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Abstract

The use of lactic bacteria in the development of functional foods has increased in recent years. In addition to their probiotic
characteristics, they can ferment a variety of substrates, such as cereals, roots, and tubers. Phytase producer lactic acid bacteria
strains and their behavior during the fermentation process of yam-based food were studied. Leuconostoc lactis CCMA 0415,
Lactobacillus plantarum CCMA 0744, and Lactobacillus fermentum CCMA 0745 were selected due to phytase production, pH
reduction, and growth during 24 h of fermentation. Oxalate activity was not detected in all assays, suggesting its concentration
was reduced due to the bleaching process. Among the selected strains, L. lactis CCMA 0415 appeared to be a promising strain in
yam-based fermentations because it maintained a cell viability above 8 log CFU/mL and did not reduce diosgenin concentrations
(around 8.0 pg/mL) after fermentation for 24 h, thereby, generating a potentially functional yam food. Furthermore, this strain
promoted the decrease of pH value from 6.1 to 3.8 and produced 8.1 g/L lactic acid, at 6 h of fermentation. The L. lactis CCMA

0415 was reported as a starter culture in fermented products based on cereals, roots, and tubers.
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Introduction

Consumer demand for functional foods has increased and
stimulated food companies to invest in their research and
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development sector. Thus, fermented products have gained
market space due to the functional properties conferred to
the final product [1]. Yams belong to the Dioscorea genus
and are mainly produced in Africa (96% of the world’s pro-
duction), followed by America (2.5%), Oceania (0.6%), and
Asia (0.3%) [2]. In some West African countries, yam has
been used to produce several processed foods, such as amala,
elubo, and gbodo [3].

Yam is a valuable source of nutritional components, such
as carbohydrates, essential amino acids, minerals (Ca, K, Na,
Mg, Fe, Zn, Fe, Co, Cu, and Mn), vitamins (thiamine, ribo-
flavin, niacin, vitamin A, and ascorbic acid), and sapogenin
steroids [4]. Sapogenin steroids have been extensively studied
for their pharmacological properties [5]. The main steroids are
found in monocotyledons, predominantly in the species be-
longing to the Dioscoreaceae family [5]. Among them,
diosgenin can act as a hypoglycemic, hypocholesterolemic,
anti-inflammatory, prebiotic, and antioxidant agent [6, 7].

Conversely, a significant amount of anti-nutritional
compounds, such as oxalate and phytate, can be found
in yam. Oxalates are salts that are not metabolized by
humans, being excreted in the urine. However, its high
concentration in urine increases the risk of calcium oxa-
late kidney stones, also known as nephrolithiasis, due to
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the formation of insoluble compounds when complexed
with calcium ions. In foods, the cooking process promotes
a reduction in oxalate concentration as it promotes tissue
rupture, leading to the release of soluble oxalate [8, 9].

The phytates are phytic acid salts that form insoluble com-
pounds when complexed with minerals, such as Cu?t, 7Zn*",
Fe**, and Ca®, reducing the mineral bioavailability [10, 11].
Phytase enzymes are produced by a wide range of plants, bac-
teria, filamentous fungi, and yeast, which catalyze the hydroly-
sis of phytate to phosphate and inositol [10]. Microbial phytase
has shown effectiveness in improving the bioavailability of
minerals [12]. Some bacteria such as Lactobacillus plantarum,
Lactobacillus acidophilus, and Leuconostoc mesenteroides
subsp. mesenteroides have shown phytase activity [13].

Lactobacillus and other lactic acid bacteria (LAB) are com-
monly used in dairy and also nondairy fermentations because
of'their ability to metabolize different substrates [14, 15]. LAB
produce metabolites, such as volatile and non-volatile com-
pounds, during the fermentation process, which contribute to
their use in the food industry. The ability of LAB to ferment
cereal, root, and tuber foods is due to their ability to produce
amylases, an enzyme capable of converting the substrate
starch into fermentable carbohydrates. The rapid acidification
of the food matrix occurs through conversion of fermentable
carbohydrates, mainly into lactic acid. Reduced pH and the
production of antimicrobial agents (such as bacteriocins) de-
crease the growth and development of pathogenic microor-
ganisms and food spoilers, extending the shelf life and ensur-
ing food safety of the final product [16]. The nutritional qual-
ity is maintained by reducing anti-nutritional compounds
(e.g., phytate) present in the various substrates, such as ce-
reals, vegetables, nuts, seeds, and tubers. Also, the sensorial
characteristics of each product is a result of the diverse routes
used by microorganisms to metabolize carbohydrates, amino
acids, fatty acids, and organic acids, releasing flavor com-
pounds [16, 17].

Selected wild LAB strains with the capability to reduce the
concentration of anti-nutritional compounds present in
fermented yam and their behavior during the fermentation
process were evaluated through the volatile compounds pro-
file. Bioactive compounds present in yam and fermented yam
were also evaluated.

Material and methods

Lactic bacteria strains

The bacteria strains, Leuconostoc lactis CCMA 0415,
Lactobacillus plantarum (CCMA 0743, CCMA 0744, and
CCMA 0746), Pediococcus acidilactici (CCMA 0748 and

CCMA 0749), and Lactobacillus fermentum (CCMA 0201,
CCMA 0208, CCMA 0211, CCMA 0212, CCMA 0745,
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CCMA 0751, and CCMA 0752), were provided by the
Agricultural Microbiology Culture Collection (CCMA) of
the Federal University of Lavras (Minas Gerais, Brazil).
These bacteria were selected for this study, based on their
ability to produce x-amylase as evaluated by Freire et al.
[14]. It is an important characteristic for growth in starch-
rich substrates including yam.

Phytase activity

Phytase production was assessed according to Raghavendra
and Halam [17]. Lactic bacteria were grown in the de Man,
Rogosa, and Sharpe (MRS) broth (Merck, Darmstadt,
Germany) for approximately 24 h, until to reach 10* CFU/
mL. Then, they were transferred to modified MRS agar, in
which the inorganic phosphate KH,PO,, was replaced with
0.65 g/L sodium phytate and the concentrations of glucose,
yeast extract, and meat extract were decreased to 10, 2, and
4 g/L, respectively, to reduce the final phosphate content and
promote enzymatic synthesis. Positive strains produced a halo
after incubation at 35 °C for 24 h, following the addition of
2% wi/v cobalt chloride aqueous solution for 5 min and equal
volumes of ammonium molybdate (6.25% w/v) and ammoni-
um metavanadate (0.42% w/v), for 5 min. The positive strains
were selected for fermentation assay.

Fermentation

Approximately 2 kg of yams (purchased from a local market in
Lavras, Brazil) was used in each experiment. The yams were
washed and peeled and the pieces (3 mm thick) pre-cooked at
60 °C for 10 min [8]. Each fermentation contained a mixture of
40% (w/v) yam, 60% water, and 1% (w/v) aqueous carboxy-
methylcellulose, which was crushed, filtrated, and pasteurized
at 65 °C for 30 min. The selected LAB strains were previously
grown in MRS broth at 35 °C for 24 h, recovered by centrifu-
gation (10,000xg), washed twice in sterile water, and inoculated
into the yam medium at 10’ CFU/mL. The fermentation was
performed for 24 h. The LAB viability was evaluated by plating
in MRS agar and incubation at 35 °C for 24 h. The LAB
viability and pH were evaluated during the fermentation pro-
cess. The samples were withdrawn at 0, 6, 12, and 24 h of
fermentation and stored at — 20 °C, for chemical analysis. The
fermentations were done in triplicate. The fermentation media
of'the selected lactic bacteria were analyzed for phytate, organic
acids, volatile compounds, and bioactive compounds.

Phytate determination

Phytate was extracted from fermented and non-fermented sam-
ples as described by Latta and Eskin [18], with minor modifi-
cations. Twenty milliliters of HCI (0.66 N) was added in 1 g of
samples, adjusted the pH to 0.6 and incubated for 2 h under
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stirring (magnetic stir bar). Then, the extract was centrifuged at
200xg for 60 min and 3750xg for 5 min. The supernatant was
filtered and diluted into 24 mL of distilled water (pH 6).
Samples of 10 mL were passed through the AGL-X8
(Supelco Co., Bellefonte, PA, USA) ion exchange column
and eluted in 15 mL of NaCl (0.7 M) and the pH adjusted to
3. One milliliter of Wage reagent (0.03% FeCl15-6H,0 and
0.3% sulfosalicylic acid in distilled water) was added to 3 mL
of obtained samples and homogenized for 5 s. The absorbance
at 500 nm was determined by a spectrophotometer. The quan-
tification was performed from the calibration curve constructed
from the different concentrations of phytic acid.

Lactic acid and oxalic acid analysis

Lactic acid and oxalic acid were analyzed throughout the fer-
mentation process, by high-performance liquid chromatogra-
phy (HPLC), according to Duarte et al. [19] and Ross et al.
[20], respectively. The high-performance liquid chromatogra-
phy (Shimadzu LC-10AI, Shimadzu Corp, Japan) was
equipped with a Shimadzu SP-10Ai UV-Vis detector, set at
210 nm for the detection of the organic acids and a Shimadzu
ion exclusion column (Shim-pack SCR-101H, 7.9 mm x
30 cm), operated at 50 °C. Perchloric acid (16 mM) was eluted
at a rate of 0.6 mL/min. Each compound was identified and
quantified based on its retention time and a standard curve
[21]. Analyses were done in triplicate.

Analysis of volatile compounds

Aliquots (2 mL) of the food samples were previously removed
from non-fermented yam medium and also at the end of the
fermentation process. The volatile compounds were extracted
by headspace solid-phase microextraction (HS-SPME), as de-
scribed by Gaujac et al. [22], with minor modifications. A
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/
PDMS) 50/30-mm SPME fiber (Supelco Co., Bellefonte,
PA, USA) was used to extract the volatile constituents from
the yam food headspace. The fiber was equilibrated at 60 °C
for 15 min and then exposed to the samples (yam food) for
30 min, at the same temperature.

The volatile compounds were evaluated by gas
chromatography-mass spectrometry (GC-MS), using a
Shimadzu GC-MS-QP2010 SE (Tokyo, Japan), equipped
with a Carbowax column (30 m x 0.25 mm i.d. x 0.25-pm
film thickness). The initial oven temperature was 40 °C,
which was held for 5 min, then increased to 200 °C at
10 °C/min, and held at this temperature for 30 min. The
carrier gas was helium, at a flow rate of 0.7 mL/min. A
splitless injector was used. The mass detector was a quad-
rupole type, with an electron impact ionization system,
operated at 70 eV and 260 °C. Compound identification
was performed using GC-MS solution software (version

2.6) and comparison of the mass spectra of the peaks with
those available in the NIST11 mass spectral library.

Determination of total allantoin and diosgenin
content

Diosgenin and allantoin were extracted according to Avula et al.
[23] and evaluated before fermentation and at the end of fer-
mentation. Samples (1 mL) were combined with 9 mL metha-
nol and then homogenized. The solutions were vortexed for
30 s, sonicated for 30 min, vortexed for 30 s, and, finally,
centrifuged at 959xg for 10 min. The supernatant was filtered
through a 0.22-pm membrane (Millipore), before HPLC
analysis.

Diosgenin and allantoin were identified by HPLC
(Shimadzu LC-10AI) with UV detection at 214 nm, using a
Shimadzu C18 column, operated at 35 °C. The mobile phase
consisted of acetonitrile/water (90:10 v/v) at a flow rate of
I mL/min [24]. For quantification, an external calibration
curve was constructed, by injecting various concentrations
of the standards under the same conditions as the samples.

Statistical analysis

Analysis of variance (ANOVA) and the Scott-Knott test (p < 0.05)
were performed using SISVAR software version 5.3 [25].

Results

Selection of LAB strains producing phytase
and evaluation of their ability to reduce the pH
of the yam medium

Thirteen amylase-producing LAB strains were evaluated for
phytase production in MRS agar medium, pH reduction, and
growth in yam. Among them, L. lactis CCMA 0415,
L. plantarum CCMA 0744, L. fermentum CCMA 0745,
L. fermentum CCMA 0212, P. acidilactici CCMA 0748, and
P, acidilactici CCMA 0749 were distinguished by their ability
to hydrolyze phytate (Table 1) in the modified MRS agar
medium, as confirmed by halo presence.

Among these, L. lactis CCMA 0415, L. plantarum CCMA
0744, and L. fermentum CCMA 0745 (Table 1) differed signif-
icantly (p <0.05) in their pH (3.8, 3.7, and 3.8) and remained
viable (around 8 log CFU/mL) during yam fermentation
(Table 1). Therefore, they were selected for further analyses.

Evaluation of the reduction of anti-nutritional
compounds by LAB selected

Anti-nutritional compounds such as oxalate and phytate were
evaluated in this work. No significant oxalate concentrations
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Table 1 Conditions evaluated
during the selection of lactic acid
bacteria strains

Isolate Phytase activity pHat24 h Growth at 24 h
(log CFU/mL)
Lactobacillus fermentum CCMA 0201 - 4.5+0.04° 8.6+0.05"
Lactobacillus fermentum CCMA 0208 - 4.4 £ 0.00° 8.5 + 0.00°
Lactobacillus fermentum CCMA 0211 - 48 +0.07¢ 8.4 +0.16°
Lactobacillus fermentum CCMA 0212 + 42 +0.06° 8.7 +0.04°
Lactobacillus fermentum CCMA 0745 + 3.8+0,01° 7.8 + 0.04°
Lactobacillus fermentum CCMA 0751 - 5.1 £0,06° 8.5+ 04
Lactobacillus fermentum CCMA 0752 - 49 + 0,13d 8.5 £0.14*
Lactobacillus plantarum CCMA 0743 - 55 = 0.02 8.3 +0.03"
Lactobacillus plantarum CCMA 0744 + 3.7 +£0,02° 8.5 +0.06*
Lactobacillus plantarum CCMA 0746 43 +0.04° 8.5 +0.11*
Leuconostoc lactis CCMA 0415 + 3.7 £0.14° 8.6 = 0.00"
Pediococcus acidilactici CCMA 0748 + 4.8 +0.02 7.5+ 0.08
Pediococcus acidilactici CCMA 0749 + 4.8 +0.04¢ 7.7 +0.17°

Mean values followed by a different letter differ significantly (p < 0.05) by the Scott-Knott test
*Values are means + SD of determinations

were detected in the fermented yam. The phytate concentration
was 54.92 mg/100 g in the substrate and remained constant in
fermentation with L. plantarum CCMA 0744 and L. fermentum
CCMA 0745. The fermentation with L. lactis CCMA 0415
showed a concentration of 9.79 mg/100 g.

Bioactive compounds in yams fermented with LAB
selected

The bioactive compounds evaluated were allantoin and
diosgenin. The allantoin concentration remained constant at
around 0.5 mg/mL in all fermentations. The diosgenin con-
centration in the non-fermented yam was 8.0 pg/mL, while
fermentations inoculated with L. plantarum CCMA 0744 and
L. fermentum CCMA 0745 were around 3.0 ug/mL and
L. lactis CCMA 0415 was 7.3 pg/mL (Fig. 1).

Volatile compounds produced by selected lactic acid
bacteria

A total of 26 volatile compounds were identified by GC-MS at
24 h of fermentation (Table 2). The volatile compounds de-
tected were grouped into acids (2), aldehydes (1), alkanes (6),
alcohols (6), ketones (3), esters (4), lactones (1), and others
(3). Differences were observed regarding the profile of the
volatile compounds of each culture starter.

Discussion

LAB strains isolated from the natural fermentations have
shown peculiar characteristics regarding their metabolic prop-
erties, such as amylase and organic acid production [14],

Fig. 1 Diosgenin concentrations 10
in the non-fermented and at 24 h
of fermentation with Leuconostoc

Concentration (ug/mL)

a
lactis CCMA 0415 (415), 8
Lactobacillus plantarum CCMA
0744 (744), and Lactobacillus
Sfermentum CCMA 0745 (745). 6
The mean values followed by a .
different letter differ significantly 4
(p < 0.05) by the Scott-Knott test
2
0

Substrate

a
I | b
415 744 745
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Table 2 Volatile compounds

detected in yam non-fermented Compound Sample
and after yam fermentation by
Leuconostoc lactis CCMA 0415 Non- CCMA0415 CCMAO0744 CCMAO0745
(CCMA 415), Lactobacillus fermented
plantarum CCMA 0744 (CCMA
744), and Lactobacillus Acid
fermentum CCMA 0745 (CCMA Acetic acid nd + + +
743) for24h Pentadecanoic acid + nd nd nd
Ester
Ethyl palmitate + nd nd nd
Methyl palmitate +
Phthalic acid, diisobutyl ester +
Salicylic acid, 2-ethylhexyl ester + nd nd nd
Aldehyde
Octadecanal + nd nd nd
Alkane
Isopentacosane + nd nd nd
Heptadecane +
Hexadecane nd
Nonadecane + nd nd
Octadecane nd + nd
Tetradecane + nd nd
Alcohol
1-Dodecanol + + +
1-Hexadecanol nd + nd
1-Tetradecanol + + +
2-Hexyldodecanol nd + nd nd
Heptadecanol + nd nd nd
Tridecanol + nd + nd
Ketone
2-Tridecanone nd + + +
2-Undecanone nd nd nd
Acetoin nd + +
Lactone
y-Nonalactone nd nd nd +
Other
2-Ethylhexyl salicylate + nd + +
Homosalate + + +
Isopropyl myristate nd nd + nd
nd not detected

which are essential for starch-based fermented foods. L. lactis
CCMA 0415, L. plantarum CCMA 0744, L. fermentum
CCMA 0745, L. fermentum CCMA 0212, P. acidilactici
CCMA 0748, and P, acidilactici CCMA 0749 were distin-
guished by their ability to hydrolyze phytate. Phytate reduc-
tion occurred via the enzymatic action of phytase, which can
be produced by plants, animal tissues, and microorganisms
[26]. Phytate (hexaphosphoric acid myo-inositol) is the prima-
ry phosphorus source stored by plant tissues and, when con-
sumed, the phosphates from phytic acid hydrolysis can react
with divalent ions, such as Zn>", Fe****, Ca®*, Mg**, Mn*",

and Cu?*, to form insoluble complexes that compromise ionic
intestinal absorption [10]. Phytate can also interact with pro-
teins, affecting their solubility and hydrolysis and inhibiting
the activity of some digestive enzymes, such as trypsin, pep-
sin, x-amylase, and (3-galactosidase, reducing their bioavail-
ability [27].

LAB, such as Pediococcus sp. and Lactobacillus sp., iso-
lated from cereal-based foods and beverages, have shown to
be potentially effective in reducing phytates present in foods
[17]. Thirteen LAB, including L. lactis CCMA 0415,
L. plantarum CCMA 0744, and L. fermentum CCMA 0745,
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were highlighted in relation to the phytase production, reduc-
tion of pH, and growth during yam fermentation.

The pH is an important intrinsic factor in fermented food
because it determines the microbiological stability against
pathogenic microorganisms and food deterioration, besides
being associated with the product flavor. The evaluated LAB
in yam fermentation can produce «-amylase, resulting in rapid
degradation of the starch into fermentable carbohydrates and
consequent production of organic acids (mainly lactic acid).
The pH value decrease detected in the fermentations probably
occurred due to the lactic acid generated that reached a con-
centration of around 8 g/L at 6 h and remained almost constant
for 24 h, for all fermentations (Fig. 2). Similar results (7.8 g/L)
were found by Freire et al. [28] during spontaneous cassava
fermentation, and low pH values (pH 3—4) have been docu-
mented in previous studies for fermented cereal-based bever-
ages [14, 28]. Moreover, lactic acid contributes to the desir-
able refreshing attribute associated with thirst satiation of acid-
ic dairy-based foods [29].

Plant foods contain anti-nutritional components, such
as trypsin inhibitors, phytate, oxalate, cyanogenic glyco-
sides, and nitrates. Oxalate is one of the constituents of
yam, and the amount absorbed in vivo depends on its
complexed form, the calcium and magnesium present in
the food, and the presence of oxalate-degrading bacteria
in the gastrointestinal tract [30]. In the present study, no
significant oxalate concentrations were detected in the
fermented yam, due to the pre-cooking process, given that
cooking can reduce the soluble oxalate by 30 to 87% [31].
Regarding phytate concentration, the fermentation with
L. lactis CCMA 0415 showed a reduction of 82%
(9.79 mg/100 g) while the other strains maintained the
concentration found in the substrate (54.92 mg/100 g).

Post-harvest processing, such as the fermentation process,
also assists in the development of volatile compounds, con-
tributing to the unique flavor of fermented foods [21]. The 26
volatile compounds were grouped into acids (2), aldehydes

Fig. 2 Lactic acid production 10
(g/L) by Leuconostoc lactis
CCMA 0415 (diamond),

Lactobacillus plantarum CCMA = 8
0744 (box), and Lactobacillus E
fermentum CCMA 0745 S 6
(triangle) during yam fermenta- =
tion for 24 h s
S 4
]
<
o
o
2
0
0
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(1), alkanes (6), alcohols (6), ketones (3), esters (4), lactones
(1), and others (3).

In all fermentations, acetoin, acetic acid, hexadecane, and
2-tridecanone were probably produced by LAB metabolism
because they were not detected in the non-fermented samples.
LAB may utilize citric acid and accumulate acetic acid and
acetoin, which are correlated to butter and cream flavors [32].
Hexadecane, detected in all fermentations, has been shown to
exhibit anti-inflammatory, antibacterial, antioxidant, and ther-
mogenic functions [33].

Most of the volatile compounds identified belonged to es-
ters, alcohols, and alkanes. The alcohols 1-dodecanol and 1-
tetradecanol remained throughout the fermentation process. 1-
Hexadecanol and tridecanol were produced by L. plantarum
CCMA 0744, and 2-hexyldodecanol was produced by
L. lactis CCMA 0415. The production of the various alcohols
may have been influenced by differences in amino acid deg-
radation reactions, resulting in the formation of corresponding
alcohols or aldehydes [34]. The alkane tetradecane was pres-
ent in the non-fermented and remained during the fermenta-
tion with L. lactis CCMA 0415. Some bacterial species can
degrade tetradecane under anaerobic conditions through path-
ways other than {3-oxidation, stimulating the lipases and pro-
teases production that may negatively interfere with the food
technological properties [35].

It is well established that microbial activity during fer-
mentation affects the volatile compound profiles of plant-
based foods and beverages. However, the environmental
conditions influence the metabolites produced by plant
tissues. According to Karlsson et al. [36], the presence
of decanal, nonanal, isopropyl myristate,
phenylacetaldehyde, benzothiazole, heptadecane,
octadecane, myristicin, E-a-farnesene, and verbenone in-
dicates that the tuber has undergone stress. In this sense,
heptadecane, isopropyl myristate, and octadecane, detected
in the present study, may infer that the tubers experienced
stress during post-harvest treatment.

——

5 10 15 20 25 30

Time (h)
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Conclusion

L. lactis CCMA 0415, L. plantarum CCMA 0744, and
L. fermentum CCMA 0745 were selected and used as starter
cultures for yam fermentation. Among them, L. lactis CCMA
0415 showed to be a better starter culture for yam-based fer-
mentations. This phytase-producing microorganism main-
tained cell viability and did not reduce diosgenin concentra-
tions, affording yam food potentially functional. Furthermore,
this strain was able to decrease the pH value from 6.1 to 3.8
and to produce 8.1 g/L of lactic acid at 6 h of fermentation.
Therefore, this strain might be useful as a starter culture, to
produce fermented foods based on cereals, roots, and tubers.
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