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Shotgun metagenomic analysis reveals 
new insights into bacterial community profiles 
in tempeh
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Abstract 

Objective: Amplicon sequencing targeting 16S ribosomal RNA (rRNA) has been widely used to profile the microbial 
community from fermented food samples. However, polymerase chain reaction (PCR) steps on amplicon sequencing 
analysis and intragenomic heterogeneity within 16S rRNA are believed to contribute to bias in estimating microbial 
community composition. As potential paraprobiotics sources, a comprehensive profiling study of tempeh microbial 
ecology could contribute to tempeh product development. This study employed a shotgun metagenomic approach, 
where metagenome fragments from tempeh samples were sequenced directly for taxonomic and functional profiling 
analysis.

Results: Taxonomic profiling showed that Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla from 
the shotgun metagenomic analysis in all tempeh samples. In terms of composition, this shotgun metagenomic study 
revealed that Proteobacteria was the most abundant phylum. Functional profiling showed that iron complex outer-
membrane recepter protein (KEGG ID: K02014) was the most transcribed gene based on this metagenomic analysis. 
The metagenome-assembled genomes (MAGs) results from the binning pipeline could reveal almost complete whole 
genome sequence of Lactobacillus fermentum, Enterococcus cecorum, Escherichia coli, Klebsiella pneumoniae, and Acine-
tobacter baumannii.

Keywords: Tempeh, Shotgun metagenomic, Proteobacteria, Firmicutes

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/publi cdoma in/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Tempeh is fermented food originated from Indonesia. 
The biochemical changes of soybean during microbial 
fermentation increased nutritional values and health-
promoting bioactive compounds in tempeh. Compared 
to other indigenous soybean-based fermented food 
such as nato, miso (Japan), kinema (Nepal), and douchi 
(China), which used Bacillus spp. as inoculum, tempeh 
used Rhizopus spp. in the production [1]. The nature 
of tempeh production processes creates consortia of 

microorganisms not only from tempeh inoculum but also 
from production materials and environment [2]. Over 
the past decade, useful tools of next-generation sequenc-
ing (NGS) such as metagenomics has been applied to 
study microbial consortia from fermented food micro-
bial ecology [3]. Previous metagenomic studies of the 
microbial community during tempeh production were 
conducted by employing amplicon sequencing target-
ing the V4 region of the 16S rRNA gene. These studies 
focused on the dynamic taxonomic profile of the micro-
bial community from tempeh metagenome samples and 
indicated that Firmicutes was the predominant phylum. 
Some genera such as Lactobacillus, Streptococcus, and 
Weisella from Firmicutes phylum known as probiotics 
are also reported in this study [4–6]. Tempeh is generally 
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cooked before consumption and might act as an inacti-
vated probiotics source. Previous tempeh nutrigenomic 
studies showed that cooked tempeh supplementation 
could enhance the immune system by increasing IgA 
production in human intestinal tracts [7]. Recently, stud-
ies reported cooked tempeh consumption for 6 months, 
improving global cognitive function respondents aged 
60  years or over with mild cognitive impairment [8]. 
Inactivated probiotics were previously mentioned in 
literature with the term paraprobiotics. Recently para-
probiotics are defined as non-viable either intact or 
broken cells of microbial and crude extract of cells that 
could positively affect when administered in a sufficient 
amount [9]. There are around 80,000 tempeh producers 
categorized as small and medium-scale home industries 
in Indonesia [10]. The tempeh microbial ecology formed 
during production may vary among these producers. As 
potential paraprobiotics sources, a comprehensive profil-
ing study of tempeh microbial ecology could contribute 
to tempeh product development. Besides for taxonomic 
profile and composition study, shotgun metagenomics 
could also be used for the functional study of microbial 
communities based on more objective analysis through 
direct whole-genome sequencing [11, 12]. Therefore, this 
study aims to study tempeh microbial ecology employing 
shotgun metagenomic analysis.

Main text
Materials and methods
Samples
Samples were collected from two local traditional tempeh 
producers in Bogor, Indonesia, designated as EMP and 
WJB. The samples from these producers have been used 
as sources for microbial community analysis on tempeh 
for many years [5]. EMP and WJB were representatives 
for the different methods of soybean boiling process on 
tempeh productions. The EMP employs one boiling pro-
cess, while the WJB employs two boiling processes. Five 
tempeh samples from the same production batch were 
randomly picked from the EMP or WJB producers. The 
plastic was used as a wrapper in the tempeh production 
process. On the same day, each of these tempeh samples 
small diced and pooled in a sterile container for further 
step, total microbial DNA genome extraction.

Total DNA extraction
The extraction process was adapted from a previous 
study [13]. One hundred-gram of fresh tempeh sample 
was homogenized in 300  mL of phosphate buffer saline 
(PBS) using the Philip HR2061 blender (Koninklijke 
Philips, Amsterdam, Netherland) for 30 s. The homoge-
nate was centrifuged at 1000×g for 10  min. Superna-
tants were collected and centrifuged at 10,000×g for 

3 min. The pellets were subjected to total microbial DNA 
extraction employing ZymoBIOMICS DNA/RNA Mini 
Kit (Zymo Research, California, USA) protocols.

Metagenome sequencing
The whole metagenome library preparation and sequenc-
ing process used services from NovogeneAIT Genom-
ics Singapore Pte Ltd. The whole microbial DNA was 
sheared to produce fragment libraries using restric-
tion enzymes with a minimum of 1 µg of DNA as input. 
Microbial DNA was precisely quantified using Qubit 2.0 
(Thermo Fischer Scientific, United States). The purity 
and degradation assessment for microbial DNA was done 
employing NanoDrop (Thermo Fischer Scientific, United 
States) and gel electrophoresis. The paired-end sequenc-
ing library was prepared using the TruSeq DNA PCR-
Free Prep Kit (Illumina, United States). The prepared 
library was sequenced on the NovaSeq  6000 platform 
(2 × 150 bp chemistry) (Illumina, United States).

Shotgun metagenomic sequencing data analysis
The sequenced reads (raw reads) were filtered from reads 
containing adapters, reads containing N (the base cannot 
be determined) > 10%, and reads containing low-quality 
(Qscore ≤ 5) base, which is over 50% of the total base, 
by using NovogeneAIT Genomics Singapore Pte Ltd 
pipeline to produce high-quality paired-end reads (clean 
reads). Rhizopus spp. reads contamination was removed 
from the clean reads by employing Read QC module 
from MetaWRAP pipeline [14] using the mix R oryzae 
99892 (PRJNA186020), R. microsporus ATCC 52813 
(PRJNA430271, PRJNA205957), R. delemar RA 99-880 
(PRJNA13066), R. stolonifer B9770 (PRJNA184886) and 
R. azygosporus (PRJNA418064) whole-genome sequence 
as a reference. The SqueezeMeta pipelines [15] were 
employed for assembly, taxonomic, functional, and bin 
analyses. The pipelines used the co-assembly mode 
option where reads from all samples were pooled before 
the assembly using the Megahit [16] step was performed. 
The SQMtools package on R version 4.0.3 [17] was used 
to analyze both taxonomic and functional profiling data 
generated from SqueezeMeta pipelines [18].

Result
Metagenome sequencing and assembly statistic
The total microbial DNA extracted from tempeh sam-
ples collected from two different tempeh producers 
in Bogor, Indonesia were subjected to Illumina whole 
metagenome sequencing pipelines. The average effec-
tive rate of clean reads from two raw reads of metagen-
omic data after the quality trimming was 99.93%. A 
total of 29,030,144 (36.74%) reads from 78,995,980 
EMP clean reads and 17,146,676 (15.86%) reads from 
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108,045,092 WJB clean reads were mapped to the Rhiz-
opus spp. genome reference. The number of contigs 
resulting from the co-assembly steep data was 293,961. 
The longest contigs were 485,167 bp, and the N50 value 
was 1994.

Taxonomic and functional profiling
The taxonomic assignment of contigs is based on indi-
vidual genes taxonomic assignment. The SqueezeMeta 
pipeline implements a fast-last common ancestor (LCA) 
algorithm to analyze each query gene hit results as the 
Diamond [19] search query against the GenBank nr data-
base. The contigs are annotated to a consensus of the 
taxon to which most of their genes belong. The selected 
hits must pass a minimum amino acid identity (AAI) level 
for assignment to taxonomic ranks. For the phylum and 
genus, the threshold was 40% and 60% [20]. The metage-
nome reads will map onto contigs using Bowtie2 [21] to 
estimate each gene and contig abundance. Contigs with 
phylum annotation were 263,096 (89.5%). Proteobacteria 
was a relatively abundant phylum in EMP (74.54%) and 
WJB (85.38%) metagenome. In the genus level, 211,603 
(72%) contig were annotated. Novosphingobium was a rel-
atively abundant genus in the EMP metagenome (27.16%) 
and the Proteobacteria phylum of EMP (26.81%). Enter-
obacter was a relatively abundant genus in the WJB 
metagenome (34.39%) and the Proteobacteria phylum of 
WJB (33.93%). Firmicutes phylum in the EMP metagen-
ome (10.07%) was relatively more abundant than the WJB 
metagenome (3.23%). Leuconostoc (3.83%), Enterococcus 
(2.99%), and Lactobacillus (1.98%) were the top three 
genera in the Firmicutes phylum of EMP. In the Firmi-
cutes phylum of WJB, Enterococcus (1,17%) was the most 
abundant genus. The abundance of Bacteroidetes phylum 
was relatively similar in EMP (1.38%) and WJB (1.84%) 
metagenome samples (Fig.  1). Functional profiling used 
the latest publicly available version of the KEGG data-
base for KEGG ID annotation. Iron complex outer mem-
brane recepter protein (KEGG ID: K02014) was the most 
transcripted expression in the metagenome from tempeh 
samples (Fig. 2).

Binning and bin check
The total number of bins obtained from the co-assembly 
of EMP and WJB metagenome samples results from the 
DAS tool [22] was 25. According to the CheckM [23] 
result, eleven bins were categorized as good-quality bins, 
whose completeness was more than 75% with less than 
10% contamination (Table 1). Among good-quality bins, 
four bins were categorized as high-quality bins, whose 
completeness was more than 90%.

Discussion
The relative abundance of each gene and contigs on 
the shotgun metagenomic data required normaliza-
tion because of the genome length differences. The 
SqueezeMeta pipeline develops a custom script to com-
pute the normalization gene and contig abundance [15]. 
Study of the microbial community of EMP and WJB 
tempeh samples using metagenomic16S rRNA sequenc-
ing analysis [4–6] is consistent with the result of shot-
gun metagenome sequencing analysis in this study, i.e., 
Proteobacteria, Firmicutes, and Bacteroidetes were the 
three most abundant phyla. For the EMP and WJB tem-
peh sample, Firmicutes were reported as the most abun-
dant phylum in the previous amplicon metagenomic 
study [4, 5]. In contrast, in this study, the most abun-
dant phylum was Proteobacteria. The previous amplicon 
metagenomic study on EMP and WJB sample revealed 
the second-times soybean boiling process on the WJB 
tempeh production might contribute to tempeh micro-
bial community profile [5]. Firmicutes phylum on the 
EMP (92%) sample reported relatively more abundant 
compare to the WJB (88%). This similar trend was also 
reported in this study. At the genus level from this phy-
lum, both metagenomic analyses revealed Enterococcus 
relatively most abundant genus in the EMP samples. 
In the WJB samples, this study also reports Enteroc-
cous was the relatively most abundant genus, while in 
amplicon metagenomic study was genus Lactobacillus. 
In terms of taxa prediction and abundance estimation, 
a recent study reported shotgun metagenomic analy-
sis produced more accurate results compared to 16S 
rRNA gene-based metagenomic analysis from an arti-
ficial skin-associated microbial community. This arti-
ficial microbial community contains four species from 
phylum Proteobacteria, eight species from phylum Fir-
micutes, and three species from phylum Actinobacteria 
[24]. Taxonomic profiling solely based on the 16S rRNA 
sequence could generate bias in bacterial cell count 
from metagenome samples because many bacteria pos-
sess more than one different copy number of this gene 
[25]. Different PCR primers used on PCR protocols 
preferentially amplify different taxa sets and generate 
bias for amplicon metagenomic analysis [26]. A study on 
the bacterial community in EMP tempeh employing cul-
turable technique also reported that Proteobacteria was 
the most dominant phylum [5]. The functional profiling 
of tempeh metagenome samples showed that the most 
annotated functions were transporter and transposase 
related genes. It has been reported that the bioavailabil-
ity of minerals such as iron during tempeh production 
was significantly elevated. Tempeh has been known to 
reduce the level of chelating agents, such as phytic acid 
typically present in soybean [27]. For most bacteria, 
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iron is an essential micronutrient. Gram-negative bac-
teria such as species in phylum Proteobacteria use the 
classical iron transport system Iron complex outer-
membrane recepter protein (KEGG ID: K02014) is part 
of it [28]. Previous study demonstrated that transposase 
was the most abundant gene in environmental metage-
nome. Transposase catalyzes `cut-and-paste’ or ‘copy-
and-paste’ reactions promoting DNA segments mobility 
of to new sites. Transposase may mobilize or activate 
genes that enhance their hosts fitness [29]. The bin-
ning pipeline was able to produce good quality (> 75% 

completion and < 10% contamination) the metagenome-
assembled genomes (MAGs). Among these MAGs, five 
were in the species level of taxonomic rank. Some K. 
pneumoniae isolates from EMP and WJB tempeh fully 
sequenced and subjected to genomic comparison to 
pathogenic strain in the previous study [30]. K. pneu-
moniae is known to produce vitamin  B12 during tem-
peh fermentation [31]. Data analysis from the amplicon 
sequencing of metagenomic samples of EMP and WJB 
tempeh in the previous study [4, 5] failed to reveal this 
important genus. The binning generated draft genome 

Fig. 1 The taxonomic abundance of the microbial community of tempeh samples at the rank of phylum and genus
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of Lactobacillus fermentum. Previous study showed that 
lactic acid bacteria (LAB) were common microbial com-
munities found during tempeh production [32]. Genetic 
diversity employing enterobacterial repetitive intergenic 
consensus-polymerase chain reaction (ERIC-PCR) of E. 
coli isolated from tempeh samples were reported [33]. 
This study showed that E. coli from tempeh samples are 
genetically different from medical isolates. Partial com-
plete of E. coli genome draft in this study will signifi-
cantly contribute further comparative genomic study, 
especially for E. coli isolates derived from tempeh. Ben-
eficials tempeh supplementation as a paraprobiotics 

source has been published [7, 8], it is reported the whole 
non-viable might affect human immune and cognitive 
system. Detail contribution from the tempeh microbial 
community has not yet been explored. The knowledge 
from this study might enhance tempeh as a potential 
paraprobiotics source development.

Limitation
This study design only employed samples from two pro-
ducers that could generate bias of taxonomic and func-
tional profiling. While we did not analyze blank controls 

Fig. 2 The functional profile of the tempeh metagenome samples using KEGG annotation in TPM (transcripts per kilobase million)
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in this study, we utilized a sterile technique to minimize 
the effects of laboratory contamination.
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