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Abstract

Marine and ecosystem pollution due to oil spills can be addressed by identifying the aromatic hydrocarbon (HC)-
degrading microorganisms and their responsible genes for biodegradation. Moreover, screening for genes coding
for secondary metabolites is invaluable for drug discovery. We report here, the first metagenomic study in-
vestigating the shotgun metagenome of the Suez Canal water sampled at Ismailia city concerning its aromatic
HC degradation potential in comparison to the seawater sampled at Halayeb city at the Red Sea and Sallum city
at the Mediterranean Sea. Moreover, for an in-depth understanding of marine biotechnology applications, we
screened for the polyketide synthases (PKSs) and nonribosomal peptide synthetase (NRPS) domains in those
three metagenomes. By mapping against functional protein databases, we found that 13, 6, and 3 gene classes
from the SEED database; 2, 1, and 3 gene classes from the EgGNOG; and 5, 4, and 2 genes from the
InterPro2GO database were identified to be differentially abundant among Halayeb, Ismailia, and Sallum me-
tagenomes, respectively. Also, Halayeb metagenome in the Red Sea reported the highest number of PKS
domains showing higher potential in secondary metabolite production in addition to the oil degradation potential.

Keywords: metagenomics, aromatic hydrocarbons, ecogenomics, ecology, Suez Canal, Mediterranean Sea,

Red Sea

Introduction

SUEZ CANAL IS A HUMAN-MADE PASSAGE constructed for
commercial and navigation targets. It confers a direct
way between the Atlantic and the Indian oceans. It is situated
in Egypt and passes across three cities, ““Suez’ city at the
Red Sea, ““Port Said™ city at the Mediterranean Sea, and
“Ismailia’ city at the midpoint of the canal. It contains
several ports while 100 million tons of oil are transferred
annually through the canal (Zaki et al., 2014), contributing to
serious consequences such as an elevated hydrocarbon (HC)
load in the attendant marine ecosystem. Moreover, the real
threat of oil tanker crash by virtue of poor naval navigation
and chaotic maritime movements further compound the
ecological damages (Ismail, 2019).

El Samra et al. (1983) found 13.74 ug/L of petroleum HC
in the south of the Suez Canal and 45 pg/g in dry sediments in
Port Said. Moreover, Temsah lake, which is a part of the Suez

Canal at Ismailia, Egypt, various types of aromatic and ali-
phatic HCs have contaminated it through cargo tanker dis-
charges of ballast water, local oil production resulting in a
worrisome and intensive decline in biodiversity (El-Gendy
and Moustafa, 2007; Tundo et al., 2005).

Petroleum products are major sources of marine ecotoxi-
city (Pacheco and Santos, 2001). The US Environmental
Protection Agency (EPA) has noted a list of 16 polycyclic
aromatic hydrocarbons (PAHs) that contribute to ecosystem
instability (Balachandran et al., 2012; Matsubara et al.,
2006). Addressing the problems of oil spills, ecosystem
pollution, and instability cannot be solved by chemical dis-
persants that make matters worse; they only transform oil to
another physical phase that cannot be isolated from the water
(Schaum et al., 2010; Zheng et al., 2014).

On the other hand, bioremediation is a promising solution
in which the microorganisms living under given ecological
stress develop adaptive strategies (Bargiela et al., 2015).
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Bioremediation allows a biochemical process of oil degra-
dation by enzymatic reactions carried out by microorgan-
isms, such as oxygenases, hydroxylases, and dehydrogenases
that transform the crude oil to intermediate compounds
(Kumari et al., 2012).

Nonribosomal peptides and polyketides are large groups of
secondary metabolites that include many natural products
such as antitumor compounds, antimicrobials, surfactants,
and immunomodulatory compounds (Kleinkauf and Von
Dohren, 1996; Koglin and Walsh, 2009). Both types of sec-
ondary metabolites are synthesized by a multifunctional en-
zyme system called polyketide synthases (PKSs) for
polyketides and nonribosomal peptide synthetases (NRPSs)
for nonribosomal peptides, respectively (Graga et al., 2015).

Hence, to the best of our knowledge, we present here the first
comparative shotgun metagenomic study in the Suez Canal.
The study aimed to screen the metagenome of the Ismailia
canal water for HC degradation genes available for bioreme-
diation and biotechnological applications, in comparison to the
metagenomes in Halayeb at the southmost border of Egypt at
the Red Sea, and Sallum at the westmost border of Egypt at the
Mediterranean Sea. For an in-depth understanding of marine
biotechnological potentials, we screened for PKS and NRPS
domains in these three metagenomes.

Materials and Methods
Compliance with ethical standards

Since we collected water samples, ethics approval was not
applicable in our study.

Sample collection

Three water samples were collected with a handmade
Niskin tube in March of 2019. The first sample was taken
from the Mediterranean Sea at Sallum city, which is the
farthest Mediterranean Sea point from the Suez Canal in
Egypt; the second one was picked from the middle of the
Suez Canal at Ismailia city; and the third one was taken from
the Red Sea at Halayeb city, which is the farthest Red Sea
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point from the Suez Canal in Egypt (Fig. 1). For more details
about sampling physical parameters, see Table 1. All samples
were kept in icebox during transferring to the central labo-
ratory of faculty of pharmacy, Delta University, Egypt.

Water filtration

Vacuum filtration (Rocker) was done on two successive
steps, the prefiltration through 10 um filter papers (Double
Ring) and the filtration through 0.22 yum and 45 mm diameter
filter membranes (Merck), and all filters were stored at —80°C.

Environmental DNA extraction, quantification,
and purification

Extraction from filter membranes directly was done by the
Qiagen DNeasy Kits for blood and tissue (Qiagen) (Thomsen
et al., 2012) following the protocol of Cowart et al. (2018)
with some modifications; 3 h incubation for lysis step, RNA
degradation by 40 uL of RNase A, and the addition of 550 uLL
of buffer AL and 475 ulL of AW1. Environmental DNA
(eDNA) quantification and qualification were assessed by the
NanoDrop (Implen p330).

Library preparation and DNA sequencing

Library preparation and DNA sequencing were carried out
at IGA Technology. The Ovation Ultralow Library System
V2 Kit (NuGEN, San Carlos, CA) was used for library
preparation following the manufacturer’s instructions. Both
input and final libraries were quantified by Qubit 2.0 Fluo-
rometer (Invitrogen, Carlsbad, CA) and quality tested by
Agilent 2100 Bioanalyzer High Sensitivity DNA assay
(Agilent Technologies, Santa Clara, CA). Libraries were
sequenced on NovaSeq 6000 in paired-end 150 mode. The
number of total reads produced per sample was 10.27, 20.54,
and 19.27M for Sallum, Ismailia, Halayeb, respectively.

9 Mediterranean Sea

o N

FIG. 1.
the Red Sea.

¢

i
o o S

9 Suez Canal

o £
%
@

A\

Sampling locations include “‘Sallum’ at the Mediterranean Sea, ‘‘Ismailia’ at the Suez Canal, and ‘‘Halayeb’’ at
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TABLE 1. SAMPLES METADATA

Depth Temperature Salinity
Samples (m) (°C) (g/kg) Location
Sallum (Mediterranean Sea) 10 17.7 38.7 31°34’41.1““N 25°10°49.1”E
Ismailia (Suez Canal) 10 17.7 39.6 30°34’01.1“N 32°18'16.4”E
Halayeb (Red Sea) 10 23.6 41.5 22°13’39.5“N 36°40’00.6”E

Bioinformatic analysis

Reads were processed for format conversions and de-
multiplexing by Bcl2Fastq 2.0.2 (Illumina, San Diego, CA),
adapters were masked with Cutadapt v1.11 (Martin, 2011),
reads quality was checked by Multiqgc V 1.6 (Ewels et al.,
2016), FASTQ reads were denovo assembled by Megahit
1.2.7 (Ewels et al., 2016), the resulted contigs were assessed
by Metaquast option of Quast 5.0.2 (Mikheenko et al., 2018)
software, sequences were aligned to the manually curated
MarRef (Klemetsen et al., 2017), which contain complete
reference genomes of marine microbes using Diamond 0.9.29
aligner tool (Buchfink et al., 2015).

Aligned sequences were uploaded to Megan6 (Klemetsen
et al.,, 2017) for taxonomic and functional analysis. In
Megan6, National Center for Bioecology Information (NCBI)
nonredundant accessions were mapped against functional
SEED (Overbeek et al., 2005), EgGNOG (Jensen et al.,
2008), and InterPro2GO (Camon et al., 2005) databases and
taxonomic classes.

Screening of PKS and NRPS genes

Contigs were aligned to condensation (C) and keto-
synthase (KS) domain databases of NaPDoS (Ziemert et al.,
2012) by diamond blastx (Buchfink et al., 2015). All obtained
hits were below 80% identity. Contigs of the resulting hits
were mapped by blastx against the NCBI nonredundant da-
tabase (NCBI Resource Coordinators, 2018). Sequences that
were assigned to PKS and NRPS domains were translated to
proteins of the mapped open reading frames by EMBOSS
Transeq (www.ebi.ac.uk/Tools/st/emboss_transeq).

The resulting proteins were multiple sequences aligned
with muscle plugin in SeeView4 (Gouy et al., 2009) and the
phylogenetic tree were constructed by MEGA X (Tamura
et al., 2007) after examining the best model for maximum
likelihood tree. It was built by using AMG + F model, gamma
distribution of 5 and bootstrapping of 500. Also, PKS and
NRPS domains were determined by hidden Markov model in
SBSPKSv2 webserver (Khater et al., 2017).

Results

After quality control step, the remaining 10,218,258,
10,273,734, and 9,635,108 reads for Halayeb, Ismailia, and
Sallum metagenomes were assembled into 332,074 contigs
with a total of 98,026 bp, an average length of 769 bp, and N50
equal to 893 bp for Sallum metagenome, 343,311 contigs with
a total 255,344,819 bp, an average length of 743 bp, and N50
equal to 836 bp for Ismailia metagenome, and 232,993 contigs
with a total 182,036,347 bp, an average length of 781 bp, and
N50 equal to 912bp for Halayeb metagenome. Samples’
rarefaction curve (Fig. 2) was plotted relied on the NCBI

taxonomic rank at the species level; it demonstrated a rea-
sonable genome coverage from the three metagenomes.

Taxonomic diversity

We found that 166,110, 164,720, and 164,680 reads were
assigned to bacteria and 964, 1152, and 1390 to archaea for
Halayeb, Ismailia, and Sallum, respectively. Supplementary
Figure S1C showed that Sallum metagenome is the most di-
verse sample as the radial chart of Sallum was mostly eventually
divided highlighting the higher degree of evenness. Halayeb is
the least diverse sample (Supplementary Fig. S1A) followed by
Ismailia metagenome (Supplementary Fig. S1B) because most
areas of Halayeb radial chart was occupied by certain species.

Functional annotation to protein databases

The site-specific abundance of aromatic HC-degrading
genes according to the SEED database. We recorded 13,
6, and 3 gene classes that were found to be more abundant in
Halayeb, Ismailia, and Sallum metagenomes, respectively
(Supplementary Fig. S2). For reviewing genes in each class,
see Supplementary Tables S1, S4, and S7.

Halayeb metagenome has more red cells (highest z-score)
than the other two metagenomes. Discriminative aromatic
HC-degrading gene classes in Halayeb metagenome are aro-
matic amin degradation, 4-hydroxyphenylaceticacid catabolic
pathway, anaerobic benzoate catabolism, biphenyl degrada-
tion, the central metacleavage pathway of aromatic compound
degradation, gallic acid utilization, gentisate degradation,
homogentisate pathway of aromatic compound degradation,
p-hydroxy benzoate degradation, protocatechuate branch of
beta-ketoadipate pathway, salicylate and gentisate catabo-
lism, salicylate ester degradation, and toluene degradation.

The following aromatic HC-degrading gene classes are
more common in Ismailia metagenome; 2-aminophenol
metabolism, Benzoate transport and degradation cluster,
N-heterocyclic aromatic compound degradations, naphtha-
lene and anthracene degradation, phenylacetyl-CoA cata-
bolic pathway (core), and quinate degradation.

Sallum metagenome has more cool cells (lowest z-score)
than the others but it is higher in anaerobic aromatic degra-
dation (benzoate), benzoate catabolism, and chloroaromatic
degradation pathway.

The site-specific abundance of aromatic HC-degrading
genes according to the EQGNOG database. We deter-
mined 2, 1, and 3 gene classes that were more abundant in
Halayeb, Ismailia, and Sallum metagenomes, respectively
(Supplementary Fig. S3). For Halayeb metagenome, hottest
cells represent COG3435 gentisate 1,2 dioxygenase and EN-
OG410YF62 phenol hydroxylase C-terminal dimerization
domain. For Ismailia metagenome, the hottest cells represent
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COG2854 toluene tolerance family protein. For Sallum me-
tagenome, COG33396 phenylacetate CoA oxygenase subunit,
COG3135 benzoate transporter activity, and COG3460 phe-
nylacetate catabolic process are the predominant genes. For
reviewing genes in each class, see Supplementary Tables S3,
S6, and S9.

The site-specific abundance of aromatic HC-degrading
genes according to the InterPro2GO database. We found
5, 4, and 2 genes that were more abundant in Halayeb, Is-
mailia, and Sallum metagenomes, respectively (Supplemen-
tary Fig. S4). The highest z-score was assigned to [PR023789
2,3 dihydroxyphenyl propionate /2,3-dihydroxycinnamic
acid 1,2-dioxygenase, IPR012733 4-hydroxybenzoate 3-
monooxygenase, IPR020875 phenylpropionate/cinnamic
acid dioxygenase alpha subunit, IPR012083 arylsulfatase,
and IPR014436 extradiol aromatic ring-opening dioxygen-
ase DODA-A type in Halayeb metagenome; IPRO11982
4-hydroxyphenylacetate 3-monooxygenase reductase com-
ponent, IPR023786 3-(3-hydroxy-phenyl) propionate/
3-hydroxycinnamic acid hydroxylase, IPR022893 shikimate
dehydrogenase, and IPR005956 hydroxyphenylpyruvate di-
oxygenase in Ismailia metagenome; and IPRO01273 aromatic
amino acid hydroxylase and IPR004674 alkyl-hydro-
peroxidase AhpD in Sallum metagenome. For more details,
see Supplementary Tables S2, S5, and S8.

Screening for genes coded for secondary metabolites
producing enzymes

Mapping to NaPDoS databases revealed no hits with per-
cent identity more than 80%. Mapping against NCBI nonre-
dundant database (Table 2) obtained 5, 6, and 2 hits with
percent identity more than 85% with expected (e) value lower
than le-5 for Halayeb, Ismailia, and Sallum, respectively, in-
dicating to be the same or similar to the reference hits (Ziemert
et al., 2012). We found 14 hits with percentage identity lower
than 80%, and this group represents the possibility of being
new compounds. Identification of PKS and NRPS domains by
SBSPKSv2 webserver and NCBI blastx (Table 2) explored
eight KS domains in Halayeb metagenome, one KS domain in
Ismailia metagenome, two KS domains in Sallum metagen-
ome, and six acyl carrier protein (ACP) domains in each of
Ismailia and Halayeb metagenomes (Table 2).

Phylogenetic analysis of PKS and NRPS genes

Phylogenetic tree (Fig. 3) of the resulting hits gave more clear
investigation to the blastx hits with low percent identity, which
are supposed to be new compounds. K141_144235_Halayeb
was mapped with percent identity <80% in NCBI and clustered
with K141_175987_Sallum, which codes for KS domain in the
same clade giving the higher probability for being a KS domain.
K141_124819_Halayeb and K141_81012_Halayeb were clus-
tered together with K141_114597_Sallum, which coded for a
KS domain in the same clade rising the probability of them to be
KS domains.

Discussion

Chronic pollution in the Suez Canal is caused by oil spills and
accumulation of PAHs (El-Gendy and Moustafa, 2007; Zaki
et al., 2014). Thus tailoring bacterial genomes to stress adap-

tation by building aromatic HC degradation genes. We screened
for these genes in the seawater of Ismailia metagenome as a
representative of the Suez Canal in comparison to metagenomes
of Halayeb at the Red Sea and Sallum at the Mediterranean Sea.
These three locations were selected as Ismailia is in the middle
of the canal, while Sallum and Halayeb are the furthest cities
from the Suez Canal at the coast of the Mediterranean Sea and
the Red Sea; respectively. The further away from the Suez
Canal, the less the canal affects both seas. Minimizing the effect
of the canal on both seas displays the true capacity of the aro-
matic HC degradation of both seas, it is somewhat like going
back in time before construction of Suez Canal.

Multiple previous studies reported our resulted species as
aromatic HC degrader (Bacosa et al., 2015; Devpura et al.,
2017; Li et al., 2014; McKew et al., 2007; Radwan et al.,
1998; Sorkhoh et al., 1990; Tanaka et al., 2008). We noted
that almost all the species in Halayeb are aromatic HC-
degrading microorganisms but only half of the species are
aromatic HC-degraders in Sallum. Ismailia is in between and
that has happened because oiling reduces the diversity of
bacteria in combination with a rapid and powerful selection
of specialized HC-degrading bacteria that play a critical role
in the natural purification of oil-contaminated marine sys-
tems (Golyshin et al., 2003).

Biodegradation of aromatic HC requires cooperation net-
work between various bacterial species to degrade a wide
array of HCs (Nikhil et al., 2013; Rahman et al., 2002).
Pseudomonas sp. DS10-129, Micrococcus sp. GS2-22, Fla-
vobacterium sp. DS5-73, Corynebacterium sp. GS5-66, and
Bacillus sp. DS6-86 were utilized in laboratory degradation
of crude oil (Rahman et al., 2002) and the combination of
Micrococcus sp. and Pseudomonas sp. was utilized for the
degradation of diesel engine oil (Nikhil et al., 2013). Our
results confirmed this information as we found that multiple
species were assigned to each aromatic HC-degrading gene
(Supplementary Tables S1-S9).

Halayeb is the least diverse metagenome followed by Is-
mailia because Halayeb may be exposed to chronic envi-
ronmental stress (Supplementary Fig. S1A—C). In heat maps,
Halayeb metagenome always has the highest number of red-
hot cells, but Sallum has the highest number of blue-cool
cells, which supports our conclusion that Halayeb metagen-
ome has the highest number of aromatic HC-degrading
genes. This may be attributed to the tropical climate of Ha-
layeb. Our explanation agrees with Bargiela et al. (2015) who
studied the relationship of oil degradation with the temper-
ature at different locations along the coasts of the Mediter-
ranean Sea and the Red Sea and noted increasing aromatic
HC degradation potential by the elevating temperature.

Also, other studies observed increasing in secondary me-
tabolisms by higher temperature due to the enhancement of
enzyme kinetics (Bianchi, 2018; Fuhrman and Azam, 1983;
Loépez-Urrutia and Moran, 2007; Rivkin et al., 1996;
Vazquez-dominguez et al., 2007; White et al., 1991).

Water current does not appear to be an influencing factor
because water current through the Suez Canal varies from
season to season, the direction to the north is from November
to June and the direction to the south is from July to October
(Morcos, 1960). Sample collection was in March during the
northward current so bringing aromatic HCs to Halayeb
through the flow of water is impossible to be the reason be-
hind the high level of aromatic HC-degrading genes.
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FIG. 3. The phylogenetic tree of the contigs that were
mapped to PKS or NRPS domains in NCBI and SBSPKSv2
webserver. Some of unknown contigs (contigs <80% iden-
tity) were clustered with known KS domains. KS, keto-
synthase; NCBI, National Center for Bioecology
Information; NRPS, nonribosomal peptide synthetase; PKS,
polyketide synthase.

Although Halayeb has achieved higher levels of aromatic
HC degradation genes than Ismailia and Sallum, Ismailia’s
aromatic HC degradation genes are highly related to petro-
leum HCs and oil spills, such as naphthalene, anthracene,
toluene, and benzene-degrading genes. It can be explained by
continuous exposure of the Suez Canal to various petroleum
aliphatic and aromatic HCs originating from shipping activ-
ities (Tundo, 2005). We collected the Ismailia sample from a
Suez Canal region near Temsah Lake, which hosts a small
port offering a variety of maritime activities, including the
maintenance of the Suez Canal (Tundo, 2005). Naphthalenes,
benzenes, and other bicyclic aromatics have previously been
detected with high-absorption beaks in chromatographic
analysis of Temsah Lake (El-Gendy, 2007).

Naphthalene indicates the presence of a relative fresh oil and
unburned petroleum factories (Kennish, 2017; Said and El
Agroudy, 2006) encouraging the microbial community to de-
velop naphthalene-degrading genes in Ismailia metagenome
(Supplementary Fig. S2). Ismailia metagenome characterized
by the COG2854 toluene tolerance genes (Supplementary
Fig. S3) offering bacterial compatibility with toluene, which is
one of the most toxic petroleum compounds and has anticar-
cinogenic effects (Chapelle, 1999; Zilli et al., 2000).

We found Benzoate degradation genes (Supplementary
Fig. S2) in Ismailia and Sallum metagenomes. Researchers
often used Benzoate as a model for studying bacterial deg-
radation of oil spills and aromatic compounds (Carmona
et al., 2009; Gibson and Harwood, 2002). IPR022893 shiki-
mate dehydrogenase gene is seen in its highest abundance in
Ismailia metagenome (Supplementary Fig. S4). Shikimate

dehydrogenase is the main route of plant degradation to ar-
omatic HCs (El1Ahwany et al., 2015).

Unlike Sallum and Ismailia, Halayeb metagenome char-
acterized by distinguished aromatic compound degrader
genes, such as aromatic amine degradation genes (Supple-
mentary Fig. S2), they merit particular concern as aromatic
amines are potent carcinogens (Benigni and Passerini, 2002;
Benigni et al., 2007) and widely applied in agricultural che-
micals, polymers, rubber, and manufacturing of pharmaceu-
ticals (Benigni et al., 2007), central metacleavage pathway
(Supplementary Fig. S2) that come after bacterial oxidation
of PAHs to dihydroxy compounds (Gao et al., 2013), salic-
ylate, and gentisate catabolism (Supplementary Fig. S2) that
were noticed in sediment metagenomic screening of San
Jacinto River (Benigni et al., 2007); IPR012083 arylsulfatase
(Supplementary Fig. S4) which was enhanced by the elevated
level of PAHs in soil (Lipinska et al., 2014); IPR039091
arylhydrocarbon receptor (Supplementary Fig. S4), which is
a transcription factor in various toxicological process of or-
ganic pollution (Zhou et al., 2009); and IPR14436 Extradiol
aromatic ring opening dioxygenase (Supplementary Fig. S4)
that was previously identified in the metatranscriptomic
analysis of soil HC degradation (Gonzalez et al., 2018).

There are two major strategies for the degradation of ar-
omatic compounds depending on the presence or absence of
oxygen. In aerobic biodegradation, hydroxylation and oxy-
genolytic aromatic ring cleavage often occurred by oxyge-
nase enzymes (Parales and Resnick, 2006; Vaillancourt et al.,
2006). The anaerobic degradation depends on attacking the
aromatic ring through reductive reactions (Fuchs, 2008;
Gibson and Harwood, 2002; Harwood et al., 2020).

Oxygenases are widely distributed in the three metagen-
omes (Supplementary Figs. S3 and S4) such as IPR011982 4-
hydroxyphenylacetate 3-monooxygenase reductase compo-
nent and ENOG410XUSH phenylacetate catabolic CoA
dioxygenase in Ismailia metagenome and COG33396 pheny-
lacetate CoA oxygenase subunit and ENOG410YZWXO0
phytanoyl-CoA dioxygenase in Sallum metagenome. Halayeb
metagenome includes more oxygenases such as IPR023789
2,3-dihydroxyphenyl propionate /2,3-dihydroxycinnamic acid
1,2-dioxygenase, IPR020875 phenylpropionate/cinnamic acid
dioxygenase alpha subunit, [IPR012733 4-hydroxybenzoate 3-
monooxygenase, and COG3435 gentisate 1,2 dioxygenase.

Sallum and Halayeb metagenomes marked by their an-
aerobic degradation of benzoate (Supplementary Fig. S2) that
was also found in methanotrophic mates of The Black Sea
(Kube et al., 2005). Sallum metagenome is also marked by
IPR0O04674 alkylhydroperoxidase AhpD (Supplementary
Fig. S4), which is known as responding mechanisms to the
oxidative stress in bacterial isolates from crude oil-
contaminated environments. Increasing the level of catalase
and peroxidase activities are enzymatic defenses, which are
not only critical for the degradation of pollutants but also to
respond to reactive oxygen species (Buckova et al., 2010).

Our next step was searching for PKS and NRPS domains,
comparing the three metagenomes, and mapping them
against NaPDoS database, which could reveal the false-
positive results to fatty acid synthase (FAS) that is homolo-
gous to PKSs (Jenke-Kodama et al., 2005); those sequences
were removed from the downstream analysis. Halayeb me-
tagenome reported the highest number of PKS domains (eight
KS and six ACP domains) showing the extra potential of the
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Red Sea in secondary metabolite production besides the oil
degradation power. Many studies of marine invertebrates
agreed with the Red Sea potential for secondary metabolite
production (Shreadah et al., 2018; Xi et al., 2012).

Conclusions

Seawater is a valuable source for biotechnological product,
searching for bacterial aromatic HC-degrading genes and
secondary metabolite-coding genes that enable further bio-
remediation application and drug discovery. We compared
Halayeb, Ismailia, and Sallum seawater metagenomes in
terms of aromatic HC-degrading genes and PKS and NRPS
domain-coding genes. We found Halayeb as a representative
of the Red Sea to be a least diverse and most valuable source
for aromatic HCs degradation genes and PKSs coding genes,
followed by Ismailia in the middle of the Suez Canal and then
Sallum at the Mediterranean Sea that has the highest species
diversity. More comparative studies between the Mediterra-
nean Sea and the Suez Canal on other sites with a larger
number of samples are required to answer which of them are
valuable in aromatic HC-degrading genes and PKS and
NRPS-coding genes.
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