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Abstract 

Food fermentation is a widely used processing technique that enhances sensory properties, shelf life, 
and nutritional value, partly through the activity of beneficial microorganisms. This study 
investigated the microbial communities associated with traditional pearl millet fermentation and 
their potential nutritional contributions. Pearl millet (TiftLHB open-pollinated variety) was obtained 
from USDA-ARS and subjected to spontaneous fermentation in sterilized water at 28 ± 2 °C for 72 
hours, followed by wet milling and an additional 72-hour fermentation. Microbial DNA was 
extracted, and 16S rRNA amplicon sequencing was performed after PCR amplification and quality 
control. Sequence data were analyzed using DADA2 and PICRUSt2 pipelines for taxonomic and 
functional prediction. The dominant bacterial genera identified were Weissella and Lactobacillus, both 
commonly associated with cereal fermentations. Weissella is known for reducing antinutrients and 
contributing to folate production, while the overall microbial profile was consistent with reports from 
other regions, including the presence of lactic acid bacteria such as Leuconostoc. These findings 
suggest that spontaneous fermentation of pearl millet supports microbial communities with potential 
nutritional and functional benefits. Metagenomic approaches may provide an effective strategy for 
identifying and optimizing beneficial microorganisms to enhance the nutritional quality and health-
promoting properties of fermented cereal-based foods. 

Keywords: pearl millet fermentation; 16S rRNA sequencing; lactic acid bacteria; microbial 
community analysis; metagenomics; PICRUSt2; functional prediction; cereal fermentation 
 

1. Introduction 

Food fermentation represents one of the oldest and most widespread food processing 
technologies, dating back to the Neolithic period (around 10,000 years BC), and has historically 
contributed to food preservation, shelf-life extension, and nutritional improvement of staple foods 
[1]. The archaeological evidence suggests cereal-based products like bread and beer are the oldest 
documented fermented foods [2], demonstrating the historical association between grain 
consumption and microbial fermentation processes. Over time, grain-based fermentation practices 
evolved into regionally distinct traditions, particularly in Africa, where spontaneous cereal 
fermentation remains integral to indigenous food systems [3]. African fermented foods exhibit 
substantial diversity in substrates, microbial ecology, and production methods [4]. 

Cereal grains are considered a valuable source of dietary protein, fiber and bioactive 
phytochemicals with anti-oxidant properties [5] and the presence of anti-nutritional factors such as 
saponins, trypsin inhibitors, α-amylase inhibitors, phytic acid, and oxalates can limit nutrient 
bioavailability [6]. These nutritional limitations can be partially overcome through traditional 
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processing methods, including fermentation [7], where microbial metabolic activities contribute to 
the transformation and improvement of food nutritional quality [8]. Spontaneous cereal 
fermentations are largely dominated by Lactic acid bacteria (LAB) [9], a heterogeneous group of 
Gram-positive, non-sporulating, catalase-negative, and acid-tolerant microorganisms capable of 
efficiently converting carbohydrates into lactic acid via substrate-level phosphorylation [10]. 
However, naturally occurring microbial communities, influenced by grain characteristics, 
environmental factors, and processing practices, determine the nutritional properties of fermented 
foods during spontaneous fermentation [11]. Due to this reason, there is a growing interest in 
identifying microorganisms capable of reducing anti-nutrients, synthesizing vitamins, and exhibiting 
probiotic traits such as acid tolerance, bile tolerance, and antimicrobial activity among different grain 
types [12,13]. 

Pearl millet (Pennisetum glaucum L. (R.) Br.), a descendant of the African continent [14], is the 
sixth major cereal crop in the world, consumed by around 90 million people across Africa and 
northwestern India [15]. It is a highly resilient, nutrient-dense cereal widely cultivated in arid and 
semi-arid regions [16]. Despite its high nutritional value rich in protein, fiber, essential minerals and 
several bioactive compounds [17], Pearl millet remains underutilized and contains anti-nutritional 
factors like Phytate and Goitrogens [18] that can limit nutrient bioavailability making it an ideal 
candidate for exploring how traditional fermentation and associated microbial communities can 
enhance its functional and nutritional properties. 

Therefore, this study aimed to investigate the microbial community structure and predicted 
metabolic pathways associated with spontaneous pearl millet fermentation using 16S rRNA 
amplicon sequencing and PICRUSt2 functional prediction to assess the potential of fermentation-
associated microorganisms in enhancing nutritional quality and probiotic-associated functions. 

2. Materials and Methods 

2.1. Collection of Grain Samples 

Pearl millet (Pennisetum glaucum) TiftLHB open-pollinated variety was obtained from the 
United States Department of Agriculture–Agricultural Research Service (USDA-ARS). Grains (100 g 
per replicate) were rinsed twice with sterile distilled water under aseptic conditions in a laminar flow 
hood. Fermentation was carried out in triplicate using 1 L Erlenmeyer flasks containing 200 mL sterile 
distilled water (grain-to-water ratio 1:2, w/v). The fermentation was conducted under aerobic 
conditions at 28 ± 2 °C for 72 hours. Following steeping, the water was discarded and the grains were 
wet-milled into slurry, which was further fermented for an additional 72 hours. Following steeping, 
the water was discarded and the grains were wet-milled into slurry, which was further fermented for 
an additional 72 hours. Samples were collected at 72 hours and 144 hours for downstream analyses. 

2.2. DNA Extraction and Amplicon Sequencing 

Genomic DNA was extracted from 250 µL of fermented samples using the Quick-DNA™ 
Fecal/Soil Microbe Microprep Kit (Zymo Research Corporation, Irvine, CA, USA; Catalog No. 
ZD6012) according to the manufacturer’s protocol. Mechanical lysis was performed using bead 
beating in ZR BashingBead™ Lysis Tubes. 

DNA concentration and purity were assessed using spectrophotometric and fluorometric 
methods, and integrity was further verified by agarose gel electrophoresis. Extracted DNA was 
stored at -80 °C until further analysis. 

Amplification of the bacterial 16S rRNA gene targeting the V3–V4 regions was performed using 
following universal primers with Illumina overhang adapters; Forward primer: 5′-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′ and Reverse 
primer: 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTA- 
ATCC-3’. 
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PCR amplification was carried out using the KAPA HiFi HotStart ReadyMix PCR Kit (Roche 
Sequencing Solutions, Pleasanton, CA, USA) following the manufacturer’s protocol. The reaction 
mixture (25 µL total volume) contained 12.5 µL of 2× master mix, 0.2 µM of each primer, and a fixed 
volume of DNA template. 

Thermal cycling conditions were as follows: initial denaturation at 95 °C for 3 min; 25 cycles of 
denaturation at 95 °C for 30 seconds, annealing at 55 °C for 30 seconds, and extension at 72 °C for 30 
seconds; followed by a final extension at 72 °C for 5 min. 

Amplicon libraries were prepared using the Illumina DNA Prep kit with Illumina DNA/RNA 
UD Indexes and sequenced on the Illumina MiSeq platform (paired-end 2 × 250 bp) at the 
BioAnalytical Services Laboratory (BAS Lab), Institute of Marine and Environmental Technology 
(IMET), Baltimore, MD, USA. A total of 84 libraries were pooled per sequencing run, including seven 
samples from this study, with an average sequencing depth of approximately 300,000 reads per 
sample. 

2.3. Bioinformatics and Statistical Analysis 

Raw sequencing reads were processed using the DADA2 pipeline implemented in R (v4.4.3). 
Sequence data were quality-filtered, trimmed, denoised, merged, and screened for chimeras. 
Amplicon sequence variants (ASVs) were inferred and used to construct an ASV table. Taxonomic 
assignment was performed against a reference database (e.g., SILVA; v132). Alpha diversity metrics, 
including the Shannon diversity index, were calculated to assess species richness and evenness across 
samples. 

Functional prediction of microbial communities was conducted using PICRUSt2 v.2.6.0 
(Phylogenetic Investigation of Communities by Reconstruction of Unobserved States), enabling 
inference of metabolic pathways based on 16S rRNA gene data. 

3. Results 

3.1. Changes in pH During Fermentation 

The fermentation process was monitored through the measurement of pH. A progressive 
decrease in pH was observed during fermentation, indicating active microbial metabolism and acid 
production. The pH declined from 6.50 at 0 hr to 4.09 at 72 hrs and further to 3.59 at 144 hrs (Table 1). 

Table 1. Effect of fermentation time on pH (mean, n=3). 

Parameter 0h 72h 144h 
pH (mean, n=3) 6.50 4.09 3.59 

1 Values are expressed as mean (n = 3). pH was measured at different fermentation times (0, 72, and 144 hours). 

3.2. PCR Amplification and Sequencing Quality 

Successful amplification of the V3-V4 regions of the 16S rRNA gene was confirmed by agarose 
gel electrophoresis, which showed clear bands corresponding to the expected amplicon size (~ 460 
bp) (Figure 1: Amplification of V3–V4 regions of 16S rRNA genes (Agarose gel electrophoresis 
showing clear bands corresponding to the expected amplicon size (~460 bp), confirming successful 
amplification of the target region). This confirmed that the extracted DNA was suitable for 
downstream sequencing applications. 
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Figure 1. Amplification of V3–V4 regions of 16S rRNA genes (Agarose gel electrophoresis showing clear bands 
corresponding to the expected amplicon size (~460 bp), confirming successful amplification of the target region). 

3.3. DNA Yield and Quality 

Genomic DNA extracted from fermented millet samples showed variation in concentration 
across fermentation time points. At 72 hours, DNA concentrations ranged from 7.1 to 59.7 ng/µL, 
while samples collected at 144 hours exhibited concentrations ranging from 18.2 to 28.4 ng/µL as 
determined by NanoDrop spectrophotometric analysis. Overall, the DNA yields were sufficient for 
PCR amplification and subsequent sequencing. The DNA concentrations for each biological replicate 
are presented in Table 2. 

Table 2. DNA concentration of fermented millet samples measured using NanoDrop. 

Sample Fermentation Time (hours) DNA Concentration (ng/µL) by Nanodrop 
A1 72 13.8 
B1 72 59.7 
C1 72 7.1 
A2 144 28.4 
B2 144  18.9 
C2 144 18.2 

1 DNA concentration was determined using a NanoDrop spectrophotometer and is expressed in ng/µL. Samples 
A1–C1 were analyzed at 72 hours of fermentation, and samples A2–C2 at 144 hours. 

3.3. Genus-Level Microbial Community Composition 

Analysis using the DADA2 pipeline revealed differences in bacterial community composition 
across fermentation time points, as shown in Figure 2. At 72 h (3 days), Pediococcus was the dominant 
genus in all samples, accounting for the largest proportion of the microbial community. In addition, 
Weissella and Lactobacillus were present at moderate levels, along with smaller contributions from 
genera such as Clostridium sensu stricto and Pseudomonas. 

At 144 h (6 days), a shift in microbial composition was observed. The relative abundance of 
Lactobacillus increased, while Pediococcus remained a major component of the community. Weissella 
continued to be present but showed variability across samples. Minor genera, including Clostridium 
sensu stricto, Staphylococcus, and Acinetobacter, were detected at lower abundances. 

Overall, the fermentation process resulted in a dynamic microbial succession, with lactic acid 
bacteria such as Pediococcus and Lactobacillus dominating at different stages. These findings are 
consistent with spontaneous cereal fermentations, where lactic acid bacteria play a key role in 
acidification and microbial stabilization. 
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Figure 2. Relative abundance of bacterial genera during millet fermentation (Stacked bar plot showing the 
relative abundance of bacterial genera in individual samples at 72 h (3 days) and 144 h (6 days) of fermentation. 
Each bar represents one biological replicate. A shift in microbial composition was observed over time, with 
Pediococcus dominating early fermentation and increased representation of Lactobacillus at later stages). 

3.4. Species-Level Microbial Community Composition 

Species-level microbial diversity varied across samples, as indicated by Shannon diversity 
indices, which ranged from 0.655 (C2) to 1.139 (CONTROL). The control sample exhibited the highest 
diversity and the greatest number of identified species (231), whereas fermented samples showed 
comparatively lower diversity and species richness. 

Across all samples, a large proportion of reads remained unclassified at the species level 
(62.10%–88.19%). Among the classified taxa, members of the genera Weissella and Lactobacillus were 
predominant in most fermented samples. In samples A1 and A2, Weissella paramesenteroides 
accounted for 27.16% and 25.49% of reads, respectively, followed by Lactobacillus coryniformis and 
Lactobacillus sakei. Similarly, samples B1 and B2 were dominated by Weissella paramesenteroides 
(30.27% and 29.64%, respectively). 

In contrast, the control sample displayed a more diverse microbial profile, including Lactobacillus 
fermentum (19.04%), Salmonella enterica (7.19%), Pseudomonas aeruginosa (2.96%), and several Bacillus 
species. Samples C1 and C2 showed higher proportions of unclassified reads, with comparatively 
lower dominance of individual classified taxa, although Lactobacillus and Weissella species were still 
present. 

Overall, fermented samples were characterized by the dominance of lactic acid bacteria, 
particularly Weissella and Lactobacillus, compared to the more heterogeneous microbial community 
observed in the control sample as indicated in Figure 3. 
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Figure 3. Species-level relative abundance of microbial communities across samples (A 100% stacked horizontal 
bar chart showing the relative abundance (%) of identified bacterial species across control and fermented 
samples (A1–C2). A substantial proportion of reads remained unclassified at the species level. Fermented 
samples were predominantly composed of lactic acid bacteria, particularly Weissella and Lactobacillus, whereas 
the control sample exhibited a more diverse microbial profile). 

3.5. Functional Preddiction of Microbial Communities 

Functional pathway analysis was performed to compare the metabolic potential of microbial 
communities between day 3 and day 6 fermentation samples (Figure 4). The analysis included mean 
proportional abundances (left bar plots) and effect sizes with 95% confidence intervals (right forest 
plot). Overall, the results indicate time-dependent metabolic shifts, with several biosynthetic and 
degradation pathways showing modest but consistent differences between the two groups. 

Early time points (day 3) were characterized by relatively higher abundance of nucleotide 
degradation and central carbon metabolism pathways, whereas later time points (day 6) showed 
enrichment of amino acid biosynthesis, cofactor metabolism, and cell wall-associated pathways. 
Although effect sizes were generally small, consistent directional changes suggest a transition from 
metabolically active growth to a more biosynthetically oriented and stabilized microbial community. 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Unclassified

Weissella paramesenteroides

Lactobacillus coryniformis

Lactobacillus sakei

Lactobacillus fermentum

Salmonella enterica

Pseudomonas aeruginosa

Other

CONTROL A1 A2 B1 B2 C1 C2
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Figure 4. Comparative functional pathway analysis of microbial communities at day 3 and day 6 ((Left panel: 
mean proportional abundances of selected metabolic pathways in the two groups. Right panel: effect sizes (%) 
with 95% confidence intervals, indicating the magnitude and direction of differences between groups. Day 3 
samples were enriched in nucleotide degradation, central carbon metabolism, and amino acid catabolic 
pathways, whereas day 6 samples showed higher relative abundance of amino acid biosynthesis, cofactor and 
vitamin metabolism, and cell wall-associated pathways. Small effect sizes and overlapping confidence intervals 
indicate subtle but consistent temporal shifts in community metabolic potential). 
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4. Discussion 

The present study investigated the microbial dynamics and functional potential of spontaneous 
pearl millet fermentation over time. A progressive decrease in pH was observed over the period of 
time, followed by shifts in microbial composition and predicted metabolic activity, showing active 
fermentation and microbial succession. 

The substantial reduction in pH from 6.50 to 3.59 observed in our fermentation system confirms 
active organic acid production, primarily lactic acid, which is characteristic of LAB-driven cereal 
fermentations. This acidification paĴern is consistent with previous studies reporting rapid pH 
decline during spontaneous grain fermentations [19,20]. The dominance of LAB in our samples 
supports this trend, as these organisms are well known for their central role in carbohydrate 
metabolism, acid production, and the enhancement of product safety and sensory aĴributes due to 
the formation of specific flavoring compounds [21,22]. 

The observed microbial community structure aligns with established paĴerns in cereal 
fermentations, where genera such as Lactobacillus, Weissella, and Pediococcus frequently dominate 
[23,24]. The progressive acidification likely imposed selective pressure favoring acid-tolerant species, 
resulting in a succession paĴern commonly reported in millet, sorghum, maize, and sourdough 
fermentations [25]. This ecological transition reflects the shift from early-stage, metabolically diverse 
communities to more specialized and acidophilic LAB, such as Lactobacillus plantarum and Pediococcus 
pentosaceus, thereby supporting the dynamic nature of microbial succession observed in this study 
[26,27]. 

The presence of Weissella alongside Lactobacillus and Pediococcus further emphasizes the 
functional diversity of lactic acid bacteria in spontaneous fermentations. Weissella species are 
documented to contribute to the reduction of antinutritional factors and enhance the nutritional 
quality by the active production of metabolites such as folate and organic acids [28]. In addition to 
acidification, these organisms may influence texture and flavor through exopolysaccharide 
production, thereby contributing to the overall quality of fermented products [29]. The coexistence 
of these genera suggests a cooperative microbial network in which different LAB contribute 
complementary metabolic functions during fermentation. 

The species-level analysis provided further insight into the microbial composition, with Weissella 
paramesenteroides, Lactobacillus coryniformis, and Lactobacillus sakei identified as notable contributors. 
These species have been previously associated with cereal and food fermentations, where they 
participate in acid production, flavor development, and microbial stabilization [28,30]. However, a 
substantial proportion of sequences remained unclassified (65–88%), highlighting the limitations of 
16S rRNA gene-based taxonomic resolution and suggesting the presence of potentially novel or 
poorly characterized microorganisms [31]. This limitation underscores the need for more 
comprehensive approaches, such as metagenomic sequencing, to beĴer resolve microbial diversity 
and functional potential in complex fermentation systems [32]. 

Functional prediction analysis revealed distinct temporal shifts in metabolic potential between 
day 3 and day 6 samples, reflecting changes in microbial activity during fermentation. Early-stage 
fermentation (day 3) was characterized by higher representation of pathways related to nucleotide 
degradation and central carbon metabolism, indicating active microbial growth and energy 
production [33]. In contrast, later stages (day 6) showed enrichment of amino acid biosynthesis, 
cofactor metabolism, and cell wall-associated pathways, suggesting a shift toward anabolic processes 
and increased structural organization within the microbial community. This transition is consistent 
with the progression from rapid microbial proliferation to metabolic specialization as environmental 
conditions become more selective due to acid accumulation [34]. Similar approaches in millet 
fermentation microbiomes have revealed the presence of predicted vitamin biosynthesis pathways, 
indicating potential contributions to micronutrient enhancement during fermentation [35]. 

Despite these findings, several limitations should be acknowledged. Functional predictions were 
inferred using PICRUSt2 based on 16S rRNA gene data and therefore represent estimated, rather than 
directly measured, metabolic functions. Additionally, the high proportion of unclassified taxa limits 
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the ability to fully interpret species-level contributions and their ecological roles. Future studies 
integrating metagenomic, transcriptomic, or metabolomic approaches would provide a more 
comprehensive understanding of microbial functionality and interactions during fermentation. 

Overall, the results of this study demonstrate that spontaneous pearl millet fermentation is 
characterized by dynamic microbial succession and associated metabolic shifts, driven primarily by 
lactic acid bacteria. The observed transition from early-stage metabolic activity to later-stage 
biosynthetic processes highlights the adaptive nature of microbial communities in response to 
environmental changes. These findings contribute to a deeper understanding of the microbial ecology 
of cereal fermentations and support their potential for improving food safety, nutritional quality, and 
functional properties. 

5. Conclusions 

Spontaneous fermentation of pearl millet resulted in significant acidification, dynamic microbial 
succession, and distinct temporal shifts in predicted metabolic function. Lactic acid bacteria, 
particularly Lactobacillus, Pediococcus, and Weissella, dominated the process, contributing to microbial 
stability and potential improvements in product quality. Early fermentation stages were associated 
with active energy metabolism, while later stages showed enrichment of biosynthetic and structural 
pathways, indicating community adaptation and stabilization. However, the high proportion of 
unclassified taxa and reliance on predictive functional tools highlight the need for further validation 
using advanced omics approaches. Overall, these findings enhance understanding of cereal 
fermentation microbiology and support its application in developing nutritionally improved 
fermented foods. 
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paper posted on Preprints.org, Figure S1: Agarose gel electrophoresis of PCR amplification of V3–V4 regions of 
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Figure S2: Additional genus-level microbial community composition plots; Figure S3: Species-level microbial 
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6 fermentation samples. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ASV Amplicon Sequence Variant 
DNA Deoxyribonucleic Acid 
LAB Lactic Acid Bacteria 
PCR Polymerase Chain Reaction 
rRNA Ribosomal Ribonucleic Acid 
NanoDrop Spectrophotometric instrument used for nucleic acid quantification 
SILVA Ribosomal RNA gene database used for taxonomic classification 

PICRUSt2 
Phylogenetic Investigation of Communities by Reconstruction of Unobserved 
States (version 2) 
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