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The enzymatic hydrolysis of cheese whey was optimised using the enzymes iZyme, Alcalase or
Flavourzyme under different conditions. Hydrolysates supplemented with commercial nutrients
were evaluated as fermentation broths to produce DL-3-Phenyllactic acid (PLA) from phenylalanine
(Phe) by Lactobacillus plantarum CECT-221. Optimised hydrolysates were obtained using
Flavourzyme at 50 °C and 100 rpm during 12 h, and assayed in 250 ml Erlenemyer flasks using differ-
ent proportions of vinasses as economic nutrient. The process was then scaled up using a 2 litres
Bioreactor working under the continuous modality. Under the intermediate dilution rate of 0·0207
h−1 0·81 ± 0·026 mM of PLA and 38·8 ± 3·253 g/l of lactic acid were produced. A final evaluation
revealed that lactic acid, and bacteriocins exerted the highest inhibitory effect among the extracted
components of cell-free supernatants.

Keywords: Cheese whey, vinasses, antimicrobial extracts, Lactobacillus plantarum, phenyllactic acid,
bacteriocins.

Biopreservation, the use of microorganisms and/or their
metabolites to prevent spoilage and to extend the shelf life
of foods, has growing interest due to the continuous
request for food-grade chemical antifungal agents (Cortés-
Zavaleta et al. 2014). The use of naturally occurring antimi-
crobials in foods retains the nutritive value of food without
producing side effects (Kumar et al. 2013). In this context,
lactic acid bacteria (LAB) produce a variety of antifungal
substances such as organic acids, proteinaceous com-
pounds and various low-molecular mass substances, includ-
ing DL-3-Phenyllactic acid (PLA) (Yang & Chang, 2010), an
organic acid by-product of phenylalanine metabolism that
has been produced by several microorganisms, particularly
using some strains of LAB (Valerio et al. 2004; Li et al. 2007;
Prema et al. 2008; Mu et al. 2009; Zheng et al. 2011;
Rodríguez et al. 2012; Rodríguez-Pazo et al. 2013). Due
to its broad inhibitory activity against a variety of food-
borne microorganisms, PLA has interesting potential for

practical application as an antimicrobial agent in the food
industry (Mu et al. 2009) providing new perspectives for
the possibility of using this natural antimicrobial compound
to control fungal contaminants and extend the shelf life of
food and/or feedstuffs (Lavermicocca et al. 2003).

In spite of their wide application in the food industry, LAB
are catalogued as fastidious-growing microorganisms with
numerous requirements for growth including amino acids,
peptides, vitamins, and nucleic acids (Brinques et al.
2010). Thus, although industry and consumers for food-
related applications prefer products obtained by biotechno-
logical procedures, fermentation technologies must be cost
competitive with chemical synthesis to carry out the biotech-
nological process at an industrial scale (Bustos et al. 2004).
Therefore, alternative low-cost media should be developed
to efficiently compete with the costly synthetic media for
large-scale commercial applications (Brinques et al. 2010).
In this sense, cheese whey and vinification lees, two by-pro-
ducts of the dairy and wine industries, respectively, could be
assayed to formulate economic fermentative media.

Considering that cheese whey is a carbohydrate reservoir
of lactose and also contains essential nutrients, it can be*For correspondence; e-mail: jmanuel@uvigo.es
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employed as a cheap carbohydrate source for the biotech-
nological production of biomass or high-added extracellular
products (Brinques et al. 2010; Panesar et al. 2010;
Rodríguez-Pazo et al. 2013). On the other hand, vinasses,
the main liquid wastes from the distillation process, are
also alternative sources of financially competitive nutrients
already efficiently employed for the economical production
of food additives (Bustos et al. 2004; Salgado et al. 2009).

Among LAB, Lactobacillus plantarum, a heterofermenta-
tive metabolism with high acid tolerance and generally
regarded as safe organism (GRAS), is one of the most wide-
spread species used in food technologies. In this work, the
production of PLA by L. plantarum was evaluated using
cheese whey as an inexpensive source of carbon (lactose)
and phenylalanine in batch cultures, after optimisation
of the cheese whey enzymatic hydrolysis using three
enzymes: iZyme, Flavourzyme and Alcalase. Vinasess
were assayed as alternative economic nutrients to provide
nitrogen compounds, mineral salts, and essential nutrients
for microbial growth in batch or continuous fermentations.
Finally, the antimicrobial activity of the cell-free superna-
tants was assayed against Carnobacterium piscicola.

Materials and methods

Materials

Cheese whey, kindly provided by the cheese plant Ruta
Xacobea S.L. in Brea (A Coruña, Spain), and wine lees,
kindly supplied by the winery Adegas San Roque (Beade,
Ourense, Spain) were stored at 4 °C until use.

Cheese whey enzymatic hydrolysis

Flavourzyme (EC 3.4.11.1) with endo- and exoprotease activ-
ities, and Alcalase (EC 3.4.21.62) and iZyme BA (EC 3.4.21.1)
with endoprotease activities, kindly provided by Novozymes
(Copenhagen, Denmark), were used to carry out the enzym-
atic hydrolysis of the protein fraction of cheese whey in order
to improve the substrate (phenylalanine) concentration and/
or protein co-substrate that could stimulate the PLA produc-
tion. The enzymatic hydrolysis was carried out for 1 or 12 h
at 50 °C in a thermostatic bath, using the necessary amount
(V) of enzyme to hydrolyse 10 g/l of protein. Three
enzymes were assayed according to the following activities:
flavourzyme with activity equivalent to 1000 Leucine amino-
peptidase units (LAPU)/g; alcalase with activity equivalent to
2·4 Anson units (AU)/g, and iZyme BA with activity equiva-
lent to 0·15 Anson units (AU)/g. Additional experiments
were also conducted using 2 V. In all cases, cheese whey
was initially adjusted to pH 7 with 5 N NaOH. Table 1 sum-
marises all the experiments conducted.

Strains, growth conditions and inoculum preparation

Lactobacillus plantarum CECT-221, obtained from the
Spanish Collection of Type Cultures (Valencia, Spain), was

employed to assess its ability to produce different antimicro-
bial metabolites, meanwhile Carnobacterium piscicola
CECT 4020 was employed as the target organism to evaluate
the bacteriocin activity of commercial acids and cell-free
supernatants (CFS) obtained after fermentation processes.
Seeds of L. plantarum or C. piscicola were activated in
250 ml Erlenmeyer flasks using 100 ml of the Man-
Rogosa-Sharpe (MRS) medium containing 10 g/l peptone,
8 g/l beef extract, 4 g/l yeast extract, 20 g/l D(+)-glucose,
2 g/l K2HPO4, 2 g/l diammonium hydrogen citrate, 5 g/l
CH3COONa, 0·2 g/l MgSO4·7H2O, 0·05 g/l MnSO4·2H2O
and 1 g/l Tween-80 at 31·5 °C and 100 rpm in orbital
shakers according to the conditions reported by
Rodríguez-Pazo et al. (2013). Aliquots of culture (0·5 ml)
from the late log/stationary phase were dispensed into cryo-
vials and maintained at −80 °C using 15% (v/v) glycerol as
cryoprotectant.

Inocula to carry out fermentations were prepared by trans-
ferring one stock cryovial into 250 ml Erlenmeyer flasks
containing 100 ml of activation medium. Seed activation
cultures were grown for 12 h at 31·5 °C and 100 rpm in
orbital shakers. At least two generations of activation cul-
tures were required before inoculation. The cells from this
culture were finally recovered by centrifugation at 2755 g
for 15 min at 10 °C and used to inoculate fermentations
with 5% (v/v) of the final fermentation volume. pHwas initially
corrected to 6·2 with 5 N NaOH and sterilised at 101 °C for
60 min in autoclave.

Fermentation of cheese whey

Raw cheese whey and all the hydrolysates obtained after en-
zymatic hydrolysis were assayed as fermentation media for
the formation of PLA by L. plantarum. Cheese whey hydro-
lysates (100 ml) were supplemented with the nutrients of
Brinques et al. (2010) containing 15 g/l peptone, 5 g/l
yeast extract, 0·2 g/l MgSO4·7H2O and 0·04 g/l
MnSO4·2H2O, or remained without nutrients addition, to
evaluate the optimal hydrolysis conditions.

Optimised hydrolysates were supplemented with
vinasses. Before use, vinasses were centrifuged and the
liquid fraction neutralised with NaOH to pH 7. The liquid
fraction was frozen, and subsequently freeze-dried. The
solid fraction was keep at refrigerator. Different volumes of
freeze-dried vinasses (25, 50, 75, 100 ml) or 50 ml plus
20 g/l of solid fraction were resuspended in 100 ml final
volume of previously hydrolysed cheese whey, to assess
the possibility of use vinasses as only and economic nitro-
gen and mineral salts source for fermentation process.

All fermentations were carried out placing 250 ml
Erlenmeyer flasks (containing 100 ml of culture medium)
in orbital shakers at 31 °C and 100 rpm. Samples were with-
drawn at different intervals to monitor fermentation for up to
80 h. Initially, 20 g/l of calcium carbonate was added to
neutralise the acids produced.

Additional experiments were performed in continuous
fermentation using a 2 l Braun Biostat fermenter at 31·5 °C
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Table 1. Influence of nutrients addition and conditions of cheese whey enzymatic hydrolysis on fermentation parameters

Run Enzyme Time EH (h) V Nut. Time of ferment. (h) Phet=0 (mg/l) Phefinal (mg/l) PLA (mM) QPLA (mg/l·h) YPLA/Phe (g/g)

(a) F1 – – – – 78 4·3 ± 0·283a 104·3 ± 6·505c 0·017 ± 0·006ª 0·036 ± 0·012a –
(a) F2 – – – + 71 152·9 ± 6·364bc 21·4 ± 5·798a 0·93 ± 0·085fg 2·188 ± 0·199def 1·18 ± 0·102ab

(b) F3 Alc. 1 V – 54 11·2 ± 0·283a 25·4 ± 8·485a 0·035 ± 0·008ab 0·108 ± 0·026a –
(b) F4 Flav. 1 V – 78 102·6 ± 4·243b 7·7 ± 1·980a 0·57 ± 0·099cde 1·215 ± 0·211bcd 0·99 ± 0·108a

(b) F5 Izy. 1 V – 78 5·9 ± 0·566a 6·9 ± 1·556a 0·093 ± 0·008ab 0·198 ± 0·018ab –
(b) F6 Alc. 1 V + 46 181·8 ± 4·808c 109·4 ± 16·829c 0·77 ± 0·085efg 2·782 ± 0·307fg 1·78 ± 0·100ab

(b) F7 Flav. 1 V + 46 260·7 ± 28·709d 124·0 ± 12·728c 0·64 ± 0·113def 2·312 ± 0·409ef 0·79 ± 0·103a

(b) F8 Izy. 1 V + 54 166·4 ± 7·637c 4·1 ± 2·546a 1·02 ± 0·099gh 3·139 ± 0·305fgh 1·05 ± 0·134ab

(b) F9 Alc. 1 2 V + 46 182·6 ± 9·899c 115·7 ± 7·495c 0·75 ± 0·099efg 2·710 ± 0·358fg 1·96 ± 0·756ab

(c) F10 Flav. 1 2 V + 46 278·7 ± 20·930d 287·8 ± 9·899e 0·27 ± 0·099abc 0·976 ± 0·358abc –
(c) F11 Izy. 1 2 V + 46 170·4 ± 8·061c 183·7 ± 2·263d 0·35 ± 0·057bcd 1·265 ± 0·204cde –
(c) F12 Alc. 12 V + 46 194·9 ± 4·808c 122·5 ± 5·940c 1·04 ± 0·085gh 3·758 ± 0·307gh 2·39 ± 0·157b

(c) F13 Flav. 12 V + 54 272·9 ± 28·991d 159·2 ± 11·455d 1·30 ± 0·071h 4·001 ± 0·218h 2·01 ± 0·611ab

(c) F14 Izy. 12 V + 54 188·8 ± 13·435c 66·8 ± 6·364b 1·26 ± 0·113h 3·878 ± 0·348h 1·73 ± 0·126ab

Run Enzyme Time EH (h) V Nut. Lactoset=0(g/l) Lactoset=t(g/l) LAt=0(g/l) LAt=t(g/l) QLA (g/l·h) YLA/Lactose(g/g) AcHt=t(g/l)

(a) F1 – – – – 48·5 ± 1·697cd 48·1 ± 1·273a 0·39 ± 0·042a 0·39 ± 0·085a – – 0·63 ± 0·023h

(a) F2 – – – + 48·3 ± 2·546cd 0 0·39 ± 0·028a 33·5 ± 0·566c 0·467 ± 0·031ab 0·69 ± 0·085bcd 4·3 ± 0·042ae

(b) F3 Alc. 1 V – 49·0 ± 1·131d 47·6 ± 0·849a 0·40 ± 0·014a 1·3 ± 0·283a 0·012 ± 0·003d 1·9 ± 0·410e 0
(b) F4 Flav. 1 V – 48·7 ± 1·273d 28·0 ± 1·838b 0·47 ± 0·057a 17·0 ± 1·414b 0·232 ± 0·013e 0·80 ± 0·049cd 2·9 ± 0·157c

(b) F5 Izy. 1 V – 47·9 ± 2·263cd 47·6 ± 2·121a 0·50 ± 0·014a 0·54 ± 0·099a 0·001 ± 0·000 0·14 ± 0·004ab 0
(b) F6 Alc. 1 V + 47·4 ± 2·121cd 0 0·44 ± 0·014a 39·6 ± 1·556de 0·551 ± 0·011ac 0·83 ± 0·021cd 5·0 ± 0·141ab

(b) F7 Flav. 1 V + 46·4 ± 2·404cd 0 0·47 ± 0·071a 39·3 ± 0·990de 0·546 ± 0·017ac 0·84 ± 0·021d 5·0 ± 0·283ab

(b) F8 Izy. 1 V + 47·1 ± 1·131cd 0 0·49 ± 0·028a 41·7 ± 1·980e 0·580 ± 0·023c 0·87 ± 0·007d 4·0 ± 0·141de

(b) F9 Alc. 1 2 V + 47·3 ± 0·566cd 0 0·40 ± 0·099a 38·8 ± 0·566de 0·541 ± 0·013ac 0·81 ± 0·017cd 5·3 ± 0·170b

(c) F10 Flav. 1 2 V + 46·8 ± 0·990cd 47·4 ± 0·14a 0·51 ± 0·028a 0·61 ± 0·170a 0·002 ± 0·001 0·24 ± 0·321abc 3·4 ± 0·212cd

(c) F11 Izy. 1 2 V + 45·7 ± 2·121bcd 45·1 ± 1·414a 0·49 ± 0·099a 0·51 ± 0·028a 0·001 ± 0·001 0·03 ± 0·002a 2·0 ± 0·113i

(c) F12 Alc. 12 V + 41·9 ± 0·566abc 0 2·9 ± 0·424b 36·0 ± 1·131cd 0·467 ± 0·013ab 0·79 ± 0·007cd 6·3 ± 0·170f

(c) F13 Flav. 12 V + 39·0 ± 1·13a 0 3·5 ± 0·566b 36·7 ± 1·838cd 0·468 ± 0·001ab 0·85 ± 0·037d 7·3 ± 0·184g

(c) F14 Izy. 12 V + 39·5 ± 1·697ab 0 3·4 ± 0·707b 32·5 ± 1·556c 0·410 ± 0·057b 0·74 ± 0·082cd 6·6 ± 0·283fg

(a) Influence of nutrients addition on crude cheese whey: FI and F2; (b) Influence of enzymatic hydrolysis of whey during 1 h and nutrients addition: F3 to F8; (c) Influence of the enzymatic hydrolysis con-
ditions: F9 to F14.
Alc., Alcalase; Flav., Flavourzyme; Izy., Izyme; EH, enzymatic hydrolysis; Phe, phenylalanine; PLA, DL-3-Phenyllactic acid; LA, lactic acid; AcH, acetic acid. V: necessary amount of enzyme to hydrolyse 10
g/l of protein. Nut.: nutrients reported by Brusch Brinques et al. (2010); QPLA: global volumetric productivity of PLA; YPLA/Phe: Phe to PLA yield, calculated as (PLAfinal−PLAt=0)/(Phet=0−Phefinal) without con-
sidering the amount of phenylalanine released in the course of fermentation;QLA: global volumetric productivity of LA; YLA/Lactose: Lactose to LA yield. Different letters mean statistically significant differences
among values in the same column (P < 0·05).
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and 100 rpm, with pH automatically controlled to 6·2 with
5 N NaOH as described by Rodríguez et al. (2012) and
Rodríguez-Pazo et al. (2013). Fermentations were carried
out working with 1800 ml corresponding: 1615 ml to steri-
lised cheese whey hydrolysates; 100 ml of nutrients elabo-
rated after resuspending 50 ml freeze-dried and 20 g/l
solid vinasses in 100 ml hydrolysed cheese whey; and 85
ml of seed culture used for inoculation.

All fermentations were performed in duplicate and stand-
ard deviation of mean values reported in the text.

Kinetic parameters and yields of fermentations

The kinetic parameters and yields of fermentations were
calculated at the time where the PLA was maximal. Global
volumetric productivity of PLA (QPLA, g/(L·h)) was calculated
as the ratio between the PLA concentration (mg/l) and the fer-
mentation time (h). Phe to PLA yield (YPLA/Phe g/g) was defined
as the ratio between PLA produced (PLAfinal−PLAt=0) and Phe
consumed (Phet=0−Phefinal) without considering the amount
of phenylalanine released in the course of fermentation.
Global volumetric productivity of LA (QLA, g/(L·h)) was calcu-
lated as the ratio between the LA concentration (g/l) and the
fermentation time (h). Lactose to LA yield (YLA/Lactose, g/g) was
defined as the ratio between LA produced (LAfinal−LAt=0) and
lactose consumed (Lactoset=0−Lactosefinal).

Antimicrobial effect of CFS

Cell-free supernatants (CFS) were obtained by continuous
fermentation of cheese whey hydrolysates supplemented
with vinasses using a dilution rate of 0·0207 h−1. The hydro-
lysates were centrifuged at 2755 g for 15 min and 10 °C and
filter-sterilised using 0·22 µM pore-size membranes to obtain
CFS. The bacteriocin activity was determined according to
the well-diffusion method described by Rodríguez-Pazo
et al. (2013) against C. piscicola.

Analytical methods

Total solids in cheese whey were determined by dry weight
using 5 g of sample maintained in the oven at 105 °C until
constant weight. Total protein concentration was deter-
mined by the Pierce Bicinchoninic Acid assay Kit (Thermo
Scientific). Fat content in whey (before or after enzymatic
hydrolysis with Flavourzyme at 50 °C and 100 rpm during
12 h) was quantified according to ISO 1443. Metals and
amino acids were quantified as described Salgado et al.
(2009).

Samples were taken during fermentation and centrifuged at
2755 g for 15 min at 4 °C using a Centrifuge EBA 20.
Supernatants were filtered by 0·22 µM pore-size membranes
(Millipore) for lactose, lactic acid, acetic acid, Phe and PLA
analyses by high-performance liquid chromatographic
(HPLC) under the conditions described by Rodríguez-Pazo
et al. (2013), while the cells were used for biomass concentra-
tion determination. Cells from a known volume of culture

media were washed twice with distilledwater and centrifuged
under the same conditions reported previously. The resulting
pellets were oven-dried at 105 °C to constant weight.

Statistical analysis

Mean values of fermentations were submitted to analysis of
variance (ANOVA) by the Statistica Software 13.0. They
were compared using the Tukey’s test at significance level
(P) < 0·05, and different letters were used to label values
with statistically significant differences among them.

Results and discussion

Optimisation of cheese whey enzymatic hydrolysis

The production of DL-3-Phenyllactic acid (PLA) requires the
availability of phenylalanine (Phe) among other compounds
in the culture broth, considering that LAB have complex nu-
trient requirements since they have a limited capacity to
synthesise vitamin B and amino acids (de Lima et al.
2010). Hence, the controlled hydrolysis of cheese whey pro-
teins with specific enzymes, could be used to provide a ni-
trogen source suitable for growth promotion in industrial
fermentation, thus eliminating, or reducing, the need for ex-
pensive supplements (Galvão et al. 2009).

Using the necessary amount of enzyme to hydrolyse 10 g/l
of protein during 1 h (V), flavourzyme showed the higher
amounts of free Phe (107·8 mg/l), followed by alcalase
(28·9 mg/l) and iZyme (13·5 mg/l), that is at least 3-foldhigher
than untreated cheese whey content of Phe (4·3 mg/l). An
increment in time from1 to 12 h, increased the concentration
of Phe to 120·0, 42·0 and 35·9 mg/l, using respectively fla-
vourzyme, alcalase and iZyme. However, using the double
amount of enzyme (2 V) and 1 h of hydrolysis, the Phe con-
centrations achieved were only 125·8, 29·7 and 17·5 mg/l
using respectively flavourzyme, alcalase and iZyme.

Fermentation of crude or enzymatically hydrolysed cheese
whey

Crude cheese whey and hydrolysates obtained in previous
enzymatic experiments were inoculated with strains of L.
plantarum and tested for the production of PLA. The
growth in absence of a metabolically relevant number of
contaminations was double checked by examination
of morphology in microscope and visual observation of
uniform colonies on agar plates.

Cheese whey without enzymatic hydrolysis (crude cheese
whey) was assayed as fermentation broth in absence or pres-
ence of the nutrients optimised by Brinques et al. (2010) for L.
plantarum. During the fermentation of crude cheesewhey, in
absence of nutrients (F1), Phe was continuously released
from the initial 4·3 ± 0·283 mg/l up to 104·3 ± 6·505 mg/l
after 78 h (see Table 1). However, PLA was scarcely pro-
duced (0·017 ± 0·006 mM) to achieve a volumetric product-
ivity (QPLA) of only 0·036 ± 0·012 mg/l·h, indicating that the
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rate of Phe formation was not enough to fulfil the microorgan-
ism requirements for the formationof product. Vermeulen et al.
(2006) reported that Lactobacillus sanfranciscensis hydrolysed
76–100% of the peptides supplied as dipeptides-containing
phenylalanine, thus causing an accumulation of Phe in the
course of fermentation. Similarly, L. plantarum hydrolysed
dipeptides as well, increasing the Phe levels from 0·44 up to
1·38 mM after 72 h. Additionally, these authors also reported
that peptide hydrolysis and PLA formation continued when
growth had ceased, showing that amino acid conversion is
not related to exponential growth but an ongoing process in
stationary cells. Using this fermentation broth, lactose was
not consumed, and consequently negligible amounts of
organic acids were quantified.

The fermentation broth prepared with cheese whey and
nutrients (F2) revealed that a considerable proportion of
Phe comes from these nutrients, increasing the initial
amount of Phe up to 152·9 ± 6·364 mg/l. This supplemen-
tary amount of Phe, stimulated the formation of PLA up to
0·93 ± 0·085 mM, and consequently QPLA to 2·188 ±
0·199 mg/l·h. Besides, from the high value of product
yield calculated (YPLA/Phe = 1·18 ± 0·102 g/g) it can also be
concluded that Phe was also released during the process,
as it happened in the previous fermentation. In this case,
lactose was completely metabolised after 71 h, reaching a
lactic acid concentration of 33·5 ± 0·566 g/l (QLA = 0·467 ±
0·031 g/l·h) and 4·3 ± 0·042 g/l acetic acid.

Considering the complexity of the culture medium,
cheese whey hydrolysed during 1 h was assayed in the
absence (F3, F4 and F5) or presence (F6, F7 and F8) of nutri-
ents. As it can be seen in Table 1 the tendency was similar to
that observed using crude hydrolysates, with increased PLA
concentrations after supplementation with nutrients. iZyme,
followed by alcalase and flavourzyme showed the highest
concentration of PLA, with values of 1·02 ± 0·099, 0·77 ±
0·085 and 0·64 ± 0·113, respectively, in experiments per-
formed after supplementation. With the only exception of
hydrolysates obtained with flavourzyme (F4), where
lactose was partially consumed to produce 17·0 ± 1·414 g/
l lactic acid and 2·9 ± 0·157 g/l acetic acid, the absence of
nutrients was unfavourable for fermentation. Conversely,
after nutrient addition (F6–F8), lactose was completely con-
sumed, yielding high levels of lactic (39·3 ± 0·990 to 41·7 ±
1·980 g/l) and acetic (4 ± 0·141 to 5 ± 0·283 g/l) acids.

The influence of enzymatic hydrolysis can be inferred
comparing F2 (crude cheese whey supplemented with nutri-
ents) with F6, F7 and F8 (cheese whey after enzymatic hy-
drolysis and supplementation with nutrients). Only a slight
increment in PLA concentration was observed in F8 after en-
zymatic hydrolysis with iZyme, from 0·93 ± 0·085 up to
1·02 ± 0·099 mM. However, in all cases, the time required
to achieve the maximal amount of PLA was considerably
reduced, from 71 h to only 46–54 h. Therefore, it can be
concluded a beneficial effect of enzymatic hydrolysis for
the metabolic pathway.

Finally, two strategies were evaluated in order to improve
the production of PLA: doubling the amount of enzyme

required to hydrolyse 10 g/l of protein (F9, F10 and F11) or
increasing the time of hydrolysis to 12 h (F12, F13 and F14).

The first strategy was detrimental resulting in a slight re-
duction in the amount of PLA (see Table 1), which could
be due to an excess of enzyme was harmful, or that the
large number of compounds released could inhibit the fer-
mentation. In fact, using the enzyme Flavourzyme (F10),
despite the higher value of initial Phe (278·7 ± 20·930 mg/l),
the value of Phe at the end of fermentation increased even
further to 287·8 ± 9·899 mg/l. Regarding the generation of
lactic and acetic acids, no influence was observed using
Alcalase (F9), since lactose was entirely depleted, bearing
reasonable amounts of lactic acid (38·8 ± 0·566 g/l). However,
using Flavourzyme or iZyme, lactose was not consumed at the
end of fermentation and consequently no lactic acid was
produced.

Conversely, the second strategy was more positive, and
therefore the highest concentration of PLA (1·30 ± 0·071
mM) and global volumetric productivity (QPLA = 4·001 ±
0·218 mg/l·h) were attained in experiment F13 using the ne-
cessary amount of enzyme Flavourzyme to hydrolyse 10 g/l
of protein, during 12 h. Similar results (PLA = 1·26 ± 0·113
mM; QPLA = 3·878 ± 0·348 mg/l·h) were achieved using the
enzyme iZyme and 12 h of hydrolysis, in spite of starting
with a lower amount of Phe (188·8 ± 13·435 mg/l) compared
with the 272·9 ± 28·991 mg/l of Phe when using Flavourzyme.
The calculated values of product yield also suggested a con-
tinuous release of Phe in the course of the fermentation. The
results of PLA achieved after enzymatic hydrolysis during 1 h
(F6, F7 and F8) or 12 h (F12, F13 and F14) confirmed that
the metabolic pathway not only depends on the concentration
of the biosynthetic precursor (phenylalanine), since these
values are similar independently of the time of hydrolysis,
but also supported the hypothesis that during the enzymatic
hydrolysis, some compounds that may promote or stimulate
the metabolic pathway of Phe into PLA, were also released.
In these fermentations, lactose was effectively converted into
lactic and acetic acids, according to the data summarised in
Table 1.

Characterisation of raw and hydrolysed cheese whey

Raw cheese whey and cheese whey hydrolysed under opti-
mised conditions (Flavourzyme at 50 °C during 12 h and
100 rpm) were characterised and the main parameters sum-
marised in Table 2. The hydrolysis of cheese whey promotes
the fractionation of proteins into smaller units. These com-
pounds have more water biding sites, thus increasing the
whey solubility (Sinha et al. 2007; Corrêa et al. 2014). This oc-
currence could explain the decrease in cheese whey total
solids in our study from 63·5 ± 0·283 to 54·4 ± 0·460 g/l and
proteins from 11·2 ± 0·011 to 8·2 ± 0·022 g/l. The increment
of nutrients can be inferred from the higher quantification of
amino acids and metals determined after cheese whey hy-
drolysis (see Table 2). All the amino acids content increased
during the hydrolytic process with the only exception of histi-
dine, arginine and proline. Due to the objective of this study, it
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is particularly noticeable the increment of 21·2% observed
with phenylalanine. Regarding the study of metals, after hy-
drolysis, it was observed a strong increment in the amount of
Na, K and Ca. Mg decreased slightly; meanwhile the remain-
ingmetalswere hardly quantified. Rossini et al. (2009) demon-
strated in theirwork the efficiently of Flavourzyme to hydrolyse
the caseinmolecule. Themajor concentration of Ca, present in
raw cheese, is partially bonded with casein micelles. When
this structure is hydrolysed, normally the Ca concentration
increased (Gaucheron, 2005).

Fermentation of cheese whey hydrolysates supplemented
with vinasses

The solid or the freeze-dried liquid fractions of wine
vinasses were evaluated as the only nitrogen source in
order to increase the economical potential for larger-scale
bioproduction. Salgado et al. (2009) suggested that, in
spite of being one of the most common nitrogen sources

in a variety of bioprocesses, the high cost of yeast extract
impairs the economics, estimating that its value accounts
for 38% of the final cost of lactic acid.

Figure 1 depicts the kinetics of Phe and lactose consump-
tion as well as the generation of phenyllactic and lactic
acids; meanwhile Table 3 summarises the parameters of fer-
mentation. Using vinasses as a source of nitrogen, the con-
centration of PLA ranged between 1·15 ± 0·071 and 1·20 ±
0·052 mM, slightly lower to the value of 1·55 ± 0·060 mM
achieved with commercial nutrients (used as control).
Nevertheless, these values are comparable or superior to
those reported by Vermeulen et al. (2006) using L. sanfran-
ciscensis or L. plantarum (0·25–0·75 mM respectively); Li
et al. (2007) using Lactobacillus sp. SK007 (0·55 mM);
Rodríguez et al. (2012) using L. acidophilus, Lactobacillus
pentosus, L. plantarum, L. rhamnosus, and Lactococcus
lactis (0·17–1·38 mM) with the highest value working with
L. plantarum; Valerio et al. (2004) during the screening of
28 strains (0·02–0·57 mM) or the 13 LAB screened by
Cortés-Zavaleta et al. (2014) in culture tubes prepared
with fresh sterile MRS broth (0·021–0·275 mM), although
in this case, no PLA was quantified with L. plantarum.

The product yields oscillated between 0·53 ± 0·014 and
0·68 ± 0·460 g/g in all cases. The most outstanding result
could be the fact that using 50 ml freeze-dried vinasses
and 20 g/l solid vinasses, the time of fermentation was
reduced to only 24 h, thus increasing the QPLA up to
0·008 ± 0·005 g/l·h and the volumetric rate of Phe consump-
tion (QPhe) up to 0·0138 ± 0·0003 g/l·h. In contrast, lactose
was efficiently converted in lactic acid in all fermentations,
with product yields ranging from 0·70 ± 0·020 to 0·93 ±
0·059 g/g, although the higher lactic acid value (40·3 ±
0·778 g/l) was achieved in fermentations carried out using
100 ml freeze-dried vinasses as nutrients (fermentation d).
Consequently, vinasses could be employed to overcome
one of the major technical hurdles for the development of
low-cost culture media that could stimulate the production
of natural products. Taking into account not only the
higher global volumetric productivities achieved for both
lactic acid and PLA when using freeze-dried and solid
vinasses, but also considering the higher profit of using
both fractions, further experiments were conducted using
this combination of vinasses as nutrients in continuous
processes.

Continuous fermentation of cheese whey hydrolysates
supplemented with vinasses

Finally, the process was scaled up to a 2 L Braun Biostat fer-
menter operating on continuous. Table 3 shows the results
obtained under three steady states reached at selected dilu-
tion rates. As it was expected, under the lowest dilution rate
assayed (0·0057 h−1), although the maximal amount of PLA
concentration was achieved (0·91 ± 0·085 mM), the process
rendered a low QPLA (0·0086 ± 0·0001 g/l·h) and QPhe

(0·0039 ± 0·0002 g/l·h) at a reasonable YPLA/Phe (0·48 ±
0·007 g/g). The PLA concentration decreased continuously

Table 2. Characterisation of crude cheese whey and cheese whey
after enzymatic hydrolysis (Flavourzyme at 50 °C and 100 rpm
during 12 h)

Before After Increment (%)

pH 6·3 ± 0·013 7·0 ± 0·019
Total solids (g/l) 63·5 ± 0·283 54·4 ± 0·460 −14·3
Lactose (g/l) 48·5 ± 0·207 49·5 ± 0·196 2·1
Lactate (g/l) 0·15 ± 0·165 0·21 ± 0·203 40·0
Protein (g/l) 11·2 ± 0·011 8·2 ± 0·022 −26·8
Fat (g/l) 3·7 ± 0·017 3·7 ± 0·028 0·0
Amino acids (g/l)

Hydroxyproline 0·01 ± 0·00 0·01 ± 0·00 10·0
Aspartic acid 0·11 ± 0·02 0·16 ± 0·03 43·5
Serine 0·29 ± 0·08 0·36 ± 0·09 25·2
Glutamic acid 0·29 ± 0·07 0·45 ± 0·10 57·0
Glycine 0·05 ± 0·01 0·07 ± 0·02 31·4
Histidine 0·33 ± 0·08 0·19 ± 0·03 −43·4
Taurine 0·03 ± 0·00 0·04 ± 0·01 28·8
Arginine 0·15 ± 0·03 0·15 ± 0·04 −2·6
Threonine 0·18 ± 0·08 0·20 ± 0·09 11·4
Alanine 0·21 ± 0·09 0·27 ± 0·11 24·9
Proline 0·05 ± 0·01 0·05 ± 0·01 −1·2
Tyrosine 0·14 ± 0·04 0·16 ± 0·05 15·0
Valine 0·28 ± 0·08 0·33 ± 0·09 17·4
Methionine 0·16 ± 0·05 0·17 ± 0·04 7·6
Lysine 0·59 ± 0·11 0·74 ± 0·14 25·4
Isoleucine 0·31 ± 0·07 0·35 ± 0·05 11·6
Leucine 0·54 ± 0·14 0·65 ± 0·17 19·2
Phenylalanine 0·15 ± 0·04 0·18 ± 0·08 21·2

Metals (mg/kg)
K 1·6 ± 0·04 2·0 ± 0·09 25·0
Cu <1·8 <1·8 –
Zn <1·0 <1·0 –
Fe <6·0 <6·0 –
Mn <1·2 <1·2 –
Ca 292 ± 23 362 ± 34 24·0
Mg 79·2 ± 8 77·5 ± 14 −2·1
Na 456 ± 31 915 ± 56 100·7
Al <30 <30 –
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when the dilution rate was increased; with the lowest PLA
concentration (0·65 ± 0·127 mM) and YPLA/Phe (0·17 ±
0·036 g/g) achieved under the highest dilution rate
assayed (0·0393 h−1). Under this dilution rate, the higher
QPLA (0·0042 ± 0·0008 g/l·h) and QPhe (0·025 ± 0·0006 g/l·h)
were achieved, meaning that it cannot be inferred an
optimal value to work with.

Conversely, regarding the conversion of lactose into lactic
acid, lactose was completely consumed in all cases (see
Table 3); yielding similar lactic acid concentrations (38·4 ±
3·932 to 39·7 ± 1·980 g/l) corresponding to products yields
of 0·85 ± 0·161 to 0·88 ± 0·012 g/g. However, an optimum
value of QLA (1·563 ± 0·078 g/l·h) and QLactose (0·859 ±
0·460 g/l·h) was achieved under the highest dilution rate,
considering that a similar lactic acid concentration was
attained in a shorter period of time.

Antimicrobial effect of CFS

Finally, the antimicrobial activity of cell-free supernatants
(CFS) was evaluated against C. piscicola as indicator micro-
organism. CFS extracts produced halos with mean values of
12·03 ± 0·50 mm. Commercial lactic acid, PLA and nisin (in
the amounts present in CFS) were also evaluated as a control
and the mean inhibitory halos depicted in Fig. 2. Using 41 g/
l of commercial lactic acid, the inhibitory halo was 6·60 ±
0·63 mm, meaning that the effect of this commercial acid
was equivalent to 54·9% of the value obtained with CFS.
Conversely, the use of 0·81 mM of commercial PLA had
no inhibitory effect. It was necessary to increase the
amount of PLA up to 7·5 mM to observe a minimum effect
of 0·10 ± 0·05 mm. However, commercial nisin with
equivalent concentration (1·25 g/l) increased the inhibitory

Fig. 1. Kinetics of Phe and lactose consumption, and PLA and lactic acid production using cheese whey hydrolysates as carbon source and
vinasses as nitrogen source in fermentations carried out in Erlenmeyer flasks. (a) 25 ml freeze-dried vinasses; (b) 50 ml freeze-dried vinasses;
(c) 75 ml freeze-dried vinasses; (d) 100 ml freeze-dried vinasses; (e) 50 ml freeze-dried vinasses and 20 g/l solid vinasses. Lactose (■); lactic
acid (♦); Phe (▲); PLA (×).
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Table 3. Summary of values obtained in the fermentation of cheese whey hydrolysates and vinasses under different fermentation conditions: using 250 ml Erlenmeyer flasks or 2 litres
Bioreactor operating in continuous under three dilution rates (in h−1)

Erlenmeyer flasks Bioreactor

Control (a) (b) (c) (d) (e) 0·0057 h−1 0·0207 h−1 0·0393 h−1

Time (h) 50 80 80 80 80 24 – – –
Phet=0 (g/L) 1·2 ± 0·090b 0·47 ± 0·071a 0·54 ± 0·042a 0·52 ± 0·113a 0·53 ± 0·071a 0·51 ± 0·049a – – –
Phefinal (g/l) 0·68 ± 0·040d 0·16 ± 0·031a 0·17 ± 0·027a 0·22 ± 0·042ab 0·26 ± 0·035abc 0·18 ± 0·042a 0·32 ± 0·042bc 0·37 ± 0·014c 0·36 ± 0·014bc

PLAt=0 (mM) 0 0 0 0 0 0 – – –
PLAfinal (mM) 1·55 ± 0·060c 1·20 ± 0·052a 1·19 ± 0·082a 1·17 ± 0·085a 1·19 ± 0·092a 1·15 ± 0·071a 0·91 ± 0·085ab 0·81 ± 0·026b 0·65 ± 0·127b
QPLA (g/l·h) 0·0052 ± 0·0000b 0·0025 ± 0·0001a 0·0025 ± 0·0002a 0·0024 ± 0·0002a 0·0025 ± 0·0002a 0·0080 ± 0·0005d 0·00086 ± 0·0001c 0·00028 ± 0·0001a 0·0042 ± 0·0008b

QPhe (g/l·h) 0·0104 ± 0·0010c 0·0039 ± 0·0005a 0·0046 ± 0·0002a 0·0038 ± 0·0009a 0·0034 ± 0·0004a 0·0138 ± 0·0003b 0·0039 ± 0·0002a 0·013 ± 0·0003b 0·025 ± 0·0006d

YPLA/Phe (g/g) 0·53 ± 0·029a 0·64 ± 0·055ab 0·53 ± 0·014a 0·66 ± 0·109ab 0·74 ± 0·040b 0·58 ± 0·023ab 0·22 ± 0·007c 0·21 ± 0·002c 0·17 ± 0·036c

Lactoset=0 (g/l) 43·7 ± 2·107a 39·6 ± 2·263a 38·7 ± 2·404a 40·2 ± 0·085a 39·5 ± 2·828a 39·1 ± 1·909a 45·1 ± 3·507a 45·1 ± 1·612a 45·1 ± 1·612a

Lactosefinal (g/l) 0 0·55 ± 0·403a 0·7 ± 0·240a 1·01 ± 1·089a 1·15 ± 0·523a 0·63 ± 0·297a 0 0 0
LAt=0 (g/l) 4·0 ± 0·813ab 1·1 ± 0·806c 2·3 ± 0·085ac 3·3 ± 0·849abc 4·6 ± 0·099ab 5·4 ± 0·778b – – –
LAt (g/l) 34·8 ± 1·414a 34·2 ± 1·131a 34·2 ± 1·838a 35·3 ± 1·838a 40·3 ± 0·778a 37·5 ± 1·838a 38·4 ± 3·932a 38·8 ± 3·253a 39·7 ± 1·980a

QLA (g/l·h) 0·616 ± 0·012c 0·414 ± 0·024a 0·399 ± 0·022a 0·400 ± 0·012a 0·446 ± 0·011a 1·338 ± 0·044e 0·219 ± 0·022b 0·803 ± 0·067d 1·563 ± 0·078f

QLactose (g/l·h) 0·875 ± 0·042b 0·491 ± 0·023a 0·475 ± 0·027a 0·490 ± 0·013a 0·479 ± 0·042a 1·603 ± 0·067d 0·257 ± 0·020c 0·932 ± 0·033b 1·774 ± 0·063e

YLA/Lactose (g/g) 0·70 ± 0·020a 0·84 ± 0·009a 0·84 ± 0·002a 0·82 ± 0·046a 0·93 ± 0·059a 0·83 ± 0·007a 0·85 ± 0·161a 0·86 ± 0·041a 0·88 ± 0·012a

Phe: phenylalanine; PLA: DL-3-Phenyllactic acid; QPLA: global volumetric productivity of PLA; QPhe: volumetric rate of Phe consumption; YPLA/Phe: Phe to PLA yield, calculated as (PLAfinal−PLAt=0)/
(Phet=0−Phefinal) without considering the amount of phenylalanine released in the course of fermentation; LA: lactic acid; QLA: global volumetric productivity of LA; QLactose: volumetric rate of lactose con-
sumption; YLA/Lactose: Lactose to LA yield. (a) 25 ml freeze-dried vinasses; (b) 50 ml freeze-dried vinasses; (c) 75 ml freeze-dried vinasses; (d) 100 ml freeze-dried vinasses; (e) 50 ml freeze-dried vinasses and 20
g/l solid.
Different letters mean statistically significant differences among values in the same line (P < 0·05).
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halo up to 5·65 ± 0·65 mm. These results pointed out the
contribution of all the compounds present in the CFS.

Although Lavermicocca et al. (2003) and Prema et al.
(2008) found that PLA produced by L. plantarum showed in-
hibitory action against different species of moulds, other
authors reported that the high minimum inhibitory concen-
tration for commercial PLA is in the range of 3·01–36·10
mM against some food spoilage moulds. These values
suggest that PLA cannot be considered the only compound
related with the antifungal potential and that synergistic
effects may exist among PLA and other products obtained
during the metabolism of LAB (Cortés-Zavaleta et al.
2014). In this way, Tirloni et al. (2014) proposed that the an-
tagonistic ability of LAB as biopreservants can be explained
by the competition for nutrients and through the production
of antimicrobial compounds such as bacteriocins, reuterin,
organic acids (mainly acetic and lactic acids), carbon
dioxide, diacetyl, ethanol, hydrogen peroxide and
enzymes. In this context, Schwenninger et al. (2008) in add-
ition to PLA also identified by chromatography and mass
spectrometry the presence of propionic, acetic, and lactic
acids, 2-pyrrolidone 5-carboxylic acid, hydroxyphenyl-
lactic acid, and succinic acid during the co-culture of
Lactobacillus paracasei and Propionibacterium jensenii in
supplemented whey permeate medium.

In conclusion, cheese whey can be efficiently enzymati-
cally hydrolysed to improve the availability of phenylalan-
ine. Hydrolysates supplemented with vinasses can be
fermented by Lactobacillus plantarum CECT-221 in batch
or continuous fermentations using 2 litres Bioreactors.
Cell-free supernatants showed antimicrobial activity al-
though the results suggested that PLA was not the main me-
tabolite responsible, being more important the contribution
of lactic acid and bacteriocins present in the CFS.
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