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Abstract: Bacterial exopolysaccharides (EPSs) share their compositional and structural features with
plant dietary fibers. Therefore, analysis of bacterial EPSs produced during fermentation of fruit or
vegetables interferes with that of plant fibers. To get rid of this effect, bacteria were grown on a
solid medium containing fruit juice or purée and EPSs were recovered in a quantitative dependent
manner and were quantified with the phenol-sulfuric acid colorimetric method. The protocol was
assayed both on MRS medium and fruit-based media, with three bacterial strains from two species,
Leuconostoc pseudomesenteroides 56 and Weissella cibaria 21 and 64. With that method, differences
in EPS production levels were shown according to the strain and cultivation conditions, such as
sucrose content and pH. Complementary analysis with NMR indicated that glucose and sucrose
were partly recovered with EPSs, pointing out the requirement for a further purification step. It
also showed that EPSs’ ramified structure differed according to the strain and the fruit used in the
medium. This method for EPS recovery is helpful to select strains and to pilot EPS production during
lactic fermentation of fruit or vegetable foods.
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1. Introduction

Bacterial homopolysaccharides are exopolysaccharides (EPSs) which are extracellu-
larly produced, essentially by lactic acid bacteria from different genera such as Lactobacillus,
Streptococcus, Pediococcus, Oenococcus, Leuconostoc and Weissella. Bacterial homopolysaccha-
rides are composed of a single monosaccharide, as linear and ramified chains. Depending
on the nature of the monosaccharide, they are named glucans or fructans. They also differ
according to the nature of the link, α or β, between monosaccharides [1,2]. They belong
to dietary fibers (DFs), together with resistant starch, pectins, cellulose, hemicellulose and
gums [3]. Production levels from bacteria are typically of several g/L [4].

Bacterial EPSs present numerous technological and functional properties of interest
for food and the human diet. They can improve rheological properties and texture of foods
and act as hydrocolloids. In addition to their antioxidant activity, they exert biological
effects such as anti-tumor and anti-inflammatory activities [2,5,6]. Moreover, they stimulate
the growth of beneficial gut bacteria. For all of these reasons, the production of EPSs in
fermented foods or in broth has gained a lot of attention.

The production and process conditions to obtain high yields of EPSs requires to take
into account the bacterial strain, both carbon and nitrogen sources, and temperature, in
a strain-dependent way [4,5]. Moreover, pH influences production and degradation of

Fermentation 2023, 9, 657. https://doi.org/10.3390/fermentation9070657 https://www.mdpi.com/journal/fermentation

https://doi.org/10.3390/fermentation9070657
https://doi.org/10.3390/fermentation9070657
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0001-6705-6859
https://orcid.org/0000-0002-6860-2089
https://doi.org/10.3390/fermentation9070657
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation9070657?type=check_update&version=1


Fermentation 2023, 9, 657 2 of 13

EPSs, but also their structure and size. Hence, their industrial production is achieved from
cultivation in broth, under the regulation of environmental conditions. They can also be
produced directly in foods in which they possibly modulate technological and sensory
properties. In all cases, their quantification is required to assess their production level,
optimize cultivation conditions and correlate properties to concentrations.

Recovery of EPSs from a culture is achieved by removal of bacterial cells through
centrifugation, followed by the removal of undesirable compounds such as proteins, and
further purification of EPSs with precipitation, dialysis, filtration or chromatography
techniques. For subsequent quantification, the EPS fraction is usually dried into a powder
that can be easily quantified by its weight. But, this method remains imprecise because
of possible impurities, and thus the method most frequently used is the determination of
simple sugar content after complete hydrolysis of EPSs [7]. Another method is based on
the use of anthrone, which reacts with the dehydrated form of carbohydrate, leading to a
bluish-green complex. The major limitation of the anthrone method is its high detection
level and usually it can be accurately used only if the concentration exceeds 10 mg/L [5,8].
Microscopy, either transmission electron microscopy or scanning microscopy, but also
liquid chromatography and near-infrared spectroscopy, can be used to quantify EPS, but
both require extensive lab work and adapted equipment. Lastly, some studies describe the
use of solid media for EPS recovery to perform structural characterization of EPSs [9–11] or
for visual estimation of EPS production from colony aspects [12].

Previous publications recommend to avoid the presence of carbohydrate polymers
in cultivation media because these compounds may hamper proper EPS analysis [8]. The
main carbohydrate polymers in fruit and vegetable beverages are DFs, which originate
mostly from plants. A consensus definition has been established in 2016: “dietary fiber is
composed of carbohydrate polymers, which are neither digested nor absorbed in the human
intestine and pass into the large bowel, where they are partially or completely fermented
by the colonic microbiota” [6]. Fruit and vegetables are rich in cellulose, hemicellulose and
pectins, especially in their skin. In addition, fruit contain fructo-oligosaccharides and xylo-
oligosaccharides, gums and mucilage [3]. For instance, mango pulp contains 7–15 g of DF
for 100 g, mostly as insoluble DF [13]. DFs are classified according to their solubility in water,
as a consequence of the AOAC methods for analysis [6,13]. In the AOAC 991.43 method,
the sample is submitted to several hydrolysis steps, performed with α-amylase, protease
and amyloglucosidase, then precipitated and filtered to recover two fractions, insoluble and
soluble DF. Hence, the main drawback of actual methods for EPS recovery from fruit and
vegetable foods is the impossibility to separate EPSs from plant DFs.

From the literature review, determination of bacterial EPSs in fruit and vegetable
beverages remains challenging because of interferences with naturally present DFs during
the analytical process. We propose here a simple method based on a cultivation step on a
fruit-based medium followed by the recovery of EPSs from the colony, which allows the
quantitative determination of EPS production and NMR structure. Pineapple, mango and
papaya were selected because of their different composition and from previous studies
underlining their benefits after lactic acid fermentation [14–17]. Three bacterial strains, i.e.,
Leuconostoc pseudomesenteroides 56 and Weissella cibaria 21 and 64 were used because they
were isolated from locally produced fruit or vegetables, but also because of their ability to
grow and acidify fruit juices [18].

2. Materials and Methods
2.1. Bacterial Strains and Cultivation Conditions

Three lactic acid bacterial (LAB) strains, previously isolated and characterized [18],
were used: Leuconostoc pseudomesenteroides 56, Weissella cibaria 21 and Weissella cibaria
64. LAB were reactivated from the frozen culture collections held by the laboratory and
cultivated on MRS broth for 48 h. Liquid cultivation was performed in 10 mL tubes filled
with 9 mL at 30 ◦C and orbital agitation (100 rpm).



Fermentation 2023, 9, 657 3 of 13

2.2. Fruit Preparation

Fresh pineapple (Ananas comosus, cv. ‘Queen Victoria’) juice was extracted after peeling
of commercially mature fruit. The collected juice exhibited a pH of 3.4, a total soluble solid
(TSS) content of 17.7 ◦Brix and a titratable acidity (TA) of 0.73 mg malic acid equivalent
(MAE)/100 g.

Mango (Mangifera indica, cv. ‘Cogshall’) and papaya (Carica papaya, cv. ‘Solo’) purées
were prepared by mixing commercially mature fruit after removal of peel, stone or seeds.
Mango purée was characterized by a pH of 4.2, a TSS content of 17.5 ◦Brix and a TA of
0.65 mg MAE/100 g. Papaya purée exhibited a pH of 4.9, a TSS content of 11.3 ◦Brix and a
TA of 0.63 mg MAE/100 g.

2.3. Screening for EPS Production

Solid media were used in plates of diameter 5 cm. Each experiment was performed
as triplicates.

EPS production was detected after cultivation from a drop of 100 µL, corresponding
to 108 cells/mL, of active culture on MRS agar supplemented with 5% sucrose, after 72 h
at 30 ◦C. If specified, sucrose content was adjusted to 10% or 20%. For all experiments,
pH was adjusted to 4.5, 5 or 6 with HCl 1 M prior to autoclaving. A negative control was
performed without inoculation to check the absence of contamination.

Alternatively, solid media were prepared by mixing either fresh pineapple juice, or
mango or papaya purée diluted with water in a ratio 1:1, with 50 g·L−1 agar. Bacteriological
agar (reference 05040, Sigma-Aldrich, Saint-Quentin-Fallavier, France) was used. The initial
pH of the media was conferred by the fruit juice, unless specified. To obtain an initial pH
value of 4.5, 5 or 6 of the media, sodium hydroxide 2 M was used, prior to sterilization. If
specified, sucrose was added to the media prior to sterilization, to obtain a concentration of
5%, 10% or 20%, considering an initial sucrose content of pineapple juice, mango purée and
papaya purée of 9.6%, 6.5% and 0%, respectively. If specified, peptone was added to the
media prior to sterilization, to obtain a content of 2% or 4%. Sterilized media were stored
at 4 ◦C for less than 72 h before use. Plates were inoculated with 100 µL of active bacterial
culture and incubated for 72 h at 30 ◦C.

The colony was visually scored as (0) non-mucoid, (1) slightly mucoid, (2) mucoid and
(3) strongly mucoid.

2.4. Recovery of EPS

Recovery of EPS was performed by washing the plate surface with 5 mL of ultrapure
sterile water. Briefly, the plate was poured with 2 mL of water, submitted to manual
agitation by manually moving the plate with water in a circular motion for 30 s and the
liquid was collected by pipetting, and the same steps were repeated with 3 mL of water.
A centrifugation step of 10 min at 5000× g was applied to remove cellular and medium
debris. The supernatant was stored at −20 ◦C until use. This collection procedure was also
performed for control plates.

2.5. Phenol-Sulfuric Colorimetric Determination

EPSs were analyzed according to the method of phenol-sulfuric reagent [7]. A volume
of 500 µL of sample containing EPSs was mixed with 500 µL of phenol 5% (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany), then with 2.5 mL of 98% sulfuric acid (VWR Chemicals,
Radnor, PA, USA). The mixture was heated at 95 ◦C for 15 min. After cooling, the OD was
measured at 490 nm. The concentration was determined with D-glucose (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany) as a standard, in the range 0 g/L to 0.5 g/L. The
concentration of EPSs was expressed as mg glucose equivalent per plate.

2.6. Structural Characterization by NMR Spectroscopy

EPSs previously recovered were freeze-dried. Then, 10 mg of sample were solubilized
in 1 mL of deuterium oxide D2O (Eurisotop, France). Tetramethylsilane (TMS, Sigma-
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Aldrich, Germany) was used as reference. Controls were performed using the same recovery
method on sterile agar plates.

Spectra were recorded on a 600 MHz Avance III Bruker NMR spectrometer equipped
with a 1H/19F, 13C and 15N cryoprobe. All spectra were obtained at 323 K. The 1D 1H
spectra were recorded with 256 scans using a sweep width of 10.8 ppm. The carrier was
placed at 4.53 ppm for 1H. For sugar identification and structure determination, 1D 13C, 2D
COSY, 2D TOCSY, 2D NOESY, 2D 1H–13C HSQC and 2D 1H–13C HMBC were recorded.
The carrier was placed at 77.5 ppm for 13C, and the sweep width was 200 ppm for 1D 13C
or 100 ppm for 2D 1H–13C.

2.7. Statistical Analysis

Quantitative data were analyzed by ANOVA with the Ryan-Einot-Gabriel-Welsch and
Quiot (REGWQ) test, with XLSTAT 2016.1.1 software (Addinsoft, Paris, France).

3. Results
3.1. Determination of EPS Content on MRS Sucrose

EPS production of the three LAB strains was first assessed on MRS medium containing
sucrose at three different levels, and with the initial pH value adjusted to 4.5, 5 or 6. A visual
scoring of EPS production was applied and EPSs were collected and analyzed with the
method described.

Quantitative EPS determination and visual score varied in the same way. The means
that EPS levels were 12 mg eq glucose/plate, 42 mg eq. glucose per plate, 68 mg eq. glucose
per plate and 289 mg eq. glucose per plate, respectively, for scores 0, 1, 2 and 3. However,
the variance of EPS production level increased for visual score classes with higher mucous
amounts (Figure 1).
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Figure 1. Boxplot of EPS production, in mg glucose equivalent per plate, for the visual scores of
EPS production on MRS plates, for the three strains 21, 56 and 64, three pH levels, 4.5, 5 and 6, and
three sucrose content, 5%, 10% and 20%. Three replicates per condition were performed. Visual score
of colonies was rated as (0) non-mucoid, (1) slightly mucoid, (2) mucoid and (3) strongly mucoid.
Examples of visual scoring are reported with pictures on top of the plot. The line showed the average
value of EPS production for each score.

Production levels varied according to the strain, initial pH and sucrose content in the
medium (Figure 2). Whatever the strain, the highest production was observed for MRS pH 6
and sucrose 20%, with 823 mg eq. glucose per plate, 586 mg eq. glucose per plate and 331 mg
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eq. glucose per plate, respectively, for strains 64, 21 and 56. The production was also high,
though significantly lower, for MRS pH 6 sucrose 10%. The lowest production levels were
observed when a low pH, 4.5 or 5, were combined with moderate sucrose levels, 5% or 10%.
For pH values of 5 and 6, and whatever the sucrose level, the strain L. pseudomesenteroides 56
produced EPSs at lower levels than the two other strains. Eventually, EPS production was
strain-dependent, with differences between L. mesenteroides 56 and the two W. cibaria strains
(p-value < 0.0001). The developed method allowed the differentiation between conditions
and strains.
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Figure 2. Production of EPS per MRS plate for the three strains (W. cibaria 21: grey bars, L. pseudome-
senteroides 56: hatched bars, W. cibaria 64: black bars), according to initial pH and sucrose content of
the medium. Different lowercase letters correspond to significant differences between conditions
within each strain assays (p-value = 0.0002 for strain 21 and <0.0001 for 56 and 64). Different uppercase
letters correspond to significant differences between strains (p-value < 0.0001).

Coefficient of variation was acceptable but presented some discrepancies: it was above
25% for 11 conditions among 27.

3.2. Visual Assessment of EPS Content on Fruit-Based Media

The first assay was performed on fruit-based agar, with or without pH adjustment to
6, with or without sucrose addition to reach 20% (Table 1).

Table 1. Visual score of EPS production for the strains 56, 21 and 64, on fruit-based agar, with pH
adjustment to 6 or sucrose addition to reach 20%. Scores were (0) non-mucoid, (1) slightly mucoid,
(2) mucoid and (3) strongly mucoid.

Fruit Modification of Condition L. pseudomesenteroides 56 W. cibaria 21 W. cibaria 64

pineapple none n.d.(1) n.d. n.d.
pH adjusted to 6 2 2 2

sucrose adjusted to 20% n.d. n.d. n.d.
pH 6 and sucrose 20% 3 3 3

mango none 2 2 2
pH adjusted to 6 2 3 3

sucrose adjusted to 20% 2 2 2
pH 6 and sucrose 20% 3 3 3

papaya none 0 0 0
pH adjusted to 6 0 0 0

sucrose adjusted to 20% 0 0 0
pH 6 and sucrose 20% 1 1 1

(1) n.d.: not determined.
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The three strains behaved similarly regardless of the fruit.
Pineapple exhibited a low pH of 3.4. At that pH, the medium was semi-liquid as

expected from agar gel properties, thus EPS production could not be determined. The
adjustment of pH to 6 enabled EPS production. Production was further stimulated when
sucrose was adjusted to 20%, instead of 9.6% for the fruit.

On the contrary, mango resulted in EPS production for all tested conditions. A slight
increase was observed when the pH was adjusted from 4.2 to 6, and sucrose from 3.25%
to 20%.

Lastly, papaya medium resulted in a good growth of bacteria but did not favor EPS
production. Papaya contains low levels of sucrose, mainly glucose and fructose [19,20].
Hence, EPS production cannot occur directly on fruit medium because of the lack of sugar
substrate. Surprisingly, EPS production was not restored by sucrose addition to papaya
purée. Papaya pH was close to 5 [14]. Adjustment of the pH to 6, in combination to
sucrose 20%, resulted in a weak EPS production. It was previously reported that nitrogen
availability could be critical for EPS production and that a correct nitrogen/sugar balance
was required [5]. To test the hypothesis of an imbalance between nitrogenous compounds
and sugars, peptone 2% was added to the medium, while varying sucrose content up
to 20% and at pH 6. Whatever the condition, no EPS production was observed. Papaya
possibly contains a compound which exerted an inhibitory role for EPS production.

From those results, we decided to apply the quantification method to several condi-
tions of pineapple juice and mango purée, but not papaya purée.

3.3. Determination of EPS Content on Fruit Purée Agar

EPS production was determined by the three bacterial strains on mango purée agar.
Two levels of pH were assayed, pH 5 and pH 6, and three levels of sucrose: 3.25% corre-
sponding to that of diluted mango purée, 10% and 20%. Eventually, the addition of peptone
2% was performed for all conditions, and assays at pH 5 were also performed without
peptone (Figure 3).
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Figure 3. EPS production in mango purée agar medium, for the strains L. pseudomesenteroides 56, W. cibaria
21 and W. cibaria 64, at initial pH of 5 or 6 and sucrose level of 3.25% (level in diluted purée), 10% or 20%,
with or without peptone 2%. Different lowercase letters correspond to significant differences between
conditions within each strain assay (p-value = 0.028 for strain 56, 0.008 for strain 21 and 0.142 for 64).
Different uppercase letters correspond to significant differences between strains (p-value = 0.0002).
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The production level of EPS differed between L. pseudomesenteroides 56 and the two
other W. cibaria strains, 21 and 64. Production of EPS by strain 56 remained poor whatever
the modification of condition, i.e., pH modification, sucrose addition or peptone addition.
The production of EPS by strain 21 was higher than for strain 56, and was significantly
increased at pH 6, sucrose 20% and peptone 2%. Production levels on mango peptone 2%
sucrose 20% and pH 6 were 527 mg eq. glucose per plate and 295 mg eq. glucose per plate,
respectively, for strains 21 and 64. EPS production from strain 64 showed a tendency to
increase when sucrose content increased, though not significant. Peptone addition was
ineffective. Compared to MRS, the production level of EPS was lower on mango purée. The
maximum production level was achieved with W. cibaria at a pH of 6, with 20% sucrose
and 2% peptone. Only one third of EPS average values presented a variation coefficient
below 25%.

The quantitative method was applied to determine EPS production on pineapple-juice
medium at two different sucrose levels, juice level estimated at 9.6% and adjusted to 20%,
for three pH values, from 4.5 to 6, for the strains L. pseudomesenteroides 56 and W. cibaria 64
(Figure 4). The visually observed EPS production of W. cibaria 21 was the same as the one
obtained from W. cibaria 64 and was not quantified.
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Figure 4. EPS production in pineapple juice agar medium, for the strains L. pseudomesenteroides 56
and W. cibaria 64, at initial pH of 4.5, 5 or 6 and sucrose level at 9.6% (level in juice) or 20%. Different
lowercase letters correspond to significant differences between conditions within each strain assay
(p-value = 0.007 for strain 56 and 0.304 for 64). Different uppercase letters correspond to significant
differences between strains (p-value = 0.013).

The mean production of EPS of the two strains differed significantly (p-value = 0.013).
EPS production of W. cibaria 64 was higher than that of strain L. pseudomesenteroides 56, as
observed in MRS. EPS production of L. pseudomesenteroides 56 was between 56 and 180 mg
eq. glucose per plate. The highest level was obtained at pH 4.5 and sucrose 20%. Though
production was systematically higher for sucrose 20% compared to 9.6%, no significant
sucrose content effect was detected. The medium pH did not show any effect in the range
assayed. EPS production of W. cibaria 64 ranged between 159 and 445 mg eq. glucose
per plate, and no effect of pH or sucrose level was detected in the conditions assayed.
Comparatively to MRS, the production level was lower on pineapple juice. The inhibitory
effect of pineapple acidity on EPS seemed relieved when pH was equal to or above 4.5.
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Variation coefficients obtained with the quantitative method were between 3% and
27%, with a majority of values below 20%.

3.4. Structure Determination of EPS by NMR Spectroscopy

Variation coefficients greatly differed according to the medium, i.e., lowest on pineapple-
based agar and highest on mango-based medium. We hypothesized a recovery of non-EPS
compounds during sample preparation, though a variability of production level by the
strain cannot be excluded. Washing the plate surface with water could solubilize mono- and
di-saccharides from the cultivation medium.

To answer that question, NMR analysis of liquid collected from MRS (pH 6, sucrose
20%) or fruit-based (pH 6, sucrose 9.6% for pineapple juice and sucrose 3.25% for mango
purée) plate washing was performed.

Liquid samples collected from sterile agar plates were compared to sucrose and glucose
standards (Figure 5). In all samples, the anomeric proton (H1 of glucose) of sucrose was
detected at 4.42 ppm and that of glucose at 5.23 ppm. The signals of the other sucrose
protons (between 3.45 and 4.2 ppm) were also present in all samples. Hence, all samples
from sterile MRS, pineapple juice and mango purée media contained sucrose plus a low
amount of glucose. The obtained profiles were very similar whatever the medium.
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Figure 5. One-dimensional 1H NMR spectra of glucose and sucrose standards and sterile samples (C)
from MRS, pineapple juice and mango purée media (pH 6, sucrose: 20% for MRS, 9.6% for pineapple
juice and 3.25% for mango purée).

The profiles of the liquid collected after cultivation of the bacteria on MRS, mango
purée-based and pineapple juice-based media were then analyzed. Regardless of the medium
studied, the 1H NMR spectra were modified after culture of LAB compared to sterile media
(Figure 6).

As visual quantification was similar for W. cibaria 21 and 64, only the latter was used
for characterization by NMR spectroscopy.

In addition to the anomeric proton visible at 4.98 ppm, a peak corresponding to an
additional anomeric proton at 5.12 ppm was observed for the strain W. cibaria 64 on MRS.
This strain therefore contains two major saccharide units. Moreover, the cultivation of
strain W. cibaria 64 induced a significant consumption of sucrose present in the medium.
Cultivation of the W. cibaria 64 strain onto pineapple juice medium resulted in the consump-
tion of all sucrose present in the medium. EPS production was higher on pineapple juice
medium for this strain, whereas production was higher for the L. pseudomesenteroides 56
strain on mango purée medium.
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Figure 6. One-dimensional 1H NMR spectra in the anomeric region of EPS produced on (A) MRS,
(B) mango purée, and (C) pineapple juice media (pH 6, sucrose: 20% for MRS, 9.6% for pineapple
juice and 3.25% for mango purée). C: sterile medium, 56: L. pseudomesenteroides strain 56, 64: W. cibaria
strain 64.

EPS production depended mainly on the strain compared to the fruit. The decrease in
the concentration of sucrose in the medium reflected its consumption by the LAB strains.
The consumption of sucrose, as well as the use of the monosaccharide unit for EPS synthesis
by the W. cibaria 64 strain, was higher than that of the L. pseudomesenteroides 56 strain.

In order to identify the sequence of saccharide units of the EPSs present, the entire
1H and 13C of the majority saccharide unit, as well as the H1, H2 and C1 of the minority
saccharide unit, were assigned using the 2D COSY, TOCSY and 1H–13C HSQC spectra. The
results are reported in Table 2.

Table 2. 1H and 13C chemical shifts of saccharide units constituting EPS produced by L. pseudomesen-
teroides 56 and W. cibaria 64 strains.

Main Saccharide Unit

Protons δ (ppm) Carbons δ (ppm)

H1 4.98 C1 100.5
H2 3.58 C2 74.2
H3 3.73 C3 76.1
H4 3.52 C4 72.4
H5 3.91 C5 72.9

H6; H6′ 3.77; 3.98 C6 68.4

Minor saccharide unit

H1 5.12 C1 103.0
H2 3.55 C2

Comparison of these values with the literature identified the main saccharide unit as
corresponding to glucosyl residues connected by α-(1→6) glycosidic linkages while the
minor saccharide unit corresponded to glucosyl residues connected by α-(1→3) glycosidic
linkages [21–23]. These data are in agreement with the structure of EPS produced by L. pseu-
domesenteroides [16,24,25] and W. cibaria [26–28]. Indeed, both a 100% linear α-(1→6) glucan
and a main α-(1→6) chain with up to 4% α-(1→3) ramifications are described, depending
on the strain and cultivation conditions. The EPS produced is thus a dextran with a main
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chain of glucosyl residues linked by α-(1→6) bonds and some α-(1→3) ramifications. The
proportion of α-(1→6) and α-(1→3) glycosidic linkages were determined by integrating
the signal of anomeric protons at 4.98 ppm and 5.12 ppm, respectively. The data show a
higher relative proportion of α-(1→3) bonds for a given media with the use of the W. cibaria
64 strain by comparison with the L. pseudomesenteroides 56 strain, as reported in Table 3,
indicating a tendency to produce higher ramified EPSs for that strain.

Table 3. α-(1→3)/α-(1→6) linkages in dextran (%) among glucosyl residues obtained from one-
dimensional 1H NMR spectra of EPS produced on MRS, mango purée and pineapple juice media
(pH 6, sucrose: 20% for MRS, 9.6% for pineapple juice and 3.25% for mango purée). 56: L. pseudome-
senteroides strain 56, 64: W. cibaria strain 64.

MRS Mango Pineapple

56 3.23/96.77 3.74/96.26 4.33/95.67
64 14.68/85.32 4.64/95.36 8.59/91.41

In addition, NMR analysis showed the absence of contamination from fruit DFs. Fruit
soluble dietary fibers are mainly pectins, and their presence in the sample would have
led to the detection of galacturonic acid, rhamnose, galactose or arabinose. In addition,
the presence of modified cellulose, such as methylcellulose, would have result in β-linked
glucose residues.

4. Discussion

The use of a solid medium containing fruit juice or purée and agar led to the recovery
of bacterial EPSs without contamination with fruit DFs. Hence, the EPSs produced were
successfully quantified, from the culture of three strains under different conditions, and
their structure was analyzed. The use of visual scoring showed some limits: though the
highest EPS content for each score and average production respected the scoring order,
EPS contents overlapped the visual scores. The ropiness of EPS, estimated from strand
length formed after touching the colony with a loop, and slime consistency, varying from
liquid to compact, was dependent on the EPS type and possibly on chain length of α-
(1,3)-linked branches [9,10,29,30]. L. pseudomesenteroides 56 produced a dextran, mainly
linear with α-(1→6) linkages and a proportion below 4.3% of α-(1→3) bonds. On the
opposite, strain 64 dextran contained between 4.6% and 14.7% of α-(1→3) linkages. Those
differences partly explained their colony phenotype. Nevertheless, the observed variability
of EPS quantification showed that the method requires some improvements. In existing
methods, a further purification step was used to remove non-EPS compounds which could
interfere with the phenol-sulfuric colorimetric method [29]. NMR analysis showed the
presence of residual sucrose and glucose in the EPS preparation. Hence, an additional step
designed specifically to remove monosaccharides and sucrose should be added. Dialysis,
gel filtration or EPS precipitation with ethanol would be relevant to that aim.

In spite of this drawback, the EPS production level and structure were determined for
the three bacterial strains under various conditions.

Production of EPSs during lactic fermentation of fruit or vegetable beverages presents
interests for texture properties [12,22], but also nutritional benefits [2,5,31]. Fermentation of
carrot beverage with selected lactic acid bacteria, including Leuconostoc and Weissella strains,
resulted in EPS production and consequently modified perceived texture and flavor to
pleasant ones [9]. The choice of a strain or a mixture of strains to ferment fruit or vegetables
is crucial to control the quality of the product [32,33]. The strains used in this study were
previously isolated from fruit. Both L. pseudomesenteroides and W. cibaria are already known
to produce dextran from sucrose [24–28,34].

All three strains, L. pseudomesenteroides 56, W. cibaria 64 and 21, showed the highest
production of EPS in MRS at 20% sucrose and pH 6. L. pseudomesenteroides 56 was the
lowest EPS producer, whatever the medium, i.e., MRS or fruit-based agar, compared to
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other strains. However, visual scores did not point out this lower ability, indicating this
strain would still be suitable for texture modification. The production of EPS on pineapple
medium was the highest for W. cibaria 64 with 20% sucrose and pH 6, whereas on mango
medium 20% sucrose and pH 6 the strain W. cibaria 21 was the best producer. Compared to
production on MRS, these values remained lower, indicating the possibility of optimization.

In previously published data, L. pseudomesenteroides produces the highest EPS levels in
MRS with 18% sucrose, 20 ◦C and pH 7.3 in [35], and 10% sucrose, 25 ◦C and pH 7 in [36].
Lower optimal pH values for EPS production, between 6.2 and 7, were reported for W.
cibaria, whereas the optimal temperature varied between 22 ◦C and 37 ◦C, and sucrose
level varied between 4 and 6%, indicating a strain diversity [27,34,37]. Hence, lowering
temperature, hereby 30 ◦C, could be assayed for strains used in this study to increase
EPS production level. The optimal pH for EPS production was slightly below or close to
neutrality in the different studies. In food fermentation, the initial pH depends on the fruit
or vegetable used. The moderate effect of pH, in the range 4.5 to 6, on EPS production
in this study is advantageous for low acidic fruit, such as mango, whose pH was 4.2 but
could be up to 5.5 [38]. In addition, a high maturity level of mango favors higher pH. The
use of over-ripe fruit would then be advantageous for EPS production. Moreover, sucrose
could be added prior to fermentation to stimulate EPS production. This was previously
successfully assayed on carrot beverage supplemented with 5% sucrose [9]. However, in
the perspective of the production of lactic fermented beverages, addition of sucrose would
be detrimental for nutritional properties.

5. Conclusions

EPS structural characteristics, which are close to that of naturally present DF in fruit,
prevent the analysis of LAB-produced EPSs in fermented fruit or vegetable based-foods.
With a cultivation step on a solid medium containing fruit juice or purée followed by the
recovery of EPSs from the colony, we could perform the quantitative determination of EPS
production. The NMR analysis revealed the presence of a dextran with a main chain of
α-(1→6) bonds and α-(1→3) ramifications. The availability of this method will facilitate
the optimization of fermentation conditions of fruit and vegetables to reach high levels of
EPS production.
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