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Additive-induced pH determines
bacterial community
composition and metabolome in
traditional mustard seed
fermented products
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Introduction: Kahudi and Kharoli are unique naturally fermented mustard
seed products prepared and consumed in the northeastern region of India.
The pre-fermentation processing of mustard seeds (soaking, pan-frying,
mixing with alkaline or acidic additives, airtight packaging) renders a stringent
fermentation environment. The metabolic activities of fermenting bacterial
populations yield a myriad of glucosinolate-derived bioactive components
which have not been described earlier.

Methods: This present study employed integrated 16S rRNA amplicon
sequencing and LC-MS-based metabolomics to elucidate the bacterial
diversity and metabolome of the two fermented mustard seed food products.

Results and Discussion: Univariate and multivariate analyses of metabolomics
data revealed differential abundances of a few therapeutically-important
metabolites viz., sinapine, indole-3-carbinol, y-linolenic acid in Kahudi, and
metabolites viz., B-sitosterol acetate, 3-butylene glucosinolate, erucic acid in
Kharoli. A metagenomic investigation involving the 16S rRNA (V3-V4) amplicon
sequencing showed the dominance of Firmicutes (99.1 4+ 0.18%) in Kahudi, and
Firmicutes (79.6 &+ 1.92%) and Proteobacteria (20.37 + 1.94%) in Kharoli. The
most abundant genera were Bacillus (88.7 + 1.67% in Kahudi; 12.5 + 1.75%
in Kharoli) followed by Lysinibacillus (67.1 £ 2.37% in Kharoli; 10.4 £ 1.74%
in Kahudi). Members of both these genera are well known for proteolytic
and endospore-forming abilities which could have helped in colonizing and
thriving in the stringent fermentation environments.

KEYWORDS

mustard seed fermentation, LC-MS, amplicon sequencing, microbiota, metabolome

Introduction

Rapeseed (Brassica campestris var. sarson and toria) and mustard (Brassica juncea)
plants belonging to the Brassicaceae family are annual herbs cultivated in the vast
agricultural lands of South-East Asia and the Mediterranean regions (Cartea et al., 2010;
Jaime et al., 2018). The seeds of these plants are nutritionally rich in proteins (28-36%)
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and dietary oils (28-32%) promoting the plants’ wide acceptance
and cultivation (Al-Jasass and Al-Jasser, 2012). The dietary oils
extracted from the seeds are a good source of essential fatty
acids, linolenic (Omega-3) and linoleic (Omega-6) acids in
desirable ranges (11.30 = 6.09% and 25.31 = 5.74% respectively)
(Sharafi et al, 2015), have low amounts of saturated fatty
acids, and equal proportions of mono- and poly-unsaturated
fatty acids, etc. (Orsavova et al., 2015). Rapeseed/mustard oil is
currently recognized as one of the healthiest edible oil options
available in the market due to its rich reserves of Omega-
3, antioxidants, phytosterols, tocopherols, vitamin K, etc. that
exhibit cardio-protective, anti-carcinogenic and antimicrobial
properties (Manchanda and Passi, 2016). Despite these benefits,
remnants of many antinutritional factors such as glucosinolates
(3-8% in rapeseed and 4.04% in mustard), erucic acid (11.35 £
13.83%), sinapine (about 1%), phytates (inositol hexaphosphate,
2 + 4%), and tannins, etc. render it difficult to include the
seed-meals of these crops into regular human and animal diets
(Kumar et al., 2010; Mazumder et al., 2016). Glucosinolates (1-
thiol-B-S-D-glucosides) commonly exist as salts of potassium
and are considered a precursor to many secondary anti-
nutritional factors (ANFs) (Clarke, 2010). Hydrolysis of
glucosinolates through the action of endogenous myrosinase
(thioglucoside glucohydrolase) yields a myriad of several
other S and/or N-containing ANFs, viz., nitriles, thiocyanates,
isothiocyanates, and oxazolidinethione (OZT) (Rouzaud, 2004).
Food preparation practices such as soaking and cooking can
irreversibly destroy the inherent myrosinase activity thereby
significantly reducing the amount of ANFs (Samtiya et al., 2020).
Despite thermal inactivation of the endogenous myrosinase
activity, consumption of cooking-processed GSLs can still
lead to the formation of the breakdown products with
the supplementary myrosinase activity arising from the gut
microbiota (Narbad and Rossiter, 2018). Although the GSL
breakdown products have been reported to interfere with
thyroid metabolism in farm animals (Fenwick et al., 1983); there
are several studies supporting the antitumoral, proapoptotic,
and anti-invasive activities of these compounds relevant to
human health (Vig et al., 2009). Reportedly, these products
induce Phase II detoxification enzymes (quinone reductase,
glutathione-S-transferase, and glucuronosyl transferases), and
exert an antiproliferative regime against several types of cancer
cells (Wu et al., 2009).

In Assam, rapeseed-mustard seeds are fermented through
the
pH environments (alkaline and acidic) to generate two

solid-state spontaneous process under contrasting
gastronomically different products viz., Kahudi, a pungent
sour paste resulting from acidic fermentation, and Kharoli,
a pungent paste with umami feel as an outcome of alkaline
fermentation (Goswami et al., 2017). The resulting products
are coarse granular pastes and are consumed as side dishes of
the main meals. Fermented oilseed products such as Kahudi

and Kharoli are very unique, and regularly consumed by
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most of the communities of Assam. Although indigenous
fermentation appears as random and spontaneous, the
preparation practices such as soaking, drying, pan-frying,
salting, etc. followed by concoction with additives dictate a
cascade of biochemical changes in the substrate which influences
the fermenting microbiota structure as well as determines the
final nutritional and sensory qualities. Very little is known
about the microbial diversity structure as well as metabolites
present in these fermented oilseed products. In the present
study, we integrated 16S ribosomal ribonucleic acid amplicon
sequencing (through Illumina-based Next-Gen sequencing)
and liquid chromatography-mass spectrometry (LC-MS)-
based metabolomics to evaluate the effects of preparation
practices (especially, additive types) on overall microbiota
and metabolome of these two fermented food products,
ie, Kahudi and Kharoli. Comprehensive knowledge of the
metabolite/phytochemical profile and microbiota associated
with these products will not only aid in optimizing the quality
but also increase their commercialization prospects.

Materials and methods

Traditional preparation of Kahudi and
Kharoli

Kolakhar (an alkaline food additive) and Thekera (ripe fruits
of Garcinia pedunculata L.) are the two basic ingredients of
Kharoli and Kahudi, respectively which determine the type of
fermentation (acidic or alkaline) of the oil seeds in Assam.
Kharoli involves alkaline (pH 8.0-8.5) solid-state fermentation
owing to the alkaline nature of Kolakhar. Kolakhar is an alkaline
condiment prepared preferably from dry banana peels, banana
pseudostem, and rhizome (Musa paradisiaca, family: Musaceae;
vernacular name: Bheem-Kol). As a general practice, the ashes
of sun-dried mature banana peels are dipped in a cup of water
and filtered using a soft muslin cloth. Khar has a black-tea-like
appearance with colloidal consistency (pH of 10.24 & 0.02). The
proximate composition of Khar included: total dissolved solids
(TDS): 6,800.0 = 25.2 mg/l; total hardness of 285.0 & 2.5 mg/];
calcium: 338.02 + 24.12 mg/l; potassium: 168.0 £ 16.82 mg/l;
magnesium: 146.51 & 5.56 mg/l; manganese: 193.45 £+ 11.80
mg/l; zinc: 12.65 £ 1.55 mg/l, and iron: 0.66 £ 0.02 mg/1.

For Kharoli preparation, the mustard seeds are first washed
properly, drained, and pan-fried, followed by a thorough
pounding with the occasional addition of mustard oil during
the process. The slow frying step breaks down the chemical
bonds in protein-lipid moieties thereby liberating the oil from
the lipoprotein molecules. This step also inactivates myrosinase
resulting in high yield and less pungent oil. The oily batter
is then mixed with final potions of mustard oil and Khar
with pinches of table salt. The concoction is shaped into
small balls and wrapped in banana leaves (preferably leaves
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FIGURE 1

Culinary practice of Kahudi and Kharoli preparation; (A) slow roasting of mustard seeds; (B) the acidic additive: dried mangosteen peels soaked
in water; (C) the alkaline additive, Khar (D) mixing of additive (mangosteen juice in case of Kahudi; Khar in case of Kharoli) (E) dough shaped into
small balls (F) dough-balls wrapped in banana leaves; ready for fermentation.

of Musa paradisiaca, made malleable over the fire flame). The
wrapped packets are placed inside bamboo cylinders (Bahor-
Chunga) and allowed to ferment over a fireplace (Dhuwa-
Chang) for 5-11 days. The preparation of another mustard-seed
fermented product named Kahudi is very similar to Kharoli
except that mangosteen (Thekera-Tenga) replaces Khar in its
preparation. The process involves pounding rapeseed with
extracts of Thekera-Tenga (Garcinia pedunculata, ripe fruits
that are sour) into a mash (Figure 1). Mangosteen contained a
significant amount of ascorbic acid (141.0 £ 6.3 mg per 100 g
of dry weight), f§-carotene (10.6 £ 0.8 mg per 100g of dry
weight), polyphenols (18.63 & 2.5 mg per 100 g of dry weight),
tannins (330.0 £ 18.2 mg per 100 g of dry weight), and moisture
(89.71%). Kahudi and Kharoli are pungent and strong in taste
and are mostly served as a condiment to an Assamese meal.

Sampling of traditionally prepared Kahudi
and Kharoli

With the help of a local resource person, the preparation
of these fermented products was commissioned to three
households the Jorhat West
revenue circle (Jorhat district), State of Assam, India (see

village rural located at
Supplementary Table S1 and Supplementary Figure S1 for the
details of the sampling sites). The fermentation period for both
Kahudi and Kharoli shows a seasonal variation (mostly, 5-7
days in summer and 9-11 days in winter). As recommended

by the local resource person, the sampling was done on
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the 7th day after visual and sensorial inspection of the end
product. Triplicate samples of each food product were collected
from three individual households. Equivalent weights of these
triplicates from a single household were pooled to constitute one
composite sample. In this way, a total of six composited naturally
fermented mustard-seed product samples (three for each; i.e.,
Kahudi and Kharoli) representing the biological replicates for
Kahudi and Kharoli were constituted. These samples were
carefully placed on ice packs and aseptically transported to the
laboratory for immediate biochemical (proximate analysis and
LC-MS-based studies) and microbiological analyses.

Proximate composition and
culture-dependent microbiological
analysis

The pH values of the mustard seeds, Kahudi, and Kharoli
(10g sample), as well as the two additives (i.e., Khar and
Mangosteen solution), were measured with the help of a digital
pH meter (model: pH700, Eutech instruments, Singapore). The
crude protein, crude fiber, total starch, and soluble protein
were determined by following standard methods (Horwitz
etal., 2005). The mineral composition (viz., calcium, potassium,
magnesium, manganese, zinc, and iron) of the two fermented
food sample types were determined using an ICE 3,000 Series
atomic absorption spectrophotometer (Thermo Scientific, USA)
with known concentrations of experimental standards (Vifas,
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1993). For the estimation of tannins, the samples were digested
with concentrated sulphuric acid through the micro-Kjeldahl
method, and the color development after the addition of
the Folin-Denis reagent was recorded in a spectrophotometer
(Hitachi 2205) at 760 nm (Katoch, 2011). The amount of phytate
was determined by capturing the Nap SO4-treated contents (2.0 g
sample treated in 100 g/l NaySOy4 supplemented with 1.2%
HCI) in an anion resin column (Cosgrove, 1963). Total viable
count (TVC) was enumerated on the Plate Count Agar (Merck,
Germany) incubated at 28°C for 48h. The presence of any
coliform bacteria (CFM) and Escherichia coli (EC) was evaluated
on Chromogenic Chromocult coliform agar (Merck, Germany)
incubated at 37°C for 24 h. All the experiments were performed
in triplicate; raw mustard seeds were included in the proximate
analysis to assess fermentation-induced compositional changes
in the seeds. The variations (analysis of variance) in the
data were evaluated using the XLSTAT package program. The
differences in average were evaluated by the least significant
difference test.

Liquid chromatography-mass
spectrometry (LC-MS) aided
characterization of major metabolites

The extract of Kahudi and Kharoli (each dissolved separately
in methanol) —5 mg/ml was filter sterilized. The LC-ESI-MS
was carried out in the Agilent 1,260 Infinity HPLC system
(Agilent Technologies, USA) equipped with an autosampler
by loading each sample with an injection volume of 20 pl
into the system. The ESI positive was obtained in an ODS-
2 column (250 x 4.5mm, pore size: 5um) with a gradient
elution condition consisting of mobile phase: (a) acetonitrile
(solvent A) (b) 0.01% formic acid in water (gradient mode,
solvent B). The gradient profile was as follows: 95% B at 0-
5min, 70% B at 6-11min, 40% B at 12-19 min, continued
with 20% B till 25min, 95% B continued till 30 min. The
flow rate was 1.5 ml/min. The scan range was from 80 to
1,000 m/z. The major metabolites/compounds were identified
by calculating the molecular mass against a particular retention
time. The peaks from the ESI positive containing the m/z
ratio in one of the axes and the relative abundance (%)
in the other axis for different retention times were used to
predict the compounds. The molecular mass for each retention
time was calculated by identifying the different adducts like
M+H, M+Na, M+CH30H +H, M+ACN+Na, M+ACN+H,
M+2Na-H, 2M+K, M+2K+H, 2M+Na, and 2M+NHy, The
molecular masses thus obtained were compared with the
molecular weight of the reference compounds from different
sources including the PubChem, NIST molecular database, and
other published work (Nicolescu, 2017).
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Univariate and multivariate analyses of LC-MS
data

The Wilcoxon tests and paired t-tests were performed to
compare relative abundances of the phytochemicals/metabolites
present in Kahudi and Kharoli. As per Bonferroni’s adjustment,
the p-value for the multiple tests involving 26 parameters
(metabolites) was corrected and considered to be significant
when p < 0.0019. The Multivariate Data Analysis Software
SIMCA® 17 was used to analyze metabolomics data. The
background noise and high variances in the variables were
minimized by the logarithmic transformation of the data file.
The similarities or dissimilarities in the sample profile were
assessed by performing an unsupervised principal components
analysis (PCA). A two-dimensional score plot was plotted
containing the principal components which represented the
correlated spectral differences. The PCA model’s goodness of fit
was quantitatively measured by the parameters R2X (goodness
of fit) and the predicted variation Q2X (goodness of prediction).
The contribution plot of scores was created to identify the
major variables (metabolites) which contributed significantly to
the PCA model. In addition to principal component analysis
which is naturally unsupervised, we also performed supervised
Orthogonal Partial Least-Squares Discriminant Analysis (OPLS-
DA). This model technique can effectively take care of large
numbers of variables, small sample sizes, and multicollinearity
(Trygg and Wold, 2002). The visualization of the OPLS-DA
model was achieved through the generation of a score plot
(iterations at 200) which is useful in the visual inspection of
grouping and trends in the data.

DNA extraction and barcoding pcrs for
MiSeq sequencing

For metagenomic DNA extraction, 10.0g of the samples
were blended for 30 mins in a 40 ml sterile water solution
supplemented with 1% Tween 80. The turbid supernatant
(35ml) was collected in a fresh tube and the suspended
bacterial cells were harvested in the form of a pellet
through rapid centrifugation at 3,000 x g for 5min at
4°C. Genomic DNA samples from these pellets were extracted
following the manufacturer’s protocol mentioned in the
Environmental gDNA isolation kit (Xcelgen, India) (Ghosh
and Das, 2018). The amplicon libraries were constructed
following two rounds of PCR amplification. The first
amplification of the ~450-bp V3-V4 hypervariable regions
of the bacterial 16S rRNA gene was performed with the
primers V3-F (5-ACGGRAGGCWGCAGT-3’) and V4-R
(5-TACCAGGGTATCTAATCCT-3’) (Klindworth et al., 2013).
The conditions for the first round of PCR were as follows:
initial denaturation at 94°C for 1 min, followed by 30 cycles
of amplification at 94, 65, and 72°C each for 1min, and a
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final extension step at 72°C for 10 min. This round of PCR
was performed in triplicate, and the amplified products were
pooled and purified with the AmPure XP beads. An aliquot
of 100 ng purified DNA was considered for the second round
of PCR (in triplicate), where sample multiplexing was sieved
through the use of the same primers i.e., V3-F and V4-R
supplemented with an overhang adapter. The number of PCR
cycles was limited to 12 for the second round of PCR with other
temperature/duration conditions remaining the same as the
first round. The final PCR products were again purified with the
AmPure XP beads and the integrity of the PCR products was
checked on a DNA-1000 chip on the Agilent Bioanalyzer 2100
system. In the next step, the purified amplicons were indexed
through Indexing PCR with Nextera XT Indices as Index 1.
After quality checking of the resulting Index PCR products
on the DNA-1000 chip on the Agilent Bioanalyzer 2100, and
quantification by using the Qubit HS and qPCR, the libraries
(600 1) were finally loaded on the Illumina MiSeq cartridge
for cluster generation by hybridization. The manufacturer’s
instructions mentioned in the complementary Illumina Reagent
Kit were followed for this purpose. The immobilized amplicons
(hybridized onto the oligonucleotide-coated surface of the
flow cell) served as templates for the generation of clonal
DNA clusters (2 x 250 bp; PE). The FastQ data files generated
at the end of the run (MiSeq Reporter software, Illumina,
USA) were collected for downstream bioinformatics analysis.
With the help of the multiplexing indices, the paired-end
sequences were demultiplexed to their respective sample
of origin. Raw read sequences (a total of six pairs) were
deposited to the Sequence Read Archive under the Bio project
id PRINA742190.

Quality filtering, the ASVs, and taxonomic
assignment

The quality of the sequence reads was first examined using
the FastQC followed by importing the demultiplexed paired-
end fastq data as QIIME 2 artifacts into the QIIME 2 2018.11
environments. The sequence reads were quality-filtered and
denoised (removed reads without primer sequences) using
the DADA2 pipeline through the q2-dada2 plugin (Callahan
et al., 2016). This step also trimmed the Illumina adaptor and
barcode sequences from the reads. Next, both forward and
reverse reads were merged into a single sequence followed
by quality filtering to remove low-quality ends (threshold set
at 200 base pairs). The joined sequences were denoised to
eliminate low-quality bases and to generate amplicon sequence
variants (ASVs) using the SILVA rRNA database (release 132)
(Quast et al.,, 2013). The taxonomic assignment was performed
using the “classify-sklearn” function, a pre-fitted sklearn-based
taxonomy classifier.
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Statistical analysis of amplicon sequencing data

The QIIME2 script “multiple_rarefactions.py”
used to rarefy the ASVs at a depth of 50-6,482 sequences
The
“make_rarefaction_plots.py” script which is based on the

was
and to create alpha diversity rarefaction curves.

Kruskal-Wallis test was used to generate alpha diversity indices
(observed features, Shannon index, and Faith’s Phylogenetic
Diversity index). Individual PCoA biplots were created based on
beta diversity measures (Bray-Curtis, Jaccard, Unweighted- and
Weighted UniFrac distance matrices) and visualized through
the Emperor tool. A Permutational Multivariate Analysis
of Variance (PERMANOVA) test (based on the Bray-Curtis
distance) was used to compare the bacterial communities
between the two food samples. A significant PERMANOVA
test further led to assessing the heterogeneity of multivariate
dispersion through a Permutational Analysis of Multivariate
Dispersion (PERMDISP) test. The variation in the bacterial
community and metabolite abundance was evaluated by
principal component analysis (PCA) using XLSTAT software.

Results

Biochemical and nutritional profile of
Kahudi and Kharoli

The data on physicochemical parameters (pH, soluble
protein, crude fiber, total starch, and anti-nutritional factors
as well as micronutrient status) of the two fermented samples,
and their raw substrate i.e., mustard seeds are presented in
Table 1. Owing to the extreme pH values of the additives,
i.e., Khar solution and Garcinia juice (ie., 9.81 + 0.02 and
4.3 £ 0.02, respectively), the pH values of the two fermented
food products i.e., Kharoli and Kahudi were also in mild
alkaline (pH: 7.6 %+ 0.03) and mildly acidic (5.92 £ 0.02)
ranges, respectively. Fermentation significantly increased the
contents of crude protein (36.7 and 44.9% higher crude proteins
in Kahudi and Kharoli, respectively as compared to the raw
unfermented substrate), while decreasing the amounts of crude
fiber, total carbohydrate, and anti-nutritional factors (such as
tannins and phytates). The level of calcium was 357.82 + 2.4
mg/100g in Kahudi and 472.34 £ 5.11 mg/100g in Kharoli;
these values in the two products were 42.4% and 88.0% higher
(statistically significant, p < 0.05) than the raw substrate (251.2
=+ 4.8 mg/100 g). The levels of potassium were also statistically
higher in the food products (Kahudi: 818.81 & 13.9 mg/100 g
and Kharoli: 1,132.86 4 14.5 mg/100g) than in the substrate
(721.5 & 11.4 mg/100g). Apart from the aforesaid minerals,
the fermented samples also harbored a considerable amount of
manganese, zinc, and iron (range for manganese: 17.94 £ 1.21 to
16.93 £ 1.4 mg/100 g; range for zinc: 12.01 & 0.47 to 21.55 £ 1.8
mg/100 g; range for iron: 67.07 & 2.9 to 86.21 & 2.4 mg/100 g).
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251.2 £ 4.8° 721.5+£11.4° 2.5+ 0.24° 6.15+0.84°  9.05 £ 0.45° 0.11%+0.01¢

4247 £2.2*
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10.77 £ 0.74*
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818.81 & 13.9°

357.82+4 2.4°
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445 £ 0.24¢

36.54 2.2°

5.92
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1.24£0.01° 47234 £5.1*
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N.B. For all variables sharing the same superscript, the difference between the means is not statistically significant.
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LC-MS-based non-targeted
metabolomics showed a distinct
metabolite abundance profile

A total of 24 compounds were identified to be present in
both Kahudi and Kharoli. 12 compounds could be assigned
to three groups; viz., (i) glucosinolates: 4 compounds; (ii)
glucosinolate breakdown products: 6 compounds, and (iii) other
phytochemicals non-linked to glycosinolates: 14 compounds.
A few of the therapeutically and nutritionally important
compounds were sinapine (MW-310.37), indole-3-carbinol
(MW 147.18), anthocyanin (MW 207.24), oxazolidinethione
(MW 103.15), erucic acid (MW 338.57), sulforaphane (MW
177.29), 2-allyl- glucosinolates (MW 359.4), allyl isothiocyanate
(MW 99.15), phytate (MW 682.02), ascorbic acid (MW 176.2)
and pB-carotene (MW 536.87). These important compounds
were marked in the chromatogram against their respective
retention time (Supplementary Figure S2). For the compounds
isolated and identified in this paper, their prominent diagnostic
mass spectral ions, relative intensities, and variable importance
on projection (VIP) are presented in Table 2.

Additive type and pH influenced the
fermentation fate of processed
mustard-seeds

Multivariate statistical analysis was performed to elucidate
the similarity and dissimilarity in the metabolite profiles of
Kahudi and Kharoli. In PCA analysis, a total of six principal
components were obtained; the variables (metabolites) with
similar abundance profiles were proximately projected in the
PCA space. The metabolites linked to Kahudi were located
on the right side of the confidence interval, while the Kharoli
metabolites were placed on the left side of the confidence
interval (Figure 2A). Abundance levels of oxazolidinethione
and 2-allyl-glucosinolate were similar in both the products for
which these two metabolites were placed at the middle of the
confidence interval. The contribution score plot (Figure 2B)
illustrates the relative contribution of each variable to the
PCA model. High abundance of a few metabolites viz,
sinapine, indole-3-carbinol, y-linolenic acid, etc. in Kahudi and
metabolites viz., B-sitosterol acetate, 3-butylene glucosinolate,
erucic acid, glycine, etc. in Kharoli significantly contributed
to the PCA plot. However, the cumulative R2X = 0.539,
Q2 = 0454, (ie., cumulative PC1 and PC2 coverage of
53.9%; Q2 < 0.5) indicated that the model was not very
effective in explaining all the variations in the original state
of metabolomic data. In such a situation, the PLS/OPLS-DA
modeling becomes handy as this supervised approach takes
care of orthogonal variables which are not linked to any
categorical data in the metabolite profiles and therefore, as
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TABLE 2 List of few major metabolites identified in Kahudi and Kharoli.

10.3389/fsufs.2022.1006573

Compound Retention Predicted Relative intensity Relative intensity VIP score
time molecular mass in Kahudi (in %) in Kharoli (in %)
Major glucosinolates
3-butylene-3-glucosinolates 21.94 372.4 1.45 4 0.76" 17.33 £ 1.53* —1.12451
3-butylene glucosinolates 13.49 3734 2.34 £ 0.56" 20.33 +1.53° —1.46565
2-allyl-glucosinolates 22.86 359.4 26.33 + 1.53" 32.0 £2.0° 0.584382
2-hydroxy-3-butylene glucosinolates 23.99 389.4 L14+021° 22.67 £ 1.53° —1.4088
Glucosinolates breakdown products
Indole-3-carbinol 10.83 147.18 36.67 & 1.53% 6.0 £ 1.0° 2.7364
Allyl isothiocyanate 11.07 99.15 17.0 £ 2.0* 5.67 + 1.15° 0.958873
Erucic acid 15.33 338.57 8.0+ 1.0° 40.0 £ 2.0 —1.86342
Sulforaphane 21.3 177.29 13.33 +0.58* 9.00 = 1.00° 0.424619
Oxazolidine thione 11.82 103.15 8.0+ 1.0 11.33 + 1.53* —0.14531
Sinapine 10.42 310.37 28.67 & 3.06* 12.0 +2.0° 1.78565
Other important phytochemicals
Ascorbic acid 9.91 176.2 6.0 £1.0° 1.87 & 0.45° 0.298277
Campesterol 9.94 400.37 1.75 4 0.15° 8.0 £2.0 —0.78337
Anthocyanin 11.47 207.24 9.0+ 1.0 18.0 £ 1.0 —0.38953
B-Sitosterol acetate 13.39 456.1 3.66 + 0.28" 21.67 £ 2.08% —1.57937
Phytate 13.59 682.02 11.33 £ 1.53* 133+ 0.61° 0.758884
B-carotene 13.9 536.87 11.33 £ 0.58* 1.08 4 0.18° 0.807347
Oleic acid 14.03 304.24 1.25 4 0.30° 10.33 £ 1.53* —0.89708
Ononitol 14.17 554.28 14.0 + 1.0* 1.22 +£0.78° 1.13057
Clionasterol acetate 14.58 456.4 2.10 £ 0.03° 11.0 £2.0 —0.84023
Sitosterol 15.12 414.39 20.67 + 1.15° 37.0 £ 1.0 —0.40321
y-Linolenic acid 20.75 331.29 29.0 £ 1.0* 2.14 4 0.39° 2.5244
Glycine 22.05 291.15 1.44 +0.25" 25.33 £ 1.53° —1.74994
O-pentafluoropropionyl-dihydrocapsaicin 23.34 453.19 6.33+£0.58a 0.98 £ 0.05b 0.342736
Clerosterol acetate 23.51 454.38 5.67 £ 0.58" 1.48 4 0.24° 0.298277

N.B. For all variables sharing the same superscript, the difference between the means is not statistically significant.

compared to the PCA, becomes more inclusive in explaining the
underlying variations between the two products. As shown in
the OPLS-DA model (Figure 3), most of these metabolites were
projected within the 95% confidence interval. Pareto scaling
of the OPLS-DA model explained 98.0% [i.e. (R2Y(cum))

0.980] of the variations in the metabolite abundance profiles.

The predictive value of the model was found to be close
to 1.0 [Q2(cum) 0.969] indicating that the model was

effective in projecting the variables in PC space with no

overfitting phenomenon. Analysis of variance (CV-) ANOVA
showed a low p-value of 0.0022 (lesser than the p-cutoff
value <0.05) confirming the cross-validation performance of
the model. The contribution plot of the model identified the
relative importance of each metabolite in differentiating the two
fermented food products. Both OPLS-DA and PCA detected
the same metabolites to be discriminative. Overall, it can be

Frontiersin Sustainable Food Systems

07

concluded that additive type and pH influenced the fate of
mustard-seed fermentation.

Overall bacterial community structure

The 16S rRNA (V3-V4) amplicon sequencing approach
was employed to assess the abundance of bacterial taxa in the
two traditional fermented foods. After preliminary filtering and
adaptor trimming, samples from Kahudi accounted for a total
of 678,778 paired-end (PE) reads with a median of 168,593
PE reads per sample; while Kharoli had a total of 705,561 PE
reads with a median of 170,349 PE-reads. After preprocessing,
i.e., removal of low-quality PE-reads, chimeric and non-linked
sequences, 676,612 clean PE-reads from Kahudi and 700,753
clean PE-reads from Kharoli were classified into 209 and 196
ASVs respectively.
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FIGURE 2
Principal component analysis of 24 variables for Kahudi and Kharoli samples; (A) score plot and (B) contribution plot from the model including
the 24 variables.

Multivariate analysis of bacterial flora
showed stringent fermentation

environment

The plateau-reaching

rarefaction

curves

of

the

amplicon sequence variants (ASVs) and Shannon index
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indicated that the
approach was successful in capturing the majority of the
bacterial diversity in the fermented food samples. Alpha
Faith’s
phylogenetic diversity) were compared between the two

(Supplementary Figure S3) sequencing

diversity indices (observed features, Shannon,

food-type samples through the Kruskal-Wallis statistical
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FIGURE 3
OPLS-DA model depicting major metabolites associated with Kahudi and Kharoli; (A) score plot and (B) contribution plot from the model.

test. Both Kahudi and Kharoli harbored equivalent species
richness (Kahudi: 10.67 =+ 2.49; Kharoli: 10.67 =+ 3.79)
(Supplementary Table S2). However, the average Shannon
diversity index for Kharoli was more than that of Kahudi
(Kharoli: 0.94 £ 0.00; Kahudi: 0.36 £+ 0.01; p-value: 0.049;
difference statistically significant). This indicated that a small
number of ASVs (most assigned to Bacillus species) in Kahudi
dominated the microbiome structure resulting in lesser
evenness in the samples compared to Kharoli. The Principal
coordinate analysis (PCoA) was performed to evaluate the
differences in genus-level taxonomic groups using the Bray-
Curtis, Jaccard, Unweighted- and Weighted UniFrac distance
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matrices (Supplementary Figure S4). The Kharoli samples
clustered to one end of principal component (PC) 1 in both
the Jaccard and Unweighted UniFrac distance plots, while all
the Kahudi samples were placed to the opposite ends (PC1 +
PC2: 74.72 and 87.14% of variation explained for Jaccard and
Unweighted UniFrac distances, respectively). We observed
that the microbial community structure significantly differed
between the two food samples (PERMANOVA, P = 0.095)
(Supplementary Figure S5). PERMDISP
test (p = 0.571) indicated homogeneity of dispersion and the
difference in beta diversity to rely on the additive-induced

A non-significant

pH changes (Supplementary Figure S6). It is possible that
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FIGURE 4
The overall bacterial composition of Kahudi and Kharoli at different taxonomic levels; (A) genus and (B) family.

additive-induced pH modulated the microbial abundance
profiles in these food samples. The PCoA analysis also revealed
significant differences (ANOSIM, p = 0.005, R = 0.11) in
bacterial diversity between the two sample types; however,
there was no significant difference among the same type of
products (Supplementary Figure S7). This indicated that despite
locational differences in sampling, the preprocessing before
fermentation renders a stringent environment for bacterial

microbiota to survive and flourish in mustard seeds.
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Potential stress-resilient bacteria
colonized and dominated the mustard
seed fermentation microbiota

The bacterial population in Kahudi was majorly dominated
by the phylum Firmicutes (99.1 £ 0.18%) with a minor
population of Proteobacteria (0.90 & 0.19%). In the case of
Kharoli, the major bacterial taxa were distributed between
Firmicutes (79.6 &= 1.92%) and Proteobacteria (20.37 4 1.94%).
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products.

Principal component analysis (PCA) plot shows the clustering of bacterial community and metabolites prevalent in the mustard seed fermented

Members of the phylum Deinococcus-Thermus also had low
abundance (<1% in both) in both the fermented foods samples.
Phylum Firmicutes was represented by four families belonging
to Bacillaceae (88.7 + 1.67% in Kahudi; 12.51 + 1.75%
in Kharoli) and Planococcaceae (10.4 + 1.74% in Kahudi;
67.1 £ 2.37% in Kharoli). Phylum Proteobacteria included
Burkholderiaceae only (0.47 £ 0.04% in Kahudi; 16.09 £ 0.75%
in Kharoli); Sphingomonadaceae (3.65 = 0.75% in Kharoli;
less than 0.02% in Kahudi); Moraxellaceae, Enterobacteriaceae,
Pseudomonadaceae, Hallomonadaceae, Acetobacteraceae. At the
genus level, Bacillus (88.7 & 1.67%) followed by Lysinibacillus
(10.4 &+ 1.74%) dominated the microbiota in Kahudi; while, in
the case of Kharoli, it was vice versa (Bacillus: 12.5 £ 1.75%;
Lysinibacillus: 67.1 & 2.37%) (Figure 4).

Relationship between microbial
community structure and prevalent
metabolites

A combinatorial Principal component analysis (PCA)
involving microbiota structure at the genus level and metabolite

Frontiersin Sustainable Food Systems

abundance showed that each fermented food was unique in
terms of the microbial taxa as well as the prevalent metabolites.
The plot showed that the Kharoli samples were rich in
Lysinibacillus, B-sitosterol acetate, Erucic acid, sitosterol, 2-allyl-
glucosinolates, etc.; while Kharoli samples were abundant in
Bacillus, sinapine, indole-3-carbinol, y-linolenic acid, etc. in
Kahudi. This is indicative of the key influence of these microbial
taxons on the metabolite abundances, enzymatic functions, and
overall fermentation processes in processed rapeseed (Figure 5).

Discussion

Spontaneously fermented food products prepared from
plant-based substrates through alkaline or acidic fermentation
are very limited in number and are also lesser known in the
world. A handful of such foods reported from Asian and African
nations mostly employ soybeans (Glycine max L.) and seeds
from cultivated as well as wild trees as fermentation substrates
(Oguntoyinbo etal., 2016). Various soybean-fermented products
consumed in these regions are Kinema (consumed by ethnic
communities of Himalayan regions), Thua-nao (Thailand),

frontiersin.org


https://doi.org/10.3389/fsufs.2022.1006573
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Bora et al.

Douchi (China), Soy-dawadawa (Ghana and Nigeria), etc.
(Tamang and Nikkuni, 1996; Dakwa et al., 2005; Wang et al.,
2007; Chukeatirote, 2015). Examples of alkaline fermented foods
produced from plant seeds are Dawadawa/Soumbala (African
locust bean), Dawadawa-type product (Bambara groundnut;
Vigna subterranea), Ogiri Owoh (Melon, Citrullus vulgaris L.
and Cottonseed, Gossypium hirsutum L.), Owoh (African yam
bean, Sphenostylis stenocarpa), Ogiri (Castor oil bean, Ricinus
communis), Bikalga (Roselle; Hibiscus sabdariffa), Ugba (African
oil bean seeds, Pentaclethra macrophylla), Aisa (rain tree
or saman tree, Albizia saman), Okpehe/kpaye/okpiye (African
mesquite, Prosopis africana), etc. (Nurudeen and Chimezie
Okorie, 2019). Members of the genera Bacillus, such as Bacillus
amyloliquefaciens, B. brevis, B. cereus, B. circulans, B. firmus,
B. licheniformis, B. pumilus, B. licheniformis, B. megaterium, B.
polymyxa, B. pumilus, B. sphaericus, B. subtilis, B. thuringiensis
etc. have been reported to be the major dominant taxa of
these food products (Ugwuanyi and Okpara, 2020). In this
present study, Bacillus was found to dominate the microbiota
of Kahudi. Most of the Bacillus species are known to exhibit
proteolytic activity which liberates amino acids, essential fatty
acids, vitamins, and various other non-protein and soluble
nitrogen compounds from the fermenting mass and imparts
a characteristic organoleptic and nutritional profile to the
food items. The dominant bacterial genus in Kharoli was
Lysinibacillus rather than Bacillus. To date, several studies
have reported on the occurrence of Lysinibacillus in alkaline
fermented foods such as Kinema, Bikalga, Soumbala, and also
in Ntoba Mbodi (a Congolese food made from the alkaline
fermentation of cassava leaves) (Sanni et al., 2000; Ouoba
et al,, 2015). A novel isolate, Lysinibacillus louembei sp. nov.
NM73T (a designated type strain = DSM 25583T = LMG
26837T) has recently been reported from Ntoba Mbodi. The
microbiota of Ntoba Mbodi was primarily dominated by Bacillus
spp. (72.2%), especially by various species of the Bacillus
pumilus group (Ouoba et al, 2015). Important physiological
traits such as mesophilic nature, spore-formation, tolerance
to environmental stresses (saline-alkaline and saline-acidity),
proteolytic and lipolytic ability, etc. enable the survivability and
dominance of Bacillus and Lysinibacillus over other bacterial
taxa in solid-state food fermentation (Razzaq et al, 2019).
Perhaps, the bacterial species Bacillus subtilis draws major
attention due to its ubiquitous presence among all these items
and also due to its industrial importance as a starter culture
for the production of Japanese soybean alkaline fermented
delicacy, Natto (Sun et al., 2010). In addition, Lysinibacillus
species (e.g., Lysinibacillus fusiformis SCO;) also produce
another important enzyme known as urethanase which is
instrumental in the detoxification of ethyl carbamate (EC)
(Liu et al., 2016). This carcinogenic and genotoxic compound
is spontaneously formed in food and beverage fermentation.
Both Bacillus and Lysinibacillus spp. are ubiquitous and
have been reported from diverse environmental matrixes
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(Wenzler et al, 2015). Multiple studies have demonstrated
the ability of these species to produce an array of useful
enzymes such as alkalohalophilic proteases, thermostable
lipases, amylases, etc. (Kalwasinska et al, 2018). Members
belonging to the Bacillus and Lysinibacillus genera can produce
spores under unfavorable conditions; the spores are resistant to
physical stresses such as wet and dry heat. It is assumed that
the resilience of Bacillus and Lysinibacillus due to their ability to
produce stress-tolerant enzymes, spores as well as associations
with mustard seeds as endophytic inhabitants enabled them
to dominate over other species. Apart from the dominant
bacteria, other minor taxa such as Pseudomonas, Acinetobacter,
Burkholderia, Deinococcus, Dyadobacter, Prevotella, Ralstonia,
Serratia, Sphingomonas, Roseomonas, and Yersinia were also
detected in both the fermented products. These contaminants
were probably seed-borne (as seed endophytes) or originated
from handling and processing processes.

Fermentation changed the proximate and nutritional
composition of raw mustard seeds. The results of the present
study showed that the amount of protein was increased with a
decrease in total carbohydrate, crude fiber, and anti-nutritional
factors (tannins and phytate). The modulation in proximate
composition could be attributed to microbial metabolism
which metabolically shrinks the carbohydrate source (microbial
respiration-induced generation of CO;) and anabolically
stabilizes the nitrogen source (toward mycoprotein production)
which ultimately causes alterations in the C:N ratio. Earlier
studies have reported that a mixed culture of B. subtilis,
Candida utilis, and Enterococcus faecalis reduced the amounts
of crude fiber and phytic acid in rapeseed meals by 25.5 and
42.4%, respectively (Vig and Walia, 2001). In addition to the
modulations in proximate composition, there was an elevation
in the micronutrient status of the fermented foods. It can be
assumed that the addition of the mineral-rich additives i.e.
Khar and Garcinia juice as the main additives as well as extra
mustard oil while shaping into dough balls incrementally raised
the level of mineral contents in the food items. Additionally,
the reduction in anti-nutritional factors such as phytates and
tannins also increased the bioavailability of these minerals.
LC-MS-based metabolomics
samples to contain higher amounts of the major glucosinolates

study revealed the Kharoli

and derivatives viz.,, 3-butylene-3-glucosinolates, 3-butylene
glucosinolates, 2-allyl-glucosinolates (sinigrin), and 2-hydroxy-
3-butylene glucosinolates. According to the multivariate
analysis, the most relevant metabolites associated with Kahudi
were high concentrations of sinapine, indole-3-carbinol,
y-linolenic acid, etc.; while, in Kharoli, the metabolites were 8-
sitosterol acetate, 3-butylene glucosinolate, erucic acid, glycine,
etc. The term ‘glucosinolates’ is used for both the glucosinolates
and glucoside compounds; hydrolysis of such compounds
by the action of endogenous thioglucosidase yields in some
bioactive products viz., oxazolidinethione (OZT), thiocyanate,
isothiocyanate (ITC), nitriles, and a few other minor derivative
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compounds (Holst and Williamson, 2004). Kahudi samples
had higher amounts of the glucosinolate breakdown products
such as indole-3-carbinol, allyl isothiocyanate, sulforaphane,
and oxazolidinethione (except for erucic acid which was higher
in Kharoli). At this point, it was observed that nitriles and
thiocyanates could not be detected in any of the samples, mostly
because of their thermal instability nature (Hanschen et al,
2014). The absence of thiocyanate instead of isothiocyanates
could be attributed to the soaking-activated myrosinase
activity and a neutral pH which help in the conversion of allyl
thiocyanates into allyl isothiocyanates (Yen and Wei, 1993).
Among the glucosinolate breakdown products, allyl
isothiocyanate is mainly responsible for the pungent taste and
odor of mustard seeds or processed products. This compound
is formed by the action of the myrosinase enzyme on the
glucosinolate compound, sinigrin (2-allyl-glucosinolates) (Eib
et al., 2020). Isothiocyanates such as allyl isothiocyanate and
indole-3-carbinol have been reported to exhibit antitumor
activity as evidenced by multiple cancer cell-line studies
(including human lung cancer). These bioactive components
mainly modulate the cell cycle (G2/M phase), exhibit free-
radical scavenging activity, and induce mitochondria-mediated
programmed cell death (Wu et al, 2009). Sinapic acid,
SA  (3,5-dimethoxy-4-hydroxycinnamic acid) is a small
hydroxycinnamic acid derivative that exhibits antitumorigenic
activities including the inhibition of inflammatory cytokines
(Eroglu et al., 2018). The cytotoxic activity of SA suppresses the
proliferation of human breast and colon cancer cells (Hudson
et al.,, 2000). Sinapic acid also induces apoptosis in human
cervical adenocarcinoma cells (Senawong et al, 2013). In
fact, y-linolenic acid too has been reported to inhibit colon
cancer cells (MDA-MB-435) (Rose et al., 1995) as well as breast
cancer cells (MCF7) (Jiang et al, 1998). Indole-3-carbinol
inhibits multiple oncogenic signaling pathways and arrests the
aggressiveness of neoplastic cells (Ahmed et al., 2020).
Indole-3-carbinol modulates gut microbiota by exhibiting
antimicrobial activity against pathogenic bacteria as well
as promoting anti-inflammatory butyrate production that
helps control colitis (Busbee et al, 2020). Studies have
also reported the antibacterial activity of indole-3-carbinol
against Citrobacter rodentium, a major pathogen responsible
for acute intestinal inflammation (Wu et al., 2020). Allyl
isothiocyanate in both liquid and vapor forms exhibits potent
bactericidal and bacteriostatic activities against food-borne
pathogenic agents such as Salmonella Montevideo, Escherichia
coli O157:H7, and Listeria monocytogenes Scott A (Lin
et al, 2000). The natural bioactive compound, B-sitosterol
possesses several pharmacological properties and is known
for its antimicrobial, antitumorigenic, and immunostimulatory
activities (Babu and Jayaraman, 2020). In particular, B-
sitosterol attenuates diet-induced inflammatory reactions and
can modulate gut microbiota in high-grain diet-induced
dysbiosis (Xia et al, 2020). Similarly, another bioactive
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compound sinapine also stimulates the prevalence of probiotics,
such as Lactobacillaceae, Akkermansiaceae, and Blautia as well
as inhibits the expression of inflammatory factors (Li et al.,
2019). Our results reinforce the utility of traditional mustard
seed fermented products as potential prebiotics for modulating
the gut microbiota and ameliorating multiple clinical conditions.

Conclusion

In Assam, Kahudi and Kharoli are consumed in small
quantities as side dishes to the main meal and are cherished
due to their unique organoleptic characteristics, nutritional
composition, and perceived health benefits. These local and
artisanal condiments are slowly and steadily finding their way
from household kitchens to urban platters. Of late, new cottage
food industries are growing around these food items catering
to the needs of food enthusiasts. A better understanding of
technical know-how, fermentation process, and nutritional and
health benefits will surely help in the resurgence of mustard
seed fermented products in and around Assam. Fermentation
of Kahudi and Kharoli is spontaneous and uncontrolled, which
increases the likelihood of product variations. Therefore, this
preliminary study was undertaken to gain insights into the
array of microorganisms and metabolites associated with the
traditional fermentation of mustard seeds. Our integrated LC-
MS-based metabolomics and NGS-based microbial diversity
study revealed the dominance of endospore-forming and
proteolytic Bacillus in Kahudi and Lysinibacillus in Kharoli
samples as well as the abundance of many therapeutically-
important bioactive metabolites such as sinapine, indole-
3-carbinol, y-linolenic acid, B-sitosterol acetate, 3-butylene
glucosinolate, erucic acid, etc. in the two food products.
We hope that further studies on the isolation of dominant
microbiota toward the development of probiotic starter culture
and enrichment of selective bioactive components will pave way
for the wide commercialization of these ethnic food products.
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