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Abstract

This paper provides a comparative study on the fermentative production of lactic acid (LA) by the novel Pediococcus acidi-
lactici KTUOQS-7, previously isolated from rye sourdough, and the common dairy Lactobacillus delbriieckii spp. bulgaricus
using dairy by-products as a substrate. Lactic acid bacteria growth in different fermentation medium, -p-galactosidase
activity, lactose consumption, distribution of L(4)/D(—)-lactic acid isomers and LA purification using a system of membranes
were also examined. The highest LA yield (1.9 g/g) was obtained fermenting the whey permeate for 24 h with the novel P.
acidilactici. This strain also showed a better growth in whey permeate, a higher tolerance to low pH conditions and tended
to produce mainly L(+)-lactic acid, compared to the standard L. bulgaricus. Furthermore, the proteolytic action of P. acidi-
lactici simplified the membrane filtration procedure, and hindered the formation of protein aggregate in fermented broth as
compared to L. bulgaricus. The findings of this research suggest that the Pediococcus acidilactici strain has a potential to
improve the biotechnological production of LA from dairy industry waste and its recovery by membrane processes.
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NF Nanofiltration
RO Reverse osmosis

Introduction

Lactic acid (LA) or 2-hydroxypropionic acid exists as two
optically active isomeric forms L(+)-lactic acid and p(—)-
lactic acid and is widely used in food and chemical industries
[1]. Nowadays, the demand of optically pure LA isomers is
increasing, especially for the production of biodegradable
poly LA (PLA). The chemical synthesis of LA always leads
to a racemic mixture of both isomers. The optically pure
lactic acid can be obtained by a biotechnological production
route and the process involves the selection of lactic acid
bacteria (LAB) strains that produce only one specific LA
isomer [2]. Bio-based LA has been shown to be more sus-
tainable than chemically synthesised LA, with an increase
in energy efficiency by 47% and decrease in the total costs
by 17% [3].

Cheese whey contains a high amount of fermentable lac-
tose (44-52 g/L) [2, 4] and it is considered to be the most
essential pollutant of dairy waste waters, not only because
of its volume, but also for the high organic load [5]. There-
fore, the usage of lactose rich dairy by-products for lactic
acid production is relevant for the reduction of the envi-
ronmental pollution. Most microorganisms producing lactic
acid belong to the Lactobacillus, Lactococcus, or Rhizopus
genera and have LA as the major end product from the fer-
mentation of various sugars [6]. The effectiveness of the
LA fermentation process is influenced by many parameters,
such as LAB strain, substrate, nutrients, fermentation mode,
temperature and pH [2]. The optimal pH for LA production
varies between 5.0 and 7.0 [1]. The high acid tolerance of
certain LAB strains is a significant advantage over many
other bacterias for the efficient industrial production of LA.
Due to the presence of specific NAD*—ependent lactate
dehydrogenase and the specific activities of LAB, various
strains produce only L(+)-lactic acid or p(—)-lactic acid or
both forms in measurable amounts [7].

Once LA is produced, the next step is to recover it.
Recently, membrane-based processes have been shown to
efficiently separate valuable components in dairy waste
[8—10]. It was shown that pressure-driven membrane pro-
cesses, such as nanofiltration and reverse osmosis, can pro-
duce high purity and concentration lactic acid by skipping
many of the steps and chemicals of other conventional pro-
cesses [10, 11].

The Pediococcus acidilactici KTUQS5-7 strain was
recently isolated from spontaneous rye sourdoughs and is
able to maintain viability in very acidic conditions [12].
This low pH tolerance made it a good candidate for sour
by-products fermentation and LA production. The main
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objective of this work was to evaluate the ability of of P.
acidilactici KTUO0S5-7 to produce LA isomers in compari-
son with the commonly used L. bulgaricus. Furthermore,
two fermentation media, cheese whey and whey permeate,
were tested in the study, together with lactic acid recovery
by membrane processes in two steps: nanofiltration (NF)
and reverse osmosis (RO).

Materials and Methods
Materials

Samples of cheese whey and whey permeate for the first
part of experiment were obtained from SC “Rokiskio pie-
nas” (Rokiskis, Lithuania). Ultrafiltrated whey permeate
(WP) was obtained from the milk research plant “Aula de
Productos Licteos” (Spain, Lugo). WP was sterilized at
121 °C for 20 min and used as the substrate for lactic acid
production. WP contained about 43 g/L of lactose and only
traces in proteins and milk fats after ultrafiltration (0.34%
and 0.25%, respectively).

B-p-Galactosidase from Kluyveromyces lactis (Lac-
tozyme 2600L) was obtained from Sigma Chem. Co. (St.
Louis, MO, USA) and applied for the lactose hydrolysis
in whey permeate (before fermentation). Lactic acid bac-
teria (LAB) Pediococcus acidilactici KTUOS5-7 (Pa) and
Lactobacillus delbriieckii spp. bulgaricus (DSM20081)
(Lb) were used for the dairy by-products fermentation.
Pediococcus acidilactici KTUOS5-7 was previously isolated
from rye sourdoughs [12, 13]. Lactobacillus delbriieckii
spp. bulgaricus was obtained from the collection of Food
Research Institute of Kaunas University of Technology
(Lithuania) and used as a control for WP fermentation.
Strains were activated in a MRS broth (CM 0359, Oxoid
Ltd, Hampshire, UK) for 24 h at optimal temperatures
(35 °C and 37 °C, respectively) until further use.

Methods

Selection of Dairy By-Products as a Fermentation Medium
for Higher LA Production

Cheese whey and whey permeate were treated with f-p-
galactosidase (104 AV/100 g, for 30 min at 50 °C) and
inoculated with 2% (w/w) inoculum of the P. acidilactici
(incubated for 48 h at 35 °C) and L. bulgaricus (incubated
for 48 h at 37 °C). Samples for lactic and acetic acid con-
tent determinations were collected every 16 h.
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Production of LA

According to the previous research results on highest LA
amount producing dairy by-product substrate, a four-stage
process for the conversion of whey permeate (WP) into LA
was used, including: (1) WP pretreatment with enzyme
lactase; (2) LAB fermentation of the WP with Pa or Lb, (3)
separation of LA by nanofiltration and (4) LA concentration
by reverse osmosis (Fig. 1).

Enzymatic treatment and fermentation of WP was per-
formed in two feed tanks, surrounded by vapor heating and
water cooling systems, which had a volume of 300 dm?
(Pierre Guerin, France). Each feed tank contained 150 L of
WP. The tanks were pressurized with sterile air, and temper-
ature was monitored and controlled. The enzymatic hydroly-
sis of WP lactose was performed using p-p-galactosidase
104 AV/100 g in batch process for 30 min at 50 °C tempera-
ture (Fig. 1, 1st stage). Then the WP media were inoculated
with 2% (w/w) inoculum of the activated LAB strains and
then incubated for 48 h at 35 °C for P. acidilactici and at
37 °C for L. bulgaricus (Fig. 1, 2nd stage). The equipment

:

‘Whey permeate
Enzyme

LAB strain

\/

Feed tank

Permeate,

for the membrane filtration (APV, United Kingdom) with
one/two organic industrial membranes in spiral configura-
tion was used for LA purification by nanofiltration (NF)
and concentration by reverse osmosis (RO) (Fig. 1, 3rd and
4th stages, respectively). Membrane modules of 3838/3840
dimensions were adjusted for NF and RO. NF was used to
separate LA from lactose and other minerals, while RO pro-
duced the retentate containing LA in higher concentration.
Samples were collected after the enzymatic treatment and
fermentation to determine lactose and LA.

Microbiological Analysis

The growth of LAB in permeate medium was determined
by the Plate count method. Ten milliliters of sample were
homogenized with 90 mL of 0.9% NaCl solution. The
suspension was diluted, and the solutions of 107421078
dilutions were inoculated on MRS agar (Liofilchem, REF
610024). The plates were incubated under anaerobic
conditions at 30 °C for 48 h. The number of LAB was

Concentrated LA

RO membrane unit

Permeate|

Fig. 1 Schematic diagram of the lactic acid production and recovery by membrane filtration system. Note 1—temperature meter, 2—pH elec-
trode, 3—valve, 4—pump, 5—pressure gauge, LAB—Ilactic acid bacteria, NF—nanofiltration, RO—reverse osmosis, LA—lactic acid
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expressed as a decimal logarithmic value of colony form-
ing units (CFU) per milliliter. The analysis was run in
triplicate.

pH Determination

The pH of samples was measured using a pH meter (PP-
15, Sartorius, Goettingen, Germany). 50 mL of sample
was taken under aseptic conditions and pH values were
measured directly.

Determination of Lactic Acid, Acetic Acid and Lactose
Contents

The contents of lactic and acetic acids in the cheese whey
and whey permeate samples were analysed with NMR.
900 pL of the sample were mixed with 100 pL of 1 mM
3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt
(TSP) in 20 mM phosphate buffer, pH 7.0 in an Eppendorf
tube and centrifuged at 20,000xg for 5 min. 600 pL of the
centrifuged sample were transferred in a standard 5 mm
NMR tube. 1D 'H, 2D 'H-'H TOCSY, 'H-!3C HSQC and
'H-13C HMBC NMR spectra were acquired at 300 K with
a Bruker Avance 600-MHz spectrometer equipped with
5-mm z-gradient TXI (H/C/N) cryoprobe. All the men-
tioned above NMR experiments were acquired using the
standard Bruker pulse sequences noesygpprld; mlevgp-
phprzf; hsqcetgpprsisp2.2 and hmbcgplpndprqgf, corre-
spondingly and using the standard settings. Each acquired
spectrum was processed with TopSpin 3.2 (Bruker, Ger-
many) software. NMR assignment was performed using
both the registered experiments and the available NMR
data bases (BMRB, HMDB). The spectra were cali-
brated against external standard assigning chemical shift
of 0 ppm to TSP signal both in 'H and '3C dimensions.
ERETIC2 (Electronic Reference To access In-vivo Con-
centrations, Bruker) quantification tool was used for the
quantification of the acids.

The rapid p-/L-Lactic acid (p-/L-Lactate) assay kit (Mega-
zyme Int. Ireland, Wicklow, Ireland) was used to measure
total LA and L- and p-lactic acid contents in fermented WP
samples before and after membrane filtration. The Lactose/
Galactose (Rapid) test kit (Megazyme Int. Ireland, Wicklow,
Ireland) was used for the determination of lactose content
before and after enzymatic treatment of WP and during the
fermentation process in order to monitor the consumption
of lactose. Samples (1 mL) were diluted with distilled water,
filtered through a Whatman’s filter paper No. 1 and used for
lactose/galactose and LA analysis. Different dilution factors
were used for sample preparation depending on lactic acid/
lactose concentration in WP samples.

@ Springer

LAB Protease Activity Assay

Protease activity of LAB was estimated with the Sigma
Aldrich (SSCASEO01.001, 1999) enzymatic assay of protease
using tyrosine as a standard. A casein solution (0.65%) was
used as a substrate. The reaction mixture contained 5 mL of
casein in a potassium phosphate buffer (pH 7.5), and 1 mL
of the fermented WP sample. After 30 min of incubation at
37 °C, 5 mL of 110 mM trichloroacetic acid was added to
the mixture to stop the reaction. The Folin & Ciocalteu’s
phenol reagent was used for colour development, and the
absorbance was measured at 660 nm. The tyrosine calibra-
tion curve was used to calculate the protease activity. One
unit (PU) of protease activity was defined as the micromoles
of tyrosine equivalents released from casein per minute
under the assay conditions.

LAB B-p-Galactosidase Activity Assay

The LAB incubation in the whey permeate (‘“Rokiskio
pienas”) for 48 h was performed for the assessment of
LAB B-p-galactosidase activity with o-nitrophenyl p-p-
galactopyranoside (ONPG) as a substrate [14]. The WP
sample (10 mL) was filtered and, after adjusting the pH to
4.5, the supernatant was used as the enzyme solution. The
reaction was carried out with continuous shaking in an assay
volume of 2.0 MI, containing 1.7 mL of 100 mM sodium
acetate buffer (pH 4.5), 0.2 mL enzyme solution, and 0.1 mL
of 20 mM ONPG. The reaction was stopped by adding
2.0 mL sodium carbonate solution (1.0 M) and the forma-
tion of o-nitrophenol was measured spectrophotometrically
at 405 nm. One unit (1.0 AU) of p-p-galactosidase activity
is defined as the amount of enzyme that liberates 1.0 pmole
of o-nitrophenol per minute under standard assay conditions.

Statistical Analysis

All analyses were performed in triplicate and the mean val-
ues and standard deviations are reported. Statistical analy-
ses were carried out using a Microsoft Excel spreadsheetfor
Windows XP V15.0 (SPSS Inc., Chicago, IL, USA, 2007).
The means were compared by a one-way analysis of variance
at 5% significance level.

Results and Discussion

Selection of Dairy By-Products as a Medium
for Lactic Acid Production

The first aim of the study was to determine which of the
selected dairy by-products is more suitable for the produc-
tion of lactic acid. The concentrations of total lactic acid
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and acetic acid using different dairy by-product medium are
summarised in Table 1. A significant increase (P <0.05) in
lactic acid content was noticed when whey permeate was
used as fermentation medium. Production of this organic
acid after 48 h of fermentation was 88.7 and 73.3% higher
in whey permeate with P. acidilactici and L. bulgaricus,
respectively, compared with cheese whey medium. Also, P.
acidilactici was more active in producing LA during the first
16 h of fermentation in whey permeate medium compared
to L. bulgaricus.

Acetic acid production was also measured and the results
demonstrate that a higher amount of acetic acid was obtained
during whey permeate fermentation. However, P.acidilactici
tended to form a higher content of this acid compared to
L.bulgaricus. The measurement of pH showed that its values
(data not shown) from the beginning of the fermentation
decreased by 40.8 and 41.4% till the final stage of fermenta-
tion (48 h) in cheese whey and whey permeate mediums,
respectively.

Due to these results, whey permeate was chosen as fer-
mentation medium for the subsequent experiments: lactic
acid production and separation with membrane technologies.

Production of B-p-Galactosidase by Tested LAB in Whey
Permeate Medium

To better understand the lactase production as well as to
identify particular properties of LAB that may be relevant
to the acceleration of lactose hydrolysis during the LAB fer-
mentation process, lactase activity of both tested strains was
assessed. The p-p-galactosidase activity of the tested LAB,
as a function of fermentation time is presented in Fig. 2.
The lactase activities of P. acidilactici and L. bulgaricus
in whey permeate fermentation medium after 12 h were
found to be relatively similar, 30.4 U/mL and 40.2 U/mL,
respectively. The increase in LAB lactase activity during
whey permeate fermentation was noted. L. bulgaricus was
found to produce lactase more actively than P. acidilactici.
After 24 h of fermentation, lactase activity increased to

HEL. bulgaricus
BP. acidilactici

Fermentation time, h

0.0 40.0 80.0 120.0 160.0
p-D-galactosidase activity, U/ml

Fig.2 Production of B-p-galactosidase by P. acidilactici and L. bul-
garicus in whey permeate medium. Note for the same fermentation
time interval, values followed by different letters are significantly dif-
ferent (P <0.05)

130.3 U/mL (Lb) and 93.6 U/mL (Pa). The longer incuba-
tion (48 h) induced a decrease by 22.3% (Lb) and 32.6%
(Pa) in the production of lactase. The results showed a
significant difference in the excreted lactase levels depend-
ing on the LAB strain. At the end of the fermentation, L.
bulgaricus had a 1.6-fold higher lactase activity compared
to P. acidilactici.

The use of measuring the enzymatic activity of starter
cultures as a selection criterion is of great interest, since
lactobacilli could affect the hydrolysis of disaccharides
such as lactose. Our study indicates that L. bulgaricus pos-
sesses the highest lactase activity, compared to P. acidi-
lactici, and therefore could be a more suitable strain for
WP lactose degradation during fermentation. Most studies
have focused on the enzymatic activities of Lactobacillus
delbrueckii subsp. bulgaricus [15, 16], meanwhile Pes-
cuma et al. [17] analysed the enzymatic profiles of other
important LAB genera strains such as Lactobacillus aci-
dophilus CRL 636 and Lactobacillus thermophilus, as well
as Streptococcus thermophilus CRL 804 and Leuconos-
toc citrovorum. These studies suggest that the enzymatic
activities of various LAB strains might exceed the one of

Table 1 The total lactic acid LAB Lactic acid, (z/L) Acetic acid, (mg/L)

(g/L) and acetic acid contents

(mg/L) produced by different 16 h 32h 48 h 16 h 32h 48 h

lactic acid bacteria (LAB)

from cheese whey and whey Cheese whey

permeate after 16, 32 and 48 h P. acidilactici 0.48+0.05* 0.74+0.09° 0.97+0.05° 14.83+0.40*° 56.91+0.68° 72.82+0.75"

of fermentation L. bulgaricus  0.86+0.028 3.54+0.10> 528+0.23" 2591+0.49° 23.68+0.85* 27.87+0.48"

Whey permeate

P. acidilactici  6.73+£0.71®  7.91+0.65° 8.55+0.89° 96.08+0.65° 77.40+0.46° 97.41+0.56°
L. bulgaricus  6.36+0.54° 10.73+£0.75¢ 19.79+0.81¢ 96.08+0.72° 60.05+0.75° 74.73+0.85°

Data values are expressed as means with the standard deviations (n=3)

LAB lactic acid bacteria

*dValues in the same column followed by different letters are significantly different (P <0.05)
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Lb and thus have a positive effect on the LAB fermentation
process and milk sugar degradation.

L(+)-Lactic Acid and p(—)-Lactic Acid Production
and Recovery

Growth of Tested LAB in Whey Permeate (WP)

The results of the growth of tested LAB in WP medium
are presented in Table 2. The two LAB strains were found
to have significantly different (P <0.05) growth patters in
the tested medium. At the beginning of the fermentation, P.
acidilactici and L. bulgaricus counts were 7.25 and 7.20 log
CFU/ml, respectively. A considerable distinction in growth
was detected after 36 h of fermentation when P. acidilactici
cell count was higher by 4.8% compared to L. bulgaricus.
At the end of the fermentation, the cell counts of both LAB
strains were almost similar.

In this study, most of the samples had a LAB count within
the range reported by other authors [2, 18]. Nutritionally
rich medium and process parameters such as temperature
are important for the efficient growth of LAB strains [19].
However, another significant factor affecting their viability
during lactic acid production is the pH of the fermentation
media. During this research, P. acidilactici KTUO05-7 has
demonstrated a higher acid tolerance than L. bulgaricus and
kept its viability till the end of the 48 h lacto-fermentation.
Therefore, the direct control of selected starter cultures is
the highlight of the bio-based lactic acid production, help-
ing to control the overall standardization of the fermentation
process and yield of the end product [18].

Production of Organic Acids During WP Fermentation

In all samples, the pH values decreased with increased fer-
mentation time (Table 2). The application of P. acidilac-
tici for the WP fermentation influenced the rapid decrease
in pH values during the first 24 h of fermentation by an
average of 32% as compared to the acidity of the medium

with L. bulgaricus. However, after 24 h of fermentation,
a slower decrease in pH value in both cases (Pa and Lb)
was observed. At the end of the fermentation, the pH values
reached 3.7 (Pa) and 3.9 (Lb), respectively.

As reported by other authors, the type of LAB strain,
the fermentation time and preferably the enrichment of the
fermentation medium with nutrients enhance the production
of acids in the dairy by-products [1, 19]. The main factor
regulating acidification is the amount of fermentable car-
bohydrates [20], although the production of acids depends
also on other parameters such as fermentation inhibitors.
Das et al. [21] reported the significant interaction of pH
and carbohydrates hydrolysis degree due to fact that activ-
ity of p-p-galactosidase is reduced in acid pH (<5) values
and hydrolysis of lactose could be diminished. The results
obtained in the microbiological study confirmed that WP
is a suitable medium for P. acidilactici cultivation, which
increases the acidity level in whey permeate.

Lactose Consumption During WP Fermentation

The efficiency of the hydrolysis of lactose could be increased
by the addition of industrial enzymes. The efficiency of the
saccharification process was analysed by qualitative evalua-
tion of lactose after 30 min treatment with p-p-galactosidase
and after every 8 h during the fermentation with differ-
ent LAB (Pa, Lb) (Fig. 3). The results showed that after
treatment with B-p-galactosidase, the content of lactose
decreased from 42.6 to 12.6 g/L using P. acidilactici, and
from 42.3 to 10.9 g/L in the case of L. bulgaricus, after 48 h
of fermentation. A rapid decrease in the lactose content by
56.1% was noticed during 24 h of fermentation with P. acidi-
lactici with the lower changes of milk sugar on the following
period (32.9%). Meanwhile using L. bulgaricus the changes
in lactose were similar: a lower decrease of lactose (50.2%)
was obtained during the first 24 h of fermentation, and a
rapid decrease of lactose content followed in the remaining
time of fermentation (48.4%). At the end of the fermentation,
lactose hydrolysis rate reached 70.5% (Pa) and 74.2% (Lb).

Table2 LAB counts and pH

. / LAB Fermentation time, h
changes during fermentation of
whey permeate (WP) with P. 0 12 24 36 48
acidilactici and L. bulgaricus
LAB counts, log10 CFU/ml
P. acidilactici 7.25+0.20° 7.35+0.15° 7.45+0.35* 7.90+0.15° 8.51+0.10°
L. bulgaricus 7.20+0.2* 7.20+0.2% 7.25+0.2° 7.45+0.15% 8.40+0.10°
pH
P. acidilactici 6.1+0.4% 4.7+0.2% 4.1+0.1* 3.8+0.2% 3.7+0.3%
L. bulgaricus 6.0+0.6 5.0+0.3 47+0.2° 4.1+0.2° 3.9+0.2°

All data are means followed by standard deviations (n=3)

LAB lactic acid bacteria

&5Means within a column with different superscript letters are significantly different (P < 0.05)
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HP. acidilactici
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Fig.3 Changes in lactose content during fermentation of whey per-
meate (WP) with P. acidilactici and L. bulgaricus. Note for the same
fermentation time interval, values followed by different letters are sig-
nificantly different (P <0.05)

For LA production, the substrate hydrolysis into fer-
mentable carbohydrates is performed simultaneously with
the fermentation or already pre-hydrolysed substrate can be
used [1, 22]. In the latter case commercial enzymes prepara-
tions are employed. The combination of enzymatic treatment
and fermentation with p-p-galactosidase activity possess-
ing LAB strains can give the most efficient rate of sugars
hydrolysis, increased process productivity and decrease fer-
mentation time [23, 24].

L(+)-Lactic Acid and b(—)-Lactic Acid Production by P.
acidilactici and L. bulgaricus

The results showed that the total LA amount as well as the
amounts of L(+)-lactic acid (LLA) and p(—)-lactic acid
(DLA) increased with fermentation time (Fig. 4). P. acidi-
lactici increased the LA content on average by 17.4% during
the first 24 h, as compared to L. bulgaricus. P. acidilactici
tended to produce higher amount of LLA (average p/L ratio
0.4) compared to L. bulgaricus (average /L ratio 4.4) during
the whole fermentation time. The production of DLA by L.
bulgaricus was on average fourfold higher than the produc-
tion of LLA after 48 h of fermentation. The total LA content
in both fermented products after 32 h of fermentation was
the same (29 g/L for Pa and Lb). However, during the next
16 h of fermentation, LA was produced more intensively
by L. bulgaricus compared to P. acidilactici. After 48 h of
fermentation, the LA yield and productivity of 1.03 g/g and
0.83 g/(L h) for P. acidilactici and 1.05 g/g and 0.88 g/(L h)
for L. bulgaricus, respectively, were achieved in fermented
WP. The final p/L ratios were of 0.3 (Pa) and 5.7 (Lb).

1525
a
=
<
E
=
2
2
=
@
E
4 HEL. bulgaricus
OP. acidilactici
0.0 10.0 20.0 30.0 40.0
Lactic acid concentration, g/L
b
6.0 o) o
o
o
o 407 AP acidilactici
R QL. bulgaricus
o
2.0 - o
00 A A A A A A
0 8 16 24 32 40 48

Fermentation time, h

Fig.4 Total lactic acid (LA) a content in with P. acidilactici and L.
bulgaricus fermented whey permeate. L(+) and p(—) isomer ( D/L)
contents b in with P. acidilactici and L. bulgaricus fermented whey
permeate. Note for the same fermentation time interval, values fol-
lowed by different letters are significantly different (P <0.05)

LAB can produce one isomeric form of LA or a racemic
mixture. The form of the enzyme lactate dehydrogenase
determines the production of LA isomers [7, 25]. Several
Lactobacilli produce L(+)-isomers, which on accumulation
induce a racemase, that converts them into p(—)-lactic acid
until an equilibrium is obtained and a racemic mixture is
formed [25]. Furthermore, the changes of pH, nutrients, sub-
strate, temperature, aeration or usage of batch or continues
cultures have the significant impact on the composition of
the racemic mixture and the predominant LA isomer content
[26, 27]. According to other research studies, Lb. delbrueckii
produces a mixture of L(+)-lactic acid and p(—)-lactic acid,
where the latter isomer is predominant, or exclusively just
one form of isomer, depending on the substrate and fermen-
tation mode [1]. Our study showed that P. acidilacticipro-
duced both LA isomers in dairy medium but the mixture
was formed by 76% of the LLA isomer. This strain can also
produce a high content of LLA in fermented plant materi-
als [28].

The acidification activity of LAB and the pH of the
medium contribute to the production of LA, because it
affects the microbial growth [29]. The most suitable pH
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range for fermentation is 5.0-7.0, in some cases 6.0-6.5,
depending upon the culture used [2]. For Lb strains, a pH
value below 5.7 is optimal [30]. P. acidilactici proved its
ability to survive in pH lower than 4 and produce lactic
acid in similar amounts as L. bulgaricus. The LA produc-
tion results, obtained in this study, correspond to the other
authors results [1, 31].

LA Recovery Peculiarities After WP Fermentation with P.
acidilactici and L. bulgaricus

Lactic acid purification is one of the most costly steps of the
production process [32, 33]. A combined process of NF and
RO was applied to separate and concentrate lactic acid after
fermentation. The concentrations of LA isomers obtained in
the final products (permeate after NF and retentate after RO)
are presented in Table 3.

The higher lactose retention (89 + 1%) was obtained by
the NF of the broth fermented with Pa compared to Lb (lac-
tose retention was 85+ 1%). The LA content in the permeate
after the NF reached 55.5 g/L for P. acidilactici with total
volume of 94 liters and 54.9 g/L for L. bulgaricus with a
total volume of 105 liters. A fourfold (Pa) and threefold (Lb)
increase in LA concentration was obtained in the retentate
after the concentration by the RO. After the membrane fil-
tration, the same tendency of LA isomers distribution was
observed as it was after 48 h of LAB fermentation: a higher

Table 3 Processing parameters and lactic acid and lactose contents
(g/L) obtained after nanofiltration (NF) and reverse osmosis (RO) of
whey permeate fermented by different LAB

Process P. acidilactici L. bulgaricus
NF
Quantity of retentate, L 56 45
LLA, g/L 9.7+0.68° 1.7+0.54*
DLA, g/L 3.2+0.34% 10.1+0.24°
Lactose, g/L 28.9+0.25* 30.7+0.18*
Quantity of permeate, L 94 105
LLA, g/L 42.3+0.27° 8.1+0.54%
DLA, g/L 13.2+0.18* 46.8+0.76°
Lactose, g/L 1.4+0.2% 1.6+£0.2%
RO
Quantity of retentate, L 18.4 30
LLA, g/lL 176.0£0.97° 23.9+0.99*
DLA, g/L 56.7+0.98* 135.1+0.97°
Quantity of permeate, L 70.6 70
LLA, g/L 7.4+0.18° 1.9+0.48*
DLA, g/L 2.4+0.24% 9.0+0.43

LLA L(+)-lactic acid, DLA p(—)-lactic acid; NF nanofiltration, RO
reverse osmosis

% ®Values in the same row followed by different letters are signifi-
cantly different (P <0.05)

@ Springer

content of LLA were obtained in WP fermented by P. acidi-
lactici (D/L ratio 0.3). In the case of L. bulgaricus fermented
WP, a greater content of DLA was determined in NF perme-
ate and RO retentate with D/L ratios 5.8 and 5.6, respectively.

The complexity of the medium, affecting the NF separa-
tion conditions, has been observed by comparing visually
the fermentation broth, obtained after fermentations using
different LAB strains. Protein aggregates were formed in
broth fermented with Lb, while protein aggregation did not
occur in broth fermented with Pa. Therefore, due to the bio-
mass and other non-dissolved compounds in the fermented
broth, a covering layer was formed on the membrane sur-
face, or even in some cases inside the membrane pores. This
causes an attenuation of the membrane flux shortly after
the filtration starts and needed to be filtered before being
transferred to the NF.

A study on the proteolytic action of LAB allowed to
provide useful information on the relationship between the
flocculation process in the fermented broth and enzymatic
activity of LAB strains. Proteins can be broken down by
enzyme hydrolysis into small peptide molecules and amino
acids. This positive effect of Pa, possessing the proteolytic
activity (0.3 PU/mL), might be due to the solubilization of
the precipitated proteins during the long fermentation lead-
ing to the anti-fouling effect in fermented broth, while Lb
did not show these activities. The undenaturated protein con-
tent could decrease with the increase in acidity of medium
(pH 4.6-4.8) indicating the effect of P. acidilactici strain
in a more intensive denaturation of whey proteins during
fermentation.

Current research was focused on the evaluation of per-
formance criteria of membrane filtration (permeate flux,
trans membrane pressure and volumetric concentration
factor) using different LAB strains for L(+)-lactic acid and
p(—)-lactic acid production (Table 4). After the separation
and concentration operations had begun, the flux strongly
decreases within 60—70 min (NF) and 15-20 min (RO). The
following changes have been noted within the application
of the different LAB strains for WP fermentation: the lower
decrease (by 66.7%) in the permeate flux during the NF was
reached in the Pa sample; during concentration stage (RO),
the decrease in permeate flux was lower (by 41.4%) in the
Lb sample.

Permeate flux can decrease with time due to membrane
fouling and concentration polarization [9, 34]. Membrane
surface and pore clogging by small molecules is one of the
reasons for fouling [35]. Cake layer formation by sludge
particle deposition is the most common reason for the flux
decline. When the equilibrium between the formation and
the washing away of the covering layer was established,
the permeability settled at a steady state. Trans mem-
brane pressure (TMP) varied during NF within the range
of 12.75-20.25 bar and during RO from 9.25 to 16.25 bar.
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Table 4 Nanoflltration and Time (h) Qp TMP VCF I
reverse osmosis parameters for
whey permeate samples Nanofiltration
With P. acidilactici
0:00 0.15 12.75 1.00 20.00
0:20 0.12 14.25 1.00 16.00
1:10 0.05 19.25 2.68 6.67
With L. bulgaricus
0:00 0.28 12.75 1.00 37.33
0:20 0.20 12.75 1.00 26.67
1:10 0.04 20.25 3.33 5.33
Reverse osmosis
With P. acidilactici
0:00 0.29 14.25 1.00 38.67
0:20 0.12 16.25 4.84 16.00
With L. bulgaricus
0:00 0.14 9.25 1.00 38.67
0:10 0.21 13.25 1.00 28.00
0:15 0.17 14.25 16.67 22.67

Op Permeate flow (m*h~'), TMP trans membrane pressure (bar), VCF volumetric concentration factor, J

permeate flux (Lm~2h™")

When filtration and concentration of with Pa and Lb fer-
mented WP is carried out at the same TMP [12.75 bar (NF);
14.25 (RO)], a permeate flux of 37.33 Lm~>h (NF, Lb);
38.67 Lm™*h (RO, Pa) was obtained with a higher perme-
ate flow 0.28 m°h™" (NF, Lb); 0.29 m’h™" (RO, Pa), because
the covering layer is reduced by a better flush effect and is
not as thick as by a lower flow velocity.

The development of an effective method of lactic acid
separation and purification from a fermentation broth is
essential for economic viability. Membrane based processes
have a broad application in dairy industry and are used for
dairy wastewater treatment and production of high purity
lactic acid [36-39]. Several membrane separation steps are
combined together to design specific schemes of LA pro-
duction for industrial use. Furthermore, membrane based
processes allow to eliminate many stages and chemicals used
in traditional LA production [40].

Conclusions

This study provides significant information on the effect of
a novel LAB strain Pediococcus acidilactici KTUO5-7, for
the amelioration of eco-friendly lactic acid production from
harmful to the environment dairy industry by-products. The
obtained results revealed that, compared to L. bulgaricus,
the higher content of LA as well as L(+)-lactic acid dur-
ing the first 24 h of whey permeate fermentation can be
achieved using P. acidilactici, which also has an advantage

in facilitating the LA recovery using nanofiltration and
reverse 0Smosis.
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