubation period (data not shown). Under these experimental
conditions, the bacteriocin exhibited a bactericidal mode of
action.

Addition of macedocin did not influence the growth of L.
paracasei subsp. paracasei LMG 13552 (Fig. 2). After 5 h of
incubation the viable cell count had increased from 1.2 X 10*
to 6.1 X 10* CFU/ml for the control strain, while in the pres-
ence of the bacteriocin the cell count increased from 1.4 X 10®
to 5.7 X 10% CFU/ml. The ODy, of the cell suspensions in-
creased by 2.2 and 2.3 absorbance units for the control and the
treated cell suspension, respectively.

When the producer strain was grown in MRS medium in the
presence of partially purified bacteriocin (400 AU/ml), a 10-
fold reduction in the viable cell count, from 1.4 X 10% to 8.4 X
10° CFU/ml, was observed after 1 h of incubation at 37°C (Fig.
2). Incubation for more than 1 h did not significantly change
the number of viable cells of S. macedonicus ACA-DC 198.
After 5 h of incubation the population level reached 1.9 X 107
CFU/ml, indicating that there was slight regrowth of the pro-
ducer strain. A similar effect was obtained with a bacteriocin
activity of 800 AU/ml, except that no regrowth phase was
observed (data not shown). The S. macedonicus population
was reduced from 1.2 X 107 to 7.5 X 10° CFU/ml (0D, 0.86)
in 1 h, remained almost constant during further incubation,
and reached a level of 4.0 X 10° CFU/ml (ODy, 0.85) after
5 h. Under these conditions, the producer strain clearly dis-
played autoinhibition. This cannot be attributed to the pres-
ence of other end products, such as lactic acid. At the begin-
ning and at the end of the incubation period, the cell-free
culture supernatant of the control strain was assayed for anti-
microbial activity by using S. macedonicus ACA-DC 198 as the
indicator strain. No inhibition zones were observed, indicating
that the growth inhibition was due to the presence of macedo-
cin. The absorbance values for all treated cell suspensions
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FIG. 2. Mode of action of macedocin against S. macedonicus
ACA-DC 198 grown in skim milk supplemented with yeast extract
(0.3%, wt/vol) (a), S. macedonicus ACA-DC 198 grown in MRS broth
(b), L. sakei subsp. sakei LMG 13558" (c), and L. paracasei subsp.
paracasei LMG 13552 (d). Symbols: O and @, log CFU per milliliter;
<& and @, ODgy, (MRS broth) or OD,g, (milk medium); @ and ,
medium supplemented with bacteriocin (400 AU/ml in MRS broth or
600 AU/ml in milk medium); O and <, medium without bacteriocin.
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TABLE 3. Purification of S. macedonicus ACA-DC 198 bacteriocin

. . Activit Protein concn Total activit Sp act Fold Yield
Purification step Vol (ml) (AUjml) (mg/ml) av) (AUjmg) purification (%)

Crude 455 160 2.1 72,800 76.2 1 100.0
(NH,),SO, precipitation 120 320 2.0 38,400 160.0 2.1 52.7
Resource Q, pH 7.5 186 160 1.3 29,760 123.1 1.6 40.9
Resource S, pH 5.5 40.5 320 0.4 12,960 800.0 10.5 17.8
Resource RPC 5.4 2,560 1.4 13,824 1,828.6 24.0 19.0
Superdex peptide 7.5 152 0.06 1,140 2,533.3 33.2 1.6

remained constant during incubation in the presence of bac-
teriocin, indicating that there was no cell lysis.

When S. macedonicus ACA-DC 198 was grown in the me-
dium that was favorable for bacteriocin production (skim milk
supplemented with yeast extract) and in the presence of par-
tially purified bacteriocin (600 AU/ml), no autoinhibition was
observed. The control strain as well as the strain in the pres-
ence of the macedocin reached the stationary phase after 6 h of
incubation (Fig. 2). At that time, the optical densities of the
control suspension and the experimental suspension were 4.6
and 4.3 absorbance units, respectively, while the viable cell
counts were 1.9 X 10° and 1.5 X 10° CFU/ml, respectively. In
the inhibition assay, the bacteriocin activity (600 AU/ml) re-
mained constant during the incubation period. For the control
strain, no bacteriocin activity was observed at the beginning of
the experiment, while an activity of 200 AU/ml was observed
after 12 h of incubation.

Da

12,500 —»
6,500 —»

1,348 —»

a b C d

Purification of the bacteriocin. A combination of ammo-
nium sulfate precipitation, anion- and cation-exchange chro-
matography, reverse-phase chromatography, and gel filtration
was used for purification of the bacteriocin to homogeneity.
The activity was not retained on the anion-exchange column at
pH 7.5, while 0.48 M NaCl and 42.2% (vol/vol) acetonitrile
were necessary for elution of the bacteriocin from the cation-
exchange column (pH 5.5) and the reverse-phase column, re-
spectively. Finally, on the gel filtration column the bacteriocin
eluted as a symmetrical peak. Purification was followed by
SDS-PAGE for both high- and low-molecular weight proteins.
The data for recovery and degree of purification are summa-
rized in Table 3.

Molecular weight determination. In the discontinuous
Tricine-SDS-PAGE analysis the purified bacteriocin gave only
one band, which corresponded to a molecular weight of ap-
proximately 2,500 (Fig. 3A). In the postelectrophoretic detec-

B

e f g h

FIG. 3. (A) Tricine SDS-PAGE. Lanes a, b and ¢, marker proteins (cytochrome ¢, aprotinin, and substance P, respectively); lanes d, e, f, g, and
h, fractions from the Superdex peptide HR 10/30 column (fractions 34, 35, 36, 37, and 38, respectively). (B) Postelectrophoretic detection of the
antimicrobial activity with L. sakei subsp. sakei LMG 13558" as the indicator strain.
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H- Gly-Lys—Asn—Gly—Val-Phe-Lys— X — Ile— X — His— Glu- X —His— X — Asn— X - X — X — Phe -X —Ala— - OH a
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FIG. 4. Amino acid sequences of the S. macedonicus ACA-DC 198 bacteriocin (a) and of SA-FF22 from S. pyogenes FF22 (b). Residues in
boldface type are cross-linked through thioether bonds to form lanthionine (didehydroalanine and Cys) and methyllanthionine (didehydrobutyrine
and Cys). Dha, didehydroalanine; Dhb, didehydrobutyrine; T, threonine; S, serine.

tion analysis, this band was active against the indicator strain L.
sakei subsp. sakei LMG 13558" (Fig. 3B). By using gel filtration
chromatography on a Superdex peptide HR 10/30 column that
was previously standardized with cytochrome ¢ (molecular
weight, 12,500), aprotinin (6,500), and substance P (1,348), a
molecular weight of 550 was calculated.

Effects of pH, temperature, and enzymes on bacteriocin ac-
tivity. Even after 1 week of incubation at 30°C at pH values
ranging from 4 to 9, the purified bacteriocin from S. macedoni-
cus ACA-DC 198 retained full activity. Additionally, the bac-
teriocin was found to be very stable to heat, as no loss of
activity was observed after incubation for 1 h at 97°C or even
after incubation for 20 min at 121°C with 1 atm of overpres-
sure. Finally, storage for 4 weeks at —70, —20, 4, and 30°C did
not affect bacteriocin activity.

Proteolytic enzymes, such as a-chymotrypsin, proteinase K,
and protease (type VIII from Bacillus licheniformis), inacti-
vated the purified bacteriocin after 1 h of incubation, while
ficin inactivated the purified bacteriocin after 4 h. Treatment
with renin and trypsin resulted in full inactivation only after
24 h. Of the proteolytic enzymes tested, only pepsin did not
affect bacteriocin activity after 24 h of treatment.

N-terminal amino acid sequence determination and MS
analysis. Edman degradation revealed an amino acid sequence
stretch of 22 residues (Fig. 4). Eight of these residues could not
be identified (residues X). The reaction probably stopped after
the 22nd cycle, because of the occurrence of modified amino
acids, possibly dehydroalanine and dehydrobutyrine, which
cannot be recognized by Edman sequencing. Subsequent pro-
tein homology searches showed that the sequenced residues
are identical to the corresponding amino acids of the lantibi-
otics SA-FF22 (Fig. 4) and SA-M49, both of which were iso-
lated from S. pyogenes strains (20, 21, 23).

When the purified bacteriocin was analyzed by electrospray
ionization MS in the positive mode, an average molecular mass
of 2,794.76 + 0.42 Da was found (Fig. 5). Mainly triple (m/z
932.8) and quadruple (m/z 699.8) protonated molecular ions
were observed. The S. macedonicus ACA-DC 198 bacteriocin
was further subjected to MS-MS analysis. Fragmentation of
the triply charged ion (m/z 932.8) yielded relatively poor spec-
tra with limited information. The lower-mass parts of the spec-
tra showed mainly b series ions. This series corresponds to
successive cleavage of the sequence from the N-terminal part

(Fig. 6a). The singly charged product ions, m/z 186.1, 300.2,
357.2, and 455, correspond to the sequence GKNGYV, which is
consistent with the bacteriocin N-terminal sequence obtained
by the Edman degradation (Fig. 4). Furthermore, high-mass
fragments (Fig. 6b) indicate that there are some y fragments,
which are cleavage products from the C-terminal part. More-
over, several peaks that are consistent with internal fragments
due to double fragmentations were identified. These cleavages
occurred after the Abul7, Trpl8, Alal9, and Phe20 residues,
combined with consecutive fragmentation of the newly appear-
ing N termini after this fragmentation site (Abu is aminobu-
tyric acid), which indicates the cross-link between Abul7 and
Cys25 in the SA-FF22 molecule (cleavage after F20 [-L or

M-+3H

100, 932.5 Mr 2794.8 +/- 0.4

o6l M+4AHT
699.8
M+2H"
1398.8
0 . . M .J s ; ; L‘N‘N miz
800 1000 1200 1400

FIG. 5. Electrospray ionization MS analysis of S. macedonicus
ACA-DC 198 bacteriocin. The recorded multiple charged ions are
consistent with a molecular mass estimate of 2,794.76 = 0.42 Da.
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FIG. 6. MS-MS analysis of S. macedonicus ACA-DC 198 bacteriocin. (a) b series ions obtained by fragmentation of the triply charged ion (m/z
932.8) and corresponding to successive cleavage of the sequence from the N-terminal part; (b) fragments in the high-mass area of the MS-MS
spectrum showing specific internal fragments. Fragments are designated on the basis of the amino acid where the peptide bond is broken, together
with the sequence stretch that is cleaved from the newly appearing N terminus. Some y ions, resulting from fragmentations at the C terminus, are

present as well.

-LA], A19 [-FL], W18 [- AFL or -AFLA], and Abul7 [-WAFL
or -WAFLA]). Overall, weak fragmentation was observed,
probably due to the presence of strong intrachain linkages
similar to those seen for peptides involving disulfide bridges.

DISCUSSION

When grown in milk supplemented with nitrogen sources, S.
macedonicus ACA-DC 198 produced an antimicrobial com-
pound with a rather broad antibacterial spectrum. Further-
more, the sensitivity of this compound to various proteolytic
enzymes confirmed its proteinaceous nature. The data from
the purification procedure suggest that the S. macedonicus

ACA-DC 198 bacteriocin is a cationic and highly hydrophobic
peptide. These are all common characteristics of many bacte-
riocins produced by LAB, particularly lantibiotics and class II
bacteriocins (14, 27, 32).

Initially, SDS-PAGE of the purified bacteriocin revealed a
molecular weight of about 2,500. This was later confirmed
by electrospray mass spectroscopy (2,794.76). Therefore, the
much lower molecular weight estimated by gel filtration (550)
was attributed to erratic chromatographic migration of the
molecule. A similar discrepancy has been observed in the case
of lacticin 481, which was explained by the hydrophobicity of
the molecule and the presence of intramolecular thioether
cross-linkages (46). The low molecular weight of the S. mace-
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donicus ACA-DC 198 bacteriocin strengthened the hypothesis
that it is a lantibiotic. Similar molecular weights have been
reported for various lantibiotics isolated from streptococci;
these molecular weights include 2,315 for salivaricin A (52),
2,795 for streptococcin SA-FF22 (23), and 2,263 to 3,245 for
the mutacins (19, 37, 40, 47, 48).

The S. macedonicus ACA-DC 198 bacteriocin retains activ-
ity at a broad range of pHs and is very heat stable, since no
activity was lost even under sterilization conditions. These
findings correspond well with a lantibiotic structure, as it is well
known that good pH and thermal stability go along with low-
molecular-weight proteins containing thioether bridges. In-
deed, other lantibiotics isolated from various streptococci have
similar features. Early studies of streptococcin SA-FF22 indi-
cated that this lantibiotic is stable at acidic pHs but not at
alkaline pHs (57). Mutacin MT6223 is also stable at a pH range
from 2 to 7 and is resistant to treatment at 100°C for 20 min;
although it retains activity even after 3 months at 4°C or in a
frozen state, it looses 50% of its activity after 4 weeks of
storage at room temperature (31). Finally, mutacin II was
found to be stable and biologically active over a wide range of
pH values (pH 4 to 10) or after heat treatment at 100°C for 30
min (40).

The partial N-terminal amino acid sequence is identical to
that of the lantibiotics SA-FF22 (Fig. 4) and SA-M49, both of
which were isolated from pathogenic S. pyogenes strains (20,
21, 23). The streptococcins SA-FF22 and SA-M49 both have a
molecular weight of 2,794, and their amino acid sequences
were deduced from the nucleotide sequences of the corre-
sponding genes. For streptococcin SA-FF22, it was established
that positions 8, 10, 13, and 17, which failed to yield amino acid
signals during Edman sequencing, correspond to the positions
of threonine, serine, cysteine, and threonine, respectively, sug-
gesting that streptococcin SA-FF22 contains one lanthionine
and two B-methyllanthionine residues. This was confirmed by
chiral-phase gas chromatography (23). The fact that Edman
sequencing of the S. macedonicus bacteriocin gave no results
for the same positions, while the rest of the amino acid se-
quence exhibited 100% homology with streptococcin SA-FF22,
along with the MS data obtained in the present work, contrib-
utes to our final conclusion that the two molecules are identi-
cal.

Although S. macedonicus ACA-DC 198 grew well in all
media tested, bacteriocin was produced only when the strain
was grown in skim milk supplemented with nitrogen sources.
The failure to recover active bacteriocin in some liquid media
may have been due to specific deficiencies in the growth me-
dium, to the concomitant synthesis of bacteriocin-inactivating
substances, such as proteolytic enzymes, or to the cell-associ-
ated location of the bacteriocin under particular growth con-
ditions. However, S. macedonicus ACA-DC 198 was previously
found to be nonproteolytic (16). Furthermore, in the present
study no cell-associated bacteriocin activity was observed when
the strain was grown in MRS medium, indicating that there
was complete release of the bacteriocin into the extracellular
environment. It is generally accepted that environmental con-
ditions, such as growth medium, pH, and temperature, not only
affect the amount of cells produced but also determine the
bacteriocin production (29, 58, 64). It has been reported that
complex media, such as MRS medium, SM8, and TGE broth,

APPL. ENVIRON. MICROBIOL.

are most effective for production of various bacteriocins (2, 6,
61). However, it has been observed that some bacteriocin-
producing LAB strains have a bacteriocin inhibitory effect on
bacteria in milk as well (13, 17, 41, 50). The enhanced bacte-
riocin production when S. macedonicus ACA-DC 198 is grown
in a natural food such as milk makes the potential use of this
strain as a protective culture in dairy products more challeng-
ing.

Like the production of many other bacteriocins, bacteriocin
production by S. macedonicus ACA-DC 198 displays primary
metabolite kinetics (8, 11, 43). Since bacteriocin production is
a growth-related process, good cell growth frequently goes
hand in hand with production of high bacteriocin levels. Bac-
teriocin activity reaches a maximum level at the end of the
logarithmic phase, while no loss of activity was observed during
the stationary phase. Indeed, in general, the bacteriocin activ-
ity of LAB is maximal at the end of the exponential growth
phase (8, 25, 35, 44). On the other hand, a decrease in bacte-
riocin activity during the exponential and/or stationary growth
phase of the producing microorganism has been reported as
well. This has been attributed to several mechanisms, such as
protein aggregation, proteolytic degradation by specific or non-
specific enzymes, and bacteriocin adsorption to the producer
cells (8, 43, 44). As mentioned above, this is not the case for the
bacteriocin of S. macedonicus ACA-DC 198. Nevertheless, the
stability of this compound in a real cheese environment still
needs to be studied. However, results obtained in this study
encourage the use of S. macedonicus ACA-DC 198 as protec-
tive starter culture in dairy fermentations.

Macedocin inhibits a broad spectrum of LAB, as well as
several food spoilage and pathogenic bacteria. Its inhibitory
effect seems to be species and/or strain dependent. It is gen-
erally accepted that bacteriocins produced by LAB kill phylo-
genetically closely related bacteria, even though many charac-
terized bacteriocins concur with this definition. For instance, it
has become apparent that some bacteriocins have a broad
range, inhibiting many different species and/or genera (32).
Due to its broad inhibitory spectrum and its unique properties,
nisin is the only bacteriocin used and approved for use in
several foods worldwide (3). Remarkably, besides the extreme
pH and heat stability of the S. macedonicus ACA-DC 198
bacteriocin and its high activity levels in milk through fermen-
tation, another very interesting finding of this study is that C.
tyrobutyricum is inhibited by this compound. As mentioned
above, C. tyrobutyricum is responsible for so-called late blow-
ing, which is a serious defect, especially in hard and semihard
cheeses, like Kasseri cheese. On the other hand, S. macedoni-
cus itself has been isolated from traditional Kasseri cheese,
as part of the secondary cheese microflora (60). Therefore,
S. macedonicus can be considered an organism that is well
adapted to the environment of this type of cheese. In this case,
the use of S. macedonicus as an anticlostridium starter culture
in Kasseri cheese seems to be a straightforward option. In the
initial studies of SA-FF22 it was demonstrated that this bacte-
riocin is active against many strains of related streptococci and
only certain gram-positive bacteria (57). Bacteriocins of mem-
bers of the mutans streptococcal group have been found to be
active against other members of the mutans group, several
gram-positive and gram-negative bacterial pathogens, includ-
ing representative strains of Staphylococcus spp., Actinomyces
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spp., Clostridium spp., Neisseria spp., L. monocytogenes, and
Helicobacter pylori (19, 31, 34, 38, 40), and strains that are
resistant to nisin and antibiotics such as vancomycin (37). Fi-
nally, salivaricin A was also found to be active against M. luteus
T-18 (52).

Investigation of the effect of macedocin on the optical den-
sity of actively metabolizing cells of the susceptible indicator
strain L. sakei subsp. sakei LMG 13558 at 30°C indicated that
in spite a slight decrease in the number of CFU, there was no
apparent change in the optical density of the culture, and
hence, the lethal effect was not accompanied by cell lysis. In
this context, the activity of macedocin against the indicator
strain L. sakei subsp. sakei LMG 13558 can be considered
bactericidal. Tagg et al. (58) observed a similar reduction in
viable cell counts when streptocin A was added to resting cell
suspensions of group A streptococcus strain PF 1643 incubated
at 25 and 37°C, while the cell death induced was not associated
with cell lysis. In that case, the temperature of incubation had
a marked effect on the bactericidal action, with less killing
occurring at a lower temperature. It is generally accepted that
bacteriocin-induced cell death occurs in a concentration- and
time-dependent manner (14). Not only the inhibitor concen-
tration but also factors related to the target cell and the cell
environment influence the effectiveness of a bacteriocin (14,
32). Mgrtvedt-Abildgaard et al. (36) reported that the action of
lactocin S, a lantibiotic produced by L. sakei 145, is strongly pH
dependent and affects the target organism only at pH values
below 6. Nisin delays the growth of L. monocytogenes at 8°C
but has bacteriostatic activity at 4°C (12).

Although specific immunity proteins and a secondary ABC
transporter system are assumed to protect the producer strain
against the inhibitory action of its own product (32), autoinhi-
bition of S. macedonicus ACA-DC 198 was noticed when the
strain was grown in MRS broth, in which S. macedonicus
ACA-DC 198 is actually not able to produce macedocin. In
contrast, when the producer strain was grown in milk supple-
mented with yeast extract, a medium that favors macedocin
production, no autoinhibition was observed. Autoantagonism
was also described for strains of the Bacteroides fragilis group
(15) and Fusobacterium spp. (42). In particular, incomplete
immunity to homologous bacteriocin has been reported previ-
ously for the streptococcin producer strain S. pyogenes FF22
(57, 58). According to McLaughlin et al. (33), the multimeric
ABC transporter complex could not keep the lantibiotic con-
centration below the critical level, which is necessary to form
pores in the cytoplasmic membrane. Furthermore, these au-
thors demonstrated that expression of the immunity genes
requires the presence of a two-component regulatory system,
which is in turn activated by an environmental signal factor
(33). In the case of S. macedonicus ACA-DC 198, the lack of
autoinhibition when the producer strain was grown in a me-
dium suitable for bacteriocin production may indicate that
expression of the immunity genes takes place during transcrip-
tion of the biosynthetic genes. The latter is probably activated
by a regulatory system, as described above. The nitrogen sup-
plement may contain the signal factor for activation of the
regulatory system.

In conclusion, S. macedonicus ACA-DC 198 produces a lan-
tibiotic which was characterized in this study. The molecule
was found to be identical to the streptococcins SA-FF22 and
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SA-M49 produced by S. pyogenes. S. pyogenes belongs to the
group A streptococci, which are important human pathogens
that produce numerous virulence factors, such as hemolysins
(streptolysins O and S), erythrogenic toxins, and pyrogenic
exotoxins (45). On the other hand, S. macedonicus is a food-
grade microorganism, isolated from cheese, which does not
exhibit potential pathogenicity traits. Therefore, we suggest
that the bacteriocin from S. macedonicus ACA-DC 198 should
be designated macedocin, according to the rule proposed by de
Vos et al. (5) (i.e., a bacteriocin should be named after the
species name of its producer and not after the genus name
since several species belonging to the same genus often pro-
duce different bacteriocins). Moreover, the proposed name is
necessary to clearly distinguish the food-grade S. macedonicus
bacteriocin from the S. pyogenes bacteriocins that are not food
grade. This is considered necessary to avoid further confusion
regarding food legislation and consumer awareness when food
applications of macedocin come up. The need for expanded
and legal use of bacteriocins in foods is obvious, especially in
light of consumers’ demands for safe and minimally processed
foods that have adequate shelf life and are convenient and the
global need for increasing the supply of healthy and safe foods.
On the other hand, problems concerning low production levels
and the instability of bacteriocins in certain food environments
still need to be addressed. However, it is generally accepted
that using bacteriocin-producing cultures in food has consid-
erable advantages over using purified bacteriocin preparations.
The use of purified bacteriocin preparations requires extensive
and costly purification schemes and toxicology tests and may
project an image of nonnatural additives (for instance, with
respect to the concentrations used). Thus, the use of S. mace-
donicus as a protective starter culture in food fermentations
seems to be a straightforward option.
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