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Abstract
The spontaneous fermentation of cereals, such as for the production of Hausa koko from millet, could be improved 
by the use of starter cultures to enhance reproducibility and promote beneficial health effects. This study aimed to 
select bacteria and yeast which could be used to develop functional starter cultures for Hausa koko fermentation, 
by evaluating the functional properties of 70 lactic acid bacteria (LAB) and 53 yeast strains isolated during 
traditional processing of Hausa koko in Ghana. Initial screening of LAB genomes using the bacteriocin genome 
mining tool BAGEL4 and the Bacterial and Viral Bioinformatics Resource Centre identified 26 strains carrying genes 
potentially associated with folate, riboflavin, thiamin, nicotinate, nicotinamide, or bacteriocin production. These 26 
LAB were further assessed for in vitro technological properties associated with successful fermentation, including 
acidification rate, exopolysaccharide production, amylase and proteolytic activity and antimicrobial properties. The 
tolerance to simulated gastrointestinal conditions, including low pH and bile salt, of selected LAB as well as 53 
yeast strains was tested in vitro. In general, LAB exhibited good acidification properties with the greatest change 
in pH occurring within 4 to 8 h of fermentation, particularly in 3 strains. Five Limosilactobacillus pontis strains, 2 
L. fermentum strains and one Pediococcus acidilactici strain showed exopolysaccharide production in vitro, while 
17 strains demonstrated amylase activity under plate assay conditions, with 7 strains producing a clear zone of 
> 3.0 mm diameter on iodine-stained starch plates. Of the 26 LAB strains, 25 grew in 1% bile salt concentration, 15 
grew at a pH of 2.5, and all 26 grew at a pH of 3.5 to 7, and at temperatures of 25 °C and 37 °C. Inhibitory activities 
against foodborne indicator pathogens were observed in vitro. All yeast strains showed similar good survival in 
gastrointestinal tract conditions and showed characteristics such as tolerance to various temperatures, low-to-
neutral pH, and bile salt. The LAB strains L. reuteri LDOD-Sud, L. pontis LTAD-12g, and L. fermentum LMAN-Sdb, as 
well as the yeast strains Saccharomyces cerevisiae YSUN-Sud and Pichia kudriavzevii YTAD-12j displayed multiple 
in vitro traits consistent with desirable fermentative properties, suggesting potential as starter cultures for millet 
fermentation.
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Introduction
The functional value of cereals is improved after fermen-
tation, resulting in several nutritional and health benefits. 
During fermentation, antimicrobial compounds, aro-
matic compounds, minerals, amino acids and vitamins 
are produced, as well as biologically active compounds 
which are well known for their nutritional and health 
benefits [1–6]. Fermentation also improves organoleptic 
properties, including flavour and texture, while extending 
the shelf life of foods [7]. However, the process is com-
monly spontaneous and uncontrolled, leading to vari-
ability in quality. The use of fermenting microorganisms 
selected for beneficial fermentation traits and functional 
features can provide a more consistent fermentation pro-
cess, improve the nutritional and organoleptic quality 
of the fermented foods, reduce the risk of spoilage and 
pathogen growth [8, 9], and possibly give further health 
benefits via probiotic activity [10]. Antimicrobial produc-
tion may have a further role here if producers can survive 
gastrointestinal transit.

Extensive research has focused on the fermenta-
tive and functional potential of several microorganisms 
from spontaneously fermented foods, notably, yeast and 
lactic acid bacteria (LAB). LAB possess traits such as 
rapid acidification and production of key antimicrobial 
compounds that improve the safety of foods and extend 
their shelf-life. During cereal fermentation, LAB produce 
organic acids, mainly lactic and acetic acids, which pre-
vent the growth of pathogens and spoilage organisms 
while contributing to the sourness of fermented foods 
[11, 12]. Certain LAB strains can also produce hydrogen 
peroxide (H2O2), which inhibits pathogenic and spoilage 
microorganisms [13, 14]. In addition, some LAB pro-
duce bacteriocins, which are peptides or peptide com-
plexes with antagonistic activity against other bacteria 
[15–17]. This can improve the safety of the fermented 
food, and is also a valuable probiotic trait. Addition-
ally, LAB can produce compounds that contribute to 
the organoleptic qualities of the foods. For example, the 
production of diacetyl, which contributes to their distinc-
tive flavour [18] or the production of exopolysaccharide 
(EPS), which plays a part in the rheology and textures of 
fermented foods [19–21]. Another functional character-
istic of microbial fermenters is the production of diverse 
enzymes, such as cellulases, lipases, amylases, proteases, 
and phytases, which break down complex substrates like 
carbohydrates, proteins, lipids, and components of cell 
walls and enhance the digestibility of starch and protein 
[22, 23].

According to Enujiugha and Badejo [10] and Nagpal 
et al. [24], probiotics are mostly derived from species 

found in the gastrointestinal tract (GIT) and support the 
host’s health in several ways. Probiotics need to survive 
in the adverse conditions of the human gut, so response 
to qualities such as low-neutral pH, low oxygen, bile, 
enzymes and temperature are often evaluated [10]. Some 
of the characteristics and traits associated with certain 
LAB are valuable for probiotic activity, particularly their 
antimicrobial properties due to bacteriocin production 
and their ability to synthesise bioactive molecules such 
as short-chain fatty acids, antioxidants or vitamins that 
exert beneficial activities in the host. However, the initial 
step in selecting probiotic strains often involves evalu-
ating their ability to survive GIT stresses, among other 
checks to guarantee their safety for the host [3]. Benefi-
cial yeast strains are also used as probiotics [25]. Accord-
ing to AbdElatif et al. [26], they may exhibit antagonist 
qualities against pathogenic and spoilage microorganisms 
while withstanding acidic and bile conditions, thereby 
improving safety, extending the shelf life, and being suit-
able for use in the food industry [3, 26, 27].

In our previous study, Atter et al. [28], we described 
Hausa koko as an indigenous fermented millet porridge 
sold as a popular street food in Ghana. The process 
involves steeping pearl millet in water, washing, milling 
with spices, slurry fermentation and porridge prepara-
tion. Fermentation by the microbial community was 
found to produce 33 metabolites, including organic com-
pounds, sugars, ethanol, amino acids and other fermenta-
tion compounds. Therefore, consumption of Hausa koko 
may provide nutritional benefits, and as it is already an 
accepted part of Ghanaian food culture, the develop-
ment of improved versions could have a positive impact 
on the population. Building on this work, the present 
study focuses on identifying microbial isolates with desir-
able technological (fermentative) and functional (pro-
biotic) characteristics that could serve as defined starter 
cultures. Evaluating both fermentative aspects - rapid 
acidification, enzymatic activity, exopolysaccharide and 
antimicrobial production - and probiotic traits – e.g. 
tolerance to gastrointestinal stress - provides a balanced 
approach for selecting strains that enhance product qual-
ity, safety and potential health benefits.

We previously identified a wide diversity of homo- and 
hetero-fermentative LAB and yeasts which occur at vari-
ous fermentation stages of Hausa koko production, some 
of which remain viable in the final product [29]. These 
isolates might be an excellent source for screening and 
identifying strains that demonstrate valuable fermenta-
tive and potential probiotic effects. This study, there-
fore, sought to evaluate LAB and yeast strains isolated 
from Hausa koko for their technological and functional 
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attributes, to identify candidate strains for use as mul-
tifunctional starter cultures capable of improving the 
quality, safety and potential health benefits of traditional 
millet-based foods.

Materials and methods
Strains used in this study
LAB strains were routinely cultured in de Man, Rogosa 
and Sharp (MRS) broth (Oxoid CM361) at 37  °C and 
yeasts in Yeast Extract Peptone Dextrose Broth (YPD) 
(Difco, 242820) at 25  °C overnight unless otherwise 
stated.

LAB and yeast strains
A total of 70 LAB and 53 yeast strains characterised in 
this study were previously isolated from the traditional 
Ghanaian spontaneously fermented millet porridge, 
Hausa koko [29]. The LAB strains were fully sequenced, 
and the species identified as Limosilactobacillus pontis (n 
= 22), Pediococcus acidilactici (n = 14), L. fermentum (n 
= 12), L. reuteri (n = 10), Pediococcus pentosaceus (n = 
3), Lacticaseibacillus paracasei (n = 3), Lactiplantibacil-
lus plantarum (n = 3), Schleiferilactobacillus harbinensis 
(n = 2) and Weissella confusa (n = 1). Yeast strains were 
identified by sequencing the D1/D2 region of the 28S 
rRNA genes and included Saccharomyces cf. cerevisiae/
paradoxus (n = 24), S. cerevisiae (n = 17), Pichia kudri-
avzevii (n = 9) and Candida tropicalis (n = 3). Bacterial 
genome sequences and yeast D1/D2 amplicon sequences 
were deposited in the NCBI database under accession 

numbers PRJNA932444 and OR186448–OR186505 
respectively, as reported previously [29].

Seven bacterial strains representing both Gram-posi-
tive and Gram-negative bacteria were used as indicator 
organisms to determine the antimicrobial properties of 
LAB. The indicator strains, their growth conditions and 
origin are shown in Table 1.

Genome mining for LAB pre-screening
Draft genome assemblies were analysed for the presence 
of bacteriocin gene clusters using the genome mining 
tool BAGEL4 (http://bagel.molgenrug.nl/) [30]. Traits of 
interest, including genes linked to the nutritive improve-
ment of fermented foods, were identified using the Bacte-
rial and Viral Bioinformatics Resource Centre (BV-BRC) 
[31]. Following annotation with the RAST (Rapid Anno-
tation utilizing Subsystem Technology) toolbox, genes 
involved in KEGG pathways were investigated using the 
Comparative Systems service at BV-BRC. Specifically, we 
examined the folate biosynthesis and one-carbon pool 
by folate pathways to predict the biosynthesis of tetrahy-
drofolate (THF), riboflavin metabolism pathway for the 
production of riboflavin, thiamin metabolism pathway 
for thiamin production and nicotinate and nicotinamide 
metabolism for niacin production. The presence or 
absence of genes in these pathways was visualised using 
the heatmap option within BV-BRC. The subsystems 
table was used to predict whether metabolic pathways 
were active.

In vitro technological properties of LAB strains
Rate of acidification of millet broth
The rate of acidification by LAB strains was determined 
in millet broth. The flour used to prepare the broth was 
produced from a locally sourced early maturing millet 
variety, which is resistant to diseases and other environ-
mental stresses like drought, known as Waapp-naara, 
developed and obtained from CSIR-Savanna Agriculture 
Research Institute (SARI). The millet was hand-sorted, 
winnowed and milled in an attrition mill. The flour was 
packaged into polyethylene bags that were sealed and 
irradiated at a dose of 5 kGy radiation to reduce the via-
ble microbial counts according to the protocol of Musta-
pha et al. [32] at the Ghana Atomic Energy Commission. 
Millet broth was prepared as an aqueous suspension of 
10% (w/w) millet flour in sterile distilled water dispensed 
into sterile conical flasks (200 mL/flask). Each flask was 
inoculated with pure cultures of LAB strains to obtain 
an initial cell count of ca. 106 CFU/mL, providing a suf-
ficient number of microorganisms to dominate the cul-
ture and create the desired fermentation conditions, then 
incubated at 30 °C for 12 h. This inoculum level is con-
sistent with microbial densities typically observed during 
the early stages of natural cereal fermentations such as 

Table 1  Indicator strains, growth conditions, and source
Indicator strain Growth media, 

conditions
Reference/supplier

Bacillus cereus 
ULAG669

Nutrient broth 
(Merck), 37 °C/agita-
tion at 180 rpm

Quadram Institute Biosci-
ence Culture Collection, 
UK, isolated from tradi-
tional fermented wine

Salmonella enteri-
ca sv typhimurium 
Lt2

Nutrient broth, 37 °C/
agitation at 180 rpm

Quadram Institute Biosci-
ence Culture Collection, UK

Enterococcus fae-
cium ATCC 6057

Brain Heart Infusion 
Broth (BHI, Oxoid), 
37 °C/agitation at 
180 rpm

American Type Culture 
Collection, USA, isolated 
from cheese

Staphylococcus 
aureus FI10139

BHI Broth, 37 °C/agita-
tion at 180 rpm

Quadram Institute Biosci-
ence Culture Collection 
UK, food isolate

Micrococcus luteus 
FI10640

MRS Broth (Oxoid), 
37 °C/static

Quadram Institute Biosci-
ence Culture Collection, UK

E. faecalis ATCC 
376

MRS Broth, 37 °C/
static

American Type Culture 
Collection, isolated from 
sour milk

Escherichia coli 
RMEC0157 NCCBI 
100,282

EC Broth (Oxoid), 
37 °C/static

CSIR-Food Research Insti-
tute Culture Bank, Ghana

http://bagel.molgenrug.nl/
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Hausa koko [29, 69]. The 12-hour incubation period was 
selected to assess early acidification kinetics and to simu-
late an accelerated fermentation process representative of 
potential small- and medium-scale Hausa koko produc-
tion, where shorter fermentation times are desirable. Per-
centage (%) titratable acidity was determined in duplicate 
according to Amoa-Awua et al. [33] and pH was mea-
sured with a pH meter (CP-511 Elmetron, Poland) at 4 h 
intervals. Sterile millet broth without inoculation served 
as the negative control.

Amylolytic and proteolytic activities
For amylase production, pure LAB strains were cultured 
on MRS agar and streaked on Nutrient agar (Merck, Ger-
many) containing 2% soluble starch (Sigma-Aldrich, Ger-
many) at a pH of 7.2. The plates were allowed to grow for 
3 d at 30 °C and flooded with 1% iodine solution. Amylase 
production was demonstrated by the formation of a clear 
zone surrounding the colonies, while the remaining por-
tion of the plate stained blue-black (Almeida et al., 2007). 
For protease analysis, pure LAB strains were cultured on 
MRS agar and streaked on Plate Count Agar (Oxoid, UK) 
containing 0.5% casein (Sigma-Aldrich, New Zealand). 
After incubation at 30 °C for 3 days, plates were flooded 
with 1 M HCl (Sigma-Aldrich) and protease activity was 
demonstrated by a clear zone surrounding the bacterial 
colonies [34].

Production of exopolysaccharides and antimicrobial activity
The method outlined by Owusu-Kwateng et al. [35] was 
used to measure exopolysaccharide production by LAB 
strains. Slime formation of greater than 1.5 mm was 
deemed to indicate positive, while no slime formation 
indicated negative. Antimicrobial activity of LAB strains 
against indicator pathogenic organisms (Table 1) was 
assessed using the antimicrobial overlay assay method as 
previously described [36, 37].

Tolerance to bile salt, low pH and temperature
Three aliquots (10 µL) of LAB cultures were spotted onto 
MRS agar containing 0.3, 0.5, or 1% (w/v) bile salt (Tauro-
cholic acid, Sigma-Aldrich, New Zealand) and incubated 
at 37 °C for 48 h. The plates were then visually inspected 
for growth [38]. A slightly modified version of the Banca-
lari et al. [38] approach was used to examine the pH and 
temperature tolerance of LAB isolates. Briefly, aliquots 
(10 µL) of LAB cultures were spotted onto MRS agar at 
pH 3.5, 4.5, 6.0 or 7.0, or into tubes of MRS broth at pH 
1.5 and 2.5 as the MRS agar plates did not set at these low 
pH concentrations. After incubation at 37 °C for 48 h, 
plates and tubes were visually inspected for growth. Tol-
erance to different temperatures was measured by spot-
ting aliquots (10 µL) of LAB cultures onto MRS agar and 

incubating at 25 °C and 37 °C for 48 h. The plates were 
then visually inspected for growth.

For yeast strains, 50 µL of culture was inoculated into 
5 mL of Yeast Extract Peptone Dextrose Broth (YPD) 
(Difco) at pH 6.5 and incubated at 25–37 °C for 3 days. 
Following incubation, the tubes were visually inspected 
for growth as an indication of temperature tolerance [26]. 
Growth at low pH or in bile salts was assessed in 5 ml 
YPD broth cultures with pH adjusted to 1.5, 2.0, 3.0, or 
5.5 using 1 M HCl, or supplemented with 0.3, 0.5, or 1% 
(w/v) bile salt (taurocholic acid), respectively. The tubes 
were then incubated at 25 °C for 3 days and visually 
inspected [26, 39] for growth.

Results
Genomic prediction of functional properties in LAB strains
Initial genomic screening of all 70 LAB strains specifically 
for the biosynthesis and presence or absence of genes for 
folate, riboflavin, thiamin, nicotinate and nicotinamide 
pathways was visualised using the heatmap option within 
BV-BRC and is presented in Fig. 1.

Strains exhibited varying numbers of genes for these 
beneficial pathways, which may have an impact on the 
completeness of the pathways or expression levels. Sub-
system analysis by BV-BRC classified all the strains as 
likely to have subsystem ‘Folate_biosynthesis_cluster’ 
while all strains except species L. pontis and S. harbi-
nensis were predicted to have active folate biosynthe-
sis (Fig.  1). Subsystems associated with nicotinate and 
nicotinamide metabolism, subsystem ‘Riboflavin, FMN 
and FAD metabolism with fusion events’ and subsystem 
‘Thiamin, thiazole, hydroxymethylpyrimidine salvage and 
uptake’ were predicted to be active in all strains.

Following the initial genomic screening of the 70 LAB 
using BAGEL4 and BV-BRC, 26 strains including L. 
pontis (n = 16), L. reuteri (n = 5), L. fermentum (n = 4), P. 
acidilactici (n = 1), and P. pentosaceus (n = 1), were pre-
dicted to harbour bacteriocin-producing genes and were 
selected for further in vitro screening. A putative enter-
olysin A structural protein was found in all strains of L. 
pontis, L. fermentum, and L. reuteri (Fig.  2a). Putative 
Bovicin 255 and Penocin A structural and immunity pro-
teins were found in the genome of P. pentosaceus CDOD-
Sdd (Fig. 2c, d). The Enterolysin A structural protein was 
also found in the genome of P. acidilactici LAMZ-De; a 
gene with similarity to the structural protein gene of lan-
tibiotic mersacidin was identified nearby, although the 
accompanying essential lantibiotic modification genes 
were absent (Fig.  2b). Twenty-six LAB strains were 
selected for in vitro assessment based on their predicted 
functional and more importantly, bacteriocin-producing 
abilities, and they were each tested for properties which 
have the potential to improve the fermentation process 
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Fig. 1  Initial genomic screening of all 70 LAB strains. Subsystem Folate biosynthesis, 1, Dihydrofolate synthase (EC 6.3.2.12)@Folylpolyglutamate synthase 
(EC 6.3.2.17); 2, Dihydrofolate reductase (EC 1.5.1.3); 3, 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine pyrophosphokinase (EC 2.7.6.3); 4, Dihydro-
neopterin aldolase (EC 4.1.2.25); 5, Dihydropteroate synthase (EC 2.5.1.15); 6, GTP cyclohydrolase I (EC 3.5.4.16) type 1; 7, Oxygen-insensitive NAD(P)H ni-
troreductase (EC 1.-.-.-)/Dihydropteridine reductase (EC 1.5.1.34); 8, Mutator MutT protein (7,8-dihydro-8-oxoguanine-triphosphatase) (EC 3.6.1.-); 9, Nudix 
dNTPase DR1776 (EC 3.6.1.-); subsystem Nicotinate and nicotinamide metabolism, 1, ADP-ribose pyrophosphatase of COG1058 family (EC 3.6.1.13)/Nic-
otinamide-nucleotide amidase (EC 3.5.1.42); 2, Inosine-uridine preferring nucleoside hydrolase (EC 3.2.2.1); 3, NAD kinase (EC 2.7.1.23); 4, NAD synthetase 
(EC 6.3.1.5); 5, Nicotinamidase (EC 3.5.1.19); 6, Nicotinate-nucleotide adenylyltransferase (EC 2.7.7.18); 7, N-Ribosylnicotinamide phosphorylase (EC 2.4.2.1); 
8, Purine nucleoside phosphorylase (EC 2.4.2.1); 9, Peptidoglycan N-acetylglucosamine deacetylase (EC 3.5.1.-); 10, preQ1-regulated inosine-uridine nu-
cleoside hydrolase (EC 3.2.2.1); 11, Pyrimidine 5’-nucleotidase YjjG (EC 3.1.3.5); subsystem Riboflavin metabolism, 1, FMN adenylyltransferase (EC 2.7.7.2)/
Riboflavin kinase (EC 2.7.1.26); 2, 6,7-dimethyl-8-ribityllumazine synthase (EC 2.5.1.78); 3, Alkaline phosphodiesterase I (EC 3.1.4.1)/Nucleotide pyrophos-
phatase (EC 3.6.1.9); 4, 3,4-dihydroxy-2-butanone 4-phosphate synthase (EC 4.1.99.12)/GTP cyclohydrolase II (EC 3.5.4.25); 5, Diaminohydroxyphospho-
ribosylaminopyrimidine deaminase (EC 3.5.4.26)/5-amino-6-(5-phosphoribosylamino)uracil reductase (EC 1.1.1.193); 6, Riboflavin synthase eubacterial/
eukaryotic (EC 2.5.1.9); 7, 2,5-diamino-6-ribosylamino-pyrimidinone 5-phosphate reductase (EC 1.1.1.302) homolog; 8, 3,4-dihydroxy-2-butanone 4-phos-
phate synthase (EC 4.1.99.12); subsystem Thiamine metabolism, 1, Hydroxymethylpyrimidine kinase (EC 2.7.1.49) Hydroxymethylpyrimidine phosphate 
kinase ThiD (EC 2.7.4.7); 2, Cysteine desulfurase (EC 2.8.1.7); 3, Cysteine desulfurase (EC 2.8.1.7) = > SufS; 4, Cysteine desulfurase (EC 2.8.1.7), associated with 
tRNA 4-thiouridine synthase; 5, Hydroxyethylthiazole kinase (EC 2.7.1.50); 6, Thiamin pyrophosphokinase (EC 2.7.6.2); 7, Thiamin-phosphate pyrophospho-
rylase (EC 2.5.1.3); 8, 1-deoxy-D-xylulose 5-phosphate synthase (EC 2.2.1.7); 9, Thiaminase II (EC 3.5.99.2) involved in salvage of thiamin pyrimidine moiety; 
10, Hydroxymethylpyrimidine phosphate kinase ThiD (EC 2.7.4.7); 11, Nucleoside 5-triphosphatase RdgB (dHAPTP, dITP, XTP-specific) (EC 3.6.1.15); 12, Sulfur 
carrier protein ThiS adenylyltransferase (EC 2.7.7.73); 13, Thiaminase II (EC 3.5.99.2)
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or product, and which may support survival in the gas-
trointestinal tract.

In vitro technological properties of LAB isolates
Rate of acidification of LAB isolates
Millet broth inoculated with each of the 26 strains of 
LAB had initial pH values ranging from 6.04 to 6.07 at 
the onset of fermentation. The pH steadily decreased 
with fermentation time, reaching between 3.29 and 
5.34 after 12 h. Only L. pontis strains (LAMZ-Sdi (ΔpH 
0.95 ± 0.01), LTAD-Dh (ΔpH 0.58 ± 0.01) and LTAD-
Suc (ΔpH 0.48 ± 0.01) showed appreciable acidifications 
within the first 4 h of fermentation. The greatest change 
in pH occurred within 4 to 8 h of fermentation, particu-
larly in strains of L. pontis LTAD-12g (ΔpH 1.5 ± 0.01), L. 
reuteri LDOD-Sud (ΔpH 1.54 ± 0.01) and L. fermentum 
LMAN-Sdb (ΔpH 1.79 ± 0.01) (Fig. 3a). The negative con-
trol had a range of 6.06 to 5.44 from start to finish (12 h). 
Titratable acidity also increased with fermentation time, 
increasing from 0.06 to 0.09 at the beginning to 0.27–
0.39 after 12 h of fermentation, but showed less variation 
between strains (Fig. 3b).

Tolerance of LAB strains to bile salt, low pH, and temperature
The tolerance of the 26 LAB strains to different con-
centrations of bile salt (0.3%, 0.5%, and 1%), low pH 
(1.5, 2.5, 3.5, 4.5, 6, and 7) and temperature (25  °C and 
37  °C) are presented in Table  2. All LAB strains except 
one grew in the presence of up to 1% bile salt concentra-
tion. However, L. reuteri LMAN-Di did not grow even 

in the lowest concentration (0.3%) of bile salt. None of 
the 26 LAB strains survived at a pH of 1.5. However, 15 
strains showed growth at pH 2.5. All 26 strains showed 
tolerance and growth at pHs between 3.5 and 7, and all 
grew at temperatures of 25 °C and 37 °C. Growth inten-
sity was assessed visually: low growth was defined as lim-
ited microbial proliferation and sparse colony formation 
on agar, whereas high growth indicated abundant colony 
development and dense culture appearance.

Amylase, protease and exopolysaccharide production by LAB 
isolates
Proteolytic and amylase activity and exopolysaccharide 
production by the LAB strains are presented in Table 3. 
Seventeen strains tested positive for amylase activ-
ity, with 7 strains producing a clear zone of > 3.0  mm 
diameter. There was no clear relationship between amy-
lase production and species/genus. None of the strains 
showed protease activity with casein, while only 6 L. pon-
tis strains, 2 L. fermentum strains and one P. acidilactici 
strain exhibited the production of exopolysaccharides.

Antimicrobial activity of LAB isolates
Antimicrobial activity of the selected LAB strains against 
indicator strains of Gram-positive and Gram-negative 
pathogens or opportunistic species showed a wide range 
of inhibitory activity (Table 4). Generally, the inhibitory 
activities against all the indicator organisms were moder-
ate to strong, except for against M. luteus. Only L. reuteri 
LMAN-Di and L. pontis LTAD-Suc did not inhibit all of 

Fig. 2  Examples of bacteriocin gene prediction by BAGEL4 showing genes with predicted similarity to (a) enterolysin A gene, (b) mersacidin (orf00023) 
and enterolysin A genes, (c) bovicin 255 structural and immunity genes, and (d) penocin A structural and immunity genes
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the indicator organisms, although L. pontis LTAD-Suc 
showed moderate to good antimicrobial activity against 
both Gram-negative and Gram-positive indicator organ-
isms. Three strains, including L. pontis LTAD-Kc, L. 
reuteri LMAN-24c and L. fermentum LAMZ-Sdh, had 
particularly strong and consistent antimicrobial activity 
against all tested indicator bacterial strains.

Tolerance of yeast isolates to different pH, bile 
concentrations and temperature
The low-neutral pH conditions set at 2.0, 3.0, 5.5, and 
7.0 were tolerated by all yeast isolates; however, only the 

strains of P. kudriavzevii and C. tropicalis could grow at 
the lower pH of 1.5 (Table 5). All 53 yeast isolates were 
able to thrive in the presence of 0.3%, 0.5%, and 1% bile 
salt, with no inhibition of growth noted, and all yeast iso-
lates grew well at 25 °C and 37 °C.

Discussion
We conducted a survey of microbes isolated from the fer-
mented millet porridge, Hausa koko, to identify strains 
with beneficial traits that could be developed as starter 
cultures. We evaluated key technological characteris-
tics, including acidification capacity, enzymatic activities, 

Fig. 3  Change in pH (a) and % titratable acidity (b) during fermentation of millet broth by LAB strains and negative control. Results are the mean of 
duplicate readings +/- standard deviation
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exopolysaccharide and antimicrobial compound produc-
tion, as well as the ability of selected isolates to survive 
under simulated gastrointestinal tract conditions. These 
combined properties are essential for ensuring consistent 
fermentation performance, desirable texture and flavour, 
product safety, and potential health benefits.

Yeasts in cereal fermentations have important effects 
on carbohydrate fermentation, production of flavour 
compounds, degradation of toxins, stimulation of LAB, 
folate synthesis and the production of enzymes to facili-
tate cereal breakdown and nutrient release (e.g. phy-
tases) [27]. Here, we performed a first-step assessment of 
yeast tolerance to simulated gastrointestinal conditions 
to shortlist candidate isolates for subsequent co-culture 
trials evaluating fermentative performance and sensory 
impact.

Lactic acid bacteria were characterised based on their 
bacteriocin gene clusters to identify strains that may act 
as natural bio-preservatives by producing antimicrobial 
compounds to improve safety and quality. In this study, 
although Enterolysin A is reported to be produced by 

Enterococcus faecalis species [40] predicted genes encod-
ing this bacteriocin were found in strain P. acidilactici 
LAMZ-De and in all strains of L. pontis, L. fermentum, 
and L. reuteri. Using the BAGEL3 database and BLASTP, 
a similar result has been reported in the genome of the 
L. fermentum species from selected fermented foods, 
including Ogi from Nigeria [41]. Enterolysin A is a broad-
spectrum bacteriocin which targets Gram-positive bacte-
ria, including Enterococcus, Bacillus and Staphylococcus 
spp [40] and may contribute to the activity seen against 
these genera in the overlay assays. Penocin A structural 
protein and a putative Bovicin 255 were found in the 
genome of P. pentosaceus CDOD-Sdd. Penocin A is a 
pediocin-like bacteriocin which was originally produced 
from Pediococcus pentosaceus and forms part of the class 
IIa bacteriocins. They have a narrow spectrum of activity 
against pathogens by inducing pore formation in target 
cells, resulting in their death [17, 42, 43]. Bovicin 255 is a 
class II bacteriocin that was identified in the gut of rumi-
nant-associated Streptococcus species, such as S. bovis, S. 
equinus, and S. gallolyticus [44]. Additionally, it exhibits 

Table 2  Bile, pH and temperature tolerance of LAB strains isolated from Hausa Koko
LAB Isolate Bile Tolerance (%) pH Tolerance Temperature Tolerance 

(°C)
0.30 0.50 1.00 1.5 2.5 3.5 4.5 6 7 25 37

L. pontis LTAD-De + + + - - + + + + + +
L. pontis LTAD-Sue + + + - ± + + + + + +
L. pontis LTAD-Dg + + + - - + + + + + +
L. pontis LTAD-Dh + + + - - + + + + + +
L. pontis LTAD-Suc + + + - - + + + + + +
L. pontis LAMZ-24a + + + - - + + + + + +
L. pontis LTAD-Suf + + + - - + + + + + +
L. pontis LTAD-Sdh + + + - - + + + + + +
L. pontis LTAD-Kc + + + - + + + + + + +
L. pontis LTAD-12e + + + - + + + + + + +
L. pontis LTAD-Kg + + + - + + + + + + +
L. pontis LAMZ-24b + + + - ± + + + + + +
L. pontis LTAD-Kh + + + - ± + + + + + +
L. pontis LTAD-12g + + + - + + + + + + +
L. pontis LAMZ-Sdi + + + - - + + + + + +
L. reuteri LSUN-24g + + + - + + + + + + +
L. reuteri LSUN-Sdc + + + - ± + + + + + +
L. reuteri LMAN-Di - - - - - + + + + + +
L. reuteri LMAN-24c + + + - + + + + + + +
L. reuteri LDOD-Sud + + + - - + + + + + +
L. fermentum LAMZ-Sdh + + + - + + + + + + +
L. fermentum LTAD-Sda + + + - + + + + + + +
L. fermentum LMAN-Sdb + + + - + + + + + + +
L. fermentum LDOD-12b + + + - ± + + + + + +
P. acidilactici LAMZ-De + + + - - + + + + + +
P. pentosaceus CDOD-Sdd + + + - + + + + + + +
- = No growth

± = Low growth

+ = High growth
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activity against certain foodborne indicator bacteria [45]. 
Penocin A and Bovicin 255 both affect Gram-positive 
species, including Enterococci, but Penocin A usually 
requires accompanying inducer and transporter genes for 
efficacy [46].

There was no correlation between the prediction of 
bacteriocins and the actual inhibition observed in this 
study. The results showed that the presence of more pre-
dicted bacteriocin genes does not necessarily guarantee 
actual inhibition functions during fermentation. Some 
LAB with a single predicted bacteriocin gene showed 
strong and consistent activity compared to others with 
2 or 3 genes. The presence of a gene with similarity to a 
structural gene is not enough if essential accessory genes 
are not present. Even though these genes may not always 
convert into antimicrobial activity due to a variety of rea-
sons, the use of genomic data is making it simpler to dis-
cover and predict bacteriocin-encoded genes within the 
genome of an isolate [43]. Antimicrobial activity against 
E. coli or any other Gram-negative organism may come 

from other antimicrobial compounds, such as lactic acid, 
and not necessarily from Enterolysin A.

Assohoun-Djeni et al. [47] have reported the produc-
tion of bacteriocins in different LAB strains from cereal-
fermented foods, such as maize flour, during doklu 
production process. Investigating these isolates’ poten-
tial to actually inhibit pathogens and indicator organisms 
is essential. The exhibition of such antibacterial activity 
by the LAB is one of the key benchmarks for selecting 
strains for functional starter culture development. Bac-
teriocins produced by LAB have several characteristics 
that make them ideal for utilisation as food preservatives. 
They are non-toxic and inactive against eukaryotic cells 
and have minor adverse effects on the gut microflora 
[11]. Enterococcus, Staphylococcus spp., Listeria monocy-
togenes, Clostridium spp., and Bacillus spp. are a few of 
the food spoilage and pathogenic microorganisms that 
are susceptible to bacteriocins in connection with fer-
mentation [48]. However, as bacteriocins also often act 
against closely related species, it is important to choose 
strains that do not target beneficial fermenters.

There was no species-specific pattern in the LAB 
strains that showed amylase activity. According to Egwim 
and Oloyede [49], amylase is a key enzyme in cereal fer-
mentation, mediating the saccharification of starch and 
yielding fermentable sugars. But, as is the case with some 
of the indigenous non-alcoholic beverages like Nmeda 
and Asaana, as well as alcoholic beverages like pito and 
burukutu, cereals are usually malted before they pro-
duce significant levels of endogenous amylase or dia-
static activity. The amylolytic potential of LAB isolated 
from different fermented foods has been reported by 
Sanni et al. [50]. The amylolytic and probiotic potential 
of LAB from Chinese fermented cereal-based foods was 
also reported by Xu et al. [51]; these isolates showed tol-
erance to bile (0.3 and 0.6%), low pH (2 and 3), strong 
auto-aggregation, and antimicrobial activity against 
pathogens and the authors recommended their use for 
starter cultures to enhance the fermentation process. 
The use of the amylolytic LAB from Hausa koko in the 
development of starter cultures for this product is very 
relevant. These strains will aid in the hydrolysis of starch 
from millet, which will help in releasing nutrients [52]. 
Songré-Ouattara et al. [53] reported the use of amylolytic 
LAB to hydrolyse starch to increase the energy density in 
pre-cooked pearl millet gruel. According to Motarjemi 
and Nout [54], amylolytic LAB could reduce the viscos-
ity of starchy gruels during fermentation, which enhances 
the nutrient content while preserving the gruel’s desir-
able semi-solid consistency. Absence of proteases, the 
proteolytic enzymes that break down protein, were cor-
rectly predicted for these isolates. However, these activi-
ties were demonstrated only in vitro, under defined assay 
conditions, and it remains uncertain how strongly they 

Table 3  In vitro EPS production, amylase and protease activity 
by LAB strains
LAB Isolates Amylase Protease EPS
L. pontis LTAD-De - - -
L. pontis LTAD-Sue - - -
L. pontis LTAD-Dg +++ - ++
L. pontis LTAD-Dh ++ - +
L. pontis LTAD-Suc + - -
L. pontis LAMZ-24a + - ++
L. pontis LTAD-Kc +++ - +
L. pontis LTAD-12e ++ - ++
L. pontis LTAD-Kg + - +
L. pontis LAMZ-24b + - -
L. pontis LTAD-Suf + - -
L. pontis LTAD-Sdh ++ - -
L. pontis LTAD-Kh - - -
L. pontis LTAD-12g +++ - -
L. pontis LAMZ-Sdi - - -
L. reuteri LSUN-24g - - -
L. reuteri LSUN-Sdc - - -
L. reuteri LMAN-Di - - -
L. reuteri LMAN-24c - - -
L. reuteri LDOD-Sud +++ - -
L. fermentum LMAN-Sdb ++ - ++
L. fermentum LAMZ-Sdh +++ - -
L. fermentum LTAD-Sda +++ - -
L. fermentum LDOD-12b - - +
P. acidilactici LAMZ-De +++ - ++
P. pentosaceus CDOD-Sdd + - -
- = No clear zone (amylase)/slime formation (EPS)

+ = Clear zone/slime length of < 1.5 mm

++ = Clear zone/slime length of 1.5–3.0 mm

+++ = Clear zone/slime length of > 3.0 mm
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contribute to starch hydrolysis in the millet porridge 
matrix where multiple microbes interact.

EPS production was only seen in selected strains from 
species L. pontis, L. fermentum, and P. acidilactici. It has 
been reported that the production of EPS during fer-
mentation enhances the product’s physical attributes by 
functioning as a gelling agent/emulsifier, viscosifier, or 
stabiliser, giving the product its inherent thickness and 
significantly enhancing its flavour and sensory character-
istics [35, 55, 56]. Interest in the advantages of EPS pro-
duced by LAB species for consumer health has increased 
due to the rising population’s need for functional foods 
[57]. In addition to having antitumor and anticancer 
properties, EPS derived from LAB has been reported to 
reduce blood cholesterol levels [55].

Next generation sequencing is allowing faster screening 
for the ability of microbes to improve nutritional value by 
the synthesis of vitamins, amino acids, and other genes 
which are important factors to consider in starter culture 
selection to improve the nutritional value of fermented 
foods [58]. Screening of the LAB strains indicated that 
several had the potential to produce bioactives, but again, 
tests to confirm production in situ are required. This is a 
limitation of the current study, but it provides an indica-
tion of which bioactives are likely to be present to enable 
more effective testing in future work. The fact that these 
initial studies have been performed in vitro with single 
cultures is a further limitation - it will be important to 
consider the effect of microbial co-culture and the food 
context on characteristics such as the production of 

Table 4  Antimicrobial activities of LAB strains against indicator organisms
LAB strains Predicted Bacteriocin Gene Code Indicator Organisms

ST BC EF SA ML EFL EC
L. pontis LTAD-De 64.3; Enterolysin_A (enlA) +++ +++ +++ ++ + ++ +
L. pontis LTAD-Sue 64.3; Enterolysin_A (enlA) +++ + ++ + + ++ ++
L. pontis LTAD-Dg 64.3; Enterolysin_A (enlA) +++ + +++ ++ ++ ++ +++
L. pontis LTAD-Dh 64.3; Enterolysin_A (enlA) ++ + ++ ++ + + +++
L. pontis LTAD-Suc 64.3; Enterolysin_A (enlA) ++ - + + + - +++
L. pontis LAMZ-24a 64.3; Enterolysin_A(enlA)

63.3; Enterolysin_A (enlA)
+++ ++ +++ +++ + +++ ++

L. pontis LTAD-Suf 63.3; Enterolysin_A (enlA)
64.3; Enterolysin_A (enlA)

++ ++ +++ +++ + +++ ++

L. pontis LTAD-Sdh 64.3; Enterolysin_A (enlA) + +++ +++ +++ + +++ ++
L. pontis LTAD-Kc 64.3; Enterolysin_A (enlA) 63.3; Enterolysin_A (enlA) +++ +++ +++ +++ + +++ +++
L. pontis LTAD-12e 64.3; Enterolysin_A (enlA) +++ +++ +++ +++ + +++ ++
L. pontis LTAD-Kg 64.3; Enterolysin_A (enlA) +++ + ++ + + ++ ++
L. pontis LAMZ-24b 64.3; Enterolysin_A (enlA) 63.3; Enterolysin_A (enlA) +++ +++ ++ ++ + +++ ++
L. pontis LTAD-Kh 64.3; Enterolysin_A (enlA) ++ +++ + + + ++ +
L. pontis LTAD-12g 64.3; Enterolysin_A (enlA) +++ +++ ++ + + +++ ++
L. pontis LAMZ-Sdi 64.3; Enterolysin_A (enlA) +++ +++ ++ ++ + +++ +++
L. reuteri LSUN-24g 64.3; Enterolysin_A (enlA) ++ ++ +++ + ++ ++ +++
L. reuteri LSUN-Sdc 64.3; Enterolysin_A (enlA) +++ + ++ + ++ ++ ++
L. reuteri LMAN-Di 64.3; Enterolysin_A (enlA) - - ++ - - - +
L. reuteri LMAN-24c 64.3; Enterolysin_A (enlA) +++ +++ +++ +++ + +++ +++
L. reuteri LDOD-Sud 64.3; Enterolysin_A (enlA) +++ +++ ++ ++ + +++ +++
L. fermentum LMAN-Sdb 63.3; Enterolysin_A (enlA) + + ++ ++ + ++ ++
L. fermentum LAMZ-Sdh 63.3; Enterolysin_A (enlA) +++ +++ +++ +++ + +++ +++
L. fermentum LTAD-Sda 63.3; Enterolysin_A (enlA) +++ +++ +++ +++ + +++ ++
L. fermentum LDOD-12b  63.3; Enterolysin_A (enlA) 64.3; Enterolysin_A (enlA) +++ +++ ++ ++ + +++ +++
P. acidilactici LAMZ-De Mersacidin (mer) 

64.3; Enterolysin_A (enlA)
++ ++ +++ +++ + +++ ++

P. pentosaceus CDOD-Sdd 43.2; Bovicin_255_variant(na) bacteriocinII; Bacterio-
cin_II; L_biotic_typeA; Antimicrobial17; Bacteriocin_IIc;
163.2; Penocin_A (penA) bacteriocinII; Bacteriocin_II

+++ +++ ++ + + +++ ++

ST Salmonella enterica sv typhimurium Lt2, BC Bacillus cereus ULAG 669, EF Enterococcus faecium ATCC 6057, SA Staphylococcusaureus FI10139, ML Micrococcusluteus 
FI10640, EFL Enterococcus faecalis ATCC 376

- = No inhibition

+ = weak inhibition

++ = moderate inhibition

+++ = strong inhibition
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Yeast Isolate pH Tolerance Bile Tolerance (%) Temperature Tolerance 
(°C)

1.5 2 3 5.5 7 0.3 0.5 1 25 37
S. cerevisiae YTAD-12 g - + + + + + + + + +
S. cerevisiae YSUN-Kf - + + + + + + + + +
S. cerevisiae YTAD-De - + + + + + + + + +
S. cerevisiae YSUN-24i - + + + + + + + + +
S. cerevisiae YSUN-Kj - + + + + + + + + +
S. cerevisiae YMAN-24d - + + + + + + + + +
S. cerevisiae YDOD-Sda - + + + + + + + + +
S. cerevisiae YDOD-Sdb - + + + + + + + + +
S. cerevisiae YMAN-Sdc - + + + + + + + + +
S. cerevisiae YSUN-Sud - + + + + + + + + +
S. cerevisiae YSUN-Suf - + + + + + + + + +
S. cerevisiae YMAN-Sud - + + + + + + + + +
S. cerevisiae YMAN-Sue - + + + + + + + + +
S. cerevisiae YAMZ-Sdb - + + + + + + + + +
S. cerevisiae YDOD-Suc - + + + + + + + + +
S. cerevisiae YTAD-12f - + + + + + + + + +
S. cerevisiae YSUN-Sda - + + + + + + + + +
S. paradoxus YDOD-12j - + + + + + + + + +
S. paradoxus YMAN-24 g - + + + + + + + + +
S. paradoxus YAMZ-Kb - + + + + + + + + +
S. paradoxus YTAD-Kd - + + + + + + + + +
S. paradoxus YAMZ-Sdc - + + + + + + + + +
S. paradoxus YAMZ-Da - + + + + + + + + +
S. paradoxus YDOD-12e - + + + + + + + + +
S. paradoxus YSUN-24h - + + + + + + + + +
S. paradoxus YTAD-Sud - + + + + + + + + +
S. paradoxus YDOD-Sud - + + + + + + + + +
S. paradoxus YSUN-Sdi - + + + + + + + + +
S. paradoxus YDOD-Sdg - + + + + + + + + +
S. paradoxus YAMZ-Db - + + + + + + + + +
S. paradoxus YDOD-Dc - + + + + + + + + +
S. paradoxus YSUN-24a - + + + + + + + + +
S. paradoxus YDOD-12g - + + + + + + + + +
S. paradoxus YSUN-Sdb - + + + + + + + + +
S. paradoxus YMAN-24j - + + + + + + + + +
S. paradoxus YSUN-24b - + + + + + + + + +
S. paradoxus YAMZ-24i - + + + + + + + + +
S. paradoxus YTAD-12a - + + + + + + + + +
S. paradoxus YTAD-12b - + + + + + + + + +
S. paradoxus YDOD-Sua - + + + + + + + + +
S. paradoxus YAMZ-Ka - + + + + + + + + +
P. kudriavzevii YTAD-Kh + + + + + + + + + +
P. kudriavzevii YTAD-12j + + + + + + + + + +
P. kudriavzevii YAMZ-Sug + + + + + + + + + +
P. kudriavzevii YMAN-Kg + + + + + + + + + +
P. kudriavzevii YAMZ-Kh + + + + + + + + + +
P. kudriavzevii YTAD-Sdc + + + + + + + + + +
P. kudriavzevii YTAD-Kg + + + + + + + + + +
P. kudriavzevii YMAN-Kc + + + + + + + + + +
P. kudriavzevii YTAD-Suf + + + + + + + + + +
C. tropicalis YTAD-Da + + + + + + + + + +

Table 5  Tolerance of yeast strains to low pH, bile and temperature
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bioactives, antimicrobials, exopolysaccharides and other 
enzymatic activities when developing future starter 
cultures.

Bile and low pH are two of the challenges that poten-
tial probiotic bacteria in the GIT must survive. Except for 
pH 1.5, most of the LAB isolates exhibited good tolerance 
to low-neutral pH values, although a few strains grew 
partially or did not grow at all at pH 2.5. Similarly, every 
yeast isolate demonstrated tolerance to the pH values 
between 2.0 and 7.0, with strains of P. kudriavzevii and 
C. tropicalis also being able to grow at pH 1.5. Koziolek 
et al. [59] study found that pH fluctuated during fast-
ing humans’ gastrointestinal transit, rising from 1.7 to 
4.7 to 7.4–7.8 in distal regions during small bowel tran-
sit. Owusu-Kwarteng et al. [35] also found that stomach 
acidity increases to 4.5 after meals, down from 1.5 dur-
ing fasting times. Our results suggest that isolates from 
this investigation can withstand both the organic acidic 
conditions from their own metabolism in the fermented 
millet and gastrointestinal pHs, in addition to being able 
to grow in the presence of bile salt. Prasad et al. [60] also 
found that LAB and yeast strains have a good tolerance 
to bile, which can be an antimicrobial agent, at up to 1%.

According to Gil-Rodríguez et al. [61], 37 °C is the 
ideal temperature for survival and propagation of poten-
tial probiotic strains. High tolerance to this temperature, 
along with resistance to low-neutral pH and bile salts, are 
criteria for selecting probiotic strains capable of with-
standing gastrointestinal tract conditions and effectively 
competing with other microorganisms [62–64]. Notably, 
all the yeast isolates in this study exhibited these charac-
teristics. These results indicate that the isolates evaluated 
in the present study have the potential to survive in the 
gastrointestinal tract and deserve further investigation 
into their probiotic potential.

Similar findings have been reported from various cereal 
fermentations. According to Greppi et al. [65], in a study 
of 93 yeast strains, 99% were able to withstand a concen-
tration of 0.3% bile salt, while 31% were able to withstand 
pH 2 and showed between 11 and 45% tolerance follow-
ing a simulation of human digestion. Greppi et al. [65] 
found that Pichia kudriavzevii was the best-performing 
yeast strain with strong probiotic potential. This species, 
formerly Candida krusei, also performed well in our tests, 
however, it has recently been defined as an emerging nos-
ocomial pathogen in immunocompromised patients and 
its natural resistance to the important antifungal agent 

fluconazole is a cause for concern, although the incidence 
of infection is currently low [66]. L. fermentum strains 
and yeast isolated from fermented millet dough associ-
ated with fura processing have also been deemed to have 
potential use as probiotic starter cultures [35, 67]. Yeast 
strains from cereal-based traditional fermented Nigerian 
foods (ogi, kunu-zaki, and burukutu) were reported by 
Ogunremi et al. [68] to have potential probiotic proper-
ties and showed the ability to eliminate cholesterol and 
signs of lipase, protease, and phytase activity.

Antimicrobial activity and resistance of LAB isolates 
from koko and koko sour water to low pH and bile salts 
were reported previously by Lei and Jakobsen [69]. Fur-
ther clinical investigations on these LAB isolates vali-
dated their potential as probiotics for treating diarrhoea 
in young children [70]. LAB species from kunu-zaki bev-
erages, including L. plantarum, L. lactis, and L. fermen-
tum, have been reported as possible probiotics for use in 
human preparations [71]. Several clinical investigations 
have also demonstrated the potential of L. reuteri as a 
probiotic in the management of gastrointestinal disor-
ders, including diarrhoea and infections [72–75].

Acidification was rated higher than other indicators 
such as bacteriocin, amylase, and EPS production (which 
are specialised, dependent on specific conditions and dif-
ficult to quantify in real time) during the fermentation, 
as it plays a more fundamental and immediate role in 
microbial growth control, food preservation and fermen-
tation success. Ultimately, the key criteria for the selec-
tion of isolates for starter culture development were a 
faster acidification rate, which quickly lowers the pH to 
prevent the growth of undesirable and pathogenic micro-
organisms and ensures consistency in product quality, 
and a demonstration of additional promising fermenta-
tive and probiotic potentials, which are expected to com-
plement each other. L. fermentum LMAN-Sdb, L. reuteri 
LDOD-Sud, and L. pontis LTAD-12g have been selected 
for future starter culture trials based on these criteria. 
Regarding yeasts, S. cerevisiae and S. paradoxus had 
comparable probiotic characteristics, however, S. cerevi-
siae has documented superior tolerance to environmen-
tal stress [76]. S. cerevisiae YSUN-Sud and P. kudriavzevii 
YTAD-12j were selected yeast isolates that demonstrated 
excellent potential probiotic characteristics to take for-
ward to future experiments.

Yeast Isolate pH Tolerance Bile Tolerance (%) Temperature Tolerance 
(°C)

1.5 2 3 5.5 7 0.3 0.5 1 25 37
C. tropicalis YDOD-Suh + + + + + + + + + +
C. tropicalis YDOD-Ke + + + + + + + + + +

Table 5  (continued) 
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Conclusions
The functional properties of LAB and yeasts isolated dur-
ing Hausa koko production have been evaluated, reveal-
ing strain-specific differences. Most strains exhibited 
traits such as acidification, amylase activity and antimi-
crobial effect, or survival under simulated gastrointesti-
nal conditions, suggesting potential roles in improving 
the quality and safety of Hausa koko. Specifically, two 
yeast strains, S. cerevisiae YSUN-Sud and P. kudriavzevii 
YTAD-12j, and three LAB strains, L. reuteri LDOD-Sud, 
L. pontis LTAD-12g, and L. fermentum LMAN-Sdb, show 
potential beneficial quality characteristics such as anti-
microbial activities, acidification properties, amylase and 
exopolysaccharide production, as well as potential probi-
otic effects and production of bioactives. Consequently, 
these strains have been selected for further development 
as a potential functional starter culture for the fermenta-
tion of millet for Hausa koko processing.

Acknowledgements
The authors acknowledge the participation of all Hausa koko processors who 
were involved in the study. Thanks to Prof. Folarin Oguntoyinbo (Appalachian 
State University, Boone, North Carolina, USA) and Oyetayo Adefiranye 
(University of Lagos, Nigeria) for providing the B. cereus indicator organism 
used.

Authors’ contributions
**AA: ** Conceptualisation, Methodology, Investigation, Formal Analysis, 
Software, Data Curation, Writing–original draft. **MD: ** Supervision, 
Methodology, Resources, Data Curation, Investigation, Writing – review & 
editing. **MJM: ** Supervision, Methodology, Resources, Data Curation, 
Investigation, Writing – review & editing. **KT-D: ** Supervision, Methodology, 
Data Curation, Investigation, Writing – review & editing. **AP-HK: ** 
Supervision, Methodology, Data Curation, Investigation, Writing – review & 
editing. **WA-A: ** Supervision, Methodology, Data Curation, Investigation, 
Writing – review & editing. **AN: ** Supervision, Methodology, Resources, 
Data Curation, Investigation, Writing – review & editing. **JO-K: ** 
Investigation, Validation, Software, Visualisation, Writing – review & editing.

Funding
This work was funded by the UK Biotechnology and Biological Sciences 
Research Council (BBSRC) via a Global Challenges Research Fund Data and 
Resources award and Institute Strategic Programmes for Food Innovation 
and Health (BB/R012512/1 Themes 1 BBS/E/F/000PR10343 and 3 BBS/E/
F/000PR10346), Gut Microbes and Health (BB/R012490/1 Theme 3 BBS/E/
F/000PR10356), Food Microbiome and Health (BB/X011054/1 Theme 4 BBS/E/
QU/230001D) and Microbes and Food Safety (BB/X011011/1 Themes 1 BBS/E/
QU/230002A and 3 BBS/E/QU/230002 C).

Data availability
Genome and amplicon sequences were published previously (Atter et al., 
2024) and are available in the NCBI database under accession numbers 
PRJNA932444 and OR186448–OR186505.

Declarations

Ethics approval and consent to participate
The study was approved by the Ethics Committee for Basic and Applied 
Sciences (ECBAS) at the University of Ghana (ECBAS 014/19-20).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Food Microbiology and Mushroom Research Division, CSIR-Food 
Research Institute, Accra, Ghana
2Department of Nutrition and Food Science, University of Ghana, Accra, 
Ghana
3Food, Microbiome and Health Institute Strategic Programme, Quadram 
Institute Bioscience, Norwich Research Park, Norwich, UK
4Department of Food Science and Technology, University of Energy and 
Natural Resources, Sunyani, Bono Region, Ghana
5Department of Agro-Processing Technology and Food Bio-Sciences, CSIR 
College of Science and Technology, Accra, Ghana

Received: 27 August 2025 / Accepted: 6 November 2025

References
1.	 Garrido-Galand S, Asensio-Grau A, Calvo-Lerma J, Heredia A, Andrés A. The 

potential of fermentation on nutritional and technological improvement of 
cereal and legume flours: a review. Food Res Int. 2021;145:110398. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​o​​o​d​r​​e​s​.​2​​0​2​​1​.​1​1​0​3​9​8.

2.	 Balli D, Bellumori M, Paoli P, Pieraccini G, Di Paola M, De Filippo C, et al. Study 
on a fermented whole wheat: phenolic content, activity on PTP1B enzyme 
and in vitro prebiotic properties. Molecules. 2019;24(6):1120. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​3​3​9​0​​/​m​​o​l​e​c​u​l​e​s​2​4​0​6​1​1​2​0.

3.	 de Melo Pereira GV, de Oliveira Coelho B, Júnior AIM, Thomaz-Soccol V, Soccol 
CR. How to select a probiotic? A review and update of methods and criteria. 
Biotechnol Adv. 2018;36(8):2060–76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​i​​o​t​e​​c​h​a​d​​v​.​​2​0​1​
8​.​0​9​.​0​0​3.

4.	 Ray M, Ghosh K, Singh S, Mondal KC. Folk to functional: an explorative over-
view of rice-based fermented foods and beverages in India. J Ethn Foods. 
2016;3(1):5–18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​e​f​.​2​0​1​6​.​0​2​.​0​0​2.

5.	 Tamang JP, Shin DH, Jung SJ, Chae SW. Functional properties of microorgan-
isms in fermented foods. Front Microbiol. 2016;7:578. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​
f​​m​i​c​b​.​2​0​1​6​.​0​0​5​7​8.

6.	 Das A, Raychaudhuri U, Chakraborty R. Cereal based functional food of Indian 
subcontinent: a review. J Food Sci Technol. 2012;49:665–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​0​0​7​​/​s​​1​3​1​9​7​-​0​1​1​-​0​4​7​4​-​1.

7.	 Ali AA. Beneficial role of lactic acid bacteria in food preservation and human 
health: a review. Res J Microbiol. 2010;5(12):1213–21.

8.	 Okorie CP, Olasupo NA. Controlled fermentation and preservation of UGBA–
an Indigenous Nigerian fermented food. SpringerPlus. 2013;2(1):1–9. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​2​​1​9​3​-​1​8​0​1​-​2​-​4​7​0.

9.	 Bourdichon F, Casaregola S, Farrokh C, Frisvad JC, Gerds ML, Hammes WP, 
Harnett J, Huys G, Laulund S, Ouwehand A, Powell IB. Food fermentations: 
microorganisms with technological beneficial use. Int J Food Microbiol. 
2012;154(3):87–97. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​i​j​​f​o​o​​d​m​i​c​​r​o​​.​2​0​1​1​.​1​2​.​0​3​0.

10.	 Enujiugha VN, Badejo AA. Probiotic potentials of cereal-based beverages. Crit 
Rev Food Sci Nutr. 2017;57(4):790–804. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​1​​0​4​0​​8​3​9​​8​.​2​0​​1​
4​​.​9​3​0​0​1​8.

11.	 Theron MM, Lues JR. Organic acids and food preservation. CRC Press. 
2010;340. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​0​1​​/​9​​7​8​1​4​2​0​0​7​8​4​3​5. 1st ed.

12.	 Nes IF, Johnsborg O. Exploration of antimicrobial potential in LAB by genom-
ics. Curr Opin Biotechnol. 2004;15(2):100–4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​o​​p​b​i​​o​.​
2​0​​0​4​​.​0​2​.​0​0​1.

13.	 Enitan A, Adeyemo J, Ogunbanwo ST. Influence of growth conditions and 
nutritional requirements on the production of hydrogen peroxide by lactic 
acid bacteria. Afr J Microbiol Res. 2011;5(15):2059–66.

14.	 Ito A, Sato Y, Kudo S, Sato S, Nakajima H, Toba T. The screening of hydrogen 
peroxide-producing lactic acid bacteria and their application to inactivating 
psychrotrophic food-borne pathogens. Curr Microbiol. 2003;47(3):0231–6. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​2​8​4​-​0​0​2​-​3​9​9​3​-​1.

15.	 Perez RH, Zendo T, Sonomoto K. Novel bacteriocins from lactic acid bacteria 
(LAB): various structures and applications. Microb Cell Fact. 2014;13(1):1–13. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​4​7​5​-​2​8​5​9​-​1​3​-​s​1​-​s​3.

16.	 De Vuyst L, Leroy F. Bacteriocins from lactic acid bacteria: production, purifi-
cation, and food applications. J Mol Microbiol Biotechnol. 2007;13(4):194–9. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​9​​/​0​​0​0​1​0​4​7​5​2.

17.	 Cotter PD, Hill C, Ross RP. Bacteriocins: developing innate immunity for food. 
Nat Rev Microbiol. 2005;3(10):777–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​r​m​i​c​r​o​1​2​7​3.

https://doi.org/10.1016/j.foodres.2021.110398
https://doi.org/10.1016/j.foodres.2021.110398
https://doi.org/10.3390/molecules24061120
https://doi.org/10.3390/molecules24061120
https://doi.org/10.1016/j.biotechadv.2018.09.003
https://doi.org/10.1016/j.biotechadv.2018.09.003
https://doi.org/10.1016/j.jef.2016.02.002
https://doi.org/10.3389/fmicb.2016.00578
https://doi.org/10.3389/fmicb.2016.00578
https://doi.org/10.1007/s13197-011-0474-1
https://doi.org/10.1007/s13197-011-0474-1
https://doi.org/10.1186/2193-1801-2-470
https://doi.org/10.1186/2193-1801-2-470
https://doi.org/10.1016/j.ijfoodmicro.2011.12.030
https://doi.org/10.1080/10408398.2014.930018
https://doi.org/10.1080/10408398.2014.930018
https://doi.org/10.1201/9781420078435
https://doi.org/10.1016/j.copbio.2004.02.001
https://doi.org/10.1016/j.copbio.2004.02.001
https://doi.org/10.1007/s00284-002-3993-1
https://doi.org/10.1007/s00284-002-3993-1
https://doi.org/10.1186/1475-2859-13-s1-s3
https://doi.org/10.1186/1475-2859-13-s1-s3
https://doi.org/10.1159/000104752
https://doi.org/10.1159/000104752
https://doi.org/10.1038/nrmicro1273


Page 14 of 15Atter et al. BMC Microbiology            (2026) 26:1 

18.	 Bartowsky EJ, Henschke PA. The ‘buttery’ attribute of wine—diacetyl—desir-
ability, spoilage and beyond. Int J Food Microbiol. 2004;96(3):235–52. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​i​j​​f​o​o​​d​m​i​c​​r​o​​.​2​0​0​4​.​0​5​.​0​1​3.

19.	 Oleksy M, Klewicka E. Exopolysaccharides produced by Lactobacillus sp.: 
biosynthesis and applications. Crit Rev Food Sci Nutr. 2018;58(3):450–62. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​1​​0​4​0​​8​3​9​​8​.​2​0​​1​6​​.​1​1​8​7​1​1​2.

20.	 Sanlibaba P, Çakmak GA. Exopolysaccharides production by lactic acid bacte-
ria. Appli Microbiol Open Access. 2016;2(2):1000115. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​1​7​2​​/​
2​​4​7​1​-​9​3​1​5​.​1​0​0​0​1​1​5.

21.	 Ruas-Madiedo P, Hugenholtz J, Zoon P. An overview of the functionality of 
exopolysaccharides produced by lactic acid bacteria. Int Dairy J. 2002;12(2–
3):163–71. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​0​9​5​8​-​6​9​4​6​(​0​1​)​0​0​1​6​0​-​1.

22.	 Iyer BK, Ananthanarayan L. Effect of α-amylase addition on fermentation of 
idli—a popular South Indian cereal—legume-based snack food. LWT-Food 
Sci Technol. 2008;41(6):1053–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​l​w​t​.​2​0​0​7​.​0​7​.​0​0​4.

23.	 Karovičová ZKJ, Kohajdova J. Fermentation of cereals for specific purpose. J 
Food Nutr Res. 2007;46(2):51–7.

24.	 Nagpal R, Yadav H, Puniya AK, Singh K, Jain S, Marotta F. Potential of probiot-
ics and prebiotics for synbiotic functional dairy foods: an overview. Int J Prob 
Preb. 2007;2(2/3):75–84.

25.	 Nayak SK. Biology of eukaryotic probiotics. In Probiotics. Springer, Berlin, 
Heidelberg.. 2011;29–55.

26.	 AbdElatif S, Elsayed M, Bahout A, Bayoumi M. Studies on beneficial yeasts 
isolated from some Egyptian dairy products. Zagazig Vet J. 2016;44(1):75–84. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​6​0​​8​/​​z​v​j​z​.​2​0​1​6​.​7​8​3​4.

27.	 Johansen PG, Owusu-Kwarteng J, Parkouda C, Padonou SW, Jespersen L. 
Occurrence and importance of yeasts in indigenous fermented food and 
beverages produced in sub-sarahan Africa. Front Microbiol. 2019;10:1789. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​1​9​.​0​1​7​8​9.

28.	 Atter A, Diaz M, Tano-Debrah K, Kunadu APH, Mayer MJ, Colquhoun IJ, et al. 
Microbial diversity and metabolite profile of fermenting millet in the produc-
tion of Hausa koko, a Ghanaian fermented cereal porridge. Front Microbiol. 
2021;12:1752. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​1​.​6​8​1​9​8​3.

29.	 Atter A, Diaz M, Tano-Debrah K, Kunadu APH, Mayer MJ, Sayavedra L, et al. 
The predominant lactic acid bacteria and yeasts involved in the spontane-
ous fermentation of millet during the production of the traditional porridge 
Hausa Koko in Ghana. BMC Microbiol. 2024;24(1):163. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​
s​​1​2​8​6​6​-​0​2​4​-​0​3​3​1​7​-​1.

30.	 Van Heel AJ, de Jong A, Song C, Viel JH, Kok J, Kuipers OP. BAGEL4: A user-
friendly web server to thoroughly mine RiPPs and bacteriocins. Nucleic Acids 
Res. 20018;46W1:W278–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​n​​a​r​/​g​k​y​3​8​3.

31.	 Olson RD, Assaf R, Brettin T, Conrad N, Cucinell C, Davis JJ, et al. Introducing 
the bacterial and viral bioinformatics resource center (BV-BRC): a resource 
combining PATRIC, IRD and vipr. Nucleic Acids Res. 2023;51(D1):D678-89. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​n​​a​r​/​g​k​a​c​1​0​0​3.

32.	 Mustapha MB, Bousselmi M, Jerbi T, Bettaïeb NB, Fattouch S. Gamma radia-
tion effects on microbiological, physico-chemical and antioxidant properties 
of Tunisian millet (Pennisetum glaucum LR Br.). Food Chem. 2014;154:230–7. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​o​​o​d​c​​h​e​m​.​​2​0​​1​4​.​0​1​.​0​1​5.

33.	 Amoa-Awua WK, Sampson E, Tano‐Debrah K. Growth of yeasts, lactic and 
acetic acid bacteria in palm wine during tapping and fermentation from 
felled oil palm (Elaeis guineensis) in Ghana. J Appl Microbiol. 2007;102(2):599–
606. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​3​​6​5​-​​2​6​7​2​​.​2​​0​0​6​.​0​3​0​7​4​.​x.

34.	 Almeida EG, Rachid CC, Schwan RF. Microbial population present in 
fermented beverage ‘cauim’ produced by Brazilian Amerindians. Int J Food 
Microbiol. 2007;120(1–2):146–51. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​i​j​​f​o​o​​d​m​i​c​​r​o​​.​2​0​0​7​.​0​
6​.​0​2​0.

35.	 Owusu-Kwarteng J, Tano-Debrah K, Akabanda F, Jespersen L. Technological 
properties and probiotic potential of Lactobacillus fermentum strains isolated 
from West African fermented millet dough. BMC Microbiol. 2015;15(1):1–10.

36.	 Daba GM, Mostafa FA, Saleh SA, Elkhateeb WA, Awad G, Nomiyama T, et al. 
Purification, amino acid sequence, and characterization of bacteriocin GA15, 
a novel class IIa bacteriocin secreted by Lactiplantibacillus plantarum GCNRC_
GA15. Int J Biol Macromol. 2022;213:651–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​i​j​​b​i​o​​m​a​
c​.​​2​0​​2​2​.​0​6​.​0​0​3.

37.	 Bonhi KLR, Imran S. A comparative profile of bactericidal action of a partially 
purified bacteriocin from lactic acid bacteria with antibiotics. Malaysian J 
Microbiol. 2021;17:143–54. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​1​6​​1​/​​m​j​m​.​1​9​0​6​5​4.

38.	 Bancalari E, Castellone V, Bottari B, Gatti M. Wild Lactobacillus casei group 
strains: potentiality to ferment plant derived juices. Foods. 2020;9(3):314. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​f​​o​o​d​s​9​0​3​0​3​1​4.

39.	 Gotcheva V, Hristozova E, Hristozova T, Guo M, Roshkova Z, Angelov A. 
Assessment of potential probiotic properties of lactic acid bacteria and yeast 
strains. Food Biotechnol. 2002;16(3):211–25. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​1​​/​F​​B​T​-​1​2​0​0​
1​6​6​6​8.

40.	 Nilsen T, Nes IF, Holo H. Enterolysin A, a cell wall-degrading bacteriocin from 
Enterococcus faecalis LMG 2333. Appl Environ Microbiol. 2003;69(5):2975–84. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​A​​E​M​.​​6​9​.​​5​.​2​9​​7​5​​-​2​9​8​4​.​2​0​0​3.

41.	 Abdulkarim IH, Mohammed SSD, Orukotan AA. Gene identification for bac-
teriocin production by lactic acid bacteria isolated from selected fermented 
foods. Asian J Biochem Gen Mol Biol. 2020;3(4):1–12.

42.	 Jiang S, Cai L, Lv L, Li L. Pediococcus pentosaceus, a future additive or probiotic 
candidate. Microb Cell Fact. 2021;20(1):1–14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​3​
4​-​0​2​1​-​0​1​5​3​7​-​y.

43.	 Collins FW, Mesa-Pereira B, O’Connor PM, Rea MC, Hill C, Ross RP. Reincarna-
tion of bacteriocins from the Lactobacillus pangenomic graveyard. Front 
Microbiol. 2018;9:1298. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​1​8​.​0​1​2​9​8.

44.	 Garsa AK, Choudhury PK, Puniya AK, Dhewa T, Malik RK, Tomar SK. Bovicins: 
the bacteriocins of Streptococci and their potential in methane mitigation. 
Probiotics Antimicrob Proteins. 2019;11(4):1403–13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​
1​2​6​0​2​-​0​1​8​-​9​5​0​2​-​z.

45.	 McAllister TA, Beauchemin KA, Alazzeh AY, Baah J, Teather RM, Stanford K. The 
use of direct fed microbials to mitigate pathogens and enhance production 
in cattle. Can J Anim Sci. 2011;91(2):193–211.

46.	 Diep DB, Godager L, Brede D, Nes IF. Data mining and characterization of 
a novel pediocin-like bacteriocin system from the genome of Pediococcus 
pentosaceus ATCC 25745. Microbiology. 2006;152(6):1649–59. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​9​9​​/​m​​i​c​.​0​.​2​8​7​9​4​-​0.

47.	 Assohoun-Djeni NMC, Djeni NT, Messaoudi S, Lhomme E, Koussemon-
Camara M, Ouassa T, Chobert JM, Onno B, Dousset X. Biodiversity, dynamics 
and antimicrobial activity of lactic acid bacteria involved in the fermenta-
tion of maize flour for Doklu production in Côte d’ivoire. Food Control. 
2016;62:397–404. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​o​​o​d​c​​o​n​t​.​​2​0​​1​5​.​0​9​.​0​3​7.

48.	 Rattanachaikunsopon P, Phumkhachorn P. Lactic acid bacteria: their 
antimicrobial compounds and their uses in food production. Ann Biol Res. 
2010;1(4):218–28.

49.	 Egwim EC, Oloyede OB. Comparison of a-amylase activity in some sprouting 
Nigerian cereals. Biokemistri. 2006;18(1):15–20. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​3​1​4​​/​b​​i​o​k​e​
m​.​v​1​8​i​1​.​5​6​3​8​6.

50.	 Sanni AI, Morlon-Guyot J, Guyot JP. New efficient amylase-producing strains 
of Lactobacillus plantarum and L. fermentum isolated from different Nigerian 
traditional fermented foods. Int J Food Microbiol. 2002;72(1–2):53–62. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​0​1​6​8​-​1​6​0​5​(​0​1​)​0​0​6​0​7​-​9.

51.	 Xu Y, Zhou T, Tang H, Li X, Chen Y, Zhang L, Zhang J. Probiotic potential and 
amylolytic properties of lactic acid bacteria isolated from Chinese fermented 
cereal foods. Food Control. 2020;111:107057. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​o​​o​d​c​​o​
n​t​.​​2​0​​1​9​.​1​0​7​0​5​7.

52.	 Oguntoyinbo FA, Narbad A. Molecular characterisation of lactic acid bacteria 
and in situ amylase expression during traditional fermentation of cereal 
foods. Food Microbiol. 2012;31(2):254–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​m​.​2​0​1​2​.​0​
3​.​0​0​4.

53.	 Songré-Ouattara LT, Mouquet-Rivier C, Icard-Vernière C, Rochette I, Diawara B, 
Guyot JP. Potential of amylolytic lactic acid bacteria to replace the use of malt 
for partial starch hydrolysis to produce African fermented Pearl millet gruel 
fortified with groundnut. Int J Food Microbiol. 2009;130(3):258–64. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​i​j​​f​o​o​​d​m​i​c​​r​o​​.​2​0​0​9​.​0​2​.​0​0​2.

54.	 Motarjemi Y, Nout MJ. Food fermentation: a safety and nutritional 
assessment/Y. Motarjemi & MJR Nout on behalf of the joint FAO/WHO 
workshop on assessment of fermentation as a household technology for 
improving food safety. Bull World Health Organ. 1996;74(6):553–9.

55.	 Behare PV, Singh R, Kumar M, Prajapati JB, Singh RP. Exopolysaccharides of 
lactic acid bacteria: a review. J Food Sci Technol. 2009;46(1):1–11.

56.	 Ruas-Madiedo P, De Los Reyes-Gavilán CG. Invited review: methods for the 
screening, isolation, and characterisation of exopolysaccharides produced by 
lactic acid bacteria. J Dairy Sci. 2005;88(3):843–56. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​6​8​​/​j​​d​s​.​
s​0​0​2​2​-​0​3​0​2​(​0​5​)​7​2​7​5​0​-​8.

57.	 Sørensen HM, Rochfort KD, Maye S, MacLeod G, Brabazon D, Loscher C, Free-
land B. Exopolysaccharides of lactic acid bacteria: production, purification 
and health benefits towards functional food. Nutrients. 2022;14(14):2938. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​n​​u​1​4​1​4​2​9​3​8.

58.	 Srinivas M, O’Sullivan O, Cotter PD, Sinderen DV, Kenny JG. The application of 
metagenomics to study microbial communities and develop desirable traits 

https://doi.org/10.1016/j.ijfoodmicro.2004.05.013
https://doi.org/10.1016/j.ijfoodmicro.2004.05.013
https://doi.org/10.1080/10408398.2016.1187112
https://doi.org/10.1080/10408398.2016.1187112
https://doi.org/10.4172/2471-9315.1000115
https://doi.org/10.4172/2471-9315.1000115
https://doi.org/10.1016/S0958-6946(01)00160-1
https://doi.org/10.1016/j.lwt.2007.07.004
https://doi.org/10.21608/zvjz.2016.7834
https://doi.org/10.21608/zvjz.2016.7834
https://doi.org/10.3389/fmicb.2019.01789
https://doi.org/10.3389/fmicb.2019.01789
https://doi.org/10.3389/fmicb.2021.681983
https://doi.org/10.1186/s12866-024-03317-1
https://doi.org/10.1186/s12866-024-03317-1
https://doi.org/10.1093/nar/gky383
https://doi.org/10.1093/nar/gkac1003
https://doi.org/10.1093/nar/gkac1003
https://doi.org/10.1016/j.foodchem.2014.01.015
https://doi.org/10.1016/j.foodchem.2014.01.015
https://doi.org/10.1111/j.1365-2672.2006.03074.x
https://doi.org/10.1016/j.ijfoodmicro.2007.06.020
https://doi.org/10.1016/j.ijfoodmicro.2007.06.020
https://doi.org/10.1016/j.ijbiomac.2022.06.003
https://doi.org/10.1016/j.ijbiomac.2022.06.003
https://doi.org/10.21161/mjm.190654
https://doi.org/10.3390/foods9030314
https://doi.org/10.3390/foods9030314
https://doi.org/10.1081/FBT-120016668
https://doi.org/10.1081/FBT-120016668
https://doi.org/10.1128/AEM.69.5.2975-2984.2003
https://doi.org/10.1128/AEM.69.5.2975-2984.2003
https://doi.org/10.1186/s12934-021-01537-y
https://doi.org/10.1186/s12934-021-01537-y
https://doi.org/10.3389/fmicb.2018.01298
https://doi.org/10.1007/s12602-018-9502-z
https://doi.org/10.1007/s12602-018-9502-z
https://doi.org/10.1099/mic.0.28794-0
https://doi.org/10.1099/mic.0.28794-0
https://doi.org/10.1016/j.foodcont.2015.09.037
https://doi.org/10.4314/biokem.v18i1.56386
https://doi.org/10.4314/biokem.v18i1.56386
https://doi.org/10.1016/S0168-1605(01)00607-9
https://doi.org/10.1016/S0168-1605(01)00607-9
https://doi.org/10.1016/j.foodcont.2019.107057
https://doi.org/10.1016/j.foodcont.2019.107057
https://doi.org/10.1016/j.fm.2012.03.004
https://doi.org/10.1016/j.fm.2012.03.004
https://doi.org/10.1016/j.ijfoodmicro.2009.02.002
https://doi.org/10.1016/j.ijfoodmicro.2009.02.002
https://doi.org/10.3168/jds.s0022-0302(05)72750-8
https://doi.org/10.3168/jds.s0022-0302(05)72750-8
https://doi.org/10.3390/nu14142938
https://doi.org/10.3390/nu14142938


Page 15 of 15Atter et al. BMC Microbiology            (2026) 26:1 

in fermented foods. Foods. 2022;11(20):3297. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​f​​o​o​d​s​1​1​
2​0​3​2​9​7.

59.	 Koziolek M, Grimm M, Becker D, Iordanov V, Zou H, Shimizu J, et al. Investiga-
tion of pH and temperature profiles in the GI tract of fasted human subjects 
using the Intellicap (®) system. J Pharm Sci. 2015;104(9):2855–63. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​0​0​2​​/​j​​p​s​.​2​4​2​7​4.

60.	 Prasad J, Gill H, Smart J, Gopal PK. Selection and characterisation of 
Lactobacillus and bifidobacterium strains for use as probiotics. Int Dairy J. 
1998;8(12):993–1002. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​s​​0​9​5​8​-​6​9​4​6​(​9​9​)​0​0​0​2​4​-​2.

61.	 Gil-Rodríguez AM, Carrascosa AV, Requena T. Yeasts in foods and beverages: 
<Emphasis Type="Italic">In vitro</Emphasis>characterisation of probiotic 
traits. LWT. 2015;64(2):1156–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​l​w​t​.​2​0​1​5​.​0​7​.​0​4​2.

62.	 Mokoena MP, Mutanda T, Olaniran AO. Perspectives on the probiotic potential 
of lactic acid bacteria from African traditional fermented foods and bever-
ages. Food Nutr Res. 2016;60(1):29630. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​4​0​2​​/​f​​n​r​.​v​6​0​.​2​9​6​3​0.

63.	 García-Hernández Y, Rodríguez Z, Brandão LR, Rosa CA, Nicoli JR, Elías Iglesias 
A, et al. Identification and in vitro screening of avian yeasts for use as probi-
otic. Res Vet Sci. 2012;93(2):798–802. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​r​v​s​c​.​2​0​1​1​.​0​9​.​0​0​
5.

64.	 Rajkowska K, Kunicka-Styczyńska A. Probiotic properties of yeasts isolated 
from chicken feces and Kefirs. Pol J Microbiol. 2010;59(4):257–63.

65.	 Greppi A, Saubade F, Botta C, Humblot C, Guyot JP, Cocolin L. Potential 
probiotic Pichia kudriavzevii strains and their ability to enhance folate 
content of traditional cereal-based African fermented food. Food Microbiol. 
2017;62:169–77. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​m​.​2​0​1​6​.​0​9​.​0​1​6.

66.	 Nguyen TA, Kim HY, Stocker S, Kidd S, Alastruey-Izquierdo A, Dao A, et 
al. Pichia kudriavzevii (Candida krusei): a systematic review to inform the 
World Health Organisation priority list of fungal pathogens. Med Mycol. 
2024;62(6):myad132. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​m​​m​y​/​m​y​a​d​1​3​2.

67.	 Pedersen LL, Owusu-Kwarteng J, Thorsen L, Jespersen L. Biodiversity and 
probiotic potential of yeasts isolated from Fura, a West African spontaneously 
fermented cereal. Int J Food Microbiol. 2012;159(2):144–51. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​​1​0​1​6​​/​j​​.​i​j​​f​o​o​​d​m​i​c​​r​o​​.​2​0​1​2​.​0​8​.​0​1​6.

68.	 Ogunremi OR, Sanni AI, Agrawal R. Probiotic potentials of yeasts isolated 
from some cereal-based Nigerian traditional fermented food products. J Appl 
Microbiol. 2015;119(3):797–808. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​a​m​.​1​2​8​7​5.

69.	 Lei V, Jakobsen M. Microbiological characterisation and probiotic potential of 
koko and koko sour water, African spontaneously fermented millet porridge 
and drink. J Appl Microbiol. 2004;96(2):384–97. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​4​6​​/​j​​.​1​3​​6​5​
-​​2​6​7​2​​.​2​​0​0​4​.​0​2​1​6​2​.​x.

70.	 Lei V, Friis H, Michaelsen KF. Spontaneously fermented millet product as a 
natural probiotic treatment for diarrhoea in young children: an intervention 
study in Northern Ghana. Int J Food Microbiol. 2006;110(3):246–53. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​i​j​​f​o​o​​d​m​i​c​​r​o​​.​2​0​0​6​.​0​4​.​0​2​2.

71.	 Oluwajoba SO, Akinyosoye FA, Oyetayo VO. In vitro screening and selection of 
probiotic lactic acid bacteria isolated from spontaneously fermenting kunu-
zaki. Adv Microbiol. 2013;3(04):309. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​2​3​6​​/​a​​i​m​.​2​0​1​3​.​3​4​0​4​4.

72.	 Indrio F, Di Mauro A, Riezzo G, Civardi E, Intini C, Corvaglia L, et al. Prophylac-
tic use of a probiotic in the prevention of colic, regurgitation, and functional 
constipation: a randomized clinical trial. JAMA Pediatr. 2014;168(3):228–33. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​1​​/​j​​a​m​a​​p​e​d​​i​a​t​r​​i​c​​s​.​2​0​1​3​.​4​3​6​7.

73.	 Gutierrez-Castrellon P, Lopez-Velazquez G, Diaz-Garcia L, Jimenez-Gutierrez 
C, Mancilla-Ramirez J, Estevez-Jimenez J, et al. Diarrhea in preschool 
children and Lactobacillus reuteri: a randomized controlled trial. Pediatrics. 
2014;133(4):e904–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​4​2​​/​p​​e​d​s​.​2​0​1​3​-​0​6​5​2.

74.	 Francavilla R, Polimeno L, Demichina A, Maurogiovanni G, Principi B, Scac-
cianoce G, et al. Lactobacillus reuteri strain combination in Helicobacter pylori 
infection: a randomized, double-blind, placebo-controlled study. J Clin 
Gastroenterol. 2014;48(5):407–13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​7​​/​m​​c​g​.​​0​0​0​​0​0​0​0​​0​0​​0​0​
0​0​0​0​7.

75.	 Weizman Z, Asli G, Alsheikh A. Effect of a probiotic infant formula on infec-
tions in child care centers: comparison of two probiotic agents. Pediatrics. 
2005;115(1):5–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​4​2​​/​p​​e​d​s​.​2​0​0​4​-​1​8​1​5.

76.	 Warringer J, Zörgö E, Cubillos FA, Zia A, Gjuvsland A, Simpson JT, Forsmark 
A, Durbin R, Omholt SW, Louis EJ, Liti G. Trait variation in yeast is defined by 
population history. PLoS Genet. 2011;7(6):e1002111. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​3​​​7​1​​/​j​
o​​u​r​​n​​a​l​.​​p​​g​​e​n​.​1​0​0​2​1​1​1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.3390/foods11203297
https://doi.org/10.3390/foods11203297
https://doi.org/10.1002/jps.24274
https://doi.org/10.1002/jps.24274
https://doi.org/10.1016/s0958-6946(99)00024-2
https://doi.org/10.1016/j.lwt.2015.07.042
https://doi.org/10.3402/fnr.v60.29630
https://doi.org/10.1016/j.rvsc.2011.09.005
https://doi.org/10.1016/j.rvsc.2011.09.005
https://doi.org/10.1016/j.fm.2016.09.016
https://doi.org/10.1093/mmy/myad132
https://doi.org/10.1016/j.ijfoodmicro.2012.08.016
https://doi.org/10.1016/j.ijfoodmicro.2012.08.016
https://doi.org/10.1111/jam.12875
https://doi.org/10.1046/j.1365-2672.2004.02162.x
https://doi.org/10.1046/j.1365-2672.2004.02162.x
https://doi.org/10.1016/j.ijfoodmicro.2006.04.022
https://doi.org/10.1016/j.ijfoodmicro.2006.04.022
https://doi.org/10.4236/aim.2013.34044
https://doi.org/10.1001/jamapediatrics.2013.4367
https://doi.org/10.1001/jamapediatrics.2013.4367
https://doi.org/10.1542/peds.2013-0652
https://doi.org/10.1097/mcg.0000000000000007
https://doi.org/10.1097/mcg.0000000000000007
https://doi.org/10.1542/peds.2004-1815
https://doi.org/10.1371/journal.pgen.1002111
https://doi.org/10.1371/journal.pgen.1002111

	﻿Technological and probiotic properties of lactic acid bacteria and yeasts isolated from Ghanaian spontaneously fermented pearl-millet porridge, ﻿Hausa koko﻿
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Strains used in this study
	﻿LAB and yeast strains


	﻿Genome mining for LAB pre-screening
	﻿In vitro technological properties of LAB strains
	﻿Rate of acidification of millet broth
	﻿Amylolytic and proteolytic activities
	﻿Production of exopolysaccharides and antimicrobial activity
	﻿Tolerance to bile salt, low pH and temperature

	﻿Results
	﻿Genomic prediction of functional properties in LAB strains
	﻿In vitro technological properties of LAB isolates
	﻿Rate of acidification of LAB isolates
	﻿Tolerance of LAB strains to bile salt, low pH, and temperature
	﻿Amylase, protease and exopolysaccharide production by LAB isolates
	﻿Antimicrobial activity of LAB isolates


	﻿Tolerance of yeast isolates to different pH, bile concentrations and temperature
	﻿Discussion
	﻿Conclusions
	﻿References


