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Acid whey causes a major disposal problem for the dairy industry due to its low pH and high salt
concentration. Lactobionic acid (LBA) production by whey fermentation is an inexpensive process.
The goal of this work was to employ acid whey for LBA production. Acid whey was fermented in a
bioreactor, adding Pseudomonas taetrolens LMG 2336 at 30°C and 6.5 pH, with 1.5-Lpm oxygen
aeration and 350-rpm agitation. Three fermentation tests were carried out with a different amount
of inoculum (10%, 30% and 10% three times within 24 h). Results indicated that repeatedly adding
P. taetrolens inoculum to the acid whey substrate allows a complete lactose conversion into LBA,
while the lactose oxidation process was insufficient in the sample where the inoculum was only
added at the beginning of the fermentation process (only 29.7% LBA production with 10% inocu-
lum). The physiological heterogeneity of P. taetrolens was determined by multiparametric flow
cytometry, and results showed that there was a phenotypic adaptation of the microorganism due to
the changes observed in its heterogeneity and physiological state. The results achieved will help to
recycle acid whey for value-added product production such as LBA production.

Keywords Lactobionic acid, Acid whey, Lactose oxidation, Pseudomonas taetrolens.

INTRODUCTION

Whey is widely used as a raw material in differ-
ent fields in the food industry due to the high
nutritional value of its main components, but
nonetheless, far more is produced than is recy-
cled as a raw material. Acid whey is a major
by-product for which the dairy industry has, for
a considerable time, struggled to find a sustain-
able use, despite the fact that whey disposal
without proper treatment causes serious environ-
mental pollution problems due to its high oxy-
gen demand, both chemically (~70 000 mg/L)
and biologically (~40 000 mg/L) (Macwan et al.
2016). It is estimated that acid whey production
in the European Union is 40 million tonnes per
year, while the Greek yoghurt and cottage
cheese market annually generates billions of
kilograms of this by-product. These large
amounts of acid whey generated by the industry

have led to increasingly widespread research
into methods for making use of it (Rocha-
Mendoza et al. 2021). Acid and sweet whey
contain comparable quantities of carbohydrates,
but acid whey commonly has a higher concen-
tration of salts and a slightly lower amount of
protein. Unfortunately, some of the chemical
properties of acid whey make it difficult to pro-
cess and frequently limit its use in the food
industry (Mano et al. 2020). Certainly, acid
whey’s low pH must be fully or partially neu-
tralised before its addition to food products as a
supplement designed to produce changes in their
physicochemical and sensory properties (Sahar
et al. 2020).
Nonetheless, the worldwide reality of the low

cost and surplus of lactose, the principal compo-
nent of acid whey, has inspired scientists to seek
innovative technologies for producing valuable
derivatives from lactose and extend their usage
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in the food, chemical and pharmaceutical industries (Gänzle
et al. 2008). The goal in the dairy field is to obtain an
income flow from dairy production waste so as to generate
products with high added value that have potential prof-
itability (Mano et al. 2020).
Whey is a cheap substrate for the biobased production of

lactobionic acid (LBA) by microorganisms on an industrial
scale (Sarenkova and Ciprovica 2018). An effective and sus-
tainable bioproduction system has been optimised to pro-
duce LBA from sweet whey, using Pseudomonas taetrolens
(Alonso et al. 2011, 2012a, 2012b, 2013). Lactose can also
be transformed by the enzymatic complex of glucose–fruc-
tose oxidoreductase and glucose lactonase of Zymomonas
mobilis, which leads to a high LBA yield in the fermenta-
tion substrate. P. taetrolens possesses an efficient agent for
the biosynthesis of LBA in the form of its lactonase and
lactose oxidase enzymes (Alonso et al. 2013, 2017; Dela-
gustin et al. 2019). The economic feasibility of the synthesis
of organic acids by bioproduction demands a yield of more
than 1 g/L/h, and the final product concentration needs to
reach more than 50 g/L (Yang et al. 2007).
Lactobionic acid is an aldonic acid and an oxidation pro-

duct of lactose, containing gluconic acid and galactose,
which has potential applications in the food, medicine, cos-
metic, pharmaceutical and chemical industries (Alonso et al.
2013). In recent years, LBA has received attention as a food
additive due to its functions, such as flavour enhancement,
as well as being a texturiser, acidulant, solubilising agent,
gelling agent, low-calorie sweetener and humectant; further-
more, it is recognised as a prebiotic (Alonso et al. 2013;
Goderska 2019; Cardoso et al. 2019). Currently, the price of
LBA varies from one supplier to another and it costs
between USD 40 and 649 per 100 g. Lactobionic acid as a
laboratory reagent with higher purity is more expensive.
The Food and Drug Administration (FDA) has approved the
use of calcium lactobionate (obtained from LBA) as a food
additive, and it is cheaper than LBA, costing between USD
22 and 142 per 100 g (Sarenkova and Ciprovica 2018).
With current worldwide regulations, food applications with
LBA are rare (Cardoso et al. 2019). Nonetheless, LBA has
rapidly grown in importance as a strategic functionalisation
molecule in the development of nanoparticle-based plat-
forms and biomaterials with promising therapeutic applica-
tions (Alonso et al. 2013).
Already, several research studies aiming to produce LBA

by biosynthesis from cheese whey have been carried out.
Nearly all the studies deal with the use of cheese whey as a
fermentation broth (Alonso et al. 2011, 2012a, 2012b, 2017;
Goderska et al. 2014; Giorgi et al. 2018). Treatment of acid
whey (pH ~ 4.5) to obtain LBA by biosynthesis has not yet
been announced as effective, however, because bacterial
reproduction is low in this substrate. Thus, the objective of
this study was to achieve the valorisation of acid whey by
developing a fermentation process to obtain LBA with high

lactose conversion and LBA production employing different
strategies, especially adding fresh P. taetrolens LMG 2336
inoculum to the acid whey substrate periodically during fer-
mentation.

MATERIALS AND METHODS

Microorganisms
P. taetrolens LMG 2336, obtained from the BCCM (Belgian
Coordinated Collection of Microorganisms, Gent, Belgium),
was maintained frozen (in 40% (v/v) glycerol at −20°C).
The bacterial strain was cultured on NB (Nutrient Broth,
with 20 g/L agar, 5 g/L NaCl, 5 g/L peptone, 2 g/L yeast
extract and 1 g/L meat extract, all from Sigma-Aldrich,
Steinheim, Germany) agar plates (20 g/L agar; VWR Chem-
icals, Radnor, PA, USA). The agar plates were incubated at
30°C for 48 h and used directly for the preparation of
inoculum.

Inoculum preparation
Erlenmeyer shaker flasks containing 100 mL of NB were
inoculated with a 10 µL loopful of P. taetrolens from the
NB agar plates. These samples were incubated for 10 h at
30°C in an orbital shaker (New Brunswick Sci., Edison, NJ,
USA) with an agitation rate of 350 rpm. The biomass of P.
taetrolens was separated by centrifugation at centrifugation
speed of 20 720 x g for 10 min. and then used as a bulk
starter.

Acid whey preparation
Acid whey (artisan cheesemaker Ca Sanchu, Asturias,
Spain) was pasteurised at 90°C for 45 min. and filtered
through cheesecloth. Then, it was purified with a tangential
microfiltration device equipped with a 0.22-µm pore size
polyvinylidene difluoride (PVDF) membrane cassette (Milli-
pore, Bedford, MA, USA). Acid whey used for fermentation
experiments had the following parameters: pH, 4.57 � 0.06;
lactose, 4.2 � 0.14%; proteins, 0.14 � 0.04%; and fats,
0.01 � 0.01%. For fat determination, a MilkoScan™ Mars
(Foss, Hillerød, Denmark) analyser was used. Protein con-
tent was measured using the Kjeldahl method (ISO 8968-
1:2014) and the lactose concentration by the high-
performance liquid chromatography (HPLC) (detailed in the
‘Analytical Methods’ section).

Culture conditions and fermentation experiments
The fermentation process was performed in a 2-L bioreactor
(BioFlo 110; New Brunswick Scientific, Edison, NJ, USA)
with a final working volume of 1 L. Three different types
of inocula with the fresh biomass of P. taetrolens were pre-
pared. The amount of inoculum was selected according to
the results of previous studies with the same microorganism
in sweet whey (Alonso et al. 2011). In sample AW1, acid
whey was inoculated with 10% (v/v) inoculum at the

362 © 2022 The Authors. International Journal of Dairy Technology published by John Wiley & Sons Ltd on behalf of Society of Dairy Technology.
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beginning of the fermentation process. For sample AW2,
acid whey was inoculated with 10% (v/v) inoculum at the
beginning of the experiment, with 10% (v/v) inoculum at
12 h and with 10% (v/v) inoculum at 24 h after fermenta-
tion started, amounting to 30% total inoculum, separated in
time. In sample AW3, the acid whey was inoculated with
30% (v/v) inoculum at the beginning of the fermentation
process. All experiments were performed at 30°C for 72 h
with 1.5-Lpm aeration rate and 350-rpm agitation. The pH
was detected using an InLab® Expert Pro-ISM pH electrode
(Mettler Toledo, Greifensee, Switzerland) and maintained at
the value 6.5 by computer-controlled peristaltic pumps,
which added 6 M NaOH (Sigma-Aldrich, Hamburg, Ger-
many) automatically to avoid excessive acidification of the
fermentative medium. Dissolved oxygen tension (DOT) was
detected with a polarographic dissolved oxygen electrode
(InPro 6830; Mettler Toledo, Greifensee, Switzerland). To
remove the excess of foam, Y-30 emulsion (1:10; Sigma-
Aldrich, Saint Louis, MO, USA) was added automatically.
All fermentation experiments were performed in triplicate.
Samples were taken during the fermentation process at dif-
ferent times to determine the following parameters: dry cell
weight, optical cell density (OD), bacterial growth on NB
agar plates, lactose and LBA concentration.

Staining procedures and multiparametric flow
cytometry
Multiparametric flow cytometry was performed (FCM) to
check the physiological status of P. taetrolens in order to
differentiate between viable, damaged and dead subpopula-
tions during fermentation experiments. Samples were taken
at times 0, 12, 24, 36, 48, 60 and 72 h. They were cen-
trifuged at centrifugation speed of 20 720 x g for 10 min,
and the pellet was washed twice with phosphate-buffered
saline (PBS, pH 7.4, sterile and 0.22-µm filtered; Sigma-
Aldrich) and adjusted to a cellular density of between 106

and 107 cells/mL in the same PBS buffer. Before staining,
and in order to prevent bacterial aggregation, samples were
sonicated for 2 s at a temperature of 20°C with ultrasound
at 37 kHz and 7 W/cm2.
Cells were stained with a mixture of three fluorescent

dyes, SYBR Green (Life Technologies Corporations,
Eugene, OR, USA), ChemChrome V6 (CV6, Combourg,
Chemunex, France) and propidium iodide (PI, Molecular
Probes). SYBR Green stained all bacteria (live and dead)
and was used to establish the bacterial concentration for
FCM. Metabolic activity and membrane integrity were
checked by staining with CV6 and PI, respectively. Staining
solutions were prepared according to Garcı́a et al. (2017)
with some modifications. SYBR Green was diluted
1:10 000 in TE buffer (10 mM Tris-HCl and 1 mM EDTA
(both from Sigma-Aldrich), pH 8.0, 0.22-µm filtered); CV6
was diluted 1:10 in sterile distilled water (0.22-µm filtered),
and PI was prepared at a concentration of 1 mg/mL in

sterile distilled water (0.22-µm filtered). 6 µL, 8 µL and
7.5 µL of SYBR Green, CV6 and PI staining solutions,
respectively, were added to 200 µL of cellular suspension.
Samples were incubated for 15 min in the dark at room
temperature before testing.
To set up gates in the FCM density dot plots, different

control samples of P. taetrolens were prepared. Dead bacte-
ria were obtained by heating samples at 90°C for 45 min
and immediately frozen after the incubation time. Live bac-
teria were tested in the early exponential growth phase, and
a mixture containing both dead and live bacteria (1:1) was
also prepared. Unstained cells were used as the control.
Flow cytometry measurements were performed employing

a CytoFLEX S flow cytometer (Beckman Coulter, Life
Sciences, Indianapolis, IN, USA). Green fluorescence, corre-
sponding to SYBR Green and CV6-stained cells, was col-
lected on the FL1 channel (561 nm), while PI fluorescence
was measured on the FL4 channel (638 nm). Analyses were
carried out at a low flow rate setting (between 3000 and
4000 events/s). Data acquisition and analysis were per-
formed using CytExpert 2.1 (Beckman Coulter) software.

Analytical methods
Bacterial growth was determined spectrophotometrically
from the optical density at 600 nm (Thermo Scientific
Helios Gamma UVG, Loughborough UK) after sample
centrifugation at centrifugation speed of 20 720 x g for
10 min. Dry cell weight was determined using 1 mL of
fermented substrate and was expressed in g/L. After two
cycles of washing with phosphate-buffered saline (PBS,
pH 7.4, sterile and 0.22-μm filtered; Sigma-Aldrich) fol-
lowed by sample centrifugation at centrifugation speed of
20 720 x g for 10 min, the pellet was dehydrated by dry-
ing at 45°C until reaching constant weight. The viable cell
count was performed by the spread plate method in NB
agar. Colony forming units (cfu) were counted after incu-
bating NB agar plates at 30°C for 48 h. Results were
expressed as cfu/mL.
Lactose and LBA concentrations in cell-free culture sam-

ples were detected by HPLC (Agilent 1200; Agilent Tech-
nologies, Inc., Santa Clara, CA, USA), employing a column
(Coregel ION 300; Teknokroma, Barcelona, Spain) coupled
to a refractive index detector at 40°C. Sulphuric acid
(0.450 mM, pH 3.1) was used as the mobile phase, with a
column temperature of 75°C and a flow rate of 0.3 mL/min.
Data acquisition and analysis were performed with ChemS-
tation software (Agilent).

Fermentation parameters
Different parameters have been calculated for the fermenta-
tion processes. Growth rate µ (h−1) was calculated as the
slope of the regression line between ln (x/x0) versus time
during a specific time interval using Eqn (1) (Shuler and
Kargi 2002; Alonso et al. 2017).

© 2022 The Authors. International Journal of Dairy Technology published by John Wiley & Sons Ltd on behalf of Society of Dairy Technology. 363
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μ ¼
In x

x0

� �

t � t0
, (1)

where x is the corresponding biomass concentration at t (g/
L); x0 is the corresponding biomass concentration at t0 (g/
L); t is the time at the end of the exponential phase (h); and
t0 is the initial time of the exponential phase (h). Volumetric
productivity is defined as the total amount of LBA formed
per unit volume per time. The LBA productivity in the fer-
mentation process WP (g/L/h) was calculated according to
Eqn (2) (Prasirtsak et al. 2019).

WP ¼ P

tdead þ t
, (2)

where P is the amount of LBA produced during the process
(g/L); tdead is the time of the lag phase (h); and t is the pro-
cess time (h). Biomass productivity of the fermentation pro-
cess WX (g/L/h) was evaluated according to Eqn (3)
(Hempel et al. 2002).

WX ¼ X

tdead þ t
, (3)

where X is the amount of biomass produced during the pro-
cess (g/L).
The specific LBA production rate qLBA (g/g/h) was cal-

culated (Alonso et al. 2017) by dividing the volumetric
LBA productivity WP (g/L/h) by the average biomass ΔX
(g/L) during the fermentation process using Eqn 4.

qLBA ¼ WP

ΔX
, (4)

The ratio of biomass produced with respect to the amount of
lactose consumed during fermentation Y X/S (g biomass/g sub-
strate) was calculated using the following Eqn (5) (Kargi 2009).

Y
X

S
¼ X t � X t0

St0 � St
, (5)

where Xt0 is the initial concentration of fresh biomass (g/L);
Xt is the final concentration of the biomass at time t (g/L);
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Figure 1 Time course graph of optical density (600 nm) and dry cell weight (g/L) of Pseudomonas taetrolens during the fermentation of acid whey

in bioreactor for 72 h. (a) AW1 fermentation with 10% (v/v) inoculum at the beginning of the fermentation process; (b) AW2 fermentation process

with 10% (v/v) inoculum at the beginning of the experiment and at 12 and 24 h after fermentation started; and (c) AW3 fermentation with 30% inocu-

lum at the beginning of the experiment.
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St0 is the initial concentration of substrate (g/L); and St is
the concentration of substrate at time t (g/L).

Statistical analysis
Three independent experiments were carried out, and the
results were expressed as the mean value. Data acquisition
and analysis were performed with the variance analysis
method ANOVA, and t-tests were performed. A level of
P < 0.05 was considered significant.

RESULTS AND DISCUSSION

Pseudomonas taetrolens growth in acid whey
An analysis was performed to determine whether P. taetro-
lens can grow in acid whey and how the inoculum concen-
tration affects the fermentation process, dry cell weight and
OD (Figure 1), as well as viable cell count (Figure 2).
Figure 1 shows the OD and dry cell weight for the AW1

(Figure 1a) and AW2 (Figure 1b) samples and the OD for
AW3 (Figure 1c) fermentation. As can be seen in Figure 1,
the addition of 30% inoculum at the beginning of the exper-
iment presented a significantly lower optical density in the
AW3 sample, with a maximum of 1.3 OD after 48 h, show-
ing that in acid whey, this high initial inoculum volume
(30%) is inhibited by the low availability of substrate for
the high quantity of biomass, and is therefore inappropriate.
Due to these results, the dry cell weight of the AW3 sample
was not analysed. In the AW1 sample, optical density and
dry cell weight from 16 h until the end of fermentation were
lower than in the AW2 sample, with a significant difference
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Figure 2 Time course graph of Pseudomonas taetrolens viable cell count during 72 h of fermentation. The number of microorganisms is expressed

as log10 cfu/mL. AW1 fermentation process with 10% (v/v) inoculum at the beginning of the fermentation process; AW2 fermentation process with

10% (v/v) inoculum at the beginning of the experiment and at 12 and 24 h after fermentation started.

Table 1 Summary of values acquired in AW1 and AW2 acid whey

fermentation processes. AW1 fermentation process with 10% (v/v)

inoculum at the beginning of the fermentation process; AW2 fermen-

tation process with 10% (v/v) inoculum at the beginning of the

experiment and at 12 and 24 h after fermentation started

AW1 AW2

µ (h−1) 0.06 � 0.01a 0.15 � 0.01b

µmax (h
−1) 0.08 � 0.01a 0.27 � 0.01b

Duration of the lag phase (h) 16a 14b

WP (g/L/h) 0.22 � 0.01a 0.74 � 0.02b

qLBA (g/g/h) 0.60 � 0.02a 0.73 � 0.03b

Maximum optical density,

600 nm

2.99 � 0.02a 6.87 � 0.09b

Maximum bacterial count (log10
cfu/mL)

9.57 � 0.17a 11.82 � 0.23b

Y X/S (g/g) 0.035 � 0.002a 0.034 � 0.004a

WX (g/L/h) 0.010 � 0.002a 0.027 � 0.001b

Maximum dry cell weight (g/L) 0.56 � 0.12a 1.47 � 0.18b

Fermentation time (h) 72a 48b

Conversion yield (%)* 29.7 � 1.6a 99.85 � 0.01b

*Yield was shown as the percentage of lactose converted into LBA at

the end of the fermentation process.
a,bMeans in the same row followed by different letters differ at P < 0.05.

µ, specific growth rate; µmax, maximum specific growth rate; qLBA, the

specific LBA production rate; Y X/S, the amount of biomass produced in

relation to the amount of lactose consumed during fermentation; WX,

biomass productivity of the fermentation process; WP, LBA productivity

of the fermentation process.
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(P > 0.05). During the first 14 h of fermentation, there were
no significant differences (P < 0.05) between the AW1 and
AW2 samples. After 14 h in AW2, the second inoculum
became adapted to the medium and differences between the
two fermentations are noticed. The maximum optical density
and dry cell weight achieved in samples are represented in
Table 1. All results showed that the bacterial population
grew moderately in acid whey, but repeatedly adding inocu-
lum of P. taetrolens helped to increase the growth and the
bacteria adapted successfully, even reaching an amount of
biomass similar to that noticed by other authors who
employed the same bacteria but used sweet whey as sub-
strate (Alonso et al. 2011, 2012a, 2012b, 2017).
As unsatisfying results were obtained with the AW3

fermentation, the growth curve of viable bacteria was
only measured for the AW1 and AW2 samples (Figure 2).
As Figure 2 shows, significantly different results were
obtained with AW2, reaching a maximum of 11.82 log10
cfu/mL, while in AW1, the maximum was 9.56 log10 cfu/
mL. The slope of the bacterial growth curve for the AW2
fermentation was steeper between 12 and 14 h and also
between 24 and 26 h. These were the points when the
fresh bacterial inoculum was added. The viable cell count

fits with the results obtained for OD and dry cell weight
data (Figure 1).
During the fermentation processes, the pH was adjusted

to a value of 6.5 using 6 M NaOH by adding between 10
and 30 mL of 6 M NaOH to 1 L of acid whey. It is
assumed that the growth of P. taetrolens bacteria in acid
whey is influenced negatively by Na+ ions, and as a result
of the pH adjustment, the acid whey substrates contain more
Na+ than the sweet whey substrates. Studies have shown
that Gram-negative bacterial growth decreases in substrates
with a high presence of Na+ and/or Cl− ions. As a result,
under such conditions the bacterial cell membrane easily
transports these ions into the cell and changes its osmotic
pressure, which can affect the viability of the bacteria.
Researchers have noticed that the activity of P. aeruginosa
JCM5962 (T) enzymes and other species of Pseudomonas
decreases when the medium has a high Na+ ion concentra-
tion (Gautam and Azmi 2017; Sachan et al. 2017).

Physiological status of Pseudomonas taetrolens
monitoring by multiparametric flow cytometry
Multiparametric flow cytometry was used to determine the
cellular state of the microorganisms and to verify whether the
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Figure 3 Density dot plots representing Pseudomonas taetrolens heterogeneity and physiological state during the fermentation process. Density plots

display parameters as a frequency distribution, each cell is represented as a dot: red, yellow, green, light blue and dark blue dot spots represent the

density gradient, from the highest to the lowest bacterial concentration, in (a) AW1 fermentation process with 10% (v/v) inoculum at the beginning of

the fermentation process and in (b) AW2 fermentation process with 10% (v/v) inoculum at the beginning of the experiment and at 12 and 24 h after

fermentation started.
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strategy of adding inoculum progressively was effective in
improving the fermentation process. As the AW3 fermenta-
tion showed the worst results, these analyses were done exclu-
sively with samples AW1 and AW2. Results are shown in
Figure 3.
In Figure 3density plots display parameters as a frequency

distribution, each cell is represented as a dot: red, yellow,
green, light blue and dark blue dot spots represent the den-
sity gradient, from the highest to the lowest bacterial con-
centration. Density plots depicts the distribution of cells
within a population characterized by a very high density of
events. The dual staining made it possible not only to distin-
guish dead cells (Q1-PI-stained) from living ones (Q3-CV6-
stained) but also to detect damaged cells (Q2-CV6/PI-
stained), which may subsequently recover their activity.
Figure 3 (a) shows the results for the AW1 fermentation.

At the beginning of the fermentation process, the percentage
of live P. taetrolens was 74.76%. However, it was observed
that after 48 h, most of the microorganisms were dead
(76.27%) and the rest were damaged (14.25%). Similar
results were obtained for 60 and 72 h.
For AW2 fermentation (Figure 3b), the number of live

bacteria was similar to AW1 fermentation at the beginning
of the experiment (75.32%). However, the addition of new
inoculum at 12 and 24 h resulted in a higher population of
live bacteria during 72 h of fermentation, with 29.62% live
organisms at the endpoint and 7.24% damaged. The positive
effect of the addition of new biomass was mainly observed
after the addition of inoculum at 24 h. At 26 and 36 h of
fermentation, the percentages of live bacteria were 88.02
and 80.89%, respectively.
In both cases, it was observed that the number of dam-

aged but living cells was low compared with the numbers
of live or dead cells, showing that the fermentation condi-
tions led to a brief damaged period before the cells died,
perhaps due to nutritional limitation causes.
Figure 4 shows the percentages of P. taetrolens subpopu-

lations (dead, live and damaged) in both fermentations. In
Figure 4 (a), it can be noticed how rapidly dead cells
appeared in the AW1 fermentation, since after 36 h the bac-
teria were mostly dead. Thus, P. taetrolens can adapt prop-
erly to acid whey substrate. On the contrary, in the AW2
fermentation metabolically live bacteria dominated through-
out the 72 h of fermentation. The AW2 fermentation shows
similar physiological heterogeneity of P. taetrolens as in the
sweet whey medium (Alonso et al. 2012b), where the small-
est part also consisted of dead cells, while viable cells domi-
nate, especially during the growth phase.
The flow cytometry results obtained could be explained by

a repeated adaptation of P. taetrolens as inoculum is added.
Although there are no scientific data in the literature on P. tae-
trolens, information on P. aeruginosa strains is available. It
has been shown that the cells of these bacteria are inhibited by
high concentrations of sea salt in the substrate, but over time,

they can adapt to the substrate and even can survive for several
years. Such adaptation is considered phenotypic rather than
genetic (Elabed et al. 2019). This adaptability could be com-
pared with the growth of P. taetrolens in acid whey, resulting
in the inhibition of the bacteria in the studied substrate. How-
ever, a small proportion of bacterial cells slowly begin to adapt
and survive, indicating the potential of acid whey for LBA
production. Adding additional inoculum of bacteria to the acid
whey, in which some bacteria have already adapted, could
promote the bioconversion of lactose into LBA.

pH and DOT change during fermentation
The pH and DOT were monitored in the AW1 and AW2 fer-
mentations (Figure 5), since these parameters can indicate the
behaviour of the bacteria in substrates. In both cases, the ini-
tial pH was 4.57 and was adjusted automatically to 6.5 by
adding 6 M NaOH. The pH increased at the end of the fer-
mentation process (after 40 h in AW1 and after 58 h in
AW2). After 40 h of fermentation, there were significant dif-
ferences (P < 0.05) in pH between the samples. A pH of 6.5
is the optimum for P. taetrolens to convert lactose into LBA
at the highest rate, and decreasing or increasing the pH from
6.5 can affect the LBA production rate (Alonso et al. 2013).
The pH reached 8.76 in the AW1 and 7.14 in the AW2 sam-
ples at the end of the fermentation. Usually, pH decreases dur-
ing the lactose oxidation process, because of the conversion
of lactose into LBA. However, the decomposition of dead
bacterial cells provides more nitrogen compounds to the sub-
strates and the nitrogen is converted into ammonium ions,
which promote an increase in pH (Strock 2008).
In Figure 5, it is also observed that P. taetrolens cells

were barely consuming oxygen in the AW1 sample when
compared to the AW2 sample, since in AW1, the DOT val-
ues were very close to the saturation level. The dissolved
oxygen profile was related to the bacterial growth phase
since dissolved oxygen in the substrate was expended while
the bacteria were growing. In sample AW2, the inoculum
was added periodically and this could be the reason why
the dissolved oxygen rate decreased more than in the AW1
sample. Thus, there were a greater number of live bacteria,
as multiparametric flow cytometry results showed (Figures 3
and 4). Therefore, this bacterial growth required a supply of
oxygen, so the DOT in AW2 decreased. Oxygen supply
plays a key role in metabolite production and cellular
growth in many bioprocesses (Lozano et al. 2011). In this
case, the DOT level only dropped to 78.2% in AW1, while
in AW2, it dropped to 24.1%. These results suggested that
P. taetrolens grows much better in acid whey if inoculum is
added periodically every 12 h.

Lactose consumption and LBA production during
fermentation
Results of lactose consumption and LBA production during
fermentation are shown in Figure 6. In AW3, no LBA was
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Figure 4 Percentages of Pseudomonas taetrolens cell subpopulations during bioreactor fermentation in (a) AW1 fermentation process with 10% (v/

v) inoculum at the beginning of the fermentation process and in (b) AW2 fermentation process with 10% (v/v) inoculum at the beginning of the

experiment and at 12 and 24 h after fermentation started.
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produced, probably due to an excess of the initial inoculum.
After 24 h, there was a concentration of 39.32 � 0.41 and
1.90 � 0.21 g/L of lactose and LBA, respectively. At the
endpoint of the fermentation at 72 h, there was hardly any
lactose consumption, with a final value of 39.42 � 0.34 and
an LBA concentration of 3.27 � 0.52 (detailed data in the
Figure S1 and Table S1).
Significant differences were established between the two

samples (P < 0.05) after 16 h of fermentation. The produc-
tion process was effective in the AW2 sample, since it
reached 100% lactose conversion after 48 h, while in AW1,
only 29.7% of the initial lactose was converted after 72 h of
fermentation. The results clearly show the importance of
adding fresh biomass to the substrate to achieve the main
goal of a complete conversion of lactose into LBA. Also, a
correlation between DOT values (Figure 5) and LBA pro-
duction (Figure 6) can be observed.
In previous research using acid whey as substrate (Saren-

kova et al. 2019a, 2019b, 2021), a lactose conversion yield
of <32% was achieved. This study proves that bacteria have
only a limited reproduction in acid whey (Figure 1), even if
the acid whey is supplied with oxygen and the pH is opti-
mal for bacterial growth. However, repeatedly adding fresh
P. taetrolens biomass improves bacterial growth (Figure 1b)
and lactose conversion (Figure 6).

Bioprocess parameters during fermentation of acid
whey samples
To better establish the efficiency of the fermentation, biopro-
cess parameters were calculated and are presented in
Table 1. All parameters were more favourable in the AW2
sample than in the AW1 sample, except for Y X/S, which
was the same in both samples – there was no significant

difference (P > 0.05). It showed that in both samples, the
same weight of biomass grew per unit of lactose weight.
The specific growth rate was higher in the AW2 sample,

so bacterial growth was faster than in AW1, reaching a
maximum specific growth rate of 0.27 (h−1) in AW2, while
in the AW1 sample, it was only 0.08 (h−1). The duration of
the lag phase was similar, but in AW2, the inoculum was
added at 12 h of the fermentation process and the exponen-
tial phase started 2 h earlier than in the AW1 sample. Lacto-
bionic acid productivity and biomass productivity were
significantly higher in AW2. The specific LBA production
rate showed how much LBA can be produced by 1 g of
biomass per hour, and the results were close, but the higher
value was in AW2, since there were more metabolically
active bacteria in AW2 than in AW1. When there are more
metabolically active bacteria in a medium, there will be a
higher yield of dry cell weight, OD and viable bacterial
count, which is confirmed by the results obtained for AW2
in comparison with sample AW1.
P. taetrolens growth is limited in acid whey, and the lac-

tose conversion process is slow, which is why adding inocu-
lum during the fermentation process helps obtain higher
results, quite similar to the results obtained by other authors
for LBA production employing the same bacteria using
sweet whey as substrate (Alonso et al. 2011, 2012a, 2012b,
2017; Goderska et al. 2014; Giorgi et al. 2018). Alonso et
al. (2011) achieved a 100% LBA yield in sweet whey sub-
strate maintaining the pH at 6.5 and adding 30% (v/v) P.
taetrolens inoculum. In this research with sweet whey, a
bioconversion of 100% was obtained in 32 h, while in the
present study with acid whey, the same result was obtained
in 48 h. Maximum volumetric LBA productivity of 1.12 (g/
L/h) was thus achieved with the 30% inoculation level in
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sweet whey substrate. These data show that sweet whey is
still more suitable for LBA production, the fermentation
time is shorter and productivity of LBA is higher with sweet
whey than with acid whey substrate. With sweet whey, it is
easier to convert lactose into LBA than with acid whey.

CONCLUSIONS

The results of the study showed that acid whey can be a suit-
able substrate for LBA bioproduction employing P. taetro-
lens. The initial amount of inoculum is one of the key
parameters for obtaining an optimal productivity rate. An
inoculum of 30% turned out to be excessive, and it barely
achieved growth or LBA production. As for the 10% inocu-
lum (the optimum in sweet whey), it gave a much lower yield
than the addition of 10% inoculum three times in 24 h. Fur-
thermore, the physiological status of P. taetrolens in the sam-
ples differed; in the AW1 sample, dead cells appeared rapidly,
while in the AW2 sample, metabolically active bacteria lived
and dominated throughout the fermentation process. These
results clearly indicate the importance of repeatedly adding
inoculum to the acid whey substrate in order to obtain a com-
plete conversion of lactose into LBA. This approach consti-
tutes a step forward towards achieving scalable LBA
bioproduction systems with high bioconversion rates.
Although the experimentation developed in this article is

at the laboratory level, it would not be complex to scale it
up to the industrial level, as adding fresh biomass in sterile
conditions in this type of process does not present great dif-
ficulty. Therefore, LBA production is practicable by this
research methodology, but still not fully suitable for indus-
try, for which reason the authors recommend further
research into downstream processes to recover and purify
LBA in order to permit the implementation of the process
on an industrial level.
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Figure S1. Lactobionic acid bioproduction using acid
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