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Abstract 

Background  The marine environment boasts distinctive physical, chemical, and biological characteristics. While 
numerous studies have delved into the microbial ecology and biological potential of the marine environment, explo-
ration of genetically encoded, deep-sea sourced secondary metabolites remains scarce. This study endeavors to inves-
tigate marine bioproducts derived from deep-sea water samples at a depth of 1,000 m in the Java Trench, Indonesia, 
utilizing both culture-dependent and whole-genome sequencing methods.

Results  Our efforts led to the successful isolation and cultivation of a bacterium Priestia flexa JT4 from the water 
samples, followed by comprehensive genome sequencing. The resultant high-quality draft genome, approximately 
4 Mb, harbored 5185 coding sequences (CDSs). Notably, 61.97% of these CDSs were inadequately characterized, 
presenting potential novel CDSs. This study is the first to identify the "open-type" (α < 1) pangenome within the genus 
Priestia. Moreover, our analysis uncovered eight biosynthetic gene clusters (BGCs) using the common genome mining 
pipeline, antiSMASH. Two non-ribosomal peptide synthetase (NRPS) BGCs within these clusters exhibited the poten-
tial to generate novel biological compounds. Noteworthy is the confirmation that the terpene BGC in P. flexa JT4 can 
produce lycopene, a compound in substantial industrial demand. The presence of lycopene in the P. flexa JT4 cells 
was verified using Ultra-performance liquid chromatography-mass spectrometry (UPLC-MS/MS) in multiple reaction 
modes.

Conclusions  This study highlights the bioprospecting opportunity to explore novel bioproducts and lycopene 
compounds from P. flexa JT4. It marks the pioneering exploration of deep-sea bacterium bioprospecting in Indonesia, 
seeking to unveil novel bioproducts and lycopene compounds through a genome mining approach.
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Background
The deep sea, a marine zone situated 200  m below sea 
level, is deemed an extreme living environment for bac-
teria due to the absence of sunlight, high pressure, low 
temperature, and lack of oxygen [1, 2]. Bacteria adapt to 
these environmental conditions by producing secondary 
metabolites, enhancing their survival in such extreme 
environments [2, 3]. These secondary metabolites exhibit 
various biological activities, including antioxidant, anti-
bacterial, antiviral, antifungal, and anticancer properties, 
making them valuable for human applications. Con-
sequently, secondary metabolites find extensive use in 
industrial products across pharmaceutical, food, cosmet-
ics, agriculture, and aquaculture sectors [2].

Indonesia, the world’s largest archipelagic country and 
one of the most biodiverse, possesses an ocean area that 
constitutes 77% of its total area, with depths exceeding 
200 m covering 68% of the total ocean area, particularly 
in Eastern Indonesia (Flores Sea, Banda Sea, and Makas-
sar Strait) and the open ocean (the Indian and Pacific 
Oceans) [4]. This vast expanse offers an enormous poten-
tial for advantageous biological compounds. Despite this, 
a mere 128 original research papers on Indonesia’s deep 
sea have been published from 1872 to 2017, with only 
16% focusing on the biological activities of the marine 
deep sea [5]. Genetically encoded deep-sea sourced sec-
ondary metabolites have been underexplored due to 
extreme conditions (high pressure, high temperature, and 
the absence of light), limited access, and the costs associ-
ated with sampling at greater depths.

Current conventional biochemical methods used to 
screen and isolate secondary metabolites from bacterial 
species suffer from limitations, including labor-intensive 
processes and varying cultivation parameters (e.g., light, 
pH, aeration, temperature, and nutrients) [6]. Addition-
ally, several biosynthetic gene clusters (BGCs) remain 
silent or cryptic under standard laboratory growth condi-
tions, hindering their exploration [7]. To overcome these 
challenges, genome mining methods, utilizing genome 
sequencing, computational analysis, and compound 
characterization, have proven effective in identifying 
novel natural bioproducts in bacteria [8, 9].

Our earlier research employed a Biosynthetic Gene 
Cluster Profiling analysis to unveil potential hidden 
metabolites within the bacterium Virgibacillus sala-
rius 19.PP.Sc1.6 from the North Java Sea [10]. Given the 
underexplored nature of marine bioresources, further 
investigations employing a genomic-driven exploration 

strategy are imperative to discover unknown and 
potentially novel bioproducts [11–13].

Industries currently rely on various secondary metab-
olites (SM) with diverse bioactivities for their prod-
ucts. Lycopene, one of the most widely used SMs, finds 
applications in cosmetics, food coloring, health and 
diet, and pharmaceuticals. The increasing demand for 
lycopene in the market underscores its positive trend, 
with biotechnological methods utilizing microbes for 
lycopene biosynthesis still prevalent [14–16].

In contemporary times, lycopene stands as a key 
ingredient in many dietary supplements due to its 
health benefits on the eyes, prostate, skin, and car-
diovascular system [17]. Its antioxidant activity is har-
nessed in the cosmetic industry, particularly in anti-UV 
light creams, contributing to skin cell regeneration and 
revitalization. Furthermore, lycopene exhibits rejuve-
nation properties that decelerate the aging process of 
skin cells by regulating the formation of procollagen 
(collagen precursor) [18]. The global lycopene market 
is estimated to have reached 107.2 million dollars in 
2020 and is predicted to grow to 187.3 million dollars 
by 2030, with a compound annual growth rate (CAGR) 
of 5.2% from 2021 to 2030 [19].

While a prior study successfully mapped the bio-
synthetic potential of microbial genomes in the global 
ocean [12], no microbial genomes from the Indonesian 
deep seas have been reported. Unraveling the hidden 
potential of marine bacterial genomics, especially in 
countries with rich marine biodiversity like Indonesia, 
is essential. This study explores the genome of Priestia 
flexa isolated and cultured from deep-sea water sam-
ples at a depth of 1,000 m in the Java Trench, Indonesia, 
using whole-genome sequencing. P. flexa, a bacterium 
within the Priestia genus was identified by Gupta et al., 
2020, adding a new genus classification to the Bacillus 
genus. Priestia genus exhibits various characteristics, 
including being aerobic bacteria, mainly Gram-posi-
tive (though some species, like P. koreensis and P. flexa, 
exhibit different Gram characters), rod-shaped, motile, 
and capable of forming endospores. The genus is found 
in diverse habitats such as soil, sea sediment, feces, 
rhizosphere of plant roots, and the upper atmosphere. 
It thrives in temperatures ranging from 5  °C to 48  °C, 
with optimal growth occurring between 28  °C and 
37 °C [20].

In this study, genome mining was conducted to 
identify potential novel bioproducts, with a focus on 
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lycopene produced by the bacterium P. flexa JT4. Our 
findings lay the foundation for further research on 
novel bioproducts derived from P. flexa isolated from 
Indonesian deep-sea waters.

Methods
Sample collection
The study was conducted in the southeastern tropi-
cal Indian Ocean (SETIO) around the Java Trench area 
(102° 15.077’ E and 7° 22.551’ S) during the TRIUMPH 
Expedition on November 21, 2019. The sampling loca-
tion is situated approximately 204 nautical miles south-
west of the Sunda Strait, with a depth of 4,552 m (Fig. 1). 
Seawater samples were collected using an SBE-32 car-
ousel water sampler equipped with an SBE 911 + con-
ductivity-temperature-depth (CTD) sensor to measure 
the vertical profile of seawater, including pressure, tem-
perature, salinity, fluorescence, and dissolved oxygen 
concentration. Vertical profiles of physical parameters 
were presented as variables versus depth graphics, and 
water-mass characteristics were analyzed using the tem-
perature–salinity diagram (TS diagram). Based on the 
TS diagram of the CTD4 Station (Fig. S1, Table S1), we 
identified five types of water masses, namely Indonesian 
Upper Water (IUW), Indian Central Water (ICW), Ant-
arctic Intermediate Water (AAIW), Indian Deep Water 
(IDW), and AABW (Antarctic Bottom Water).

Nitrate and phosphate concentrations in deep-sea 
water samples were assessed using a method akin to 

the one previously outlined [21]. Pre-filtered water 
(350 mL stored in black plastic bottles) underwent fil-
tration through a membrane (pore size: 0.45 μm; diam-
eter: 47  mm) using a vacuum pump with a maximum 
pressure of 0.3 bar, followed by storage at −20 °C. The 
concentrations of nitrate (wavelength: 543  nm) and 
phosphate (wavelength: 885 nm) were determined uti-
lizing a 1700 UV–Vis Spectrophotometer (Shimadzu, 
Japan). Microorganisms were gathered from the fil-
tered seawater sample using Whatman cellulose nitrate 
membranes (pore size: 0.22 μm; diameter: 47 mm), and 
these membranes were subsequently stored in Falcon 
tubes at −20 °C.

Bacterial isolation
The collected membrane was cultured on half-strength 
Zobell 2216E agar medium and incubated at 4  °C for 
two weeks. Bacteria from the agar plates were iso-
lated and purified utilizing a streaking method on half-
strength Zobell 2216E agar medium. Subsequently, the 
pure cultures were prepared for a psychrophilic test. 
For long-term storage, bacterial cells were first grown 
in liquid Zobell 2216E medium at 20  °C and shaken at 
200  rpm for 2—3  days. Then, the cells were harvested 
by centrifugation at 12,000  rpm for 2  min. The pellets 
were resuspended in liquid 1/5 Zobell 2216E medium 
containing 50% (v/v) glycerol, flash frozen in liquid 
nitrogen and stored at −80 °C.

Fig. 1  The location from which seawater samples were collected at the southeastern tropical Indian Ocean (SETIO) around the Java Trench area 
(Maps Data: Indonesian Geospatial Information Agency)
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Psychrophilic test
To ascertain whether the bacterial isolates exhibited 
psychrotrophic or psychrophilic characteristics, a psy-
chrophilic test was conducted. Single colonies of the 
bacterium were cultivated at two distinct temperatures 
simultaneously, namely 4  °C and 20  °C, for a period of 
14 days, after which the growth was carefully observed. 
Psychrotrophic bacteria were identified as strains capable 
of growth at both incubation temperatures, whereas psy-
chrophiles were strains that demonstrated growth at 4 °C 
but were unable to grow at 20 °C [22, 23].

Gram staining
Gram staining was conducted to determine the Gram 
type of the bacterium. Colonies from the agar plates were 
sampled using an inoculating loop and transferred onto 
microscope slides. These colonies were spread with a 
small amount of water and heat-fixed over a flame. The 
colony area was then stained with crystal violet dye for a 
duration ranging from 10 to 60 s, followed by rinsing with 
distilled water. Iodine solution was applied for a period 
of 10 to 60 s, and after pouring off the excess iodine, the 
smear was washed using distilled water. Subsequently, 
the microscope slides were rinsed with 95% alcohol for 
destaining and washed with distilled water for 5  s. The 
smear was counterstained with safranin solution for 40 
to 60 s. Following this, the microscope slides were rinsed 
with distilled water and air-dried. The dried slides were 
observed under a microscope with 1,000 times magnifi-
cation [24].

Bacterial genome isolation and identification
The pure bacterial culture was inoculated in liquid 
Zobell 2216E medium at 20 °C and shaken at 200 rpm for 
2—3  days. Bacterial cells were then harvested from the 
liquid Zobell 2216E medium through centrifugation at 
12,000 rpm for 2 min. Subsequently, total genomic DNA 
was extracted from the collected biomass using 0.22-mm 
filters of the Genomic ZymoBIOMICS DNA Miniprep 
Kit (Zymo Research, US), following the manufacturer’s 
instructions, and visualized using a 1% agarose gel. The 
purity and concentration of genomic DNA were assessed 
using a NanoDrop UV–Vis spectrophotometer, and the 
genomic DNA was subsequently stored at −20 °C.

The bacterial genomic DNA was amplified using 
the 16S rRNA primer pair 27F-YM (5’-AGA​GTT​
TGATYMTGG​CTC​AG-3’) [25] and 1492R (5’-GGT​
TAC​CTT​GTT​ACG​ACT​T-3’) [26], which yielded PCR 
products of approximately 1.5 kb. The total reaction mix-
ture was 50  µl, consisting of 100  ng of bacterial DNA 
in 25  µl Green Master Mix PCR Promega, and 0.5  µM 
of each primer. Reaction mixtures were incubated for 
5 min at 95 °C, followed by cycles of denaturation for 30 s 

at 95  °C, annealing for 30  s at 55  °C, and extension for 
2 min at 72 °C for a total of 35 cycles. Each PCR product 
was sequenced at Macrogen, Inc. (Singapore) using the 
primer 27F-YM and 1492R.

Genome characterization
The genomic DNA was sequenced using GridION 
(Oxford Nanopore, UK) at Genetika Science (Indonesia) 
and subsequently analyzed with MinKNOW software 
ver. 20.06.9. Base calling was executed using the high 
accuracy mode of Guppy ver. 4.0.11. Raw reads under-
went filtration using Filtlong ver. 0.2.1, with a filtering 
criterion of the best 800,000,000 bp, and read quality was 
visualized using NanoPlot [27].

High-quality reads were assembled using the de novo 
approach with Flye software ver. 2.8.1 to generate con-
tigs [28]. The contigs were further refined using Medaka 
ver. 1.2.0 (https://​github.​com/​nanop​orete​ch/​medaka) 
and aligned to the reference genome utilizing Mauve 
ver. 2.4.0 [29]. Genomic attributes, including coding 
sequences (CDS), transfer RNA (tRNA), and ribosomal 
RNA (rRNA), were annotated using DFAST ver. 1.2.0 
[30]. Annotation assessment was validated using both 
Busco ver. 5.3.0 [31] and CheckM ver. 1.2.2 [32].

Functional annotations were assigned to coding 
sequences (CDS) based on the KEGG pathway (KO) and 
the cluster of orthologous genes (COG) databases. KO 
annotation was conducted using TRAPID ver. 2.0 [33], 
while COG annotation was performed using eggnog ver. 
5.0 [34].

Identification and taxonomic analysis
GenBank files resulting from whole-genome sequenc-
ing were parsed using a Python script (https://​github.​
com/​rayst​even/​gbk_​parser) that utilized the package 
Biopython ver. 1.79 to convert GenBank file format into 
Table data structure to ease downstream analysis such 
as the estimation of genomic characteristics, pangenome 
analysis, and genomic island analysis. Identification of 
sequenced bacteria was conducted using the MinHash 
algorithm provided by PATRIC 3.16.12 (https://​patri​
cbrc.​org/​app/​Genom​eDist​ance) [35]. Bacterial genera 
that hit with p-value = 0 are Priestia and Bacillus, thus 
both genera were searched in the NCBI Assembly Data-
base. We only picked type strain genomes with assembly 
level “scaffold” and “complete chromosome”. The result-
ing genomes were curated manually to obtain the final 
data set for estimating the phylogenetic proximity of the 
sequenced bacteria.

Overall genome relatedness indices (OGRI), such as 
average nucleotide identity (ANI), were calculated using 
FastANI ver. 0.1.3 [36], and digital DNA–DNA hybridiza-
tion (dDDH) were estimated using Genome-to-Genome 

https://github.com/nanoporetech/medaka
https://github.com/raysteven/gbk_parser
https://github.com/raysteven/gbk_parser
https://patricbrc.org/app/GenomeDistance
https://patricbrc.org/app/GenomeDistance
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Distance Calculator (GGDC) ver. 3.0 [37]. Thereafter, 
a phylogenomic tree was constructed using the con-
structed data set and OrthoFinder ver. 2.5.4 [38] and vis-
ualized using iTOL ver. 6.5.2 [39].

The final dataset containing genomes for phylogenomic 
analysis, pangenomic analysis, and genomic island analy-
sis are available in Table S2.

Estimation of genomic characteristics
General characteristics of the genome were determined 
using a Python script (https://​github.​com/​rayst​even/​
gbk_​parser) with the sequenced genome. We deter-
mined genome size (bp), the length of the coding region 
(bp), G + C content (%), and the number of genes (tRNA, 
rRNA, tmRNA, and coding sequences). The parsed 
results were visualized as a circular genome map using 
the Proksee web server with a CGView-based draw 
engine [40].

Pangenome Analysis and prediction of Genomic islands 
and secondary metabolites
The genomes involved in this analysis were the Priestia 
bacteria from the Supplementary Table S2. The software 
GET_HOMOLOGUES [41] was used for pan genome 
analysis to determine characteristics such as genome 
size, estimated core-genome size, and occupancy statis-
tics. The pangenome type was evaluated by calculating 
the α value from the pangenome size-estimation curve 
using the equation derived from a previous study [42]. 
Genomic islands and BGCs of secondary metabolites 
were predicted using the web servers IslandViewer ver. 
4 [43] and antiSMASH ver. 6.0.1 [44], respectively. The 
reaction pathway of each gene based on the KO annota-
tion was visualized using the KEGG Mapper [45].

In silico nonribosomal peptides structure similarity search 
and its antibacterial activity prediction
The putative non-ribosomal peptides (NRP) chemical 
structures were obtained from the antiSMASH result 
in SMILES (simplified molecular-input line-entry sys-
tem) format. Then NRP’s SMILES were used as a search 
query in the NRP database using NORINE (https://​bioin​
fo.​lifl.​fr/​norine/) to find the putative compound similar-
ity against currently known NRP structures in the data-
base [46]. The NRP’s SMILES were also used to predict 
the antibacterial effect in silico with QSAR (quantitative-
structure activity relationship) methods using the anti-
Bac-Pred web app (http://​www.​way2d​rug.​com/​antib​ac/) 
from Way2Drug [47].

Bgc comparison
Analysis was also carried out using lycopene-produc-
ing gene clusters taken from several databases. The 

nine bacterial genomes are from the NCBI database 
with accession numbers, namely Bacillus subtilis PS832 
(GenBank: CP010053.1), Staphylococcus aureus NCTC 
8325 (GenBank: CP000253.1), Priestia megaterium 
MARUCO02 (GenBank: CP107543.1), Priestia filamen-
tosa H146 (GenBank: CP136435.1), Priestia aryabhat-
tai UASWS1812 (GenBank: NZ_JAKKWP010000001.1), 
Priestia abyssalis DSM 25875 (GenBank: NZ_
KV917369.1), Pantoea ananatis PA13 (GenBank: 
CP003085.1), Pantoea agglomerans FDAARGOS 1447 
(GenBank: CP077366.1, and Brevundimonas sp. (Gen-
Bank: CP059260.1). The lycopene gene cluster nucleotide 
sequences were predicted for structure and arrangement 
to determine the lycopene biosynthetic gene cluster in 
bacterial isolates, using the antiSMASH web server. Visu-
alization of the lycopene biosynthetic gene cluster from 
Priestia flexa bacterial samples and other lycopene-pro-
ducing bacteria was carried out using the Illustrator for 
Biological Sequences (IBS) software version 1.0 [48].

Lycopene production and identification
In order to confirm the existence of lycopene in P. flexa 
JT4 colonies, a testing procedure was carried out that 
involved inducing culture to generate lycopene, followed 
by a thorough characterization process. Culture activa-
tion was carried out by inoculating single colony P. flexa 
JT4 into a new Zobell 2216E medium with 15% salin-
ity as stress [49]. The activation process was carried out 
until the culture became cloudy. After activation, 10% 
(v/v) of the culture was taken and inoculated into a new 
medium in Erlenmeyer 250  mL with a working volume 
of 150 mL. Priestia flexa was cultivated for 132 h using 
Zobell 2216E broth medium at 15% salinity with an initial 
pH of 7.6 ± 0.2, a temperature of 37  °C and agitation of 
132 rpm. Sampling was then carried out every 12 h with 
sampled volume of 11.5  mL. The volume intended for 
pH checking (2  mL), sugar concentration measurement 
(1.5  mL), and dry weight of cells and lycopene product 
(8  mL). Lycopene product analysis is carried out using 
UPLC-MS/MS. The cell pellet was taken, dried at 40  °C 
and extracted using methanol, while the supernatant was 
extracted using ethyl acetate three times. The superna-
tant was extracted with an equal volume of ethyl acetate. 
The ethyl acetate layer was collected. The methanol and 
ethyl acetate fractions were evaporated under reduced 
pressure using a rotary evaporator [10, 50].

Liquid chromatography‑mass spectrometry
The authentic standard of lycopene (Markherb, Bandung, 
Indonesia) was freshly prepared in chloroform and soni-
cated for 2 min. The stock solution (1 mg/ml) was then 
filtered through a 0.22-µm PTFE filter. Analysis was per-
formed on an Acquity UPLC H-Class system equipped 

https://github.com/raysteven/gbk_parser
https://github.com/raysteven/gbk_parser
https://bioinfo.lifl.fr/norine/
https://bioinfo.lifl.fr/norine/
http://www.way2drug.com/antibac/
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with binary solvent manager, sample manager, and col-
umn heater (Waters, Milford, Michigan, USA) coupled 
triple quadrupole. The Masslynx analysis software was 
used to operate the instrument and execute the data 
analyses.

The separation was performed using ACQUITY UPLC 
BEH Shield RP18 100 × 2.1  mm, 1.7-μm column. The 
mobile phase consisted of solvent A: Water + 0.1% for-
mic acid and solvent B: acetonitrile + 0.1% formic acid. 
The elution was performed in gradient mode using 10% 
B (0–0.5  min); 10–20% B (0.5–3.0  min); 20–30.3% B 
(3.0–4.0  min); 30.3–33.3% B (4.0–5.0  min); 33.3–50% B 
(5.0–5.5 min); 50–70% B (5.5–6.5 min); 70–80% B (6.5–
7.0  min); 80–100% B (7.0–8.5  min); and hold 100% B 
(8.5–20  min) with a flow rate 0.3  mL/min. The column 
was operated at 40 °C and the sample/standard injection 
volume was 3 µL.

The detection was performed by multiple reaction 
monitoring (MRM). The ESI was operated in positive 
mode (ESI +) with the parameters in the source as fol-
lows: spray voltage, source gas flow at 900 L/h, and 
source temperature at 450  °C. The MRM mode was set 
up as follows: collision energy at 30 V for the quantifier 
and 11 V for the qualifier, capillary voltage at 2.5 kV, and 
cone voltage at 40 V. Under these conditions, the product 
ions (m/z) of all-E-lycopene used as the authentic stand-
ard were observed as follows: [M]+ 536, [M-69]+ 467, 
[M-92]+ 444, [M-161]+ 375, [M-267]+ 269, [M-353]+ 183 
and [M-467]+ 69 (Figure S2). The m/z 536 (parent ion), 
444 (qualifier) and 69 (quantifier) were chosen for the 
MRM analysis of lycopene.

Results and discussion
Environmental condition and bacterial isolation
P. flexa JT4 was isolated from 1000 m deep at the SETIO 
around the Java Trench area. The depth of the third layer 
water mass (where P. flexa JT4 was isolated) ranging 
from 950 to 1300 m exhibited a sigma-theta (σΘ) value of 
27.34–27.53 kg/m3 and was filled with AAIW. The envi-
ronmental characteristics where P. flexa JT4 was isolated 
can be seen on Table 1.

The effective separation of this bacterium from its 
native surroundings corresponds with its ecological 
traits, which are well within the documented parameters 
for its growth [20]. The water-mass type of the surround-
ing environment was AAIW, which was characterized by 
reduced salinity, low temperature, and reduced dissolved 
oxygen concentration. Because the native environment of 
the bacterium exhibited low temperatures, we performed 
a psychrotolerant/psychrophilic test on the bacteria iso-
lated from the water samples collected from the sampling 
location.

Psychrophilic test and gram staining
The psychrophilic test showed that P. flexa JT4 could 
grow at 4  °C and 20  °C; therefore, the bacterial isolate 
met the definition of psychrotolerant [22]. Gram staining 
results showed that P. flexa JT4 was stained as a gram-
negative bacterium (Fig. 2), but based on previous study, 
Priestia flexa was recorded as a gram-variable bacteria 
[20]. Priestia flexa have rod shaped cells and 0.9  µm in 
length, with opaque, cream, raised margin, and smooth 
colony characteristics.

Identification and taxonomic analysis
The 16S rRNA sequence of the bacterium (Supplemen-
tary Information 1) has been obtained from sequencing 
result from Macrogen, Inc., (Singapore). Then, BLASTn 
(NCBI) search with default parameter was conducted 
to determine the species of the bacterium. The first five 
hit were Priestia flexa with > 99% percent identity, 100% 
query cover, E-value = 0, with the highest total score is 
33607 against P. flexa KLBMP 4941 (CP016790.1). We 
concluded that Priestia flexa is the species of our bacte-
rial isolate, thus we named this bacterium strain as Pries-
tia flexa JT4. The OGRI for species identification (Fig. 3) 
revealed that P. flexa JT4 exhibited an ANI value of 99.61 
and a dDDH value of 96.8 compared to P. flexa DMP08 
(ANI value: 98.82; dDDH value: 91.6) and P. flexa QDU. 
The ANI and dDDH threshold for the query sequence 
to belong to the same species as the reference sequence 
are 95 and 70 [46, 51], respectively. The ANI and dDDH 
values obtained for P. flexa exceeded the threshold values 
for the species, indicating that P. flexa JT4 belonged to 
the same species as P. flexa strain DMP08 and QDU.

After estimating the OGRI values, we performed phy-
logenomic tree construction for further identification. 
Figure  4 illustrates the phylogenomic relationship of P. 
flexa JT4 with the members of the genus Priestia. The 
phylogenomic tree was constructed using 22 Priestia 
and Bacillus genomes from 15 species, with Sphingobium 
lactosutens as the outgroup. Analysis using OrthoFinder 
revealed 318 single-copy gene orthogroups belonging to 
the entire query dataset, which were used to construct 

Table 1  Descriptive information on the environmental 
characteristics of Java Trench (sampling location)

Parameter Java Trench

Temperature 5.60 °C

Salinity 34.72 PSU

pH 8.0

Dissolved Oxygen concentration 2.20 mg/L

NO3
− concentration 2.122 µmol/L

PO4
3− concentration 4.067 µmol/L
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a phylogenomic tree using the STAG algorithm. We 
observed that P. flexa JT4 formed a clade with P. flexa 
DMP08. These results were confirmed by the ANI and 
dDDH results, indicating that the bacterial strain isolated 
from the Java Trench belonged to the species P. flexa.

Genomic characteristics
We obtained 800,000,258  bp high-quality reads with an 
estimated coverage of 198.7x, from genome sequencing. 
Then, the genome of P. flexa JT4 was successfully assem-
bled, and its characteristics are presented in Table 2. The 
genome “completeness” and “contamination” values, 
referring to the marker for the Bacillales lineage, were 
98.09% and 0.02%, respectively. Additionally, P. flexa 
JT4 genome contained 19 of the 24 COG categories; the 
following five COG categories were missing from the 
genome of P. flexa JT4: Y (nuclear structure), Z (cytoskel-
eton), A (RNA processing and modification), W (extra-
cellular structure), and R (prediction of general function 
only. The data obtained from KEGG Mapper showed that 
the P. flexa JT4 genome contained genes involved in 271 
pathways, with 74 completely annotated KEGG modules. 
Furthermore, we identified 5,185 CDS in the genome 
of P. flexa JT4, out of which 85.79% (4,448/5,185) were 
COG annotated (Fig.  5) and 63.63% (3,299/5,185) were 
KO annotated. We also successfully annotated 61.97% 
(3,213/5,185) of the known CDS using both COG and 
KO databases. However, the remaining 38.03% of the 
known CDS could not be annotated using both COG and 
KO databases (Table 2). This indicated that a few genes in 
the P. flexa JT4 genome were not well-characterized and 
could serve as candidates for further study.

Pan genome analysis
As shown in Fig.  6, the core genome-size estima-
tion curve and the genome size of the genus Priestia 
revealed an open pan genome curve, as indicated in 
previous studies [52, 53]. The estimated pan genome 
size of the 26 Priestia genomes was 14,671 genes, 
with 1,351 genes belonging to the core genome, 2,234 
genes to the soft-core genome, 3,490 genes to the 
shell genome, and 8,947 genes belonging to the cloud 
genome. The core genome accounted for only 9.20% 
(1,351/14,671) of the entire pangenome.

Among the other Priestia species, P. flexa JT4 has 
cloud genome (genes shared with ≤ 2 genomes com-
binatorically, e.g., Priestia sp. 1 with Priestia sp. 2 
(Priestia species 1 with Priestia species 2), Priestia 
sp. 1 with Priestia sp. 3, Priestia sp. 2 with Priestia 
sp. 3, and so on) with the highest cloud gene number 
(2271 genes), almost two times the second highest 
cloud gene number from P. filamentosa Hbe603 (1177 
genes). A high cloud gene number means that P. flexa 
JT4 shares a lot of specific genes with the other Pries-
tia species in the pangenome data set and indicates 
that the Java Trench P. flexa has a high repertoire of 
gene diversity. Aside from high-shared gene numbers, 
cloud genes may also contain unique genes that exclu-
sively belong to that species. Surprisingly, the cloud 
genome of P. flexa JT4 contains 95.64% (2172/2271) 
unique genes. It means only 99 genes that the P. flexa 
JT4 shared with one other Priestia species in the 
pangenome data set.

Fig. 2  Gram staining result of Priestia flexa JT4 indicating that the bacterium was gram-negative, because of the bright purple coloring 
of the bacterial cells
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Prediction of Genomic islands
Genomic islands (GIs) can affect the evolution and 
growth conditions of bacteria. To analyze Genomic 
islands (GIs) from P. flexa JT4 genome, three different 
algorithms from IslandViewer 4.0 were used, includ-
ing IslandPick, IslandPath-DIMOB, and SIGI-HMM. 
The IslandPick algorithm uses a comparative genom-
ics approach to detect GIs on the genome. Meanwhile, 
IslandPath-DIMOB uses nucleotide bias and presence 
of mobility gene and SIGI-HMM uses codon usage bias 
with Hidden Markov Model approach [43].

A total of 21 genomic islands (413 genes) were identi-
fied in the genome of P. flexa JT4 (Fig. 7). The length of 

GIs varied from 3,528 bp to 47,628 bp, with the number 
of genes in a genomic island ranging from 4 to 45. Few of 
the GIs were shorter (3.5–9.1 kb) compared to the length 
of most GIs (10–200 kb) [46].

Prediction of secondary metabolite BGCS
The results of antiSMASH revealed that P. flexa genome 
exhibited eight gene clusters, namely cyclic-lactone-auto-
inducer/RiPP_like (1), nonribosomal peptide synthetase 
(NRPS) (2), siderophore (1), lasso peptide (1), terpene (2), 
and type three polyketide synthase (T3PKS) (1) (Table 3).

The NRPS/NRPS-like, lasso peptide, terpene, and 
NRPS gene clusters have been predicted by antiSMASH 

Fig. 3  Calculation results of ANI and dDDH of 14 Priestia genomes for sample identification
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to produce bacitracin, paeninodin, carotenoids, and 
bacillibactin, respectively, with low similarity scores. 
However, the remaining clusters did not return any hits 
with KCBLAST. Thus, further studies are needed to char-
acterize these gene clusters.

The NRPSs module and its predicted product are 
shown in Figs.  8 and  9. The NRP1 cluster includes 55 
genes, but only nine genes have predicted functions in the 
synthesis of NRP products. This cluster exhibits 22% sim-
ilarity with the bacitracin producing NRP cluster. NOR-
INE similarity search indicated that NRP1 resembled 
cepaciachelin, with a similarity value of 0.728, whereas 
Way2Drug antimicrobial activity of NRP1 revealed that 
NRP1 exhibited potential antimicrobial activity against 
Bacillus subtilis, with a confidence level of 0.4373.

The NRPS 2 cluster contained 51 genes, but only eight 
genes exhibited predicted functions in the synthesis of 
NRP products. The NRPS2 cluster has been reported to 
exhibit 46% similarity with the bacillibactin-producing 
NRPS cluster. A search performed on the NORINE data-
base using SMILES structure as a query revealed that 
NRP2 resembled N-coronafacoyl-L-threonine, with a 
similarity value of 0.918. Furthermore, the antimicro-
bial activity of NRP2 predicted using the Way2Drug web 
server indicated that NRP2 exhibited antimicrobial activ-
ity against Prevotella oralis, with a confidence level of 
0.5357.

The second terpene gene cluster (Fig. 10) consisted of 
a gene that synthesized a product like carotenoids (50% 
similarity), or lycopene. Lycopene was synthesized from 
the primary biosynthetic gene crtM at LOCUS_51590, 

Fig. 4  Phylogenomic analysis of the P. flexa JT4 genome and the members of genera Priestia and Bacillus. The phylogenomic tree was constructed 
using 22 Priestia and Bacillus genomes from 15 species, with Sphingobium lactosutens as the outgroup, with OrthoFinder software and visualized 
using iTOL Software

Table 2  General characteristics of the Priestia flexa genome from 
Whole Genome Sequencing (WGS) Result

CDS Coding sequence, COGs Clusters of orthologous groups, KO KEGG orthology
a Percentage is based on genome size (bp) or the total number of protein-coding 
genes in the annotated genome

Attribute Value Percentagea

Contigs 1 -

Genome size (bp) 4,026,611 100

DNA coding Region (bp) 3,345,237 83.08

DNA G + C content (bp) 1,526,086 37.9

Total genes 5,315 100

rRNA 35 0.66

tRNA 94 1.77

tmRNA 1 0.02

CDS 5,185 100

CDS assigned to COGs 4,448 85.79

CDS assigned to KO 3,299 63.63

CDS assigned to both COGs and KO 3,213 61.97
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Fig. 5  Circular analysis and visualization of Priestia flexa genome. From the outside to the inside, the first and second circle represent genes 
with COG annotation. Circle 3 (green and purple) and 4 (black) show GC skew and GC content as the deviation from the average for the complete 
genome
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Fig. 6  Pan- and core- genome estimation curves. a The size of the pan-genome increases for every included genome indicating an open 
pan-genome. b Core-genome size decreases with more genomes included in analysis

Fig. 7  Visualization of Genomic Island detected in the Priestia flexa JT4 North Java Sea Genome using IslandViewer 4.0
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Table 3  Secondary metabolite biosynthetic BGCs identified in the genome of P. flexa from AntiSMASH Analysis Result

a KnownClusterBLAST or “Most Similar Known Clusters” identifies clusters from the MiBIG database that are similar to the current region [44]

Cluster Start Stop Length (bp) KCBLASTa result Similarity
(%)

Number 
of genes

RiPP-like 183,212 203,959 20,747 - - 35

NRPS 1,812,954 1,875,648 62,694 Bacitracin 22 55

Siderophore 1,925,003 1,941,570 16,567 - - 18

Lasso peptide 2,920,293 2,944,228 23,935 Paeninodin 80 31

Terpene 2,950,161 2,970,658 20,497 - - 27

T3PKS 3,242,453 3,283,508 41,055 - - 47

NRPS 3,838,023 3,882,063 44,040 Bacillibactin 60 51

Terpene 3,991,378 4,012,214 20,836 Carotenoid 50 29

Fig. 8  Predicted BGC structures of NRP1 and NRP2 identified in P. flexa JT4

Fig. 9  Predicted chemical structures of (a) NRP1 and (b) NRP2 of the NRP-like and NRP BGCs identified in P. flexa JT4
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which exhibited two KO annotations, namely KO2291 
and K10208. K02291 indicates 15-cis-phytoene syn-
thase, which results from the expression of crtB, whereas 
K10208 indicates crtM, which produces the enzyme 
4,4-diapo phytoene synthase. In the structure of the 
gene cluster, other crt genes, such as crtN and crtI, were 
included as additional biosynthetic genes. In this study, 
we further analyzed lycopene to its production capability 
in Priestia flexa using UPLC-MS/MS method. Lycopene 
is chosen mainly due to its potential for monetization, 
as it holds significant market value and can be generated 
by bacteria. This presents an opportunity for industry to 
tap into lycopene-producing bacteria and utilize them for 
commercial purposes.

Comparative lycopene BGC analysis
To identify the difference in lycopene BGC between P. 
flexa and other lycopene-producing bacteria, we con-
ducted structural comparison of lycopene BGC among 
these bacteria. Figure 11 revealed that the lycopene BGC, 
annotated by antiSMASH in P. flexa, P. megaterium, P. 
abyssalis, and P. aryabhattai, contains three important 
genes related to producing lycopene: crtI, crtN, and crtM. 
B. subtilis only has the annotations for crtN and crtM. 
On the other hand, in the non-Bacillaceae family group, 
namely Brevundimonas sp., Pantoea agglomerans, and 
Pantoea ananatis, a more complex BGC was shown. All 
three species have genes in the carotenoid biosynthe-
sis pathway, such as crtE, idi, crtZ, crtW, crtY, crtB, and 
crtX [54]. Based on Fig. 11, it is known that several bac-
teria have lycopene biosynthesis gene clusters. However, 
bacteria can specifically produce different types of lyco-
pene, with C30, C40, or both backbones. In compiling 
the C30 carotenoid compound (lycopene), the crtM and 
crtN genes are present. In another pathway, in C40, there 
are the crtE, crtB, and crtI genes [54, 55]. Furthermore, 
in Brevundimonas sp., Pantoea ananatis, and Pantoea 

agglomerans, there are genes related to post-modification 
of lycopene biosynthesis. Based on the validation of the 
analysis with KEGG, it can be traced that the lycopene 
biosynthesis pathway in Priestia flexa has the main com-
pound product being 4,4-diapolycopene.

Identification of lycopene compound in P. flexa JT4
The presence of lycopene in the P. flexa JT4 cells was 
confirmed using UPLC-MS/MS operated in multiple 
reaction modes as shown in the chromatograms (Fig. 12). 
The multiple reaction monitoring is a highly sensitive 
method for the selective detection and quantification of 
the analyte using the targeted mass spectrometry. This 
method has been used to identify and quantify a number 
of lycopene isomers [56–59]. The suspected peak of lyco-
pene from the sample in Fig. 11a has a slight difference in 
the retention time with the authentic standard (Fig. 11c) 
which might be affected by the matrix effect or the con-
centration. Although we were not able provide the MS 
or MS/MS spectra of the suspected peak of the lycopene 
from the sample, we are very confident that lycopene is 
present in the P. flexa JT4. This proved that the presence 
of biosynthetic genes of lycopene in P. flexa JT4 and the 
culture condition enabled the cells to produce lycopene. 
Lycopene is synthesized by the crt genes family which is 
found in the P. flexa JT4 genome. Based on the KEGG 
pathway (Fig. 13), two main crt genes functioning in syn-
thesizing lycopene are crtI and crtB. These two genes 
were found in the results of gene cluster analysis using 
antiSMASH. In the lycopene synthesis pathway, geranyl-
diphosphate (GPP) acts as a precursor for the pathway. 
GPP resulted from the conversion of IPP (isopentenyl 
pyrophosphate) and DMAPP (dimethylallyl pyrophos-
phate) by the enzyme farnesyl pyrophosphate. IPP and 
DMAPP were the products from mevalonate pathway 
(MVA) [51]. The crtB gene produces a phytoene synthase 
enzyme, which converts 2 GPP molecules into phytoene. 

Fig. 10  Predicted BGC structure of lycopene (terpene) identified in P. flexa JT4
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The Enzyme lycopene synthase (CrtI) will consecutively 
carry out 4 desaturation reactions on phytoene to trans-
form it into lycopene [60].

Lycopene is classified as a carotenoid compound which 
has a tetraterpene structure with 8 isoprene units and 
11 double linear bonds (conjugations). Lycopene has 
various biological activities with the main activity as an 
antioxidant. Lycopene compounds also have anticancer, 
anti-inflammatory, antihypertensive, anti-aggregative, 
and other biological properties. They also operate as a 
starting point for the synthesis of additional carotenoid 
compounds. Lycopene has a potential effect to treat car-
diovascular and neurological illnesses, due to its anti-
oxidant action, which protects cells from reactive oxygen 
species (ROS) [18, 60, 61].

In comparison to another producing lycopene bacte-
ria, Blakeslea trispora bacterium was used in the indus-
trial world to naturally produce lycopene compounds. 

Fermentation accelerators such as imidazole, nicotinic 
acid, and 4-methylmorpholine are used to inhibit the 
transformation of lycopene to beta-carotene, which is 
catalyzed by the enzyme lycopene cyclase in the lyco-
pene synthesis pathway in B. trispora bacteria. B. trispora 
yielded 4.78 103  mg/g DCW when imidazole was used, 
which was 73.5 times higher than the control output of 
6.5 × 10–5  mg/g DCW [62]. After 48  h of culture, the 
addition of 42  mg/L geraniol increased lycopene pro-
duction in B. trispora, reaching 578  mg/L compared to 
317 mg/L in the control group [63].

Conclusion
A psychrotolerant bacterium from deep-sea water at 
Java Trench, Indonesia, was identified as Priestia flexa 
JT4 based on the results of phenotypic and genotypic 
analyses. Genome characteristic analysis showed pan 
genome types and number of secondary metabolite 

Fig. 11  BGC structure comparison of several lycopene-producing bacteria
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gene clusters in P. flexa JT4 genome, with bioproduct 
potentials, including lycopene. Analysis of the terpene 
gene cluster indicated its lycopene production ability, 
which was identified and confirmed with UPLC-MS/MS. 

Based on the results of the experiments, more research 
into optimizing lycopene production from P. flexa 
JT4 is needed so that lycopene can be produced more 
efficiently.

Fig. 12  UPLC-MRM-MS/MS of lycopene extracted from (a) P. flexa cells and (b) medium culture in comparison with (c) the authentic standard 
of lycopene

Fig. 13  KEGG Pathway for Lycopene Production based on BGCs Prediction using antiSMASH. The KEGG pathway was composed with two main 
genes, such as, crtI and crtB 
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