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Abstract: Traditional fermented foods have been recognized by various communities to be good for
health since ancient times. There is a provincial legacy of traditional fermented foods among the ethnic
population of North-East India. Fermented bamboo shoots (local name: Tuaither), soybeans (Bekang),
and pork fat (Sa-um) are famous in the Mizoram state and represent a primary portion of the daily diet.
These foods are prepared using methods based on cultural traditions inherited from previous generations,
and prepared using a relatively uncontrolled fermentation process. Analysis of the bacterial diversity in
these foods can provide important information regarding the flavor and texture of the final products of
fermentation. Unfortunately, studies on the microbial composition and health benefits of such traditional
fermented foods have rarely been documented. Therefore, the present study aims to highlight this bacterial
diversity, along with the proximate composition of different traditional fermented foods (Tuaither, Bekang
and Sa-um) primarily consumed in Mizoram state, India. Samples were collected on three different days
of fermentation (3rd, 5th and 7th day), and bacterial diversity analysis was performed using the V3-V4
variable region of 165 rRNA gene with Illumina sequencing. Results revealed differences in the bacterial
composition of dominant group members among all of the three food types. Firmicutes (82.72-94.00%),
followed by Proteobacteria (4.67-15.01%), were found to dominate to varying degrees in all three of the
fermented foods. However, at genus level high variation was observed in bacterial composition among
these three different types of fermented foods. Lactobacillus (91.64-77.16%), Staphylococcus (52.00-17.90%),
and Clostridium (72.48-55.40%) exhibited the highest relative abundances in the Tuaither, Bekang and
Sa-um foods, respectively, in descending order from the 3rd to 7th day of fermentation. A few of the
bacterial genera such as Lactobacilli were positively correlated with fermented bamboo shoot samples,
and Staphylococcus was positively correlated with protein, carbohydrate and crude fiber content in soybean
samples. In general, Tuaither, Bekang and Sa-um exhibited distinct differences in bacterial composition.
This variation may be due to differences in the raw materials and/or methods used in the preparation
of the different fermented food products. This is the first study to describe the bacterial composition
of these traditional fermented foods using high-throughput sequencing techniques, and could help to
drive research attention to comprehensive studies on improving understanding of the role of microbial
communities in the preparation of traditional foods and their health benefits.

Keywords: traditional fermented foods; metagenomics; bacterial diversity; health benefits; proxi-
mate analysis
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1. Introduction

Traditional fermented foods provide many health benefits and have been prepared
by various communities around the world since ancient times. Numerous beneficial
microorganisms confer unique properties to finished fermented food products through their
metabolic activities. Therefore, analyzing bacterial abundance and diversity in fermented
foods is important to understand the role of microbial taxa in establishing flavor and
taste, along with other health benefits. Fermented foods also play a role in altering the
microbial composition of the digestive tract of consumers [1]. Several previous research
studies which utilized microbial culturing and identification of a particular fermented
food product have reported that a few dominant microbial taxa play a major role in the
fermentation process [2,3]. During the fermentation process, bacterial species convert raw
food constituents into products that enhance the flavor and nutraceutical value of the final
fermented product [4]. A more comprehensive understanding of microbial composition
in fermented food products, however, requires an approach not limited by culture-based
methods. In the past decade, culture-independent approaches utilizing polymerase chain
reaction (PCR)-based amplification and sequencing of 165 rRNA genes have proven to be
useful for the microbiological investigation of a variety of fermented foods [5-7]. Recent
advances in next generation sequencing (NGS) technologies have provided platforms to
explore microbial diversity and functionality in a variety of environments [8,9]. NGS
techniques have been used to characterize the microbial communities of a variety of
fermented foods and beverages, such as kimchi [10], kefir grains [11], Chinese rice wine [12],
etc. Considering the wide variety of fermented foods in North-East India, relatively few
studies, based on NGS technologies, have been conducted on fermented foods indigenous
to North-East India. Previous studies have been conducted on Bekang [13], Rawtuai rep
(fermented bamboo shoot) [14], and Sa-um [15], but these have been based on microbial
culture methods. Therefore, microbial analysis, utilizing NGS technologies, of traditional
fermented foods provincial to this region could greatly enhance our knowledge of the
bacterial diversity present in these fermented products, and contribute to preserving the
ethnicity of traditional indigenous fermented foods.

Fermented foods are rich in nutrients with desirable organoleptic properties and are
popular due to their unique flavors [16]. The ethnic population of North-East India is
among the groups that have a long history of preparing traditional fermented food products.
These foods are prepared based on ethnic knowledge that has been passed down from
generation to generation for thousands of years [17,18]. The production of these fermented
foods involves natural and spontaneous fermentation. A diverse range of microbes are
involved in the fermentation process, some of which contribute to the unique flavors and
textures of the final products [19]. Fermented bamboo shoot (FBS) (local name: Tuaither),
fermented soybean (FSB) (local name: Bekang) and fermented pork fats (FPF) (local name:
Sa-um) are traditional fermented foods that are widely eaten among the peoples of the
Mizoram state in North-East India. All of these food products are prepared using a
natural fermentation process in a relatively uncontrolled manner. Therefore, the various
microbes responsible for the fermentation may be derived from the raw materials and /or
other sources, including the processing equipment, air, and water used to prepare the
fermented product. In this context, analyzing microbial composition using high throughput
sequencing approaches could be more beneficial for understanding the health benefits
of microbes from traditional foods. The bacterial diversity and composition present in
Tuaither, Bekang and Sa-um fermented foods consumed in the Mizoram state have not
been investigated using metagenomics approaches.

Therefore, the objective of the present study was to characterize the bacterial diversity
and nutritional composition of popular traditional fermented foods from the Mizoram
state of North-East India. Sampling was done in triplicates for each of Tuaither, Bekang
and Sa-um fermented foods from local markets in Mizoram at three distinct days during
fermentation. Bacterial diversity, based on the 16S rRNA gene (V3-V4 region) was con-
ducted using an [lluminaMiSeq platform with further bioinformatics analysis. Proximate
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composition such as moisture, ash, fat, protein and carbohydrate content was also analyzed
for all three types (Tuaither, Bekang, and Sa-um) of fermented food samples. Furthermore,
correlation analysis of the proximate parameters with the bacterial phyla and genera was
also undertaken. We assumed that we would identify differences in the nutritional com-
pounds and bacterial community composition among the samples of the three different
types of food. To the best of our knowledge, this is the first report that has investigated the
microbial diversity and proximate nutritional composition of traditional fermented food
from the Mizoram state of North-East India.

2. Materials and Methods
2.1. Collection of Food Samples

Three different types of fermented food products native to the Mizoram state of North-
East India were sampled in triplicates. Tuaither (prepared using bamboo shoots), Bekang
(prepared using soybean), and Sa-um (prepared using pork fat) are all widely-prepared
and consumed by local communities (Figure 1).

INDIA MIZORAM
1.cm =400 km 1cm =25km
N
(/\,2 A
/ Z\

(a) Fermented bamboo shoots (Tuaither) (b) Fermented soybean (Bekang) (c) Fermented pork fats (Sa-um)

Figure 1. Maps indicating the sampling location in Aizawl in the Mizoram state of North-East India, as well as representative
photographs of Tuaither (a), Bekang (b) and Sa-um (c) fermented foods produced and consumed by the local community.

These food products are prepared using traditional methods of processing involving
spontaneous fermentation, as has been conducted since ancient times. The samples were
collected from local vendors in the Aizawl city market places of Mizoram. Vendors were
selected on the basis of their location and by the processing methods that were utilized.
Samples were collected in triplicates on the 3rd, 5th and 7th days of fermentation, pro-
cessed in the same container from the same vendor. Before processing for further analysis,
triplicate sets of each sample were pooled together. Therefore, three samples from each
fermented food product (Tuaither, Bekang and Sa-um) on the 3rd, 5th, and 7th days of
fermentation were used for further analysis. All samples were stored at 4 °C and used
immediately for estimating bacterial diversity.
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2.2. Proximate Compositional Analysis

A portion of the collected samples was used to obtain the proximate composition of
each product at the time of sampling. Various proximate parameters were assessed based
on the methods prescribed by the Association of Official Analytical Chemists (AOAC) [20].
Briefly, protein content was determined based on nitrogen content using the micro-Kjeldahl
method. Fat content was analyzed using a Soxhlet apparatus with a suitable solvent as
prescribed in the AOAC methods. Moisture content and dry biomass was determined by
weighing 2 g of sample, heating it to dryness in an oven at 110 °C for 2 h and then weighing
the samples again. All of the proximate parameters are reported in AOAC, 2000 standard
format as a percentage. Other parameters such as pH, moisture content, total ash content,
crude fiber, carbohydrate, and calorific value were also determined according to AOAC
methods (AOAC 2016, 20th Edition) [20].

2.3. DNA Extraction and Amplicon Sequencing

All samples (1 mL) were placed in a phosphate-buffer saline solution and centrifuged
at 800x g for 1 min, after which the supernatants were collected. The supernatants collected
from each sample were centrifuged again at 11,000 x g for 3 min to obtain microbial cell
pellets. Genomic DNA isolation was performed using a QIAGEN DNeasy Kit according to
the manufacturer’s instructions (QIAGEN Inc.). The quality and concentration of DNA
obtained from each sample was determined spectrophotometrically using a Nanodrop
Lite Spectrophotometer (Thermo Scientific, Waltham, MA, USA) and further assessed
on a 1% agarose gel. The obtained high-quality DNA samples were stored at —20 °C.
Extracted DNA was subjected to amplicon library preparation using a Nextera XT index
kit (Illumina, San Diego, CA, USA) according to the 165 metagenomic sequencing library
preparation protocol provided by Illumina. The V3-V4 region of 16S rRNA was amplified
using the forward primer, 16STRNAF (5'-GCCTACGGGNGGCWGCAG-3'), and reverse
primer, 165rRNAR (5'-ACTACHVGGGTATCTAATCC-3'). The amplicon libraries were
purified using AMPure XP beads, quantified on a Qubit Fluorometer, and sequenced on
an [llumina MiSeq platform (Illumina, San Diego, USA) to obtain 2 x 300 bp paired-end
reads. Sequencing was conducted at a commercial sequencing facility (Eurofins, India).

2.4. Bioinformatics and Statistical Analysis

Raw sequence reads in FASTQ format were de-multiplexed into each sample based
on the sample-specific barcode sequences. High-quality sequences were obtained using
Trimmomatic v0.38 after removal of adapter sequences, ambiguous reads, and low qual-
ity sequences (reads with more than 10% quality threshold (QV) < 20 phred score) [21].
High-quality forward and reverse paired-end reads were merged using FLASH (v1.2.11)
software [22]. Further processing of the sequence data was performed using Quantitative
Insights Into Microbial Ecology (QIIME) version 1.9.1 [23]. Assignment of operational taxo-
nomic units (OTUs) was based on sequence similarity and selection of the most representa-
tive sequence from each of the grouped reads. OTUs were clustered using a 97% similarity
cutoff utilizing uclust software [24] against the Greengene database (version 13-_8) with
the “pick_open_reference_otus.py” Qiime script. BLAST analysis (with default e-value) of
the OTU reads against the Greengene database was used for taxonomic classification based
on the RDP classifier (Version 2.2) algorithm [25]. All downstream analyses, including
alpha diversity and compositional analysis were performed using Microbiome Analyst
software [26]. Bacterial abundance and diversity analysis based on alpha diversity indices,
such as observed species, Shannon index, and Chaol, was conducted using an OTU matrix
and performed in QIIME [23]. Multivariate principal component analysis (PCA) was con-
ducted using STAMP software [27]. The distance matrix for the PCA was generated using
an unweighted UniFrac approach. OTU significance was determined using an unweighted
UniFrac and Cluster Analysis of the Unweighted Pair-Group Method with Arithmetic
means (UPGMA). Correspondence analysis (CCA) was conducted to determine the re-
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lationship between nutritional factors and normalized abundances of major taxonomic
groups using PAST v3.14 software [28].

3. Results and Discussion
3.1. Proximate Compositional Analysis

During fermentation, microorganisms convert the chemical constituents of food mate-
rials into high value nutrients that improve the flavor and texture of the final fermented
food product [29-32]. An assessment of the proximate composition analysis of the three
fermented foods examined at three different stages of fermentation (3rd, 5th, and 7th day
of fermentation) are presented in Table 1.

Table 1. Proximate composition of fermented bamboo shoots (Tuaither), soybean (Bekang), and pork fat (Sa-um) collected
after 3, 5, and 7 days of fermentation.

Proximate Parameters

Fermented Food Samples

(Weight in %) Tuaither Bekang Sa-um
3rd D 5th D 7th D 3rd D 5th D 7th D 3rd D 5th D 7th D
Moisture content 86.8 86.4 87.6 58.3 57.1 56.4 3.8 3.8 25
Total ash content 1.1 1.1 1.1 2.7 2.5 1.1 - - -
Fat 1.1 0.9 1.2 4.6 5.3 54 90.6 94.6 95.6
Protein 2.7 3.0 2.8 19.7 19.9 18.5 1.3 1.3 1.5
Crude fiber 3.1 2.1 2.2 10.6 24 2.5 - - -
Carbohydrate 5.2 6.5 79 41 12.8 16.2 4.2 0.2 0.3
Calorific value 3.97 419 3.98 7.20 8.36 823 5.89 3.99 404

(K cals/100 gm)

The fermented food products (Tuaither and Sa-um) exhibited an acidic pH (4.04 for
Tuaither and 4.04 for Sa-um) during the fermentation process. This may be due to the lactic
acid produced by the lactic-acid bacteria [33]. The Bekang sample, however, exhibited
a slightly basic pH (7.93). Average moisture content was highest in the bamboo shoot
samples (86.93%), followed by the soybean samples (57.26%), and was lowest in the pork
fat samples (3.36%). A previous study on the proximate composition of Bambusa balcooa
(ChingSanei-bi) also reported high moisture content (90.73-91.5%) [34]. As expected, fat
content was highest in the pork fat samples (93.60%), followed by the soybean samples
(5.3%), and was lowest in the bamboo shoot samples (1.06%). Interestingly, the soybean
samples were found to have a higher protein (19.36%) and carbohydrate content (11.03%)
than the bamboo shoot and pork fat samples. The lowest protein content was observed
in the samples of the bamboo shoots (2.83%) and pork fat (1.36%). This was also true
for the carbohydrate content, which was 6.53% in the bamboo shoot samples and 1.56%
in the pork fat samples. A low level of crude fiber was detected in the bamboo shoot
(2.46%) and soybean (1.56%) samples, and was undetectable in pork fat samples. A slight
increase in protein, carbohydrate, and fat content was observed from the 3rd to 5th day of
fermentation; however, it was not a significant increase as the same trend was not found
during the latter stage of fermentation (Table 1).

3.2. Bacterial Diversity

A total of 93,857 (3rd day), 267,981 (5th day), and 187,190 (7th day) reads were obtained
from the fermented bamboo shoot samples, 165,177 (3rd day), 252,177 (5th day), and 259,761
(7th day) for the fermented soybean samples, and, 208,302 (3rd day), 152,718 (5th day)
and 126,281 (7th day) for the fermented pork fat samples. A total of 3424 OTUs were
identified collectively from all the samples after clustering of all the high-quality reads.
The proportion of OTUs in the samples was found to be quite similar, suggesting that the
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data was sufficient to compare bacterial diversity between the different fermented food
products. Rarefaction was conducted on the OTU data sets of each of the different foods
for each of the sampled time points (Figure 2). Results indicated that the number of reads
obtained for all the samples were near saturation, suggesting that a sufficient number of
reads had been obtained in the samples to accurately assess bacterial diversity.

Bamboo Shoot Pork Fat Soyabean
250- FBS-7D
FBS-5D
200-
FBS-3D
£ 150
E Type
2 & Bamboo shoot
2 -a- Pork fat
g 100 -a-Soyabean
wv
50- :
0- H

10000 20000 30000 40000 50000 10000 20000 30000 40000 50000 10000 20000 30000 40000 50000
Sequence Sample Size

Figure 2. Rarefaction curves for the sequences obtained from fermented bamboo shoots (FBS), soybeans (FSB), and pork fat
(FPF) collected at 3, 5, and 7 days of fermentation.

Simpson diversity and Chaol indices of bacterial diversity (Figure 3) revealed that
bamboo shoots (FBS) exhibited the highest level of bacterial diversity, followed by soybean
(FSB) samples, while the lowest alpha-diversity was observed in pork fat (FPF) samples.
Chaol and Shannon indices are directly correlated with community diversity. The Shannon
index of the FBS samples revealed that samples collected at the 7th day of fermentation
had the highest species richness. However, species richness in the soybean (FSB) and pork
fat (FPF) samples was found to be more evenly distributed from the 3rd day to the 7th day
of the fermentation.
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Figure 3. Alpha diversity, Chao-1, and Shannon indices of bacterial diversity in fermented food
samples (Bamboo shoots, soybean, and pork fat), (a) and (c) represent the alpha diversity of the
three collection dates (3rd, 5th, and 7th day) for each food-type, while b and d represent Chao-1 (b)
and Shannon (d) bacterial diversity of the collective samples of each fermented food product. (The
samples data was normalized at the depth of the minimum library size, i.e., sample with least reads:
FBS-3D; 93,857).

3.3. Bacterial Community Composition

All of the fermented food samples possessed a diverse range of bacterial taxa. The
relative abundance of the top phyla and genera is shown in Figures 4 and 5, respec-
tively. On the 3rd day of fermentation, at the phylum level, the highest abundance
was recorded for Firmicutes (94.99-82.72-92.91%), Proteobacteria (4.67-15.01-6.82%), Bac-
teroidetes (0.13-0.027-0.038%), Actinobacteria (0.077-2.14-0.18%), and Verrucomicrobia
(0.023-0.002-0.0049%) in bamboo shoot (FBS), soybeans (FSB) and pork fat (FPF) samples,
respectively. Firmicutes was the most abundant phylum in all samples, exhibiting an aver-
age relative abundance > 90.22%. Proteobacteria was the second most abundant phylum in
all samples, with an average relative abundance > 8.83%. Similar results for the relative
abundance of Firmicutes and Proteobacteria were reported in a recent study of ‘zha-chili’, a
traditional Chinese fermented food [35]. Another study of a fermented vegetable, Suancai,
a popular fermented food product in northern China, also reported the highest relative
abundance for the bacterial phyla Firmicutes and Proteobacteria [36].
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Figure 4. Relative abundance of top bacterial phyla in fermented bamboo shoots (FBS), pork fat
(FPF), and soybeans (FSB) samples collected on the 3rd, 5th, and 7th day of fermentation.

Other bacterial phyla were present but at a much lower level of abundance (<1%), in-
cluding Planctomycetes, Fusobacteria, Chloroflexi, Acidobacteria, Nitrospirae, Spirochaetes,
Gemmatimonadetes, Synergistetes, Lentisphaerae, Elusimicrobia, and Chlorobi. On the 5th
and 7th day of fermentation, the relative abundance of Firmicutes decreased slightly, while
Proteobacteria increased in soybean samples (70.85%). A few other phyla were detected on
the 5th and 7th day of fermentation, including Chloroflexi, Fusobacteria, Acidobacteria,
Tenericutes, Fibrobacteres, and Caldiserica. An increase in bacterial diversity towards the
latter stages of fermentation suggests that these bacterial taxa may play a role in determin-
ing the texture and flavor of the final fermented food product. Significant differences were
observed at the genus level among all three of the fermented foods, irrespective of the days
of fermentation (Figure 5).

Lactobacillus was found with the highest relative abundance (91.64%) in fermented
bamboo shoots. Its relative abundance was lower (4.81%) in fermented soybeans, and
lowest (0.042%) in fermented pork fat. In the case of fermented soybeans, however, Staphy-
lococcus (52.36%), Bacillus (38.47%) and Pseudomonas (6.40%) genera were found to be
abundant. Around half of the sequence reads were assigned to OTUs that belong to Staphy-
lococcus in fermented soybeans on the 3rd day of fermentation. Notably, this genus was
not detected in the other two fermented food products. In the case of fermented pork
fat, Clostridium (72.48%), Sutterella (12.54%), and Lactobacillus (4.81%) were the most
abundant genera observed.
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Figure 5. Relative abundance of bacteria at the genus level in fermented bamboo shoots (FBS), pork fat (FPF), and soybean
(FSB) on the 3rd, 5th and 7th day of fermentation.

Lactobacillus, Staphylococcus, and Clostridium accounted for more than 60.53% of
the total bacterial reads in all three fermented food products. Lactobacillus species play a
significant role in bamboo and lactic acid bacteria have been reported to be the dominant
bacterial taxa in several fermented bamboo products [37]. A traditional fermented bam-
boo shoot product, Khorisa, produced and utilized by the indigenous people of Assam,
was reported to possess a variety of actobacilli with potential antimicrobial activity and,
thus, high pharmacological value [38]. Studies have shown that Lactobacillus species can
produce volatile compounds that enhance the aroma of fermented foods [36]. In addition
to Lactobacillus, other bacterial taxa, such as Pediococcus, Enterococcus, Lactococcus,
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Streptococcus and others, can also modify the flavor of original food components and
improve the nutritional value of fermented foods [39,40]. In the present study, several
other lactic acid bacteria and related species, including Pediococcus, Enterococcus, and
Lactococcus were found to be present in in fermented bamboo shoot samples at a relative
abundance > 1%, while Bacillus, Pseudomonas, and Enterococcus were found in fermented
soybean samples. In fermented pork samples, Sutterella, Lactobacillus, Enterococcus, and
Trabulsiella were found overall with relatively higher abundances (1.92% to 13.36%).

Staphylococcus accounted for > 50% of the relative abundance in the different samples
of the fermented soybean product. The presence of Staphylococcus has been reported in
a variety of fermented food products [41]. Staphylococcus and other genera of bacteria
have been reported to play a role in the production of synthetic esters in fermented food
products [42]. Notably, coagulase negative Staphylococcus species have been reported as the
predominant species of bacteria in fermented foods worldwide. Species of Staphylococcus
are used as microbial starters in cheese, meat, and soybean fermentation [43]. Importantly,
a few species of Staphylococcus are also known to be food borne pathogens for humans
and other animals [44]. Therefore, more detailed studies on the Staphylococcus species
present in fermented foods using multiple taxonomic approaches is essential to obtain
confirmed identification at the species level, especially as their proportion is relatively
high in traditional fermented foods that are produced in relatively open environments [45].
Clostridium exhibited the highest relative abundances in the fermented pork fat samples.
The prevalence of several enteric bacteria including Clostridiumin traditional fermented
foods of North-East India also has been reported previously [46].

3.4. Comparison of Bacterial Communities during the Fermentation Process

Beta diversity represents a comparison of diversity among different samples based on
the relatedness and differences in the microbial community composition of distantly related
samples. The weighted UniFrac distance and un-weighted UniFrac distance were used to
conduct a principal coordinate analysis (PCoA) to investigate the variation in microbial
species in all samples (Figure 6).

044

o
Y]

,‘3‘3 Type
E @ Bamboo Shoot
o @® PorkFat
E o6 @ soyabean
024
<)
044 ®

0.00
Axis.1 [48.3%]

Figure 6. Principal component analysis of bacterial communities in the three different fermented
foods (bamboo shoot, soybean, and pork fat).
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Results indicated significant variation in the community composition of the three
different food samples. PCoA analysis revealed significant difference in the microbial
composition of the different fermented foods. However, each group displayed a similar
composition at different stages of the fermentation process (3, 5, and 7 days of fermentation).
Samples of bamboo shoots, soybean, and pork fat are all greatly separated in the graphs
of the PCoA analysis. However, each of the stages of fermentation within each fermented
food type clustered close to one another, indicating a similar composition (Figure 6). The
first and second principal components accounted for 41.7% and 48.3% of the variance
among the samples. The obtained values indicate that the three types of fermented foods
examined in the study are distantly related to each other in their composition of bacterial
genera. A hierarchically clustered heat map analysis based on the bacterial community
profile at the genus level is shown in Figure 7.
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Figure 7. Heat map of bacterial community composition at the genus level of the different fermented food samples: bamboo
shoots (FBS), pork fat (FPF), and soybean (FSB) collected at 3, 5, and 7 days of fermentation. Blue to red color intensity
indicates a low to high relative abundance.

The dominant phylum in bamboo shoots formed a separate cluster, while the most
abundant bacterial phylum in soybean and pork fat samples formed a separate cluster that
was again divided into another sub-cluster. The dominant genera present in each food
type formed three different distantly-related clusters. Lactobacillus, Staphylococcus, and
Clostridium were the most abundant genera in the three types of fermented food samples.
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The microbial composition of the fermented food changes over the course of time and
different microbial groups play a functional role in adding nutritional value to the final
product [47]. Relative abundance of the top most abundant bacterial genera in the samples
of fermented foods collected on the 3rd, 5th, and 7th day of fermentation is given in Table 2.

Table 2. Relative abundance of the top most bacterial genera in day wise samples of the fermented
foods.

Fermented Bamboo Shoot (FBS)

Genus FBS-3D FBS-5D FBS-7D
Lactobacillus sp. 91.64 77.16 78.88
Weissella sp. 1.27 0.0 0.0
Pediococcus sp. 1.17 2.80 0.0
Pseudomonas sp. 0.36 2.24 1.25
Chromobacterium sp. 0.27 2.29 0.0
Acinetobacter sp. 0.0 1.35 1.14
Corynebacterium sp. 0.0 0.0 6.58
Sphingobacterium sp. 0.0 0.0 2.74
Unclassified 3.13 2.28 2.27
Others 1.86 11.58 7.11
Fermented Pork Fats (FPF)
Genus FPF-3D FPF-5D FPF-7D
Clostridium sp. 72.48 59.48 55.40
Sutterella sp. 12.54 7.01 4.85
Lactobacillus sp. 4.81 4.44 441
Enterococcus sp. 1.92 2.67 5.28
Trabulsiella sp. 1.81 18.45 13.36
Unclassified sp. 2.07 3.26 5.24
Others 3.17 4.67 11.43
Fermented Soybean (FSB)
Genus FSB-3D FSB-5D FSB-7D
Staphylococcus sp. 52.36 39.48 17.90
Bacillus sp. 38.47 35.56 37.87
Pseudomonas sp. 6.40 0.0 9.67
Enterococcus sp. 0.47 0.0 0.0
Paenibacillus sp. 0.19 0.0 0.0
Proteus sp. 0.0 5.89 0.0
Ignatzschineria sp. 0.0 5.49 0.0
Corynebacterium sp. 0.0 435 18.13
Brevibacterium sp. 0.0 0.0 2.77
Unclassified 112 2.98 3.61
Others 0.95 6.23 10.02

The bacterial composition of top genera in fermented bamboo shoots on the 3rd, 5th,

and 7th day of fermentation is summarized in Table 2. The 3rd day sample of bamboo
shoots (FBS_3D) exhibited a high abundance of Lactobacillus (91.64%) and a much smaller
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proportion of a few other genera, such as Weissella (1.27%) and Pediococcus (1.17%). The
abundance of Lactobacillus in bamboo shoots, however, decreased on the 5th (FBS_5D;
77.165%) and 7th (FBS_7D; 78.88%) days of fermentation, while the abundance of Pediococ-
cus increased to 2.8%. Differentiation of lactobacilli (LAB), such as Weissella, Pediococcus,
and Lactobacillus, to species and strain levels require more definitive methods. Their rapid
and accurate identification is of the utmost importance in food microbiology [48]. LAB
species, such as Pediococcus, possess intriguing attributes, such as exopolysaccharides
production, and the ability to enhance the aroma of fermented foods and increase the level
of lactic acid present in the fermented product [49]. Interestingly, a few of the genera, such
as Chromobacterium (2.29%), Pseudomonas (2.24%), Acinetobacter (1.35%), Corynebac-
terium (6.58%), and Sphingobacterium (2.74%) exhibited a sudden increase in their relative
abundance in fermented bamboo shoots on the 7th day of fermentation.

Samples of fermented soybeans collected on the 3rd day of fermentation (FSB_3D) ex-
hibited a high relative abundance of Staphylococcus (52.36%) and Bacillus (38.47%), as well
as other genera, including Pseudomonas (6.40%), Enterococcus (0.47%), and Paenibacillus
(0.19%) with a much lower level of relative abundance. Notably, the relative abundance
of Staphylococcus decreased continuously (52.36% to 17.90%) from the 3rd day to the
7th day of fermentation, however, the relative abundance of Bacillus remained relatively
constant (38.47-35.56-37.87%). Soybean foods are generally fermented by Bacillus spp.
and impart a characteristic stickiness to the final product. The microbial composition
of a variety of fermented soybean foods such as natto (from Japan) and kinema (from
Nepal and North-East India) have been reported [50]. In our present study, genera other
than Bacillus, such as Proteus (5.89%), Ignatzschineria (5.49%), and Clostridium (4.35%)
were found to increase in relative abundance in samples collected after the 5th day of
fermentation (FSB_5D). Clostridium (18.13%), Pseudomonas (9.67%), and Brevibacterium
(2.77%) exhibited the greatest increase in relative abundance on the 7th day of fermentation.
This was especially true for Clostridium, which increased from approximately 0.05% on
the 3rd day of fermentation to 4.35% on the 5th day, and more than 18% on the 7th day of
fermentation.

High populations of Clostridium have many potential consequences that may be
harmful to consumers. Therefore, it is important to consider the timing of the natural
fermentation of foods. Clostridium (72.48%), Sutterella (12.54%), Lactobacillus (4.81%),
Enterococcus (1.92%) and Trabulsiella (1.81%) were the most abundant genera in pork fat
samples on the 3rd day of fermentation (FPF_3D). The relative abundance of Clostridium,
however, decreased by approximately 13% on the 5th day of fermentation (FPF_5D) and
by an additional 4.08% on the 7th day of fermentation (FPF_7D). Clostridium and a few
other foodborne bacterial pathogens recognized by the World Health Organization (WHO)
have been previously identified in Indian fermented foods, including pork fat, using
MiSeq amplicon sequencing [46]. In the present study, other genera, such as Trabulsiella
(18.45%), Sutterella (7.01%), Lactobacillus (4.44%), and Enterococcus (2.67%) did not exhibit
significant variation in relative abundance in any of the three food types during the
fermentation process. The distribution of bacterial species in the ethnic fermented food
samples native to Mizoram only exhibited variation in the relative abundance of the
few dominant genera. These results suggest that the type of raw food material and the
fermentation environment in these regions may impact bacterial richness but not the
diversity. Similar findings have been previously reported in other types of fermented food
products [51-53].

3.5. Correlation Analysis of Nutritional Parameters with Bacterial Diversity

Canonical correlation analysis (CCA) was conducted to evaluate the relationship be-
tween bacterial members (at the level of phylum and genus) and the proximate composition
of the food materials (Figure 8). Results of the CCA indicated that Lactobacilli were posi-
tively correlated with fermented bamboo shoot samples, Staphylococcus was correlated
with fermented soybean samples, and Clostridium was correlated with fermented pork
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fat samples. Staphylococcus was positively correlated in soybean samples with protein,
carbohydrate and crude fiber content. Determining the correlation of microbial members
with food components is important for understanding the microbial communities of related
food samples and can lead to the design of synthetic microbial consortia for optimum
fermentation of specific food types [54].
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Figure 8. Triplot illustrating the results of the Canonical Correspondence Analysis (CCA) of the
relative abundance of bacterial phyla (a), genera (b) and compositional attributes of the fermented
food samples. Fermented bamboo shoots (FBS), fermented soybeans (FSB), and fermented pork fat
(FPF).

4. Conclusions

The consumption of traditionally fermented food has a beneficial impact on consumer
health due to the of presence beneficial microbial taxa. The present study examines the
proximate composition and bacterial diversity of three different traditional fermented
foods native to the Mizoram state of India. Samples collected at three different times (3rd,
5th, and 7th day) during the fermentation process were analyzed. Proximate composition
analysis revealed the differences in the proximate content, such as fat, protein, and moisture
content among the three different types of samples. Bacterial diversity analysis revealed
that Firmicutes and Proteobacteria had the highest relative abundance in all the samples.
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However, variation in the relative abundances was observed at the genus level. Lacto-
bacillus, Staphylococcus, and Clostridium showed the highest dominance in fermented
bamboo shoots (Tuaither), fermented soybeans (Bekang), and fermented pork fat (Sa-um)
respectively. Other genera, such as Weissella, Bacillus, Lactococcus, and Pseudomonas,
were also found to be present in most of the samples. On the 3rd day, the highest domi-
nance was observed for Lactobacillus, Staphylococcus, and Clostridium respectively in
fermented bamboo shoots (Tuaither), fermented soybeans (Bekang), and fermented pork fat
(Sa-um) sample. However, a decrease in their abundance was seen towards the 7th day of
fermentation. In addition, various other bacterial taxa were found in each of the fermented
samples, showing a presence of high bacterial diversity in the fermented products. A
correlative analysis exhibited a positive correlation of a few of bacterial with the proximate
content of the food samples. This study is the first report on the bacterial diversity of the
traditional fermented products of Mizoram using metagenomics analysis, and has revealed
important information on bacterial community structure and dominance of major bacte-
ria associated with different traditionally fermented foods. Therefore, the present study
could be helpful for establishing more comprehensive investigations into the identification
of indigenous bacteria with potential probiotic properties, and enable the discovery of
more health benefits in traditional fermented foods, using both culture-independent and
-dependent approaches.
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