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Abstract
Functional foods and nutraceuticals frequently contain viable probiotic strains that, at certain titers, are considered to be respon-
sible of beneficial effects on health. Recently, it was observed that secreted metabolites might play a key role in this respect,
especially in immunomodulation. Exopolysaccharides produced by probiotics, for example, are used in the food, pharmaceutical,
and biomedical fields, due to their unique properties. Lactobacillus brevisCD2 demonstrated the ability to inhibit oral pathogens
causing mucositis and periodontal inflammation and to reduce Helycobacter pylori infections. Due to the lack of literature, for
this strain, on the development of fermentation processes that can increase the titer of viable cells and associated metabolites to
industrially attractive levels, different batch and fed-batch strategies were investigated in the present study. In particular, aeration
was shown to improve the growth rate and the yields of lactic acid and biomass in batch cultures. The use of an exponential
feeding profile in fed-batch experiments allowed to produce 9.3 ± 0.45 × 109 CFU/mL in 42 h of growth, corresponding to a 20-
fold increase of viable cells compared with that obtained in aerated batch processes; moreover, also increased titers of
exopolysaccharides and lactic acid (260 and 150%, respectively) were observed. A purification process based on ultrafiltration,
charcoal treatment, and solvent precipitation was applied to partially purify secreted metabolites and separate them into two
molecular weight fractions (above and below 10 kDa). Both fractions inhibited growth of the known gut pathogen, Salmonella
typhimurium, demonstrating that lactic acid plays a major role in pathogen growth inhibition, which is however further enhanced
by the presence of Lact. brevis CD2 exopolysaccharides. Finally, the EPS produced from Lact. brevis CD2 was characterized by
NMR for the first time up to date.
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Introduction

Organic acids (lactic or acetic acid), bacteriocins, and other
compounds originated from lactic acid bacteria (LAB), such
as exopolysaccharides (EPSs) contribute to their antimicrobial
properties [1]. It is known that EPSs are high molecular
weight and biodegradable polymers, synthesized by LAB,
that are not used by the producer microorganisms
themselves as energy sources [2]. Beyond their function as
adhesive molecules, EPSs have been used in the production
of several fermented foods, thickeners, stabilizers, emulsifiers,
and gelling or water-binding agents [3]. In fact, their rheolog-
ical properties make the EPSs particularly useful in food
science/engineering (e.g., thickeners, preservatives) and even
in the field of mechanical engineering (e.g., bio-lubricants,
drug reducers). In addition, EPSs from food-grade organisms,
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such as LAB, have a potential as food supplements and as
functional food ingredients with some claimed beneficial hu-
man health effects, and several papers indicated that this is due
to the ability of the producer microorganisms to function as
probiotic [4–8]. Probiotics, in fact, were demonstrated to pos-
sess activity against gastrointestinal disorders and inflamma-
tory bowel diseases and to prevent allergies [9–11].
Furthermore, probiotic therapies were gradually applied to
prevent and alleviate infectious diseases, therefore limiting
antibiotics overuse and misuse also due to the emergence of
antibiotic-resistant strains [12]. Many studies have also report-
ed the immunostimulatory [8, 13–15] and antitumor activity
[16–19] and the capacity to lower blood cholesterol [20, 21].
Extensive research has been focused on the EPSs that have the
potential to be produced at industrial scale since the main
difficulties to full commercialization are their production
costs, mostly related to substrates and downstream processing
[22]. In particular, several studies focused on the optimization
of cultivation conditions in bioreactors by first identifying the
best process parameters in batch mode, and then further in-
creasing biomass and related exopolysaccharide concentra-
tions in fed-batch experiments to respond to the strains’ spe-
cific metabolic requirements [23–25].

Lact. brevis is an obligate heterofermentative LAB isolated
from plants, food and human microbiota, and several strains
showed probiotic properties [26–28]; moreover, recently,
some of them also emerged as efficient producers of γ-
aminobutyric acid (GABA) that has a central function in the
human nervous system and reduces the threat of type 1 diabe-
tes [26, 29, 30]. In Lact. brevis KB290 that is one of the most
characterized strains, a three-gene set that contributes to its
probiotic properties, namely EPS production, cell aggrega-
tion, and bile resistance, was recently described [31]. This
strain showed tolerance to gastrointestinal juices [27, 32], im-
provement of gut health [33, 34], and of immune function
[35].

Lact. brevis CD2 is a strain that is normally present in the
human mouth and intestinal flora and is also commonly found
in dairy products [36]. This strain was observed to reduce the
intragastric load of Helicobacter pylori [37] and to have anti-
inflammatory activity on periodontal diseases and bone loss
[38]; in addition, in a phase II pilot study, the efficacy of Lact.
brevis CD2 lozenges in preventing oral mucositis in leukemia
patients undergoing high-dose chemotherapy was highlighted
by Sharma et al. [36].

Due to the lack of literature on the optimization of Lact.
brevis CD2 growth and correlated production of secreted me-
tabolites with biotechnological applications, in this work, we
initially evaluated different growth conditions and carbon
sources consumption in bottle experiments, and next focused
on the development of batch and fed-batch fermentation pro-
cesses on 2 L of controlled bioreactors. In particular, exponen-
tial feeding profiles were applied, based on the substrate

consumption rate observed during the log phase, to avoid
growth inhibition and overflow metabolism. Since EPS deter-
mines strain-specific probiotic properties, it was also interest-
ing to study a preliminary purification process for further char-
acterization and evaluation of antimicrobial activity. Usually,
the recovery of extracellular microbial polysaccharides from
the culture broth needs cell removal by centrifugation or
microfiltration on membranes with a cut-off of 0.22 μm
followed by precipitation with organic solvents such as etha-
nol, isopropanol, or acetone; the precipitated polymer is final-
ly dried [39]. In this work, after centrifugation, membrane
processes have been used for the concentration and recovery
of products released in the fermentation broth, in order to
decrease the amount of organic solvent to be used for the
precipitation of exopolysaccharides, reducing process costs
and above all the environmental impact. Lact. brevis CD2
was previously shown to inhibit periodontal and gastric path-
ogens [37, 40]; to study, its behavior also toward gut patho-
gens, we tested the antimicrobial activity of the fermentation
products on Salmonella typhimurium and a conspicuous
growth inhibiting effect of the released low molecular weight
metabolites, was found.

Overall, in this research project, we performed fermenta-
tions and downstream processes, using Lact. brevis CD2, in
order to improve biomass production and purify antimicrobial
compounds such as lactic acid and exopolysaccharides to
evaluate their potential to inhibit growth of other microbial
strains. In particular, the antimicrobial activity of the fermen-
tation products was tested on the pathogen Salmonella
typhimurium revealing a conspicuous growth inhibiting effect
of the released low molecular weight metabolites. Moreover,
the structure of the released EPS was established by glycosyl
analysis and 1H-NMR spectrum.

Materials and Methods

Bacterial Strain and Media

The strain Lact. brevis CD2 was supplied by Bioteknet s.p.a
(Naples, Italy) in the framework of a collaboration with VSL
laboratories (VSL Pharmaceuticals Inc. Towson, MD, USA).
It was stored and maintained in 20% v/v glycerol stock solu-
tions at − 80 °C. All medium components and salts were sup-
plied by Sigma-Aldrich (St. Louis, MO, USA). Yeast extract
was furnished byOrganotechnie (La Corneuve, France), while
ammonium hydroxide and sulfuric acid were purchased by
Carlo Erba (Milan, Italy). The standard medium used in fer-
mentation consisted of a basal salt medium (sodium acetate,
ammonium sulfate, monobasic potassium phosphate, dibasic
potassium phosphate, citric acid, magnesium and manganese
sulfate, and tween 80) supplemented with fructose (25 g/L) as
carbon source and yeast extract (15 g/L) as nitrogen source.
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The pathogenic strain used was the gram-negative Salmonella
enterica subs. enterica serovar typhimurium (ATCC®
14028GFP™), available in the Clinical Microbiology
Section of the Department of Experimental Medicine
(University of Campania L. Vanvitelli).

Bottle and Bioreactor Fermentation Processes

Growth optimization experiments were run in 100 mL pyrex
bottles on MRS medium initially in static and agitation
(100 rpm) with an initial pH equal to 6 and a temperature of
32 °C. Carbon source evaluation was conducted by
supplementing the medium with 25 g/L of fructose, glucose,
or sucrose in agitation at pH 6 and 32 °C.

Before each bioreactor experiment, one stock (about
20 OD600nm) of Lact. brevis CD2 was added to 0.2 L of
MRS medium supplemented with fructose in a 0.2 L bottle,
and incubated in a rotary air shaker (model Minitron, Infors,
Basel, Switzerland) at 32 °C and 100 rpm for 8 h. The inoc-
ulum size was 10% (v/v). The culture was transferred to a
Biostat CT plus (Sartorius Stedim, Gottingen, Germany) bio-
reactor containing 1.8 L of the same medium, grown at 32 °C,
pH 6, 100 rpm. Batch experiments were run with (0.75 vvm)
and without air supply. Batch with pulse and fed-batch exper-
iments were both run at 32 °C, pH 6, 100 rpmwith constant air
sparging at 0.75 vvm. In both types of experiments, the feed
was added when the concentration of fructose initially present
in the reactor (25 g/L) was below 5 g/L. In the first case, the
fructose concentration was restored by adding a single pulse
of concentrated solution. Fed-batch experiments instead used
an exponential profile ranging from 2 to 3.2 g/L·h.

Sample Preparation and Quantification of Organic
Acids

Samples during batch and fed-batch fermentation processes
were withdrawn throughout the experiments. The broth was
centrifuged at 5400 ×g (Avanti J-20 XP, Beckman Coulter,
Brea, CA, USA) in order to separate the biomass and recover
the supernatant. A supernatant of 1 mL was then UF/DF on
3 kDa centrifugal filter devices (Centricon, Amicon, Sigma-
Aldrich) at 10000 ×g and concentrated about 5-fold.
Permeates were analyzed by an HPAE-PAD ionic chromato-
graphic system (model ICS-3000, Dionex, Thermo Fisher
Scientific, Waltham, MA, USA), to quantify the residual car-
bon source, and by HPLC (model STH 575, Dionex), to mea-
sure the organic acids produced as previously reported [41].

Downstream Process

At the end of the fermentation process, the broth was centri-
fuged at 5000 ×g and 4 °C for 30 min and the supernatant was
collected for the following downstream procedures. The

supernatant was ultrafiltered, on 10 kDa cut-off membranes
with a filtering area of 0.1 m2 (Sartorius Stedim, Gottingen,
Germany). The system used for the tangential flow filtration
process was a Sartoflow alpha (Sartorius Stedim, Gottingen,
Germany), equipped with a 10-L steel tank, and pressure
gauges on the inlet, and retentate lines. Additionally, a ther-
mostatic bath kept a constant temperature of 20–25 °C. The
retentate was treated on 2% p/v activated charcoal and then
precipitated with 3 volumes of 96% v/v ethanol.

Quantification of Exopolysaccharides

Exopolysaccahrides were quantified by using the phenol-
sulfuric acid method [42] a simple and rapid colorimetric as-
say to determine total carbohydrates in a sample. The method
detects virtually all classes of carbohydrates, including mono-,
di-, oligo-, and polysaccharides; however, the absorptivity of
the different carbohydrates varies. Thus, the results must be
expressed arbitrarily in terms of one carbohydrate. Pentoses
during hydrolysis are then dehydrated to furfural, and hexoses
to hydroxymethylfurfural. These compounds then react with
phenol to produce a yellow-gold color. In this research, the
calibration curve was obtained with standard solutions of D
(+) glucose at concentrations ranging from 0.01–0.1 mg/mL.
Briefly, 200 μL of standards are placed in a reaction tube with
200 μL of aqueous solution of phenol 5% w/v. Then, 1 mL of
concentrated sulfuric acid (98% w/w) is added and the reac-
tion tube is quickly closed. After vigorous stirring, the reaction
is carried out for 30 min at 30 °C and then sample absorbance
is read at 490 nm using distilled H2O as blank.

Characterization of Exopolysaccharides: Molecular
Weight, Polydispersity, and Intrinsic Viscosity
Determination by SEC-TDA

The chromatographic analyses of samples were performed
using the SEC–TDA 305 equipment by Viscotek (Malvern,
Milan, Italy). It was equipped with a triple detector array mod-
ule including a refractive 11 index detector (RI), a four-bridge
viscosimeter (VIS), and a laser detector (LS) made of a right-
angle light scattering 12 (RALS) detector and a low-angle
light scattering (LALS) one, as previously reported [43]. The
OmniSEC software program was used for the acquisition and
analysis of the Viscotek data. Two TSK–GEL GMPWXL col-
umns (Tosoh Bioscience, Tokyo, Japan Cat. No. 8–08025,
hydroxylated polymethacrylate base material, 100–1000 Å
pore size, 13 μm mean particle size, 7.8 × 30.0 cm) in series
that were preceded by a TSK–GEL guard column GMPWXL
(Tosoh Bioscience, Cat. No. 08033, 12 μmmean particle size,
6.0 × 4.0 cm) were used. An isocratic elution with 0.1 M
NaNO3 aqueous solution (pH 7.0) at a flow rate of 0.6 mL/
min was carried out. Analyses were performed at 40 °C with a
running time of 50′. The data were analyzed with a hypothesis
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of a dn/dc equal to 0.146 mL/g according to Petry et al. [44].
Universal calibration for the determination of K1, K2, and K3
was performed by using a polyethylene oxide (PEO) standard
(22 kDa PolyCAL, Viscotek). However, given that the con-
stants were dependent on hardware parameters, and due to the
sophisticated system (e.g., mirrors, windows of analysis, four-
capillary bridge VIS) and the related difficulty in accurately
determining these parameters, the most precise evaluation was
obtained by analyzing external standards of known character-
istics (e.g., molecular weight, polydispersity, intrinsic viscos-
ity, dn/dc).

Purification of Exopolysaccharides

A sample (30 mg) of the retentate from ultrafiltration was
dissolved in deionized water and loaded on a Sephacryl S-
400 (Sephacryl S400 HR, Ge-Healthcare, Chicago, IL,
USA) column (1 cm × 115 cm) and eluted with 50 mM am-
monium hydrogen carbonate pH 8 (flow 12 mL/h). Fractions
containing carbohydrates were detected by phenol-sulfuric
acid, pooled, and lyophilized (5 mg).

Monosaccharide Composition Analysis

The purified EPS sample was subjected to glycosyl composi-
tion analysis by means of GC-MS of acetylated methyl gly-
cosides [45]. Briefly, 0.5 mg of EPS were treated with 1.25 M
HCl in dry methanol for 16 h at 80 °C. Themethanol layer was
dried and acetylated with Ac2O and pyridine (100 °C,
30 min). The derivatives were analyzed using Agilent
Technologies gas chromatograph 7820A equipped with a
mass selective detector 5977B and an HP-5 capillary column
(Agilent, Santa Clara, CA, USA, 30 m × 0.25 mm i.d., flow
rate 1 mL/min, He as carrier gas). Acetylated methyl glyco-
sides were analyzed using the following temperature program:
140 °C for 3 min, 140 °C→ 240 °C at 3 °C/min. The mono-
saccharides were identified by comparison of their GC col-
umn retention times with those of authentic standards.

NMR Spectroscopy Analysis

Samples were analyzed according to Casillo et al. [46]. In
particular, they were dissolved in 0.5 mL of D2O and 1H
NMR were recorded at 298 K by using a Bruker 600 MHz
spectrometer.

Antimicrobial Activity

To test antimicrobial activity of UF retentate and permeate
obtained from batch and FB processes, Salmonella
typhimurium was grown in tryptic soy agar (TSA Oxoid,
Cambrige, UK) overnight at 37 °C in aerobic conditions.
After 24 h, a single colony from overnight cultures was

resuspended in tryptic soy broth (TSB, Oxoid, Cambrige,
UK) and cultivated until the exponential phase of growth cor-
responding to a final concentration of approximately
108 CFU/mL. Each assay was performed using an inoculum
of strain at 108 CFU/mL and the inoculum was confirmed by
vital plate counts on TSA [47]. The culture of S. typhimurium
at exponential phase was centrifuged at 2455 ×g for 10 min,
washed twice with phosphate buffered saline (PBS, Sigma-
Aldrich, St. Louis, MO, USA) and resuspended in buffered
peptone water (BPW, Oxoid). Successively, 100 μL of log
phase bacterial suspension (108 CFU/mL) were transferred
into 5 mL sample (retentates and permeates) and incubated
overnight at 37 °C. After incubation, the treated samples were
serially diluted in BPW and 10 μL aliquots of the undiluted
and 10-fold serially diluted samples were plated in triplicate
on TSA plates to count the viable bacteria. The plates were
incubated at 37 °C for 24 h to assess the colony-forming units,
as the inhibitory effect of retentate and permeate samples on
bacterial growth was evaluated by counting the CFU/mL ob-
tained after the treatment [48].

Results

Medium Optimization and Bioreactor Bioprocess
Development

Growth of Lact. brevis CD2 was initially studied in 100 mL
bottles by keeping constant the pH and the temperature (6,
32 °C) and evaluating the effect of agitation versus static con-
ditions and carbon source type. Results reported in Table 1
show a clear improvement of the total biomass, viability, and
productivity of about 3.3-, 7-, and 8-fold, respectively, when
the culture was incubated in shaking conditions. The replace-
ment of fructose with either glucose or sucrose did not im-
prove strain performance (Table 1); therefore, fructose was
selected as the main carbon source for successive bioreactor
experiments.

Table 2 and Fig. 1 summarize results obtained in a 2-L
batch, batch with pulse and fed-batch fermentations. All fer-
mentations were conducted under controlled pH and temper-
ature conditions. Worst results were obtained in batch exper-
iments without air supply; in fact, in these conditions the
amount of viable cells by the end of the process was similar
to that obtained in agitated bottle experiments (1.3 ± 0.35 ×
108 CFU/mL). Moreover, as shown in the figure also the rates
of growth, sugar consumption and lactic acid production were
slower and the carbon source was not completely consumed
by the end of the process (Table 2, Fig. 1). However, the yield
of lactic acid on consumed fructose was similar to that obtain-
ed in the other fermentation conditions.

Aerated batch processes resulted in a total average
CFU/mL of about 4.5 × 108 ± 1.1 × 107 CFU/mL, with a
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final OD600nm of about 13.1 ± 0.3; lactic acid produced
reached a maximum titer of 22.01 ± 0.03 g/L after 21 h of
growth. Fructose was completely consumed after about
16–18 h of growth with an average consumption rate of
1.19 ± 0.02 g/L·h, and the yields of biomass on substrate,
Yx/s and of product on substrate, YLA/fru are reported in
Table 2. At the end of the process, the amount of total
protein was 0.31 ± 0.03 g/L.

Batch with pulse and fed-batch experiments, in the
presence of air, were performed in order to increase the
number of CFU/mL, and the concentration of lactic acid
and exopolysaccharide accumulated by the end of the pro-
cess. Overall, the fructose consumption and lactic acid
production rates in both conditions were similar to that
observed during the batch process, whereas a higher con-
centration of biomass and of all metabolic products was
obtained (Table 2). In batch with pulse experiments, a
concentrated solution of fructose was added in a single
shot, restoring the initial titer of fructose in the reactor;
during fed-batch experiments, the feed started when the
concentration of fructose was below 5 g/L on average.
This led to a slightly higher final titer of lactic acid and
to a 2.6-fold increase of viable cells leading also to higher
productivities (Table 2). At the end of the process, the
amount of total proteins in the supernatants was of about
0.34 ± 0.03 and 0.56 ± 0.07 g/L, respectively.

Downstream Process

Figure 2 shows the flowchart of the downstream process ap-
plied in the work. After centrifugation, the supernatant was
treated on 10 kDa cut-off membranes. The flux and the other
parameters observed during the ultrafiltration process are re-
ported in Table 3.

A slight increase of the TMP and a flux decrease over time
was observed when treating the supernatants recovered from
FB processes, coupled to a longer process duration, as expect-
ed (Table 3). Before the following characterizations, samples
were further purified and concentrated by charcoal treatment
and ethanol precipitation.

Quantification and Molecular Weight Determination
of the Secreted Exopolysaccharide

The phenol-sulfuric acid method was used to determine total
carbohydrates in each sample, and data obtained from batch
and fed-batch processes are reported in Table 4.

After the purification process, the molecular weight of the
polysaccharides produced by Lact. brevis CD2 was evaluated
by SEC-TDA (Table 5). The chromatogram reported in Fig. 3
indicates the presence of three species of about 95, 33, and
14 kDa in the sample derived from the fed-batch processes.
The second peak (33 kDa) is the most abundant of the three.

Table 2 Results obtained from batch and fed-batch fermentation pro-
cesses. Yx/s indicates the OD of biomass produced per g of fructose con-
sumed; Yp/s indicates the g of EPS produced per g of fructose consumed;
rfruc indicates the volumetric consumption rate of fructose. YLA/fru

indicates the maximum yield of LA produced per g of fructose consumed.
Data are mean ± standard deviation of three replicates for each fermenta-
tion type

Process μmax

(h−1)
rfru
(g/L∙h)

rLA
(g/L·h)

Yx/s
(g/g)

YLA/fru
(g/g)

Viability
(CFU/mL)

Lactic acid
(g/L)

Batch
(no air)

0.39 ± 0.02 0.54 ± 0.06 0.49 ± 0.01 0.17 ± 0.03 0.84 ± 0.02 1.3 × 108 ± 3.5 × 107 10.98 ± 0.05

Batch
(air 0.75 vvm)

0.64 ± 0.02 1.19 ± 0.02 1.01 ± 0.04 0.50 ± 0.02 0.83 ± 0.01 4.3 × 108 ± 3.5 × 107 22.10 ± 0.03

Batch with pulse
(0.75 vvm)

0.60 ± 0.03 1.02 ± 0.15 0.96 ± 0.02 0.48 ± 0.02 0.94 ± 0.05 3.6 × 109 ± 1.2 × 107 45.12 ± 0.10

FB
(air 0.75 vvm)

n.a. 1.21 ± 0.20 1.31 ± 0.03 0.56 ± 0.05 1.01 ± 0.04 9.3 × 109 ± 4.5 × 108 55.10 ± 0.06

Table 1 Small-scale bottle experiments. Experiments were all
conducted at 32 °C and the initial pH of the medium was adjusted to 6.
The concentration of the carbon sources was equal to 25 g/L. Agitation
was set to 100 rpm in a rotary shaker. Data are representative of two

experiments. *For experiments performed on using fructose as C
source mean and standard deviation were calculated on four different
experiments

Fructose (static) Fructose* (agitation) Glucose (agitation) Sucrose (agitation)

OD600 1.3 4.3 ± 0.1 3.6 3.4

Viability (CFU/mL) 2.10 × 107 1.47 ± 0.01 × 108 7.60 × 107 3.61 × 107

Productivity (CFU/mL·h) 2.26 × 106 1.84 ± 0.12 × 107 0.95 × 107 0.45 × 107

1546 Probiotics & Antimicro. Prot.  (2020) 12:1542–1554



Fig. 1 Fermentation processes of Lact. brevis CD2 grown on a
semidefined medium containing fructose as main C source.
Experiments were performed on a 2-L bioreactor at 32 °C, pH 6, and
0.75 vvm of air sparging. a and b Full circle, batch with air, OD600nm and
fructose, respectively; full squares, batch without air, OD600nm and fruc-
tose, respectively; empty circle, batch with air, viability and lactic acid,

respectively; empty squares, batch without air, viability and lactic acid,
respectively. c and d Full triangle, batch with pulse, OD600nm and fruc-
tose, respectively; full diamonds, fed-batch, OD600nm and fructose, re-
spectively; empty triangle, batch with pulse, viability and lactic acid,
respectively; empty diamonds, fed-batch, viability and lactic acid, respec-
tively. Data are representative of three biological replicates

Fig. 2 Flowchart of the downstream process
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Purification of EPS and Partial Characterization

The UF retentate was purified by gel filtration chromatogra-
phy, and the monosaccharide composition was obtained by
GC-MS of acetylated methyl glycosides. The GC chromato-
gram revealed that the EPS was mainly constituted by neutral
sugars (Table 6). The variety of monosaccharides suggests an
heteropolysaccharide structure, in which the mannose is the
p r e d om i n a n t c omp o n e n t . T h e p r e s e n c e o f a
heteropolysaccharide was confirmed by the 1H NMR spec-
trum (Fig. 4). In fact, in the anomeric region ranging from
4.6 to 5.5 ppm, there are several signals indicating different
monosaccharide arrangements.

Antimicrobial Activity

The concentrated supernatant and the permeate obtained by
ultrafiltration were tested for the antimicrobial activity against
S. typhimurium. Figure 5a shows the effect of UF retentate and
permeate samples on the inhibition of S. typhimurium growth
also in relation to the concentration of lactic acid present in the
sample (Fig. 5b). Pure lactic acid at 5 and 10 g/L was also
tested during the experiment. In particular, among all samples,
the UF permeates mostly reduced pathogen growth; the sam-
ples obtained from ultrafiltering the FB supernatant that
contained the highest concentration of lactic acid (46.1 g/L)
decrease by about 73-fold the number of S. typhymurium

viable cells, demonstrating best inhibitory performances
among all samples tested.

Discussion

The important role of lactic acid bacteria and their metabolites
in the bio-preservation of different types of food has attracted
considerable interest already since the 1990s, as attested by
the wide number of scientific reports concerning the antimi-
crobial activity of organic acids (primarily lactic acid),
exopolysaccharides, and bacteriocins [49]. To boost the pro-
duction of these metabolites, different fermentation strategies,
using simple carbon sources or renewable materials, and di-
verse substrate feeding modes were investigated [23, 50–53].
However, this aspect was not thoroughly examined for Lact.
brevis, so far. Different Lact. brevis strains were used as cell
factories for the production of metabolites such as 1,3-
propanediol, GABA, and vitamin B12 by using mainly batch
fermentation processes under anaerobic conditions [54–56].
These experiments demonstrated the strain’s ability to use
different substrates (e.g., glucose, glycerol, glutamate) and
address parts of them not only to the production of lactic acid
but also to that of metabolites with interesting applications in
several fields [54–56]. The use of cheap plant biomasses was
also investigated, for example, Lact. brevisATCC367 showed
the ability to co-ferment glucose and xylose, and produced
lactic acid with a yield of 0.52 g/g and a final concentration
of about 19 g/L in anaerobic batch experiments [57].

The main purpose of the present project was the optimiza-
tion of growth of Lact. brevis CD2 and the development of
improved batch and fed-batch fermentation processes, for the
production of lactic acid and exopolysaccharides. We there-
fore initially investigated strain performance in small-scale
bottle experiments maintaining the pH and temperature set at
6 and 32 °C, respectively, based on the previously reported
fermenter experiments [58]. Li and coworkers [58], in fact,
studied the effect of pH, temperature, and glutamate concen-
tration on growth and GABA biosynthesis in Lact. brevis
NCL912, and in terms of biomass production, the best results
were obtained between 30 and 35 °C and at pH 6.
Lactobacillus are facultative anaerobes or microaerophilic
strains, so we initially compared static toward agitated growth
conditions. Culture agitation resulted in a 7-fold higher
amount of viable cells and faster growth rates, indicating that
Lact. brevis CD2 could benefit from an improved oxygen
availability. We also evaluated biomass production on three
different carbon sources and identified fructose as the most
efficient one. In fact, glucose may not be the preferred carbo-
hydrate source for heterofermentative LAB, for example,
Lact. brevis 123–20 was previously described as facultative
fructophilic, to indicate that it grew more efficiently on fruc-
tose compared with glucose [59]. Glucose dissimilation was,

Table 4 Concentration of exopolysaccharides produced during batch
(with air sparging) and fed-batch processes and recovered during the
downstream treatments

Sample Exopolysaccharides
(g/L)

Volume
(L)

Final batch 0.13 ± 0.02 1.80

Retentate 10 kDa batch 1.26 ± 0.15 0.16

Permeate 10 kDa batch 0.010 ± 0.005 1.96

Final fed-batch 0.46 ± 0.05 1.80

Retentate 10 kDa fed-batch 3.82 ± 0.12 0.18

Permeate 10 kDa fed-batch 0.07 ± 0.02 1.98

Table 3 Tangential flow filtration process performed on 10 kDa
membranes with a filtering area of 0.1m2

Process parameters Batch process Fed-batch process

Initial TMP (bar) 0.3 ± 0.1 0.4 ± 0.1

Initial Flux (LMH) 10.2 ± 0.1 10.2 ± 0.1

TMP increase (%) 50.0 ± 2.0 52.0 ± 3.0

Flux decrease (%) 15.0 ± 0.5 20.0 ± 0.8

Time of the process (min) 120.0 ± 3.0 145.0 ± 8.0
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however, enhanced in the presence of external electron accep-
tors [59].

We also studied the influence of dissolved oxygen in the
medium in controlled batch experiments on the 2-L scale.
Heterofermentative species including Lact. brevis metabolize
both hexoses and pentoses via phosphoketolase (PK) path-
way, leading to different end products (i.e., CO2, lactate and
acetate, or ethanol) depending on the NADH/NAD+ balance.
Aerobic growth has been long known to improve the growth
yield and change end products of metabolism in
heterofermentative LAB such as Lact. casei, Lact. bulgaricus,

and Lact. plantarum [60–62], and also Lact. brevis, since ox-
ygen acts as an alternative electron acceptor for the regenera-
tion of NAD+ via H2O- or H2O2-generating NADH oxidase,
thus increasing the ATP yield by making acetyl-phosphate
available for substrate level phosphorylation [63]. The exper-
iments reported here demonstrated that a higher pO2 improved
by about 3-fold the CFU/mL compared with those obtained in
batch experiments without air supply. Air sparging almost
doubled the growth rate and therefore also the fructose con-
sumption rate, while the YLA/fru was similar to that obtained in
the absence of air. A similar behavior was observed for Lact.

Fig. 3 Chromatographic analyses of exopolysaccharides produced in fed-batch processes using the SEC–TDA

Table 5 Hydrodynamic
characterization performed by
SEC-TDA of exopolysaccharides
produced in fed-batch processes

Retention volume
(mL)

Molecular weight
(kDa)

Polydispersity index
Mw/Mn

IV (dl/g) Representativity (%)

16.86 95.35 1.04 0.21 12.7

17.30 33.24 1.13 0.15 21.9

18.03 14.0 1.23 0.04 8.8
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brevis ATCC 367 that showed complete carbon source con-
sumption, shorter log phase, and a 3-fold higher cell density
during aerobic growth on glucose, as compared with anaero-
bic conditions in batch. Moreover, upon glucose exhaustion,
the strain showed the conversion of lactate to acetate [64]; also
in this work, a partial lactate consumption was observed either
in batch with pulse experiments, when fructose concentration
was equal to zero (Fig. 1, 22 h and 40 h of growth), or in fed-
batch experiments when no residual fructose was present in
the tank (data not shown).

Besides externally providing electron acceptors, other
ways of increasing biomass production in LAB require grow-
ing cells under sugar limitation or restoring a functional elec-
tron transfer chain. Lact. brevis ATCC 367 for example was
demonstrated to have 3 out of 4 of the cytochrome cyd genes,
and Lact. brevis B306 was reported to require both heme and
menaquinone supplementation for aerobic growth stimulation
in agitated shake flasks [65]. Aerated fed-batch cultivations
have been widely exploited to increase biomass and metabo-
lite production in different LAB species [66–68]. These strat-
egies allow to keep substrate levels low and avoid substrate
and product inhibition. Therefore, in order to further boost
biomass and metabolite titers, in this study the process was
prolonged either by the addition of a concentrated sugar feed
in one shot or by following an exponential feeding profile,

with a low residual concentration of fructose in the reactor.
This approach allowed to increase the growth rate (and there-
fore the substrate consumption rate), and it allowed to obtain a
21- and 2.6-fold higher concentration of viable cells at the end
of the process compared with batch and batch with pulse
experiments.

As compared with batch processes, the concentration of
proteins and secreted polysaccharides were about 1.8 and
3.5 times higher, respectively, in fed-batch processes, whereas
only a slight (20%) but significant increase was found in re-
spect to the one-shot feed addition. Overall, the titers of bio-
mass, LA and EPS, and process productivities reached in the
present study, were not reported for Lact. brevis CD2 up to
date to our knowledge. Besides, improving the titer of viable
biomass that is a critical aspect of industrial probiotic produc-
tion, we also focused on the purification and characterization
of low molecular weight metabolites, such as EPS. Generally,
recovery of the microbial extracellular polysaccharides from
the culture broth is achieved by centrifugation or filtration,
followed by precipitation with organic solvents such as meth-
anol, ethanol, isopropanol, or acetone [69, 70]. Cell removal is
facilitated by dilution of the culture broth through addition of
deionized water before centrifugation/filtration. However, this
approach increases operating costs, because considerably
higher volumes of cell-free supernatant are generated, and
consequently, higher volumes of precipitating agent are re-
quired [71]. The preliminary purification strategy used in this
study for the treatment of batch and FB supernatants was
based on membrane processes. The latter are considered pref-
erential initial steps of downstream treatments, since they al-
low reaching elevated concentrations of high molecular
weight molecules of interest, their partial purification being
among the least expensive procedures that can be applied at
this stage of downstream treatments. This aspect is important

Fig. 4 1H NMR spectrum of the purified EPS fraction. Spectrum was recorded in D2O at 298 K, at 600 MHz

Table 6 Molar ratio percentage of monosaccharides in the Lact. brevis
purified EPS fraction

Rha Ara Xyl Gal Glc Man GlcN GalA

EPS 1.6 5.2 2.9 15.0 18.8 51.5 1.1 3.9

Rha, rhamnose; Ara, arabinose; Xyl, xylose;Gal, galactose;Glc, glucose;
Man, mannose; GlcN, glucosamine; GalA, galacturonic acid
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since this phase represents very often the most expensive part
of the whole manufacturing process. The choice of the mem-
brane processes also aimed to separate, recover, and test prod-
ucts with different molecular weights for their antimicrobial
activity. The supernatant recovered after batch and FB pro-
cesses was ultrafiltered on 10 kDa membranes, thus obtaining
a concentrated solution rich in exopolysaccharides and a per-
meate containing organic acids such as lactic acid or small
proteins. In fact, there has been lately much interest in the
potential health benefits of these compounds as possible active
ingredients in nutraceuticals and functional foods. During the
UF treatments, we found a flux decrease and a TMP increase
mainly during processing of the fed-batch supernatant, clearly
due to the higher viscosity of the broth for the presence of
higher exopolysaccharide levels; the latter in fact may be re-
sponsible of the gel layer formation and of polarization phe-
nomena involved in the clogging of the membrane. Overall,
however, only a slight (5%) reduction of the flow in the two
processes was observed due to the very large membrane

surface area in respect to the amount of treated volume, that
almost prevented membrane clogging (Table 3).

Suzuki et al. [27] described the composition of the EPS
produced by Lact. brevis KB290, in which glucose and N-
acetyl glucosamine were reported as the main components.
After further purification, the EPS produced by Lact. brevis
CD2 was characterized here, for the first time, revealing the
co-existence of three species of differentMw. GC-MS and 1H-
NMR indicated the presence of a heteropolysaccharide com-
posed of several monosaccharides, with mannose as a pre-
dominant component. Such features designate a different
structure with respect to that revealed from monosaccharide
composition previously detected for Lact. brevis KB290.

Abdelzez et al. [26] previously demonstrated the antimi-
crobial activity of two Lact. brevis strains, namely KLDS
1.0727 and KLDS 1.0373, against foodborne pathogens by
analyzing the diameter of the formed clear zones on agar
plates. Lact. brevis CD2 was shown to inhibit growth of oral
and stomach pathogens [36, 37, 72]. In this work, the high and

Fig. 5 S. typhimurium inhibition
assay. a Vital counts of
S. typhimurium in the presence of
retentate and permeate samples
recovered after ultrafiltration of
batch (B) and fed-batch (FB) su-
pernatants or lactic acid. b
Calculation of S. typhimurium
growth reduction
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low Mw samples recovered from the ultrafiltration processes
were separately tested for their antimicrobial potential against
S. typhimurium, to test the ability of Lact. brevis CD2, to also
counteract growth of a gut pathogen, and to speculate on the
molecules that could be responsible of this activity. Results
indicated that all permeates more strongly inhibited pathogen-
ic growth compared with retentates; in particular, samples
derived from the processing of fed-batch supernatants more
efficiently reduced the growth of S. typhimurium, probably
due to the high concentration of lactic acid and to the presence
of low molecular weight proteins. In order to understand if the
presence of exopolysaccharides in the samples also had an
impact on the growth of S. typhimurium, the effect of pure
lactic acid at concentrations similar to those found in the batch
and FB retentates, namely 5 and 10 g/L, was also analyzed. As
indicated in Fig. 5a and b, lactic acid plays a major role in
pathogen growth inhibition, which is however further en-
h an c ed by t h e p r e s en c e o f Lac t . b re v i s CD2
exopolysaccharides.

Overall, a biotechnological process for the production and
recovery of metabolites of biotechnological interest, based on
modern fermentation and purification technologies, was de-
veloped using Lact. brevisCD2. EPS and lactic acid produced
by Lact. brevis fermentations were tested for their antimicro-
bial activity toward a gut pathogenic microorganism, proving
their potentiality as producers of interesting probiotic mole-
cules for food and nutraceutical products and also extending
the array of Lact. brevis CD2 possible targets. In addition, a
preliminary structural characterization of the EPS produced by
the strain was also provided.
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