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A B S T R A C T   

Fungal deterioration is a barrier to the wide acceptance of fermented cereal foods from Africa. The use of pro-
tective cultures is a natural approach to controlling fungi in foods that also complies with a clean label strategy. 
This study aims to select antifungal lactic acid bacteria (LAB) previously isolated from kunu-zaki to bio-control 
deterioration in this cereal-based Nigerian fermented beverage. Strains of Leuconostoc citreum (1), Limosilacto-
bacillus fermentum (6), and Weissella confusa (3) were the most active against seven test mold species, with 
average inhibition score of 2.25–2.88, after screening 220 LAB strains using agar overlay on millet-sorghum flour 
hydrolysate (MSFH) agar. The MSFH agar diffusion method revealed that antifungal activity against the seven 
target molds was retained in cell-free supernatants (CFSs) of selected LABs, with the strongest inhibition against 
A. flavus F008BA and P. citrinum 3AS1 demonstrated by L. fermentum 5KJEU5 (9.06%) and W. confusa YKDIA1 
(24.55%), respectively. The antifungal activity of CFSs was mainly due to the occurrence of acidic compounds, 
with the most abundant compounds being acetic (0.30–1.96 mg/mL) and lactic (1.80–3.23 mg/mL) acids. Other 
compounds such as hydroxycaffeic (0.16–6.72 μg/mL), 3-(4-hydroxyphenyl) propionic (1.40–6.36 μg/mL), 3- 
phenyllactic (1.28–24.48 μg/mL), and hydroxyferulic acids (12.25 μg/mL) occurred at lower concentrations. 
In challenged kunu-zaki, L. fermentum 5KJEU5 prevented the growth of A. flavus F008BA and P. citrinum 3AS1 
beyond 8 day at ambient temperature (25 ◦C). In this study, LAB from kunu-zaki displayed strong antifungal 
activity, showing great potential as a protective culture to prevent fungal growth and mycotoxin accumulation in 
cereal foods.   

1. Introduction 

Increased awareness of consumer health, and recent dietary trends 
towards increased vegetarianism have influenced the popularity of 
traditional fermented foods from Africa that are sourced from relatively 
nutrient- and nutraceutical-dense coarse cereals such as millet and sor-
ghum (Gupta & Abu-Ghannam, 2012; Taylor & Kruger, 2019). These 
products are evolving from subsistent ethnic fermented foods to func-
tional foods with prospects for the global market (Adebiyi et al., 2018). 
Ben-saalga, fura, gowe, obushera, kunu-zaki, and togwa are some millet- 
and/or sorghum-based fermented foods that are widely consumed by 
millions outside of the regions where they are locally produced (Adinsi 
et al., 2015; Mukisa et al., 2012; Oguntoyinbo & Narbad, 2012). 

Concerns about safety and stability due to fungal contamination, 

deterioration, and intoxication from the use of unscreened raw materials 
and application of spontaneous fermentation technologies remain sig-
nificant limiting factors for scaling-up production of these fermented 
foods (Erkmen & Bozoglu, 2016). The commonly occurring fungi in 
fermented cereal foods that include species of Aspergillus, Penicillium, 
Fusarium, Cladosporium, and Rhizopus can result in visible mycelial 
appearance, development of moldy flavors, rheological defects, and the 
production of mycotoxins, thereby reducing the acceptance and market 
value of these fermented food products (Adekoya et al., 2019; Bavaro 
et al., 2017; Le Lay, Mounier, et al., 2016; Misihairabgwi et al., 2018; 
Russo et al., 2017). Co-occurrence of aflatoxins, ochratoxin, fumonisins, 
and sterigmatocystins at levels above the maximum regulatory limit 
prescribed by the European Commission (EC) and the tolerable daily 
intake set by the Joint FAO/WHO Expert Committee on Food Additives 

* Corresponding author. 
E-mail address: susanne.miescher@zhaw.ch (S. Miescher Schwenninger).  

Contents lists available at ScienceDirect 

Food Bioscience 

journal homepage: www.elsevier.com/locate/fbio 

https://doi.org/10.1016/j.fbio.2022.101648 
Received 2 November 2021; Received in revised form 17 February 2022; Accepted 1 March 2022   

mailto:susanne.miescher@zhaw.ch
www.sciencedirect.com/science/journal/22124292
https://www.elsevier.com/locate/fbio
https://doi.org/10.1016/j.fbio.2022.101648
https://doi.org/10.1016/j.fbio.2022.101648
https://doi.org/10.1016/j.fbio.2022.101648
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fbio.2022.101648&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Food Bioscience 49 (2022) 101648

2

(JECFA) were reported in some fermented foods. These foods include, 
ogi-Nigeran fermented cereal gruel, gari-Nigerian fermented cassava 
flakes, and umqombothi-South African maize-based beer (Adekoya et al., 
2017, 2018; Erkmen & Bozoglu, 2016; Onyedum et al., 2020). 

Several technologies have been adopted to prevent or limit fungal 
deterioration and mycotoxin accumulation in fermented foods, such as 
the use of heat treatment, cold plasma, dehydration, irradiation, high 
pressure, and chemical preservatives. These technologies, however, do 
not meet recent consumer demand for natural, minimally processed and 
clean-labelled food products and preferences for affordable and simple 
technologies (Karlovsky et al., 2016; Le Lay, Mounier, et al., 2016; 
Olasupo et al., 2000; Sadiq et al., 2019). Moreover, the non-selective 
static or cidal effects of these interventions against all food microflora 
compromise the potential probiotic attributes of some traditional fer-
mented food products. 

Biocontrol, using microbial food cultures and/or their antimicrobial 
metabolites has received significant interest as an affordable, natural, 
and safe alternative (Erkmen & Bozoglu, 2016; Leyva Salas et al., 2018; 
Sadeghi et al., 2019; Sadiq et al., 2019). Some studies have reported 
antifungal properties of lactic acid bacteria (LAB) isolated from different 
types of fermented foods that describe their antifungal metabolites and 
demonstrate their protective potential in dairy, cocoa, bakery, fruit 
juice, and puree models (Bartkiene et al., 2020; Cheong et al., 2014; 
Crowley et al., 2012; Le Lay, Mounier, et al., 2016; Romanens et al., 
2019; Ruggirello et al., 2019; Russo et al., 2017). Metabolites reported 
to synergistically contribute to the antifungal potency of LAB include 
organic, fatty, phenolic, and carboxylic acids (Axel et al., 2016; Le Lay, 
Coton, et al., 2016), proteinaceous compounds (Axel et al., 2014; Luz 
et al., 2017), and several other low molecular weight compounds 
(Garnier et al., 2020). 

Kunu-zaki is a non-alcoholic spontaneously fermented millet and/or 
sorghum-based beverage that is consumed by infants as a complemen-
tary food and as a refreshing drink by nearly 150 million people in West 
Africa (Oguntoyinbo & Narbad, 2012). LAB are the predominant mi-
croorganisms responsible for the fermentation process. Kunu-zaki may 
be a source of novel LAB strains capable of releasing wide spectrum 
antifungal metabolites and biologically controlling cereal fermented 
foods, where fungal and mycotoxin contamination are concerns. 

In this study, the antifungal activity of LAB strains previously iso-
lated from kunu-zaki (Ogunremi et al., 2022) were systematically 
screened against fungal species associated with the spoilage of plant 
foods. The antifungal metabolites were characterized in cell-free su-
pernatants of strongly antifungal LAB strains and their potential as 
protective starter cultures in fermented millet-sorghum beverages such 
as kunu-zaki was examined in millet-sorghum slurry models challenged 
with representative mold isolates. 

2. Materials and methods 

2.1. Microbial strains and cultures conditions 

A total of 220 LAB strains previously isolated from 13 samples of 
kunu-zaki (Ogunremi et al., 2022) were used for preliminary antifungal 
screening. Antifungal Limosilactobacillus fermentum 223 was used as 
positive control (Romanens et al., 2019). All LAB strains were main-
tained at −80 ◦C in MRS broth supplemented with 20% glycerol 
(AppliChem, Darmstadt, Germany) and routinely cultivated under strict 
anaerobic condition, using AnaeroGen kit (Anaerobic System Anaer-
oGen, Oxoid Ltd., UK) on MRS agar at 30 ◦C for 24 h. 

The following eight indicator mold species associated with spoilage 
and mycotoxin accumulation in plant-based foods were used: Aspergillus 

flavus F008BA, Aspergillus niger C5055B, Aspergillus section Circumdati 
1BS3, Fusarium incarnatum 3BS5, Fusarium langsethiae 13014, Penicillium 
crustosum F005BA, Penicillium citrinum 3AS1, Penicillium sp. CS021B 
(stored in the culture collection of the ZHAW Food Biotechnology 
Research Group, Wädenswil, Switzerland at −80 ◦C) and two indicator 
yeasts species (Candida krusei KJIO1 and Kodamaea ohmeri KMIM1) that 
were isolated from kunu-zaki in this study and are supposed to positively 
impact the production of kunu-zaki and other fermented foods (Ogun-
remi et al., 2015) (Supplementary Table S1). Mold strains were main-
tained as spores at −20 ◦C in peptone water supplemented with 50% 
glycerol and routinely cultivated on Malt Extract agar (MEA) at 25 ◦C for 
two to seven days until sporulation. Mold spores and yeast cells sus-
pensions used for antifungal studies were prepared and standardized 
(106 spores/mL). The mold spores were harvested as follows: fungi were 
inoculated on MEA and incubated for 5–7 days at 25 ◦C until sporula-
tion. The spores were harvested in 0.1% (w/v) sterile peptone water and 
enumerated with a hemocytometer. The concentration of spores was 
standardized to 106 spores/mL by diluting the spore suspension with an 
appropriate volume of sterile peptone water. This was confirmed by 
subsequent enumeration with a hemocytometer and plating on MEA. 

Millet-sorghum flour hydrolysate (MSFH) was produced and used for 
antifungal screening of LAB strains, simulating the chemical composi-
tion and conditions in the traditional fermented beverage. Millet and 
sorghum flours were obtained by milling the grains using an SR 200 
Rotor Beater Mill (Retsch, Germany) installed with a 0.5 mm mesh. A 
mixture suspension of millet and sorghum flour (2:1) (20% w/v in tap 
water) was incubated at 50 ◦C for 4 h at 120 rpm and a supernatant was 
obtained after decantation and filtration of the suspension through a 
muslin cloth. Glucose, fructose, maltose, sucrose (1.5% w/v each), yeast 
extract (1% w/v), and agar (1.5% w/v) were added to the filtrate, and 
the pH of the MSFH agar was ca. 6.0 after steam sterilization. 

2.2. Antifungal activity 

2.2.1. Screening of LAB for antifungal activity 
Preliminary screening for antifungal activity was carried out using 

the agar overlay method described by Cheong et al. (2014), with slight 
modifications. 2 μL of 24-h MRS broth culture of LAB was spotted onto 
4 mL of MSFH agar prepared in 6-well plates. The plates were incubated 
anaerobically at 30 ◦C for 48 h followed by overlays with 900 μL of 
MSFH soft agar (0.7% agar), each inoculated with a 1% v/v standardized 
spore suspension of the respective indicator mold (106 spores/mL). The 
plates were incubated aerobically, in the upright position at 25 ◦C 
for two to five days to allow a uniform layer of mold growth to form. 
Zones of inhibition around the LAB colonies were measured from the 
external edge of the LAB colonies to the internal edge of the mold 
and interpreted according to the following inhibition scores: (0) no 
inhibition, (1) spore formation delayed but no distinct clear zone, 
(2) distinct clear zone is < 2 mm, (3) distinct clear zone is 2–4 mm, and 
(4) distinct clear zone is ˃ 4 mm. A. flavus F008BA and P. crustosum 
F005BA were selected as indicator molds for preliminary screening due 
to the predominant occurrence of these species in traditional 
plant-based fermented foods (Adekoya et al., 2018; Erkem, 2021). 

2.2.2. Determination of inhibitory spectra of antifungal LAB 
LAB strains with strong antifungal activity against at least one of the 

two indicator molds, i.e. A. flavus F008BA and P. crustosum F005BA were 
selected to determine their antifungal spectra against eight spoilage 
molds and two beneficial yeasts using the agar overlay method and 
calculated average inhibition scores described above. 
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2.2.3. Antifungal activity screening of cell-free culture supernatants (CFSs) 
from LAB 

Representative strains of LAB that displayed strong and wide spectra 
of antifungal activity, with average inhibition scores of ≥2 were 
selected, inoculated in MSFH broth (1% v/v), and incubated at 30 ◦C for 
48 h. Cell-free supernatant (CFS) was obtained from the broth culture of 
each LAB strain after centrifugation at 10,000×g at 4 ◦C for 10 min and 
filtration through a 0.2 μm hydrophilic sterile filter (Satorius, Goettin-
gen, Germany). The filter-sterilized CFS was maintained at −20 ◦C until 
antifungal activity was determined by an agar dilution assay based on 
the method described by Russo et al. (2017) with slight modifications. 
10% v/v sterile CFS from each selected LAB was added to 20 mL MSFH 
agar with sterile MSFH (10% v/v) serving as a control. The plates were 
centrally spot-inoculated with 10 μL of the standardized spore suspen-
sion for each mold (106 spore/mL) and incubated at 25 ◦C for six days. 
Mycelial radial growth (MRG) of the mold was determined as the mean 
of two perpendicular diameter measurements and MRG inhibition by 
CFS from the LAB culture was calculated as: 

MRG inhibition (%) =
MRG control − MRG cfs

MRG control
X 100  

2.2.4. Nature of antifungal compounds in CFS from LAB 
The nature of the compounds that contribute to the antifungal ac-

tivity of CFS from selected strong antifungal LAB was determined by 
neutralizing (pH 7; 2M NaOH) and neutralizing combined with a 1 mg/ 
mL treatment of proteinase K (Sigma-Aldrich, St. Louis, MO, USA) at 37 
◦C for 3 h. Then, the antifungal activity against the most sensitive mold, 
i.e. P. citrinum 3AS1, was determined by an agar dilution assay with 
untreated, neutralized, and neutralized proteinase K-treated CFS (50% 
v/v each) in MSFH agar (Le Lay, Coton, et al., 2016). MRG inhibition (%) 
was determined after incubation at 25 ◦C for four days and was calcu-
lated as shown above. 

2.3. Detection and quantification of antifungal metabolites in CFS fromf 
LAB 

2.3.1. Detection and quantification of organic acids in CFS from LAB 
The CFS from each of the selected LAB strains was prepared as 

described by Romanens et al. (2019). The lactic and acetic acid contents 
were determined using a HPLC system (Agilent Technologies 1260 In-
finity; Santa Clara, USA) equipped with a refractive index detector. 
Elution of organic acids in 5 μL of prepared samples was carried out 
along an Aminex HPX-87H column (300 mm × 7.8 mm ID, 5 μm; Bio-
Rad, Rheinach, Switzerland) equipped with a cation-H guard cartridge 
(BioRad, Rheinach, Switzerland). The eluent used was 5 mM sulphuric 
acid in Millipore water at 40 ◦C and a flow rate of 0.4 mL/min. Organic 
acids were detected and quantified at 210 nm, and the respective con-
centration was determined with reference to calibration curves obtained 
from external standards for lactic and acetic acid (Sigma-Aldrich) 
(Romanens et al., 2018). 

2.3.2. Detection and quantification of antifungal compounds in CFS of LAB 
The following ten antifungal compounds were analyzed in the CFS 

obtained from MSFH broth cultures of selected LAB strains: Benzoic 
acid, 4-hydroxybenzoic acid, 3-(4-hydroxyphenyl) propionic acid, DL-p- 
hydroxyphenyllactic acid, 3-phenyllactic acid, trans-p-coumaric acid, 
caffeic acid, trans-ferulic acid, 3-(4-hydroxy-3-methoxyphenyl) propi-
onic acid (H-ferulic acid), and 3,4-Dihydroxyhydrocinnamic acid (H- 
caffeic acid). A standard stock solution (100 μg/mL) of the listed com-
pound (Sigma-Aldrich) was prepared in 2 mL of millipore H2O/aceto-
nitrile (90/10, v/v) and calibration curve standards at different 
concentrations (1 μg/mL, 5 μg/mL, 10 μg/mL, 30 μg/mL, and 50 μg/mL 

in uninoculated MSFH broth, adjusted to pH 3.7) were prepared as 
described by Brosnan et al. (2014). 

Antifungal compounds in CFS and calibration curve standards were 
extracted by the quick, easy, cheap, effective, rugged, and safe 
(QuEChERS) method described by Brosnan et al. (2014), using ethyl 
acetate with formic acid (1% v/v) and a dispersive SPE (dSPE) kit 
(Agilent Technologies). Detection and quantification of the antifungal 
compounds in the extracts were performed using a HPLC system (Agilent 
Technologies) equipped with a diode array detector (1260 DAD, 
G4212B) at 210 nm. Separation and elution of the antifungal compounds 
was carried out along a Gemini C18 110 A LC column (150 mm × 2 mm 
ID, 5 μm) equipped with a C18 AJO-4287 guard cartridge (4 mm × 3 mm 
ID) (Brechbuhler-Phenomenex, Switzerland). The mobile phase con-
sisted of solvent A (0.1% formic acid in Millipore water) and solvent B 
(0.1% formic acid in acetonitrile), flowing at the gradient described by 
Brosnan et al. (2014) and modified as shown in Supplementary Table S2. 
The detected antifungal compounds were quantified with reference to 
the respective calibration curves obtained from the different concen-
trations of standards. 

2.4. Determination of minimum inhibitory and fungicidal concentrations 
(MIC90 and MFC) of detected antifungal compounds and CFS from LAB 

MIC90 and MFC were assayed as described by Lavermicocca et al. 
(2003) and Erkmen (2010) with slight sample preparation 
modifications. Stock solutions (100 mg/mL) of the antifungal 
compounds detected at relatively higher proportions (˃ 6.00 μg/mL) in 
CFS from LAB strains were prepared in a sterile MSFH broth and 
adjusted to pH 3.7 (0.1 M HCl or 0.1 M NaOH), simulating the pH of 
kunu-zaki. The stock solutions were diluted with MSFH broth to obtain 
different concentrations of each antifungal compound, ranging within 
0.45–90 mg/mL. The CFSs from the antifungal LAB strain that contained 
the widest spectrum and highest concentrations of antifungal compound 
and those from a non-antifungal LAB strain were diluted with 
MSFH broth to obtain different CFS concentrations, ranging from 20 to 
100%. A MSFH broth was used as a control and a blank. All samples were 
filter-sterilized, and the MIC90 against A. flavus F008BA and P. citrinum 
38S1 were determined using a broth microdilution test, where optical 
density due to mold growth was measured using a multimode microplate 
reader (Synergy HTX, Biotek, Vermont, USA) at 580 nm (Lavermicocca 
et al., 2003). The MFC was determined as described by Lavermicocca 
et al. (2003), following plate counts of molds on MEA. 

2.5. Determination of in situ activity of selected antifungal LAB against A. 
flavus F008BA and P. citrinum 38S1 in a kunu-zaki model 

Controlled fermentation in a kunu-zaki model based on a millet- 
sorghum slurry, using a starter-culture to prepare kunu-zaki is 
described in Supplementary Fig. S1., Lactiplantibacillus plantarum strain 
SKMIM1 (non-antifungal, high acid-producing, and belonging to the 
most predominant species in kunu-zaki, as shown by Ogunremi et al., 
2022) and L. fermentum 5KJEU5 (strong antifungal activity) were 
selected and subcultured for 12 h at 30 ◦C in MRS broth. The cells were 
enumerated (1 × 109 CFU/mL) by plate counting, pelleted, washed 
twice in an equal volume of sterile saline solution (0.89% NaCl) and 
centrifuged at 5,000×g and 4 ◦C for 10 min. The single strain starters of 
L. plantarum SKMIM1 and L. fermentum 5KJEU5 and a mixed starter of 
L. plantarum SKMIM1 and L. fermentum 5KJEU5 (1:1) were separately 
inoculated at 1% (v/v) into millet-sorghum slurry to initiate the 
fermentation process at 30 ◦C for 16 h. An uninoculated millet-sorghum 
slurry was used as negative control. Samples were taken before and after 
fermentation for LAB enumeration on MRS agar plates and pH deter-
mination using a pH meter (Knick pH-meter 766 Calimatic, Berlin, 

O.R. Ogunremi et al.                                                                                                                                                                                                                           



Food Bioscience 49 (2022) 101648

4

Germany). A 1-mL portion of each sample was prepared as described by 
Müller et al. (2021) to determine glucose, sucrose, fructose, mannitol, 
lactic acid, and acetic acid contents in a HPLC system (Agilent Tech-
nologies 1260 Infinity). Each sample was centrifuged at 10,000×g and 4 
◦C for 15 min, and the supernatant was diluted 1:5 (vol/vol) with 
filter-sterilized (0.2 μm, Sartorius AG, Goettingen, Germany) Millipore 
water and stored at −20 ◦C until analyzed. Sugars were determined in an 
HPLC machine (Agilent Technologies) equipped with a Rezex™ 
RPM-Monosaccharide Pb+2 column (300 × 7.8 mm, Phenomenex) and 
a refractive index detector (RID, G1362A, Agilent Technologies). The 
mobile phase was Millipore water with a flow rate of 0.6 mL/min. The 
column and RID temperatures were held at 85 ◦C and 50 ◦C, respec-
tively. Organic acids were determined using a Rezex™ ROA- Organic 
Acid H + column (150 × 4.6 mm) and a diode array detector (DAD, 
Agilent Technologies) at a wavelength of 210 nm. The mobile phase was 
5 mM sulphuric acid in Millipore water at a flow rate of 0.2 mL/min at 
25 ◦C. In independent challenge tests, 4 mL duplicates of all the kunu--
zaki samples were aseptically dispensed in 6-well plates and artificially 
contaminated with fungal inocula of P. citrinum 3AS1 and A. flavus 
F008BA (106 spores/mL) to a final concentration of 104 spores/mL of 
kunu-zaki. The kunu-zaki plates were stored at 25 ◦C, simulating average 
ambient temperature in sub-Saharan Africa and visually examined every 
other day until fungal deterioration occurred. 

2.6. Statistical analysis 

The results were presented as means with standard deviation of 
triplicate values after being subjected to one-way analysis of variance 
(ANOVA) and compared for significant differences using Tukey’s HSD 
test. Values of p < 0.05 were considered to be statistically significant. To 
select representative LAB for characterization of the nature of the anti-
fungal compounds in their CFSs, Hierarchical Clustering Analysis was 
used to group the strong antifungal LAB based on the interaction of their 
CFSs with the indicator mold species. 

3. Results 

3.1. Antifungal activity of LAB from kunu-zaki 

Preliminarily screening for in vitro antifungal activity revealed the 
strain- and species-specific inhibitory effects of the 220 LAB strains 

previously isolated from kunu-zaki (Ogunremi et al., 2022) against 
A. flavus F008BA and P. crustosum F005BA (Table 1). A total of 33 (15%) 
LAB strains in seven out of 15 species showed antifungal activity ranging 
from delayed spore formation (score = 1) to formation of distinct clear 
inhibition zones (scores = 2–4) against A. flavus F008BA. P. crustosum 
F005BA demonstrated higher sensitivity and was inhibited by 22.73% of 
the LAB strains, belonging to seven species (L. plantarum, Leuc. citreum, 
Levilactobacillus brevis, L. fermentum, Pediococcus pentosaceus, W. confusa, 
and W. paramesenteroides). All six strains of L. fermentum produced 
distinct clear zones of inhibition against both indicator molds of be-
tween 2 mm and ≥ 4 mm. The species Enterococcus faecium, Lat-
ilactobacillus curvatus, Lactobacillus delbrueckii, Lactiplantibacillus 
paraplantarum, Companilactobacillus musae, Ligilactobacillus saerimneri, 
and Lactococcus lactis were not active against the two indicator molds 
(Table 1). 

3.2. Antifungal activity spectra of selected LAB 

The selected 35 LAB strains (1 L. brevis, 6 L. fermentum, 10 
L. plantarum, 1 Leuc. citreum, 2 Pd. pentosaceus, 10 W. confusa, and 5 
W. paramesenteroides) that showed antifungal activity against at least 
one of the two molds after preliminary screening exerted wide spectra of 
antifungal activity on MSFH agar, effectively inhibiting four to seven of 
the eight tested molds (Table 2). None of the selected LAB strains 
inhibited the two yeasts from kunu-zaki, C. krusei KJIO1 and K. ohmeri 
KMIM1 (Table 2). F. langsethiae 13014, the most sensitive mold strain 
was strongly inhibited by all (100%) selected LAB strains, followed by 
P. crustosum F005BA (91.48%). However, only 3 (8.57%) strains 
exhibited delayed spore formation against A. niger C5055B, making it 
the most resistant mold strain. Strains of L. plantarum were less active, 
producing either delayed spore formation or no inhibition against A. 
circumdati 1BS3, A. niger C5055B, P. citrinum 3AS1 or Penicillium sp. 
CS021B. In contrast, L. fermentum was the most active species, with 
average inhibition scores ranging from 2.25 to 2.50 and strong anti-
fungal activities against six of the eight indicator molds (Table 2). The 
highest average inhibition scores of 2.75 and 2.88 were recorded for 
W. confusa strains YKDIA1 and YKDIA4, respectively. Eleven LAB strains 
representing species with average inhibition score ≥2.0 (L. brevis, L. 
fermentum, Leuc. citreum, and W. confusa) were selected to determine 
antifungal activity of the CFS. 

Table 1 
In-vitro antifungal activity screening of LAB isolates from kunu-zaki against Penicillium crustosum FOO5BA and Aspergillus flavus FOO8BA on MSFH agar.  

LAB species Number of isolates Inhibition of A. flavus FOO8BA Inhibition of P. crustosum FOO5BA 

0a 1 2 3 4 0a 1 2 3 4 

Companilactobacillus musae 3 3b 0 0 0 0 3 0 0 0 0 
Enterococcus faecieum 1 1 0 0 0 0 1 0 0 0 0 
Lactobacillus delbrueckii 5 5 0 0 0 0 5 0 0 0 0 
Lactococcus lactics 7 7 0 0 0 0 7 0 0 0 0 
Lactiplantibacillus paraplantarum 2 2 0 0 0 0 2 0 0 0 0 
Lactiplantibacillus pentosus 3 2 1 0 0 0 3 0 0 0 0 
Lactiplantibacillus plantarum 89 87 1 1 0 0 81 0 5 3 0 
Latilactobacillus curvatus 1 1 0 0 0 0 1 0 0 0 0 
Leuconostoc citreum 1 0 0 1 0 0 0 0 0 0 1 
Levilactobacillus brevis 1 0 1 0 0 0 0 0 0 1 0 
Ligilactobacillus saerimneri 1 1 0 0 0 0 1 0 0 0 0 
Limosilactobacillus fermentum 6 0 0 3 2 1 0 0 0 3 3 
Pediococcus pentosaceus 33 33 0 0 0 0 31 0 1 1 0 
Weissella confusa 60 44 15 1 0 0 33 0 3 16 8 
Weissella paramesenteroides 7 1 6 0 0 0 2 0 2 3 0  

Total 220 187 24 6 2 1 170 0 11 27 12  

a Values indicate inhibition score: 0 (no inhibition), 1 (delayed spore formation but no distinct clear zone), 2 (<2 mm distinct clear zone), 3 (2 < 4 mm distinct clear 
zone), 4 (≥4 mm distinct clear zone). 

b Values indicate number of isolates in each group. 
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Table 2 
Antifungal activity spectra of selected LAB isolates from kunu-zaki on MSFH agar.  

LAB isolates Inhibition score Average inhibition score b 

A. ci a A. fl A. ni F. in F. la P. ci P. cr P. sp C. kr K. oh 

L. brevis 5KMIM2 1 1 0 3 4 2 3 2 - - 2.00 
L. fermentum 5KJEU5 1 2 0 4 4 2 4 2 - - 2.38 
L. fermentum SKJEU3 1 2 0 4 4 2 3 2 - - 2.25 
L. fermentum SKMUE2 1 2 0 4 4 2 4 2 - - 2.38 
L. fermentum YKMUE3 1 3 0 4 4 2 4 2 - - 2.50 
L. fermentum 5KMIU1 2 2 0 4 4 2 3 2 - - 2.38 
L. fermentum 5KMIU2 1 4 0 4 4 2 3 2 - - 2.50 
L. plantarum YKDIA2 0 0 0 0 4 0 2 1 - - 0.88 
L. plantarum 5KMIO1 1 0 1 2 4 0 2 1 - - 1.38 
L. plantarum 5KMIO4 1 0 0 0 4 0 2 1 - - 1.00 
L. plantarum 5KJIO6 1 0 0 0 4 0 3 1 - - 1.13 
L. plantarum 5KJIO8 1 0 0 0 3 0 3 1 - - 1.00 
L. plantarum GKMIM6 1 2 0 0 4 0 0 1 - - 1.00 
L. plantarum SKMIM4 1 0 0 0 4 0 2 1 - - 1.00 
L. plantarum MKMIJ2 1 0 0 4 4 0 2 1 - - 1.50 
L. plantarum MKMJIC4 1 0 0 0 3 0 0 1 - - 0.623 
L plantarum MKMJIC6 1 0 0 0 4 0 0 1 - - 0.75 
Leuc. citreum 5KDIA7 1 2 0 4 4 2 4 2 - - 2.38 
Pd. pentosaceus MKM101 0 0 0 0 4 0 3 1 - - 1.00 
Pd. pentosaceus MKM106 0 0 0 0 4 0 2 1 - - 0.88 
W. confusa 5KDIA5 0 1 0 4 4 2 4 1 - - 2.00 
W. confusa YKDIA1 1 0 1 4 4 4 4 4 - - 2.75 
W. confusa YKDIA4 1 1 1 4 4 4 4 4 - - 2.88 
W. confusa YKDIA6 1 1 0 0 4 0 4 1 - - 1.38 
W. confusa YKDIA7 0 0 0 0 4 3 4 1 - - 1.50 
W. confusa YKJEU1 1 1 0 0 4 4 4 1 - - 1.88 
W. confusa YKJEU4 1 1 0 0 4 4 4 1 - - 1.88 
W. confusa YKJEU6 1 2 0 3 4 4 4 1 - - 2.38 
W. confusa GKDIA6 1 1 0 2 4 4 3 1 - - 2.00 
W. confusa SKJEU7 1 1 0 0 4 4 3 1 - - 1.75 
W. paramesenteroides MKRMA5 0 1 0 2 4 0 3 1 - - 1.38 
W. paramesenteroides MKRMA6 1 1 0 4 4 0 2 2 - - 1.75 
W. paramesenteroides 5KRMA1 0 1 0 2 4 1 2 1 - - 1.38 
W. paramesenteroides YKRMA1 0 1 0 2 4 1 3 1 - - 1.50 
W. paramesenteroides 5KMIN5 0 1 0 2 4 1 3 1 - - 1.50  

a A. ci: A. circumdati 1BS3, A. fl: A. flavus F008BA, A. ni: A. niger C5055B, F. in: F. incarnatum 3BS5, F. la: F. langsethiae 13014, P. ci: P. citrinum 3AS1, P. cr: P. crustosum 
F005BA, P. sp: Penicillium sp.CS021B, C. kr: C. krusei KJIO1, K. oh: K. ohmeri KMIM1. 

b Average inhibition is the mean of the inhibition score against the 8 mold strains. The scores in bold are ≥2 meaning the strains were selected for further studies; (0 
or -) no inhibition, (1) spore formation delayed but no distinct clear zone, (2) distinct clear zone is < 2 mm, (3) distinct clear zone is 2 < 4 mm and (4) distinct clear zone 
is ≥ 4 mm. 

Table 3 
Mycelial radial growth (MRG) inhibition of different mold species by cell-free supernatants obtained from selected antifungal LAB isolates from kunu-zaki grown in 
MSFH broth (30 ◦C/48 h).  

LAB isolates Mycelial radial growth inhibition (%) a 

A. ci b A. fl A. ni F. la P. ci P. cr P. sp 

L. brevis 5KMIM2 4.41 ± 0.86 a 2.17 ± 0.60 a 1.15 ± 1.00 a 3.13 ± 1.58 ab 9.87 ± 1.23 a 5.20 ± 1.13 a 6.81 ± 4.28 a 

L. fermentum 5KJEU5 4.71 ± 1.56 a 9.06 ± 0.68 e 7.38 ± 2.05 bc 2.69 ± 0.85 a 17.80 ± 1.38 b 8.18 ± 0.94 abcd 9.92 ± 3.62 a 

L. fermentum SKJEU3 5.61 ± 0.75 ab 7.70 ± 0.59 de 4.71 ± 2.35 abc 9.46 ± 0.82 cd 19.34 ± 1.43 bc 6.94 ± 1.40 ab 8.65 ± 5.17 a 

L. fermentum 5KMIU1 6.98 ± 1.47 ab 7.99 ± 0.59 de 6.22 ± 2.11 abc 4.00 ± 0.91 ab 23.93 ± 3.48 bc 9.93 ± 1.15 bcde 10.94 ± 4.43 a 

L. fermentum 5KMIU2 6.04 ± 0.88 ab 7.32 ± 0.96 cde 7.05 ± 1.91 bc 5.38 ± 2.15 ab 21.42 ± 2.13 bc 8.44 ± 0.71 bcd 9.52 ± 2.52 a 

L. fermentum SKMUE2 8.86 ± 0.79 b 2.60 ± 0.99 a 5.74 ± 1.41 abc 6.51 ± 0.87 bc 21.86 ± 4.09 bc 9.84 ± 1.03 bcde 12.21 ± 2.22 a 

L. fermentum YKMUE3 7.54 ± 0.54 ab 7.84 ± 0.99 de 5.08 ± 2.83 abc 5.15 ± 0.73 ab 21.32 ± 1.97 bc 10.70 ± 0.71 cde 10.57 ± 2.94 a 

Leuc. citreum 5KDIA7 6.59 ± 1.16 ab 8.30 ± 0.98 de 3.15 ± 0.22 ab 3.77 ± 1.33 ab 21.31 ± 2.37 bc 9.63 ± 0.23 bcde 9.39 ± 3.90 a 

W. confusa YKDIA1 8.85 ± 2.02 b 5.46 ± 0.25 bc 9.25 ± 2.07 c 9.57 ± 0.58 cd 24.55 ± 1.31 c 11.08 ± 1.82 de 13.74 ± 3.18 a 

W. confusa YKDIA4 5.70 ± 0.91 ab 6.29 ± 0.77 bcd 4.70 ± 2.16 abc 12.88 ± 1.46 de 22.12 ± 1.81 bc 11.76 ± 0.88 e 12.47 ± 3.68 a 

W. confusa YKJEU6 6.44 ± 0.18 ab 4.36 ± 0.67 ab 6.48 ± 1.95 abc 14.57 ± 0.98 e 21.02 ± 1.92 bc 7.76 ± 0.40 abc 12.00 ± 5.02 a  

a Mycelial radial growth inhibition determined after incubation of mold at 25 ◦C for 6 days on MSFH agar plates supplemented with 10% v/v of CFS. 
b A. ci: A. circumdati 1BS3, A. fl: A. flavus F008BA, A. ni: A. niger C5055B, F. in: F. incarnatum 3BS5, F. la: F. langsethiae 13014, P. ci: P. citrinum 3AS1, P. cr: P. crustosum 

F005BA, P. sp: Penicillium sp.CS021B. Values are given as means ± SD of data from three independent experiments. Values in the same column with different su-
perscript differ significantly (p < 0.05). 
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3.3. Antifungal activity of CFSs obtained from selected LAB 

The antifungal activity of the CFSs from the 11 LAB strains that were 
selected for their wide spectrum and strong inhibition of molds is presented 
in Table 3. In the absence of the LAB cultures, antifungal metabolites in all of 
the CFSs displayed antifungal activity against seven tested molds, with 
P. citrinum 3AS1 being the most sensitive with a MRG inhibition range of 
9.87–24.55% (Table 3). The highest MRG inhibition (p < 0.05) against 
A. niger C5055B (9.25%), P. citrinum 3AS1 (24.55%), and Penicillium sp. 
CS021B (13.74%) was demonstrated by W. confusa YKDIA1, while 
L. fermentum 5KJEU5 showed the strongest inhibition against A. flavus 
F008BA (9.06%). CFS obtained from L. brevis 5KMIM2 showed the weakest 
inhibition against the tested molds (Table 3). Following hierarchical clus-
tering analysis (HCA) of the antifungal profile of the CFS from the selected 
LAB against seven mold species, the LAB strains were categorized into four 
groups (Fig. 1). L. brevis 5KMIM2 was alone in the first group, while five, 
two, and three LAB strains were in the second, third, and fourth groups, 
respectively. Four LAB strains (L. fermentum 5KJEU5, L. fermentum 5KMIU1, 
W. confusa YKDIA1, and W. confusa YKDIA4), representing the three groups 
of relatively strong antifungal CFS, were selected to determine the nature of 
the inherent antifungal compounds. 

3.4. Nature of antifungal compounds in CFSs 

The acidic nature of the most active antifungal metabolite from 
L. fermentum 5KJEU5, L. fermentum 5KMIU1, W. confusa YKDIA1, and 

W. confusa YKDIA4 was ascertained by neutralization (pH 7) of the CFSs. 
This is because their inhibitory activity against P. citrinum 3AS1 was 
completely lost in the CFSs from L. fermentum 5KJEU5 (Fig. 2) and 
5KMIU1, and significantly reduced (p < 0.05) by 88.95% and 96.48% in 
the CFSs from W. confusa YKDIA1 and YKDIA4, respectively (Table 4). 
There was also no significant reduction (p < 0.05) in the residual 
inhibitory activity of the neutralized CFSs after treatment with pro-
teinase K (Table 4). 

Fig. 1. Hierarchical clustering analysis (HCA) of cell-free supernatants of selected LAB isolates from kunu-zaki based on mycelial radial growth inhibition of different 
mold species. 

Fig. 2. Images showing effect of neutralization (pH 7), neutralization (pH 7) followed by proteinase K treatment, and a control without treatment on mycelial radial 
growth inhibition of Penicillium citrinum 3AS1 by CFS by L. fermentum 5KJEU5. 

Table 4 
Effect of neutralization and proteolytic enzymes on mycelial radial growth 
(MRG) inhibition of Penicillium citrinum 3AS1 by cell-free supernatants of 
selected antifungal LAB.  

LAB isolates Mycelial radial growth inhibition (%)a 

CFS pH7 pH7 + proK 

L. fermentum 5KJEU5 39.92 ± 0.28 b 0.00 ± 0.00 a 0.00 ± 0.00 a 

L. fermentum 5KMIU1 39.98 ± 2.27 b 0.00 ± 0.00 a 0.00 ± 0.00 a 

W. confusa YKDIA1 30.85 ± 2.96 b 3.41 ± 2.25 a 1.74 ± 0.47 a 

W. confusa YKDIA4 27.57 ± 0.43 b 0.97 ± 1.38 a 0.00 ± 0.00 a  

a Mycelial radial growth inhibition determined after incubation of mold at 25 
◦C for 4 days on MSFH agar plates supplemented with 50% v/v of CFS; CFS: cell 
free supernatant from antifungal LAB, pH7: CFS at pH 7, pH7+ proK: CFS at pH7 
treated with 1 mg/mL proteinase K and incubated at 37 ◦C for 3 h. Values are 
given as means ± SD of data from three independent experiments. Values in the 
same row with different superscript differ significantly (p < 0.05). 
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3.5. Detection and quantification of antifungal metabolites in CFSs 

High concentrations of lactic acid (1.80–6.28 mg/mL) were detected 
in the CFSs from the four antifungal and one non-antifungal strains. The 
non-antifungal strain L. plantarum SKMIM1 produced the highest con-
centration of lactic acid (6.28 mg/mL) with no acetic acid detected. 
W. confusa YKDIA4 produced 0.30 mg/mL and 1.80 mg/mL of acetic 
acid and lactic acid, respectively. Whereas, L. fermentum 5KJEU5 pro-
duced 1.96 mg/mL acetic acid and 3.23 mg/mL lactic acid (Table 5). In 
addition to lactic and acetic acid, the assay procedure used was also able 
to separate and detect ten antifungal molecules in the extract of a 
standard mix in MSFH broth (Supplementary Fig. S2). Among the ten 
possibly targeted molecules, two, two, three, five, and six molecules 
were detected in the MSFH broth culture extracts of W. confusa YKDIA1, 
W. confusa YKDIA4, L. plantarum SKMIM1, L. fermentum 5KMIU1, and 
L. fermentum 5KJEU5, respectively (Table 5). 

The highest concentrations of 3,4-dihydroxyhydrocinnamic acid 
(hydroxycaffeic acid) (6.72 μg/mL), 3-(4-hydroxyphenyl) propionic 
acid (6.36 μg/mL), and 3-phenyllactic acid (24.48 μg/mL) were quan-
tified in L. fermentum 5KJEU5 CFS. In addition, the same CFS contained 
relatively high concentrations of 3-(4-hydroxy-3-methoxyphenyl) pro-
pionic acid (hydroxyferulic acid) (12.25 μg/mL), benzoic acid (3.03 μg/ 
mL), acetic acid (1.96 μg/mL) and lactic acid (3.23 μg/mL) (Table 5). 

3.6. MIC90 and MFC of detected antifungal compounds and CFS extract 
of LAB 

Demonstrating varied MIC90, the antifungal compounds were active 
against P. citrinum 3AS1 and A. flavus F008BA (Table 6). The MIC90 of 
acetic acid against P. citrinum 3AS1 and A. flavus F008BA in an MSFH 
broth at pH 3.7 were 1.8 and 0.9 mg/mL, respectively. These values are 
lower than the acetic acid concentration in the CFS extract from 
L. fermentum 5KJEU5, but higher than the values recorded for other 
tested antifungal LAB strains. Except for lactic acid, with a multiple of 
about 10, the MIC90 values against both indicator mold species for the 
other compounds detected in the CFS extracts were found to be in 

multiples of 500 to 2,000, compared to the concentrations in the CFS 
extracts of all of the test antifungal LAB strains. The MIC90 of 3-phenyl-
lactic acid and hydroxyferrulic acid against A. flavus F008BA was 15 and 
10 mg/mL, respectively. Lactic acid and hydroxycaffeic acid were rather 
weakly antifungal, with a MIC90 greater than 30 mg/mL against the 
tested molds (Table 6). MFC value against both mold strains of 10.80 
mg/mL was determined for acetic acid, while 30 mg/mL was deter-
mined for 3-(4-hydroxyphenyl) propionic acid and hydroxyferulic acid 
against P. citrinum 3AS1. The MFC values against A. flavus F008BA for 
the other antifungal compounds were above the range examined in this 
study (Table 6). 

As evidenced in the chromatogram, L. fermentum 5KJEU5 produced 
the widest variety and highest concentrations of the active antifungal 
compounds (Supplementary Fig. S3). Table 6 shows that a minimum of 
60% CFS extract from L. fermentum 5KJEU5 was required to completely 
inhibit P. citrinum 3AS1 and A. flavus F008BA, while 100% extract from 
non-antifungal L. plantarum SKMIM1 did not completely inhibit the test 
mold strains. 

3.7. In situ antifungal activity of LAB against P. citrinum 3AS1 and A. 
flavus F008BA in kunu-zaki 

The bioprotective capacities of L. fermentum 5KJEU5, a strong 
antifungal LAB strain, against P. citrinum 3AS1 and A. flavus F008BA in 
kunu-zaki are presented in Fig. 3 and Fig. 4, respectively. Visual 
examination of kunu-zaki for attributes of deterioration over a storage 
period of 8 day at ambient temperature (25 ◦C) following artificial 
exposure (104 spores/ml) to P. citrinum 3AS1 and A. flavus F008BA 
demonstrated the bioprotective potential of L. fermentum 5KJEU5. At the 
end of day 8, no deterioration by P. citrinum 3AS1was observed in the 
kunu-zaki samples that were solely or co-fermented with L. fermentum 
5KJEU5 (Fig. 3). On the contrary, the control sample without the 
inoculated LAB strain and the kunu-zaki that was fermented by 
L. plantarum SKMIM1, a non-antifungal but strongly acidifying strain, 
showed visible deterioration due to P. citrinum 3AS1 and A. flavus 
F008BA from days 2 and 4, respectively (Figs. 3 and 4). When applied 

Table 5 
Detection and quantification of potential antifungal compounds in cell-free supernatant of antifungal LAB.  

Antifungal compounds W. confusa 
YKDIA1 

W. confusa 
YKDIA4 

Lb. fermentum 
5KMIU1 

Lb. fermentum 
5KJEU5 

Lb. plantarum 
SKMIM1a 

Acetic acid (mg/mL) 0.30 ± 0.02 0.30 ± 0.00 1.80 ± 0.32 1.96 ± 0.69 ND 
Lactic acid (mg/mL) 1.88 ± 0.03 1.80 ± 0.06 3.14 ± 0.30 3.23 ± 1.00 6.28 ± 1.45 
4-Hydroxy benzoic acid (μg/mL) 0.09 ± 0.00 0.13 ± 0.01 0.27 ± 0.00 0.24 ± 0.01 ND 
3,4-Dihydroxyhydrocinnamic acid (Hydroxycaffeic acid) (μg/mL) ND ND 0.16 ± 0.00 6.72 ± 1.06 ND 
3-(4-Hydroxyphenyl) propionic acid (μg/mL) ND ND 1.40 ± 0.10 6.36 ± 0.94 ND 
3-Phenyllactic acid (μg/mL) 1.28 1.54 0.95 ± 0.08 24.48 ± 3.21 12.12 
3-(4-Hydroxy-3-methoxyphenyl) propionic acid (Hydroxyferulic 

acid) (μg/mL) 
ND ND ND 12.25 ± 2.43 12.53 ± 1.67 

Benzoic acid (μg/mL) ND ND 1.23 ± 0.05 3.03 ± 0.44 3.25 ± 0.72  

a Non-antifungal LAB strain; ND: Compound not detected or below detection limit. Bold values correspond to the highest observed concentrations in cell-free su-
pernatant of LAB strains. 

Table 6 
Minimum inhibitory concentration (MIC90) and minimum fungicidal concentration (MFC) of antifungal compounds and cell-free supernatant of lactic acid bacteria.  

Antifungal compound MIC90 MFC (mg/ml)  

P. citrinum 3AS1 A. flavus F008BA P. citrinum 3AS1 A. flavus F008BA 

Acetic acid (mg/mL) 1.80 0.90 10.80 10.80 
Lactic acid (mg/mL) 36.00 45.00 >90 (ND) a >90 (ND) 
3-Phenyllactic acid (mg/mL) 10.00 15.00 >30 (ND) >30 (ND) 
3-(4-Hydroxyphenyl) propionic acid (mg/mL) 7.50 15.00 30.00 >30 (ND) 
3,4-Dihydroxyhydrocinnamic acid (Hydroxycaffeic acid) (mg/mL) >30 (ND) >30 (ND) >30 (ND) >30 (ND) 
3-(4-Hydroxy-3-methoxyphenyl) propionic acid (Hydroxyferulic acid) (mg/mL) 5.00 10.00 30.00 >30 (ND) 
Lactobacillus fermentum 5KJEU5 CFS (%) 60.00 60.00 >100 (ND) >100 (ND) 
Lactobacillus plantarum SKMIM1 (%) >100 (ND) >100 (ND) >100 (ND) >100 (ND)  

a Above the range evaluated in this study and not determined. ND: Compound not detected or below detection limit. 
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solely, L. fermentum 5KJEU5 prevented deterioration of kunu-zaki by 
A. flavus F008BA for more than eight days (Fig. 4). However, in com-
bination with L. plantarum SKMIM1, visible changes to the surface 
appearance of the kunu-zaki were observed from day 8. 

3.8. Physicochemical properties of kunu-zaki started with L. fermentum 
5KJEU5 and/or L. plantarum SKMIM1 

Different combinations of the inoculum with L. fermentum 5KJEU5 
and/or L. plantarum SKMIM1 exhibited rapid growth and acidification in 

Fig. 3. Deterioration of artificially contaminated (104 Penicillium citrinum 3AS1 spores/ml) kunu-zaki samples obtained by fermentation of millet-sorghum slurry with 
LAB strains (30 ◦C/16 h) over 8 days of storage at 25 ◦C. An uninoculated millet-sorghum slurry model was used as control. 

Fig. 4. Deterioration of artificially contaminated (104 Aspergillus flavus F008BA spores/ml) kunu-zaki samples obtained by fermentation of millet-sorghum slurry with 
LAB strains (30 ◦C/16 h) over 8 days of storage at 25 ◦C. An uninoculated millet-sorghum slurry model was used as control. 
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the millet-sorghum slurry, with bacterial growth greater than a differ-
ence of 2.0 log units within 16 h (data not shown). As shown in Table 7, 
kunu-zaki solely started with L. fermentum 5KJEU5 had a significantly 
higher (p < 0.05) pH (3.54) than those co-started or solely started with 
L. plantarum SKMIM1 (< pH 3.40). Regardless of the LAB strain(s) used, 
the concentration of glucose in the starter-fermented kunu-zaki samples 
was higher than the starting millet-sorghum slurry and uninoculated 
samples. On the contrary, the high concentration of sucrose in the millet- 
sorghum slurry was significantly reduced in the kunu-zaki samples 
during starter-fermentation. The Choice of starter culture affected the 
concentration of fructose and mannitol in the starter-fermented kunu- 
zaki samples. There was a significantly lower concentration of fructose 
(2.10 g/L) and significant accumulation of mannitol (10.92 g/L) in the 
kunu-zaki that was started with L. fermentum 5KJEU5, compared to the 
L. plantarum-started kunu-zaki, which contained 12.36 g/L of fructose 
and 0.03 g/L of mannitol (Table 7). Lactic acid was accumulated in all of 
the starter-fermented kunu-zaki, but at a significantly higher concen-
tration in the kunu-zaki prepared with L. plantarum SKMIM1 (6.33 g/L) 
and L. plantarum SKMIM1 + L. fermentum 5KJEU5 (6.20 g/L) than when 
L. fermentum 5KJEU5 was used alone (3.47 g/L). Acetic acid was only 
produced in the kunu-zaki samples that used L. fermentum 5KJEU5 as a 
single starter (1.53 g/L) or as a co-starter with L. plantarum SKMIM1 
(0.96 g/L) (Table 7). 

4. Discussion 

In comparison to other types of processed foods, fermented foods are 
prone to fungal contamination (Adekoya et al., 2017). Consequently, 
evident alteration in sensory attributes of fermented beverages occurs 
after 24 h of production (Rico-Munoz et al., 2019; Snyder & Worobo, 
2018). Recent efforts to protect food products from spoilage and 
mycotoxigenic fungi using the biotechnological application of LAB are 
promising (Romanens et al., 2019, 2020). 

The two target mold species used for initial screening in this study 
are among the most frequently associated with contamination of cereal 
fermented food products. They are mainly transferred from the raw 
cereal and are capable of growing in the product. The occurrence of 
A. flavus and P. crustosum was reported in rice cake, ogi, umqombothi, and 
kunu-zaki (Adekoya et al., 2017, 2018; Baek et al., 2012; Osuntogun & 
Aboaba, 2004). They are capable of growing over wide ranges of pH (˂ 
2.2 to > 10), temperature (−2 to 30 ◦C), and water activity, causing 
spoilage and releasing mycotoxins in contaminated foods (Pitt & 
Hocking, 2009). Aflatoxin, the most important mycotoxin in cereal 
foods and prominent for its hepatoxic, immunosuppressive, teratogenic 
and carcinogenic effects in humans and animals is produced by A. flavus, 
while P. crustosum produces penitrem A, a potent neurotoxin (Karlovsky 
et al., 2016). 

Following the use of MSFH agar to initially screen for antifungal 
activity, the predominance of L. fermentum among potentially successful 

antifungal LAB strains is in agreement with other authors (Romanens 
et al., 2019; Ruggirello et al., 2019). Furthermore, compared to our 
results, Baek et al. (2012), Le Lay, Mounier, et al. (2016), Müller et al. 
(2021)), and Ouiddir et al. (2019) reported strong antifungal activities 
for species of Leuconostoc and W. confusa. Further supporting their 
application as protective cultures in fermented foods, the active LAB 
strains demonstrated broad spectrum antifungal activity, by inhibiting a 
wide variety of food spoilage and toxigenic mold species but not 
affecting fermentative yeasts, such as C. krusei KJIO1 and K. ohmeri 
KMIM1, species that are associated with the production of kunu-zaki and 
other fermented foods (Ogunremi et al., 2015). Fermentative yeasts play 
important roles in the development of aroma and flavor and several 
enzyme-mediate beneficial transformation of food components during 
food fermentation (Jespersen, 2003; Ogunremi et al., 2020). 

The choice of an in vitro screening system (MSFH agar) that simulates 
conditions and composition as the food source was to ensure that the 
active LAB strains will eventually demonstrate antifungal effects in the 
actual food. Evidence in the literature suggest that differences in the 
constituent sugars, salts, nitrogen sources, and other substrate compo-
nents may influence the concentration and nature of antifungal metab-
olites generated by active LAB (Cheong et al., 2014; Delavenne et al., 
2012; Le Lay, Mounier, et al., 2016; Ouiddir et al., 2019). 

The cell-free supernatant from the selected strong antifungal LAB 
inhibited the target molds, with P. citrinum 3AS1 being the most sensi-
tive. This indicates that active and stable metabolites are released into 
the surrounding medium, thereby retaining activity against spoilage 
mold without the LAB strain, a feature that is important for food ap-
plications, where bioprotective additives are preferred to the incorpo-
ration of protective cultures. This is also relevant for the sustained 
protection of fermented food products that are subjected to further 
processing that would eliminate the protective cultures. In agreement 
with our study, Cortés-Zavaleta et al. (2014) reported that CFS from 
cultures of Lacticaseibacillus casei, Lacticaseibacillus rhamnosus, L. fer-
mentum, Lactobacillus acidophilus, L. plantarum, Latilactobacillus sakei, 
and Limosilactobacillus reuteri demonstrated different levels of antifungal 
activity against Penicillium expansum, A. flavus, Botrytis cinerea, and 
Colletotrichum gloeosporioides. Furthermore, the supernatant from Leuc. 
citreum L123 was reported to be active against A. niger and Penicillium 
corylophilum (Le Lay, Coton, et al., 2016). 

Antifungal activities of LAB strains are mainly linked to metabolites 
with acidic or proteinaceous nature (Cizeikiene et al., 2013; Garnier 
et al., 2020; Ouiddir et al., 2019; Sadeghi et al., 2019). In the present 
study, the loss of inhibitory activity after neutralization of CFS from 
strong antifungal strains of W. confusa YKDIA1 and YKDIA4 and 
L. fermentum 5KMIU1 and 5KJEU5 suggested the significant contribu-
tion of acidic compounds. Analytical methods revealed the 
species/strain-specific variety of antifungal compounds in the CFS from 
different LAB strains. The four antifungal strains are obligately hetero-
fermentative LAB strains that produce high concentrations of acetic and 

Table 7 
Physicochemical properties of kunu-zaki prepared with antifungal LAB.  

Parameter 0 h 16 h 

Control L. plantarum SKMIM1a L. fermentum 5KJEU5b L. plantarum SKMIM1 + L. fermentum 5KJEU5 

pH 6.27 ± 0.00 d 5.42 ± 0.05 c 3.32 ± 0.01 a 3.54 ± 0.00 b 3.36 ± 0.01a 

Sugar profile (g/L)      
Glucose 2.46 ± 0.02 a 5.59 ± 0.05 a 11.82 ± 1.20 b 11.37 ± 0.24 b 12.84 ± 1.11b 

Sucrose 46.82 ± 1.20 c 28.66 ± 1.84 a 17.68 ± 1.85 a 16.45 ± 0.43 a 18.38 ± 1.74a 

Fructose 4.52 ± 0.07 ab 8.80 ± 0.92 bc 12.36 ± 1.37 c 2.10 ± 0.10 a 7.59 ± 0.82b 

Mannitol 0.03 ± 0.01 a 0.03 ± 0.00 a 0.03 ± 0.00 a 10.92 ± 0.22 c 7.88 ± 0.87b 

Acid profile (g/L)      
Lactic acid 0.00 ± 0.00 a 0.41 ± 0.18 a 6.33 ± 0.29 c 3.47 ± 0.05b 6.20 ± 0.48c 

Acetic acid 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a 1.53 ± 0.02 c 0.96 ± 0.07 b  

a Non-antifungal strain. 
b Strongly antifungal strain. Values are given as means ± SD of data from replicate experiments. Values in the same row with different superscript differ significantly 

(p < 0.05). 
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lactic acid. Antifungal LAB are found to be mainly facultative or obligate 
hetero-fermenters (Lavermicocca et al., 2000; Le Lay, Coton, et al., 
2016). Acetic acid, a common denominator of the antifungal LAB strain, 
causes acid stress and viability loss in fungi by diffusing across the hy-
drophobic fungal membrane in a protonated form (pKa: 4.75) and 
subsequently dissociating intracellularly (Peyer et al., 2016). Extraction 
of metabolites in the CFS of antifungal strains by QuEChERS, coupled 
with HPLC analysis allowed the detection of other known antifungal 
compounds, such as 4-hydroxy benzoic acid, 3,4-dihydroxyhydrocin-
namic acid, 3-(4-hydroxyphenyl) propionic acid, 3-phenyllactic acid, 
3-(4-hydroxy-3-methoxyphenyl) propionic acid and benzoic acid. 
Although the contribution of each compound to the antagonistic effects 
against food spoilage and mycotoxigenic molds is not fully elucidated, 
they have been identified in various fermentates from antifungal LAB 
species, including strains of Lactobacillus amylovorus, Weisella cibaria, L. 
rhamnosus, Levilactobacillus spicheri, L. reuteri, L. plantarum, Leuconostoc 
mesenteroides, Lacticaseibacillus paracasei, and L. brevis (Axel et al., 2016; 
Brosnan et al., 2014; Garnier et al., 2020; Le Lay, Coton, et al., 2016; 
Ouiddir et al., 2019; Peyer et al., 2016; Russo et al., 2017). 

The compounds detected at the highest concentrations in the CFS 
extract from L. fermentum 5KJEU5, i.e. acetic (1.96 mg/mL), 3-(4- 
hydroxyphenyl) propionic (6.36 μg/mL), and 3-phenyllactic (24.48 μg/ 
mL) acids, demonstrated inhibitory activity against P. citrinum 3AS1 and 
A. flavus F008BA at different concentrations. The MICs90 of acetic acid 
for P. citrinum 3AS1 (1.80 mg/mL) and A. flavus F008BA (0.90 mg/mL) 
were comparable to the concentration in the CFS of L. fermentum 
5KJEU5, indicating the significant contribution of acetic acid to the 
antifungal effect. While the other antifungal compounds also demon-
strated antifungal effects, the MICs90 against P. citrinum 3AS1 and 
A. flavus F008BA were multiples of 500–2000 times the concentration in 
the CFS from L. fermentum 5KJEU5. The order of antifungal potency 
against P. citrinum 3AS1 was firstly hydroxyferulic acid (pKa 3.49), 
followed by 3-(4-hydroxyphenyl) propionic acid and 3-phenyllactic acid 
(pKa 4.02) with MIC90 of 5.00, 7.50 and 10.00 mg/mL, respectively. The 
presence of hydroxyl groups and relatively higher pKa are important 
factors that influence the strong inhibitory capacity of these compounds 
(Garnier et al., 2020; Peyer et al., 2016). 

MFC of acetic acid for P. citrinum 3AS1 and A. flavus F008BA was 
10.80 mg/mL, while 3-(4-hydroxyphenyl) propionic acid and hydrox-
yferulic acid killed only P. citrinum 3AS1 at 30.00 mg/mL. The need to 
elucidate the suggested additive and/or synergistic interactions of con-
stituent antifungal metabolites in microbial fermentates is further sup-
ported in this study, since a minimum of 60% CFS of L. fermentum 
5KJEU5 is required to completely inhibit the growth of both indicator 
mold strains. 

L. plantarum and L. fermentum are predominant LAB species in millet 
and sorghum fermentation (Oguntoyinbo et al., 2011; Owusu-Kwarteng 
et al., 2015). The long history of safe use in the fermentation of cereals 
(Bourdichon et al., 2012), the ascribed Generally Recognized As Safe 
(GRAS) status by the Food and Drug Administration (FDA) and the 
positive Qualified Presumption of Safety (QPS) according to European 
Food Safety Authority (EFSA) (Hazards, 2011) make L. plantarum and 
L. fermentum important microbial food cultures. In this study, the in-
crease in cell density of LAB inocula containing L. fermentum 5KJEU5 
and/or L. plantarum SKMIM1 by approximately 2 log units in the 
millet-sorghum slurry model indicated the metabolism of the com-
pounds in the slurry by the LAB strains, regardless of the inclusion of 
spices and other additives. The limited influence of some food additives 
with flavoring, sweetening, and preserving effects on the growth of 
starter strains of LAB was reported by Vinderola et al. (2002). The ability 
to tolerate required concentrations of food additives is an important 
technical consideration for the inclusion of a microbial strain in a starter 
culture. The differences in the metabolic activities of LAB strains that 
constitute the starter culture were demonstrated by the significant dif-
ferences (p < 0.05) in the pHs and concentrations of sugars and organic 
acids after 16 h of controlled fermentation. The significantly lower pHs 

in kunu-zaki samples that were fermented with starter cultures con-
taining L. plantarum SKMIM1 can be linked to higher concentration of 
lactic acid produced by the facultative heterofermentative LAB species. 
The significant increase and decrease in the respective concentration of 
glucose and sucrose after fermentation with L. fermentum 5KJEU5 
and/or L. plantarum SKMIM1 could be due to the phosphorolytic 
cleavage of sucrose to glucose and fructose by the LAB strains (Gänzle, 
2015). In the present study, the relative fructose depletion and accu-
mulation of mannitol and acetic acid in kunu-zaki samples fermented 
with starter cultures that contain L. fermentum 5KJEU5 is in line with the 
capacity of L. fermentum to produce mannitol dehydrogenase, which is 
required to metabolize the liberated fructose from sucrose cleavage to 
mannitol and acetate (Galle et al., 2010). This is an important functional 
property of L. fermentum 5KJEU5, producing mannitol, a natural 
sweetener with zero glycemic and insulinemic indexes (Dai et al., 2017) 
and acetate, an antibacterial and antifungal compound (Gänzle, 2015). 

The choice of protective LAB strain as a starter or protective culture 
has been suggested to prevent the visible growth and deteriorative 
metabolic activities of spoilage molds in several fermented foods. The 
antifungal strains of L. plantarum 170, 845, and 895 inhibited the growth 
of P. commune in cottage cheese stored at room temperature for more 
than 25 days (Cheong et al., 2014). Furthermore, an oat-based beverage 
fermented with antifungal L. plantarum UFG 121 and artificially 
contaminated with Fusarium culmorum was without observable deteri-
oration after cold storage (4 ◦C) for 21 days (Russo et al., 2017). In the 
present study, starter cultures that contained antifungal L. fermentum 
5KJEU5 prevented growth of P. citrinum 3AS1 and A. flavus F008BA on 
kunu-zaki for more than 8 day at ambient temperature (25 ◦C). Whereas, 
kunu-zaki samples that were unfermented or fermented with solely 
non-antifungal L. plantarum SKMIM1, showed observable mold growth 
and deterioration after two and four days of storage, respectively. Our 
observation suggests that during fermentation, protective LAB strains 
release stable antifungal compounds that contribute to the protection of 
products post-fermentation. Contrary to the use of sodium benzoate 
(0.1%) and pasteurization to preserve kunu-zaki at ambient temperature 
(25–30 ◦C) for ten days by Olasupo et al. (2000), the use of protective 
L. fermentum 5KJEU5 could be a safer, more affordable and sustainable 
alternative. Furthermore, protective LAB culture will conserve the 
potentially probiotic attributes of kunu-zaki. 

5. Conclusion 

In conclusion, there is a wide distribution of antifungal activity 
against a broad-spectrum of food spoilage molds in strains and species of 
lactic acid bacteria isolated from kunu-zaki. These include candidate 
strains for the bio-control of a broad range of traditional fermented 
cereal beverages and foods against P. citrinum and A. flavus. Further-
more, the retention of inhibitory activity in CFSs of active LAB isolates 
indicates their potentials as sustainable sources of natural antifungal 
additives for food protection, making protective LAB feasible alterna-
tives to synthetic food protectants. Overall, the targeted analytical 
methods detected and identified eight antifungal compounds in the CFSs 
from the antifungal LAB strains. The comparable concentration in the 
CFSs to the MICs90, indicate the significance of acetic acid in the anti-
fungal effects of the LAB strains. However, the concentrations of the 
other antifungal compounds found to be 500 to 2,000 fold lower than 
the MICs90 indicate their contributions to the demonstrated antifungal 
effects. It is possible that there is a synergistic interaction between all of 
the constituent antifungal compounds in CFS from L. fermentum 5KJEU5, 
since the MIC90 is 60%. It is important to further explore the application 
of the protective strains and their respective metabolites against multi-
ple mold contaminants in variety of food substrates and processes. 
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Meslet-Cladière, L., & Mounier, J. (2016). Identification and quantification of 
antifungal compounds produced by lactic acid bacteria and propionibacteria. 
International Journal of Food Microbiology, 239, 79–85. https://doi.org/10.1016/j. 
ijfoodmicro.2016.06.020 

Le Lay, Mounier, J., Vasseur, V., Weill, A., Le Blay, G., Barbier, G., & Coton, E. (2016). In 
vitro and in situ screening of lactic acid bacteria and propionibacteria antifungal 
activities against bakery product spoilage molds. Food Control, 60, 247–255. https:// 
doi.org/10.1016/j.foodcont.2015.07.034 

Leyva Salas, M., Thierry, A., Lemaître, M., Garric, G., Harel-Oger, M., Chatel, M., Lê, S., 
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