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ABSTRACT

Three types of fermented milk were prepared using either Lactobacillus bulgaricus,
Streptococcus thermophilus, or their mixed culture. Five mgkg™' of lactoperox-
idase (LPO) suppressed acid production in the yoghurts during refrigerated
storage. The most effective suppression was observed with the mixed starter culture.
Addition of LPO did not affect the incubation time at 41°C except for the L.
bulgaricus single culture. While the viable cell counts of the single cultures were
constant during storage, with or without the addition of LPO, the viable cell counts
of L. bulgaricus in the mixed culture decreased in the presence of LPO. A signifi-
cant decrease in LPO activity was observed during incubation. The concentration of
thiocyanate in LPO-treated yoghurt was lower than that in the control by 2-3 mg
kg™, The addition of LPO produced a new type of yoghurt which retains acceptable
quality during storage for at least two weeks.

INTRODUCTION

Lactoperoxidase (E.C.1.11.1.7; LPO) is an enzyme present in milk, with a mole-
cular weight of approximately 77.5kDa (Sievers, 1981). Its well-known function is
an antibacterial effect in the presence of both hydrogen peroxide and thiocyanate
(LP system)(Reiter, 1985). According to IDF (1988), 30 mg kg ' of sodium
percarbonate (2Na,CO; x 3H,0,) and 14 mg kg~' of sodium thiocyanate
(NaSCN) are needed to activate the LPO system in order to preserve raw milk.
Attempts have been reported to preserve the quality of raw milk in areas where
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refrigeration facilities are unavailable, by adding thiocyanate and H;0, to milk
containing naturally occurring LPO (Bjérck, 1982), thus activating the LPO
system. Bacterial growth in raw milk was delayed for 7-8 h at 30°C and 24-26 h
at 15°C, by adding thiocyanate and H,O; to raw milk (Bjorck et al., 1979).

Several researchers attempted to prepare yoghurt from raw milk in which the
LPO system had been activated (Zall et al., 1983; Kumar & Mathur, 1989;
Mehanna & Hefway, 1988). They added thiocyanate and H,O, to raw milk, and
then prepared yoghurt from this milk, using a mixed starter consisting of
Lactobacillus bulgaricus and Streptococcus thermophilus. The production of
lactic acid during fermentation was affected by the concentrations of thiocya-
nate and H,O, added to the raw milk (Kumar & Mathur, 1989). These studies
aimed at preserving raw milk by the LPO system and the application of such
preserved milk.

The addition of neither H,O; nor thiocyanate to food is permitted in Japan
(Kishi, 1993). In yoghurt, however, lactic acid bacteria produce H,O, (IDF,
1985) and milk contains a certain amount of thiocyanate (IDF, 1988).

Therefore, the LPO system would be activated when yoghurt is prepared from
pasteurized milk to which only LPO is added. The activated LPO system would
suppress the growth of lactic acid bacteria and consequently acid production,
leading to the development of a new type of yoghurt in which the titratable
acidity would remain stable at a certain level during storage.

However, there will be many problems with LPO-treated yoghurt. For exam-
ple, activation of the LPO system may prolong the fermentation required for the
gelation of casein. Also, the viable cell count of lactic acid bacteria in yoghurt,
which might be reduced by the activated LPO system, is directed to be higher
than 107 cfu g~' by law in Japan (Namba, 1990).

The objective of this study was to examine the effect of LPO on the growth and
acid production by single strains of L. bulgaricus, S. thermophilus and a mixed
culture of L. bulgaricus and Str. thermophilus.

MATERIALS AND METHODS
Lactoperoxidase (LPO)

Lactoperoxidase (DMV, the Netherlands, 180U mg~') was dissolved in water at
5% (w/v), and then passed through a 0.45 pm filter (GL SCIENCE, Tokyo,
Japan).

Preparation of starter

Lb. delbrueckii subsp. bulgaricus, Str. salivarius subsp. thermophilus (both isolated
from a mixed starter culture B-37, CHR. HANSEN, Denmark) or a mixed
culture of L. bulgaricus and S. thermophilus (B-37) were inoculated into recon-
stituted skim milk (12%, w/w, pasteurized at 90°C for 10 min) at a concentration
of 3%, then incubated at 32°C for 16 h. After incubation, a 5% LPO solution was
added to each starter at a concentration of 0.33%; the concentration of LPO
added to the starter was 167 mg kg~'. As a control, pasteurized water was added
in place of the LPO solution to each starter.
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Preparation of yoghurt

Commercial milk (3.5% fat, 8.3% SNF) was heated at 90°C for 10 min and then
cooled to 32+ 1°C for the two single cultures or 42+ 1°C for the mixed culture.
Each starter was inoculated into the milk at a concentration of 3%. Since the
LPO concentration in the starter was 167 mg kg™, the final LPO concentration
in the yoghurt was 5 mg kg™".

The two single cultures were incubated at 30°C for approximately 16 h until the
titratable acidity reached 0.7% (L. bulgaricus) or 0.6% (S. thermophilus). The
mixed culture was incubated at 41°C for approximately 3 h until the titratable
acidity reached 0.8%.

The yoghurts were then promptly transferred to a refrigerator and kept at 5°C
overnight. After 24 h, the yoghurts were transferred to another refrigerator and
stored at 10°C for 14 days.

Measurements

The titratable acidity (% lactic acid) was determined by titration with 0.1M
NaOH. Viable cell counts were determined by counting colonies on BL Agar
“Nissui” (Nissui seiyaku Co., Ltd., Tokyo). The activity of LPO in yoghurt was
determined by an enzyme-linked immunosorbent assay (ELISA), following the
method of Sato et al. (1992). The concentration of thiocyanate was determined
spectrophotometrically using ferric nitrate (IDF, 1988). H,0, was determined
with an oxygen electrode (ORITECTOR MODEL-V; Oriental Electric Co., Ltd.,
Niiza, Japan). Formic acid was determined spectrophotometrically using 1-ethyl-
3-(3-dimethyl amino propyl)-carbodiimide hydrochloride with a Carboxylic Acid
Analyzer S-14 (Tokyo Rikakikai Co., Ltd., Tokyo).

RESULTS
Effect of LPO on incubation time

Incubation times required to reach given acidities are listed in Table 1. To achieve
the same acidity level, the L. bulgaricus culture required 3 h longer in the LPO-
treated samples compared to control samples, but LPO did not affect the rate of
acid production by the two other cultures. The results for the mixed culture were
the same as reported by Mehanna & Hefnawy (1988), who found that the acidity
of LPO-activated milk increased at the same rate as that of control milk.

Effect of LPO on the acidity and viable cell counts of the single culture L. bulgar-
icus and S. thermophilus during storage at 10°C

The viable cell counts of both cultures remained constant during the storage
period, independent of the addition of LPO (Fig. 1). However, acid production
by the single cultures in the presence of added LPO was clearly lower than that in
controls (Fig. 2). These results imply that the addition of LPO suppressed the rate
of acid production but not bacterial growth.
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TABLE 1
Incubation Time of Cultures to Reach Given Acidities

Incubation temp, "C  Final acidity, % Incubation time, h

Control  LPO treated”

L. bulgaricus 30 0-6 17-92 2092
S. thermophilus 30 05 1592 15.67
Mixed culture” 41 0-8 3.25 318

“5mg kg™ Lactoperoxidase.
"L, bulgaricus:S. thermophilus = 1:1.
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Fig. 1. Changes in viable cell counts of single cultures during storage at 10 C. L. bulgaricus
with S mg kg ' of LPO added (@) and control (Q). and S. thermophilus with 5 mg kg’ "of
LPO added (A) and control (A).

Effect of LPO on the acidity and viable cell counts of the mixed culture of
L. bulgaricus and S. thermophilus during storage at 10°C

Changes in the viable cell count of L. bulgaricus in the mixed culture, with or
without added LPO, are shown in Fig. 3. The viable cell count of the control
remained unchanged during storage at 10°C, whereas that of the culture
containing LPO decreased to 5x107 cfu g™ after 14 days. However, the viable
cell count of S. thermophilus in the mixed culture containing added LPO was
maintained at 5x10° cfu g~', which was the same as that of the control (data not
shown). Therefore, the total viable cell counts exceeded 10% c¢fu g ' and met the
legal requirement (107 cfu g~ ).

The titratable acidity of the mixed culture free of LPO increased from 0.8 to
1.1% during storage at 10°C (Fig. 4), but the increase was strongly suppressed in
the presence of LPO; suppression was not enhanced at higher LPO concentra-
tions.
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Fig. 2. Changes in titratable acidity (% lactic acid) of single cultures during storage at
10°C. L. bulgaricus with 5 mg kg~! of LPO added (®) and control (O), and S. thermophilus
with 5 mg kg™' of LPO added (a) and control (»).
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Fig. 3. Changes in viable cell counts of L. bulgaricus in a mixed (L. bulgaricus : S. ther-
mophilus = 1:1) culture during storage at 10°C, and 5 mg kg™' of LPO added (®) and
control (O).

In a mixed culture, L. bulgaricus and S. thermophilus stimulate each other by
the production of growth factors (Driessen, 1981). S. thermophilus is stimulated
by free amino acids and peptides which L. bulgaricus liberates from milk proteins,
while L. bulgaricus is stimulated by formic acid and/or CO, produced by
S. thermophilus (Veringa et al., 1968; Driessen et al., 1982).

We determined the concentration of formic acid in the mixed culture, with or
without added LPO. At day 8, the LPO-free culture contained 1.4 mg formic acid
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Fig. 4. Changes in titratable acidity (% lactic acid) of a mixed (L. bulgaricus : S. thermo-
philus = 1:1) culture during storage at 10°C, and 5 mg kg~' of LPO added (®) and control
(0).

100g™!, whereas the LPO-treated culture contained only 0.Img 100g™'. This
indicated that the LPO system suppressed not only the formation of lactic acid
but also the production of formic acid by S. thermophilus. Thus, the insufficient
supply of formic acid from S. thermophilus probably retarded the growth inhibi-
tion of L. bulgaricus during storage at 10°C.

Concentration of hydrogen peroxide

Hydrogen peroxide is of particular importance for the LPO system. The
concentrations of H,O, in the L. bulgaricus, S. thermophilus and the mixed
cultures at day 1 were found to be approximately 3, 1 and 5 mg kg™', respec-
tively. In the cultures containing 5 mg kg™' of LPO, H,0, was not detected
throughout the storage period, since LPO decomposed H,0, produced by the
lactic acid bacteria.

Concentration of thiocyanate

When the LPO system is activated, the concentration of thiocyanate (SCN") is
expected to decrease, since it is converted to hypothiocyanate (OSCN") by the
LPO system (Aune & Thomas, 1977). Changes in the concentration of thiocya-
nate in the L. bulgaricus culture during storage are shown in Fig. 5. While 8-8.5
mg kg~' of thiocyanate were detected in the LPO-free culture, the culture with
added LPO contained 7.6 mg kg~' at day O and this value decreased during
storage. The S. thermophilus single culture and the mixed culture showed the
same tendency as the L. bulgaricus culture (data not shown).

The concentrations of thiocyanate in the yoghurts were similar to those in
other reports (2-7mg kg~ ')}(IDF, 1988).



Lactoperoxidase suppresses acid production in yoghurt during storage 39

9.0+

8.0- O\o\o/,.,o

SCN (ppm)
~
o
1

1 T 1

5 10 15
Storage period (day)

QO -

Fig. 5. Changes of thiocyanate (SCN") concentrations in the L. bulgaricus culture during
storage at 10°C ; 5 mg kg~ of LPO added (@) and control (O).

Activity of LPO

LPO activity decreased rapidly during incubation, down to 10% of the initial
activity after 3 h at 41°C (Fig. 6). During storage at 10°C, LPO activity was found
to be below the detection limit (0.6% of the initial activity) in the L. bulgaricus
culture and the mixed culture, but in the S. thermophilus culture, a low level of
LPO (10%) remained at day 14. High concentrations of H,0, inactivate LPO
irreversibely (Jenzer et al., 1986). We also found that LPO was inactivated at 5mg
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Fig. 6. Decrease in LPO activity in a mixed culture (L. bulgaricus : S. thermophilus = 1:1).
During incubation at 41°C, LPO activity was measured by ELISA.
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kg™' H,O> (data not shown). Thus, it is likely that the lower production of H,O,
in the S. thermophilus culture was responsible for the prolongation of LPO
activity.

DISCUSSION

The LPO system is activated in the presence of thiocyanate and H,O, (Reiter,
1985). The thiocyanate is then oxidized to hypothiocyanate which blocks glyco-
lysis in bacteria by inhibiting metabolic enzymes such as glyceraldehyde 3-phos-
phate dehydrogenase (Carlsson et al., 1983) and hexokinase (Adamson & Pruitt,
1981).

However, the concentration of thiocyanate in milk (8-8.5 mg kg™!, Fig. 5) is
less than that required to exert an optimal antibacterial effect (12-15 mg
kg~ "YWIDF, 1988; Zall et al., 1983; de Valdez et al., 1988). Additionally, the
decrease in the concentration of thiocyanate in the culture, by added LPO, was
approximately 3mg kg~ ' at maximum (Fig. 5). Probably, this was due to the
conversion of intracellular hypothiocyanate to harmless thiocyanate by the action
of NADH-OSCN or NADPH-OSCN oxidoreductases (Carlsson et al., 1983).
Thus, the bacteriostatic effect was not exerted, but acid production was partially
inhibited.

While acid production was suppressed during storage at 10°C, acid production
was not affected at 41°C. We speculate that the temperature dependence is attri-
butable to the activity of the enzyme that converts intracellular hypothiocyanate
to thiocyanate. At 41°C, the activity may be high enough to eliminate intracel-
lular hypothiocyanate; thus, no appreciable changes in acid production occur.
The activity of the enzyme decreases at low temperature; a small amount of
hypothiocyanate remains within the cell, which partially inhibits acid production.

LPO activity decreased considerably during incubation at 41°C. However,
residual activity seems to be sufficient to suppress acid production, since the
thiocyanate level in the mixed culture continued to decrease up to day 7 (Fig. 5);
H,0, was not detected throughout the 14 day storage period; higher LPO
concentration did not enhance the suppression (data not shown). It is thus likely
that the suppression of acid production requires only a low level of LPO activity
when incubation at 41°C is terminated at a desirable titratable acidity.

The increase in the acidity of yoghurt during storage under refrigeration, due
to the production of lactic acid by viable lactic acid bacteria (so-called after-
acidification), has been a major problem for many decades, since the yoghurt
becomes sour during storage. Many attempts have been made to solve the
problem, such as “‘heat shock” treatment (Waes, 1987), use of low-lactose skim
milk (Richter et al., 1973), and application of a diffusion membrane-reactor
system (Nakajima, 1990) or hydrostatic pressure (Tanaka & Hatanaka, 1992).
However, none of these has been successful from a practical point of view.

The addition of LPO is, on the other hand, promising for the development of
yoghurt that maintains a favourable balance between sweetness and sourness
during storage for at least two weeks. Advantages over conventional yoghurt are:
(1) nearly complete suppression of after-acidification; (2) the incubation time
required to develop the necessary acidity during production is unaffected by the
LPO system; (3) the total viable cell count was higher than 10® cfu g~', which
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satisfies the legal requirement for yoghurt in many countries (Puhan & Zambrini,
1992). Although commercially available LPO is expensive, the increase in the cost
of yoghurt associated with the addition of LPO is negligible, due to very low level
of LPO required.

The LPO-treated yoghurt retains a fresh taste for at least two weeks and reduces
sugar consumption for those who dislike sourness and add sugar to yoghurt.
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