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Abstract: Coastal sediments in the proximity of wastewater and emergency outfalls are often sinks of
pharmaceutical compounds and other organic and inorganic contaminants that are likely to affect
the microbial community. The metabolites of these contaminants affect microbial diversity and their
metabolic processes, resulting in undesirable effects on ecosystem functioning, thus necessitating
the need to understand their composition and functions. In the present investigation, we studied
the metagenomes of 12 coastal surface sediments through whole genome shot-gun sequencing. Tax-
onomic binning of the genes predicted about 86% as bacteria, 1% as archaea, >0.001% as viruses
and Eukaryota, and 12% as other communities. The dominant bacterial, archaeal, and fungal genera
were Woeseia, Nitrosopumilus, and Rhizophagus, respectively. The most prevalent viral families were
Myoviridae and Siphoviridae, and the T4 virus was the most dominant bacteriophage. The unigenes
further aligned to 26 clusters of orthologous genes (COGs) and five carbohydrate-active enzymes
(CAZy) classes. Glycoside hydrolases (GH) and glycoside transferase (GT) were the highest-recorded
CAzymes. The Kyoto Encyclopedia of Genes and Genomes (KEGG) level 3 functions were subjugated
by purine metabolism > ABC transporters > oxidative phosphorylation > two-component system
> pyrimidine metabolism > pyruvate metabolism > quorum sensing > carbon fixation pathways
> ribosomes > and glyoxalate and dicarboxylate metabolism. Sequences allying with plasmids,
integrons, insertion sequences and antibiotic-resistance genes were also observed. Both the tax-
onomies and functional abundances exhibited variation in relative abundances, with limited spatial
variability (ANOVA p > 0.05; ANOSIM-0.05, p > 0.05). This study underlines the dominant micro-
bial communities and functional genes in the marine sediments of Kuwait as a baseline for future
biomonitoring programs.

Keywords: shotgun sequencing; environmental DNA; bacteria; functional annotation; biomonitor-
ing; archaea

1. Introduction

The effluents from wastewater treatment plants (WWTPs), power and desalination
(P&D) outfalls, and land-based pollutants from other sources have driven significant
changes in marine biodiversity [1]. Most WWTDPs are not very efficient in capturing
pharmaceuticals in wastewater, resulting in the release of metabolites and xenobiotics into
coastal waters. The released pharmaceuticals negatively affect the diversity and functions
of vital microbial communities [2]. These pharmaceuticals in the aquatic environment
affect taxonomic profiles, gene abundances, and metabolic processes [3,4]. Several reports
suggest that these coastal sediments receiving pharmaceuticals discharge become enriched
in pathogenic microbes [2,5-7], posing a significant risk to marine organisms and the
human population [8,9].

The correlation between environmental microbes, trace metals, and persistent organic
pollutants has been established in a few studies [10-13]. Most of these studies used mi-
crobes and their genetic markers as indicators for environmental pollution, thus lacking

Microorganisms 2023, 11, 531. https:/ /doi.org/10.3390 /microorganisms11020531

https://www.mdpi.com/journal /microorganisms


https://doi.org/10.3390/microorganisms11020531
https://doi.org/10.3390/microorganisms11020531
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0000-0003-0752-4774
https://orcid.org/0000-0003-4698-2225
https://orcid.org/0000-0001-8905-8476
https://doi.org/10.3390/microorganisms11020531
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/article/10.3390/microorganisms11020531?type=check_update&version=1

Microorganisms 2023, 11, 531

20f19

information on whole community profiles. Advances in high-throughput sequencing have
revolutionized the detection of genes in complex environmental communities, offering a
more promising avenue for comprehensive genetic profiling. The taxonomic and functional
profiles of microbes have been reported from estuaries, rivers, lakes, coral reefs, mangroves,
sediments in coastal areas, and deep marine sediments using a high-throughput sequencing
approach [4,12,14-19]. Recently, more research has been focused on the environmental
DNA whole genome sequencing of sediments receiving pollutants, such as metals, oil
discharges, and industrial and domestic waste [12,20-25].

This study aims to generate baseline information on microbial diversity in the coastal
sediments of the northwestern Persian Gulf, which is a semi-enclosed shallow water
body [26] with reasonably high residence time [27-29]. Although most of the wastewater
in Kuwait is treated, the mean number of fecal and non-fecal coliforms far exceeds the
Brazilian legislation standards and thresholds of European coastal bathing water directives
(cBWD) [30,31]. Recent investigations have reported pharmaceuticals the treated waste
streams near and the emergency outfalls in the coastal waters of Kuwait [32,33]. Antimi-
crobial resistance genes have also been recorded in these environments [34-36]. Bottom
sediments act as sinks for these bioactive compounds and impose discerning pressure on
the aquatic biota. Mapping the microbiome is, therefore, imperative to assess the threats
and impacts associated with historical and contemporary pollutants entering the marine
streams of the Persian Gulf [37,38].

Hence, the characterization of microbes in marine/freshwater sediments is of high
scientific interest. This study presents the metagenomic profile of surface sediments near
emergency outfalls along Kuwait’s coastline. The sequence data were mined for taxonomic
distribution and the predominant metabolic functions carried out by the microbial commu-
nities. Antibiotic-resistant genes, plasmids, and integrons were also identified. The spatial
variations in the relative abundances of microbial communities and metabolic functions
were also studied.

2. Methods
2.1. Sample Collection and DNA Extraction

A total of 12 surface sediment samples (Figure 1) were collected along Kuwait’s coast-
line from September to October 2021. Each location’s GPS coordinates were plotted on the
Kuwait map using the ArcGIS software v 10.4.1 (Esri, Redlands, CA, USA). At each station,
a sediment profile of 10-15 cm (grab sample) was collected and packed in 50 mL sterile
centrifuge tubes (Corning® Glendale, AZ, USA), followed by transporting on ice to Kuwait
Institute for Scientific Research (KISR) laboratories. The samples were aliquoted and stored
frozen at —20 °C until DNA extraction [32]. All the sampled sites were in close vicinity
of storm outfalls, except 54 and S12. Both these locations were pristine and unaffected
by emergency waste disposal. The total DNA from each sample (0.25 g) was extracted
using a PowerSoil® DNA Extraction Kit (QIAGEN, Germantown, MD, USA). DNA was
extracted multiple times (1 = 5) from each site and pooled to reach the desired concentration
(1000 ng for sequencing). The quantity and quality of the isolated DNA were evaluated
using a Qubit fluorometer (Thermo Fisher Scientific, USA) and agarose gel electrophoresis
(Bio-Rad, Darmstadt, Germany), respectively, before library preparation (Figure S1; Table
51). Bacterial cell counts (total prokaryotic cells) per gram of samples were estimated for
each sample through a quantitative polymerase chain reaction (qPCR) [36]. The purified
DNA (ca.l pug) was lyophilized (using FDB-8603 Operon, Gimpo, Republic of Korea) and
shipped to a sequencing facility for whole genome metagenomic sequencing.

2.2. Metagenomic Sequencing

Metagenomic sequencing was performed at Novogene, AIT Genomics, Singapore Ltd.
Prior to sequencing, the dried DNA was resuspended in nuclease free water (Ambion™,
Carlsbad, CA, USA) and re-checked for quality and quantity, as mentioned above. The

DNA was fragmented by sonication and converted to sequenceable libraries through the
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NEBNext® Ultra™ DNA (lumina, San Diego, CA, USA) kit. Fragmented DNA was
processed through the steps of A-tailing, index ligation, and the addition of Illumina
adapters at both the 5’ and 3’ ends of the DNA segments. The libraries were purified using
the AMPure XP beads (Agencourt, Beckman Coulter Genomics) and quantified through
qPCR (Life Technologies, Carlsbad, CA, USA) [39]. Post-normalization, the libraries were
pooled and loaded at a 10.0 pM concentration on an Illumina NovaSeq 6000 platform
(Ilumina, San Diego) for 2 x 150 bp paired-end sequencing [36].
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Figure 1. Sampling locations. The GPS coordinates of each location were plotted on Kuwait’s map
based using the ArcGIS software v 10.4.1.

The raw reads were trimmed and aligned with Bowtie2 v 2.2.4 to remove host contami-
nation [40]. The reads were subjected to FASTQC for initial quality checks [41]. Clean reads
were assembled using MEGAHIT v1.0.4 into scaftigs. Scaftigs (>500 bp) were used for ORF
(Open Reading Frame) prediction by MetaGeneMark v 2.10 [42]. The CD-HIT v 4.5.8 was
used to obtain the gene catalogue from the filtered ORFs (>100 nt) [43]. Gene abundance
was calculated based on the total number of mapped reads and gene length. Taxonomic
annotation was performed through DIAMOND v 0.9.9 by aligning the unigenes to the
microNR database version 2018-01-02 of NCBI (blast, —e 1e—5) [44]. The aligned sequences
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were further treated in MEGAN to filter matches < e value *10 [45]. Krona plots were
created using the web version of KRONA tools [46]. Differential heat maps were made by
applying the Wilcoxon Sum Rank test on median abundances; p < 0.05) [47] in Microbiome-
Analyst [48].

2.3. Functional Annotation

Genes were translated to proteins and aligned against the evolutionary genealogy of
genes: Non-supervised Orthologous Groups (eggNOG) version 4.1 [49], Carbohydrate-
Active enzymes (CAZy) version 2014.11.25 [50] and Kyoto Encyclopedia of Genes and
Genomes (KEGG) [51-53] databases. The DIAMOND BLASTX (—e 1e—10, best hits re-
served) protocol was used to identify the pathways from the above databases. The identi-
fied KEGG Orthology (KO) genes were further annotated into different pathways based
on predefined collections in the KEGG database and quantified by reading counts. The
unigenes were also BLASTP against the standard Comprehensive Antibiotic Research
Database (CARD) database (e value < le—5) to filter antibiotic resistance gene orthologues
(AROs) [54]. Plasmids, integrons, and insertion sequences were picked through alignment
with the integral, ISfinder, and plasmid databases v 2018 (—e 1e—10, BLASTN), respectively.

2.4. Statistical Analysis

A principal coordinate analysis (PCoA) and analysis of similarity (ANOSIM) were
performed in R (ade4 and vegan package, version 2.15.3) [48,55]. Non-parametric multidi-
mensional scaling (NMDS) was also performed on Bray—Curtis distances between relative
abundances of microbial communities [48,55]. Packages, including ggplot2 and gplots
in R and matplotlib in Python, were used for visualization purposes. Six alpha diversity
parameters (Observed, Chaol, ACE, Shannon, Simpson, and Fisher) were calculated on
rarified data [48,56].

3. Results

Twelve metagenomes generated an average of 6.44 Gb of raw data per sample with
a mean read count of 42,940,656. Adapter removal and quality filtering yielded 6.43 Gb
of usable data per sample for downstream processing, with an effective percentage of
99.85% (Table S2). The assembly of raw reads resulted in scaftigs ranging from 63,498,148
to 283,332,790 bp with an average N50 of 806 bp and N90 of 536 bp, respectively, that were
subsequently used for gene prediction (ORFs) (Tables S3 and S4). Scaftigs above 500 bp in
size were only used for ORF prediction, and ORFs less than 100 nt were removed to predict
unigenes (Figure 2a,b).
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Figure 2. (a) Scaftig length distribution; scaftigs > 500 bp were used for open reading frame (ORF)
prediction. (b) ORF length distribution plot. The ORFs < 100 nt were removed.
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3.1. Taxonomic Profiling

The taxonomic binning of the predicted ORFs revealed overwhelming abundances
of bacteria (86%). About 1% of the total ORFs accounted for the distribution of the ar-
chaeal communities (Figure 3a). The representation of viruses and Eukaryota was less in
all the samples (>0.001%), whereas other communities were 12%. The other communi-
ties are most likely to be the higher organisms. Taxonomic classification of the bacterial
domain revealed the dominance of Proteobacteria (62.69%) and Bacteriodetes (16.02%)
at the phylum level. Gammaproteobacteria (37.3%), Alphaproteobacteria (11.63%), and
Deltaproteobacteria (10.55%), were the most abundant classes. Order Chromatiales (20.5%)
was divided into Woesiaceae (11.84%) and Chromatiaceae (6.33%), which culminated into
genera Woesia (11.84%) and Marinobacter (1.82%) (Figure 3b). Both these genera exhibited
maximum RA and were hence considered the most dominant. Among the archaea, the
highly prevalent phyla were Thaumarchaeota (41.72%), followed by Euryarchaeota (29.33%)
and Bathyarcheota (18.87%). The majority of the archaea remained unclassified at lower
taxonomic levels. Among the classified forms, the top three were Nitrosopumilus (8.58%),
Candidatus Nitrosoarchaeum (2.98%), and Cenarchaeum (2.74%) (Figure 3¢c). Fungi were the
supreme domain of Eukaryota, with the greatest abundances shown by phyla Mucoromy-
cota (28.34%), Chytridiomycota (17.6%), and Basidiomycota (17.44%). The topmost fungal
genus was Rhizophagus (10.4%) (Figure 3d). The shotgun metagenomic approach was able
to capture even the low-abundant viral sequences. These sequences originated from the
Myoviridae (14.75%), Podoviridae (9.16%), Siphoviridae (8.95%), Polydnaviridae (2.28%),
Mimiviridae (0.82%), and Baculoviridae (0.69%) families. A significant proportion (63.12%)
of unclassified viruses were also recorded in these samples. T4 virus (2.51%), Bracovirus
(2.28%), Gaiavirus (0.9%), Hokovirus (0.82%), and Alphabaculovirus (0.69%) were the only
viral genera recorded in the present samples. Sequencing at a higher depth generating
12 Gb of data per sample is recommended to capture microbial communities with lower
abundances. The relative abundances (RA) of all the discovered taxa are provided in
Table S3 and Figure S2a-1.

3.2. Functional Profiles

To infer the functional potential of the sediment samples, the predicted ORFs were
aligned against the eggNOG, CAZy, and KEGG databases. The eggNOG database identified
24 clusters of orthologous genes (COGs) categories. COGs matching amino acid transport
and metabolism (E-type), and energy production and conversion (C-type) were very high.

A total of 83,706 genes also matched with the CAZy database (carbohydrate-active
enzymes). Ubiquitous classes were AA-Auxiliary activities (1408), CBM-carbohydrate-
binding modules (15,745), CE-carbohydrate esterase (4319), GH-glycoside hydrolases
(33,070, GT-glycosyl transferases (27,107), and PL-polysaccharide lyases (1427) (Figure 4b).

Within the KEGG database, the genes mapped to five level 1 functions of Cellular Pro-
cesses (92,418), Environmental Information Processing (111,807), Human Diseases (65,387),
Metabolism (92,399), and Organismal Systems (32,395) (Figure 5a). Level 2 functions
under Metabolism involved xenobiotics biodegradation (26,468), nucleotide metabolism
(64,114), metabolism of terpenoids and polyketides (21,112), metabolism of other amino
acids (40,143), metabolism of cofactors and vitamins (81,902), lipid metabolism (38,919),
glycan biosynthesis and metabolism (23,362), energy metabolism (109,427), carbohydrate
metabolism (137,792), biosynthesis of other secondary metabolism (24,826), and amino
acid metabolism (14,283). Genetic Information Processing included functions such as trans-
lation (50,274), transcription (6024), replication and repair (39,283), folding, sorting, and
degradation (31,527). Under Environmental Information Processing, sub-processes such
as signaling molecules and interaction (185), signal transduction (51,566), and membrane
transport (60,056) were common. Human Diseases included genes related to the functions
of substance dependence (467), neurodegenerative diseases (4107), infectious diseases
(viral—2370, parasitic—1646, and bacterial —9598), immune diseases (648), endocrine and
metabolic diseases (7792), drug resistance (antineoplastic—6899 and antimicrobial—15,698),
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cardiovascular diseases (4036), and cancers (specific types—3542 and overview—8684).
Under the category Cellular Processes, sub-processes such as transport and catabolism
(8218), cellular community (prokaryotes—49,467; eukaryotes—95), cell motility (14,160),
and cell growth and death (20,458) were recorded. The Organismal System comprised
functions such as the sensory system (33), nervous system (3164), immune system (2260),
excretory system (1348), environmental adaptation (2979), endocrine system (12,044), di-
gestive system (1540), development (25), circulatory system (1316), and ageing (7686). The
RA of Metabolism was highest, followed by Genetic information Processing > Environ-
mental Information Processing > Cellular Processes > Human Diseases and Organismal
Systems. Like CAZy and eggNOG, the RA of the KEGG pathways also varied from S1
to 512 (Figure 5b). The chief level 3 KEGG functions (n = 10) in the current investigation
were ko00230 (purine metabolism), ko02010 (ABC transporters), ko00190 (oxidative phos-
phorylation), k002020 (two-component signal transduction system), ko00240 (pyrimidine
metabolism), ko00620 (pyruvate metabolism), ko02024 (quorum sensing), ko00720 (car-
bon fixation pathways in prokaryotes), ko03010 (ribosome), and ko00630 (glyoxylate and
dicarboxylate metabolism) (Figure 5c).
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Figure 3. (a) Domain-level classification of microbial communities of marine sediments of Kuwait.
Taxonomic profiles of (b) bacterial, (c) archaeal, (d) eukaryotic, and (e) Viral domains distributed
across the marine sediments of Kuwait. Heat trees were created on median abundance by applying
Wilcoxson’s sum test at a p-value less than 0.05.
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3.3. Resistome and Mobilome Profiling

Alignment against the integral, ISfinder, plasmid, and CARD databases returned
256,099, 12,857, 283,165, and 25,014 sequences, respectively. These databases filtered
integrons (INT), insertion sequences (ISQ), plasmids (PLS), and antibiotic resistance genes
(ARGs), respectively. PLS sequences were maximum, followed by INT, ARGs, and IS.
These sequences were annotated into 1782 ISQs, 1567 PLS, 609 ARGs, and 167 INTs. The
numbers of all the antibiotic-resistance elements differed spatially. The maximum number
of PLS, INTs, and ISQs were recorded at S1 and the minimum at S12. ARGs were highest
at S6 (169) and lowest at S11 (57). Further interpretations of the gene type, drug classes,
and metabolic action of these resistance elements is important. (Figure 6). Apart from the
numbers, more intriguing and interesting is the presence of the mobile genetic elements
(MGEs) and ARGs indicating the persistence of a mobilome and resistome in the marine
environment of Kuwait. Further, we matched the source of ARGs and bacterial species and
recorded around 109 genes to have a similar origin (Table S4). This suggests the distribution
of ARGs in other microbial species and communities. However, the question of whether
this is due to horizontal or vertical gene transfer requires our further attention.

mSsl ms2

ms3 mSsa mSs5 mS6 us7 mSs8 mS9 mS10 mSll mS12

Figure 6. Antibiotic resistance gene elements detected in surface sediments of Kuwait. The circles
from outermost to innermost represent the integrons (INT), plasmids (PLS), insertion sequences (ISQ),
and antibiotic-resistant genes (ARGs), respectively. The sampling locations are color-coded. A color
index is given at the bottom.
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3.4. Spatial

In the present investigation, the sites S4 and 512 (Group B) were less impacted com-
pared to the others (S1-53, S5-S11—Group A); therefore, we explored the spatial variations
between these groups. Sites 54 and S12 clustered together on a heat map suggesting a
similar metagenome prevailing at these locations. The hierarchical clustering at domain
level identified the primacy of viruses and archaea at S12 and S4 (Figure 7a). A functional
hierarchical map also placed S4 and S12 nearby. A higher pervasiveness of level 2 KEGG

Variations

pathways was seen at S12 (Figure 7b).
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Figure 7. Hierarchical clustering of (a) major domains and (b) level 2 KEGG pathways in marine
sediments of Kuwait. Group A represents the sites near the outfalls and group B are relatively

pristine locations.
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3.4.1. Alpha Diversity Analysis

Alpha diversity was measured to examine the species richness (number of taxonomic
groups) and evenness (abundance distribution) at each sampling site. Alpha diversity
indices are also suggestive of intra-sample diversity. Data rarefaction was performed before
estimating the alpha diversity indices. The observed alpha diversity ranged between 3923 to
4785 among S1-512. Chaol and ACE were comparable with observed indices. Shannon
diversity was highest at station 52 (4.07) and lowest at station 54 (3.83). A Shannon index
above 1 indicated higher species richness and evenness. Simpson was near 0.77 and Fisher
ranged between 1351 and 1731 (Table 1). Pairwise comparisons of all the indices returned
p values > 0.05 (non-significant), indicating the alpha diversity to be evenly distributed at
all the sampling locations.

Table 1. Alpha diversity indices of microbial diversity in marine sediment samples.

SampleID  Observed Chao 1 ACE Shannon Simpson Fisher
S1 3923 4269 4272 3.94 0.776 1352
52 4645 4953 4888 4.07 0.782 1647
S3 4774 5051 5036 4.05 0.787 1609
54 4457 4707 4711 3.83 0.772 1470
S5 4677 4907 4887 3.85 0.764 1598
S6 4785 5065 5026 3.84 0.752 1731
S7 4721 5006 4990 3.90 0.768 1576
S8 4763 5038 4979 4.01 0.796 1590
59 4478 4828 4717 4.11 0.789 1433

S10 4613 4880 4857 3.94 0.781 1493
S11 4394 4645 4590 3.96 0.788 1351
512 4452 4696 4666 3.86 0.772 1440

Observed, Chao 1, and ACE- account for the species richness; Chao 1 and ACE also take into consideration counts
of unobserved species; Shannon, Simpson, and Fisher account for both richness and evenness.

3.4.2. Beta Diversity Analysis

Principal coordinate analyses (PCoA) were used to predict if any community structure
existed in these sediments. Although microbial communities were seen as three clusters
on the PCoA plot (Figure 8a), the analysis of similarity (ANOSIM) returned an r? of 0.05
(p < 0.273). This was suggestive of a weak population structure. The variations were 46.4%
at PC1 and 27.5% at PC2. Sampling at a higher frequency is recommended to obtain more
meaningful conclusions regarding the population structure of these metagenomes. We
also noticed that Station S1 appeared as an outlier. Station 1 is in the close vicinity of a
major network of hospitals in Kuwait. This outfall receives emergency hospital waste
on a daily basis; therefore, unique metagenomes are expected at this site. Interestingly,
stations 5S4 and S12 were also closer to each other. Their pristine locations justify the
nearness of their metagenomes. The rest of the stations were grouped as a single large
cluster. Our results were further supported by the Shannon and Simpson diversity indices
(Figure 8b). Clustering of KEGG level 1 pathway abundance also yielded similar grouping
(Figure 8c,d). An ordination analysis was also performed on the RA of ARGs. Unlike
the previous clustering, four groups were seen on the PCoA plot. However, sample S1
stayed aloof and S4 and S12 congregated along with 510 (Figure 8e). Locations S9 and
52 also formed a distinct clan and were closer to sample S1. The variation across the first
axis was 21.1%, and the second axis was recorded as 16.9%. In parallel with the PCoA, a
dendrogram analysis also distributed the stations into four clusters. The samples in each
cluster differed (Cluster I: S9-S2-510; Cluster II: S8-55-S3-57; Cluster III: S6-51; Cluster IV:
54-512-510) (Figure 8f).
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Figure 8. Spatial variations at taxonomic and functional levels. (a) Ordination analysis on RA of
microbial taxa. The colors represent the three clusters (b) Alpha diversity indices of Shannon and
Simpson. (c) Dendrogram and (d) Cluster of KEGG level 1 RA. Stations S4 and S12 are shown as blue
lines. (e) Ordination analysis based on RA of ARGs. The four clusters are shown in different colors
(f) Dendrogram based on RA of ARGs filtered from the marine sediments of Kuwait.

4. Discussion

Shotgun metagenomic sequencing was employed to study the microbial and func-
tional composition of the coastal sediments of Kuwait receiving emergency waste. Next-
generation sequencing has gained immense popularity since 2010 for comprehensively
profiling microbial populations in polluted environments [57]. The high throughput se-
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quencing approach employed in the present investigation successfully captured microbes
from bacterial, archaeal, fungal, and viral domains [18,58,59]. This is the first study re-
porting the taxonomic profiles of all four microbial communities in the coastal sediments,
suggesting the validity of shotgun sequencing in comprehensive biomonitoring. In addition
to the taxonomies, we also present the functional profile of these microorganisms. The
findings provide baseline information on the metabolic potential of these anthropogenically
affected marine environments in Kuwait.

Bacteria (79-92%) were the prime microbial components, followed by archaea > eu-
karyote > virae. A considerable proportion was denoted (12%) as other. Bacterial, archaeal,
and eukaryotic DNA was reported in oil-exposed coastal sediments of the Baltic Sea, with
the majority of eukaryotic DNA belonging to the fungal domain [60]. This was similar to
our observation, where 99% of eukaryotes were fungi [61,62] and their abundances were
lesser than bacteria and archaea. Bacteria and archaea were reported in polluted sub-surface
sediments of Priolo Bay receiving industrial waste [20]. Bacteria and archaea dominate
the ocean’s biomass and play a crucial role in the production and degradation of organic
compounds [57]. Fungi, although of a lower abundance, are known to play an important
role in the recycling of nutrients [60,61]. Viruses are a less explored sediment community.
Breitbart et al. [63] reported that viruses are extremely abundant in marine sediment, and
most of them are double-stranded DNA phages. Danovaro et al. [64] reported the overall
biomass of the top 50 cm of the ocean seafloor (1.74 pg C; 1.5 + 0.4 x 10%) to originate
from bacteria (78%; 3.5 & 0.9 x 10?8 cells), archaea (21% 1.4 + 0.4 x 10?8 cells), and viruses
(<1%; 9.8 4+ 2.5 x 10%8). Bacterial counts ranging between 10 to 10° per g of a sample have
previously been reported in these sediments [36]. The bathymetric patterns showed that
the abundance and biomass of bacteria decreased with depth, whereas viruses and archaea
were not affected [64]. This creates further interest in examining the microbes present along
the sediment profile of Kuwait Bay, which has numerous outfalls and high sedimentation
rates [65-67]. Apart from sediments, bacteria and archaea have been found in the surface
waters of the South China Sea [68], urban backwaters of Muttukuda (TN), India [1], and
deep-sea sediments of Hadal Mariana Trench [69].

Kuwait’s marine area receives a variety of pollutants through local and regional
sources. The main discharges are oil-based, sewage-based, desalination activities, ship
waste dumping, and dredging, to name a few [70]. The most abundant bacterial phyla
observed in the sub-surface marine sediments of Kuwait were Proteobacteria (42-59%).
Similar observations were recorded in metal-contaminated sediments of Liuli river [25],
and hydrocarbon-polluted coastal marine basin sediments of Priolo Bay [20] and the
Northern Adriatic Sea [71]. Microplastic is also a known contaminant in the water bodies
of Kuwait [72,73]. This also accounts for the prevalence of species involved in hydrocarbon
degradation, such as Marinobacter and Woeseia [74]. Genera similar to the present study were
reported from polluted marine sediments in Italy [20]. Euryarchaeota and Thaumarcheota
terminating in the genus Nitrosopumilus were also among the most dominant archaeal
community in oil-contaminated coastal sediments of the Baltic Sea [60]. Unlike Ascomycota
and Basidiomycota reported in sea sediments of the Antarctic Ocean, in the present samples,
Mucormycota was the most common fungal phyla [21]. The T4 virus of Myoviridae is a
bacteriophage and most probably infects the inherent bacterial communities [75,76].

Due to extensive nutrient input both from land-based sources and atmospheric depo-
sition, the oceanic productivity in the northern Gulf is quite high [74,77-79]. A recent study
conducted by the Centre of Environment, Fisheries and Aquaculture Sciences (CEFAS)
reported an increase in dissolved nutrient concentrations in the past three decades [37].
Effluent discharges through storm outlets introduce a variety of metabolites that act as mul-
tiple stressors/nutrients for the inherent microbial community [32,80]. A high abundance
of genes (eggNOG) involved in energy production and conversion, as well as amino acid
transport, were thus documented in this study. These results were corroborated by our
observations on high abundances of GH and GT enzymes (CAZymes), the vital components
of cellular metabolism and carbon cycling [81]. Similar results were recorded in the Brazos-
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Trinity Basin subsurface sediments [82] and Hadal Biosphere at the Yap trench [22]. This
suggests the involvement of microbes in heterotrophic processes, such as the degradation of
carbohydrates, hydrocarbons, and aromatics. Further, the dominance of proteins involved
in signal transduction, mobilome, and defense mechanisms is attributed to the involvement
of microbes in swarming motility, antibiotic resistance, virulence, conjugal plasmid transfer,
and biofilm formation [83].

KEGG annotations revealed the involvement of microbial species in a complex of
level 3 metabolic processes. Effluent discharges in the marine environment are responsible
for unique geochemistry [84], empowering the enrichment of certain metabolic pathways.
The purine and pyrimidine metabolism pathways can be linked to DNA synthesis [24], as
the microbes might be involved in replication and multiplication. The ABC transporters
couple with the ATP hydrolysis to actively transport nutrients by sensing environmental
changes [85]. The two-component signal transduction system is activated in changing envi-
ronmental conditions and initiates processes such as enzymatic catalysis, gene expression,
and protein—protein interactions [86]. The pyruvate metabolism is particularly active in
bacteria in states of excess carbon, where they use pyruvate as a substrate to generate
acetate to recycle NAD* and coenzyme A [87]. Aerobic organisms carry out oxidative
phosphorylation to oxidize nutrients and release energy in iron-limited conditions [88].
Quorum sensing in marine microbes has been associated with processes linked with the
h-carbon cycle and trophic interactions through anthropogenic changes such as ocean
acidification and rising sea temperatures [89]. Carbon fixation pathways in marine prokary-
otes are also linked to global carbon cycling [90]. Ribosomes play a major role in genetic
information processing and protein translation. Carter et al. reported the role of the 30S
subunit of ribosome in the decoding and translocation of antibiotics [91]. The glyoxylate
and dicarboxylate metabolism essentially maintain the gain or loss of hydrogen ions in a
buffered environment. These pathways were also observed in the sediments and surround-
ing seawaters of the Qinhuangdao mariculture coastal area in North China [24], and in the
backwaters of Muttukadu, Tamil Nadu, India, receiving domestic sewage and industrial
effluents [1].

In addition to the above, we also detected ARGs at all the sampling locations. We
believe their prevalence is due to the selective force imposed by the pharmaceuticals and
antibiotics discharged into the ocean through wastewater streams [32,33,36,58]. Analogous
findings were reported in polluted marine environments of the South China Sea [2], the Gulf
of Kathiawar, and the Arabian Sea [18,19,58]. ARG abundances associated with mangrove
sediments were predicted to be higher in Asian countries [19]. The presence of plasmids,
insertion sequences, and integrons, along with ARGs, generates further concern due to
their roles in disseminating ARGs across the marine ecosystem via horizontal gene transfer
(HGT) [92-94]. Pathogens recurrently acquire new resistance genes from environmental
species [95]. More intriguing is the presence of these genetic elements at clean beaches not
receiving significant waste discharges. The preponderance of proteins such as AcrB [96]
and InsO [97] involved in muti-drug efflux systems and mobilomes also requires deeper
investigation into the resistors and mobiles of these environments, with a focus on their
roles in horizontal and vertical gene transfer.

The effluent discharges into marine streams and the geochemical characteristics at
each sampling location shape the microbial community structure [84]. Variations in the
relative abundances of microbial communities were thus observed. However, the species
richness and evenness were at comparable levels between different sites (measured through
the alpha diversity analysis). The community structure in the present samples followed a
weakly heterogeneous pattern (ANOSIM r? < 0.1; p > 0.05). One possibility of the limited
genetic diversity among the microbial communities is the small sample size collected from
a narrow coastline of 499 km /310 mi. Another determining factor might be the multiple
stressors arriving and residing at the offshore sediments through the storm outlets [32,33,98].
As expected, station S1 appeared as an outgroup in the close vicinity of major hospitals in
Kuwait. This site previously recorded the highest concentrations of pharmaceuticals and
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antibiotics [32]. Stations 54 and S12 are grouped together. Both these stations were away
from the outfalls and relatively pristine. Conducting a comprehensive survey with more
samples collected in different seasons would be prudent.

5. Conclusions

Shotgun metagenome analysis is a powerful tool to gain knowledge on the microbial
community composition, metabolic potential, and resistance profile of natural environ-
ments. The prevailing environmental conditions and effluent discharge define the com-
munity composition in the present samples. The spatial variations are attributed to the
physicochemical status defined by the contaminant deposition at each site. Further analysis
could be focused on implementing pollution metrics and the socio-economic status of the
region on the diversity of microbes and their functions. The concept of seasonality should
also be incorporated.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Author Contributions: N.H. and S.U. wrote the primary draft of the manuscript. N.H., S.U. and
F.A. performed the sampling. N.H., A.S., EZ., N.AR. and A.A. carried out extraction and laboratory
analyses. N.H. produced the figures. N.H., S.U. and H.A.-S. finalized the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: The project was funded by the Kuwait Institute for Scientific Research (KISR).

Data Availability Statement: The raw sequences of these data are deposited in the public repository
of the National Centre for Biotechnology Information under the accession number PRJNA819259
(SRR18461109-SRR1846120) (https://www.ncbi.nlm.nih.gov/bioproject/ PRINA819259, accessed on
1 January 2023).

Acknowledgments: We thank Novogene Ltd. for conducting the sequencing and bioinformatic
analysis. We are thankful to Will le Quesne, David Verner Jeffery, and Nicola Coyle at CEFAS UK, for
their kind review and suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

Balasubramanian, V.K.; Maran, M.L].; Ramteke, D.; Vijaykumar, D.S.; Rajendran, A K.; Ramachandran, P.; Ramachandran, R.
Environmental DNA reveals aquatic biodiversity of an urban backwater area, southeast coast of India. Mar. Pollut. Bull. 2021,
171,112786. [CrossRef]

Chen, ].; Mcllroy, S.E.; Archana, A.; Baker, D.M.; Panagiotou, G. A pollution gradient contributes to the taxonomic, functional,
and resistome diversity of microbial communities in marine sediments. Microbiome 2019, 7, 104. [CrossRef] [PubMed]

Scott, N.M.; Hess, M.; Bouskill, N.J.; Mason, O.U.; Jansson, ].K.; Gilbert, ].A. The microbial nitrogen cycling potential is impacted
by polyaromatic hydrocarbon pollution of marine sediments. Front. Microbiol. 2014, 5, 108. [CrossRef] [PubMed]

Chen, B.; Yang, Y,; Liang, X.; Yu, K.; Zhang, T.; Li, X. Metagenomic profiles of antibiotic resistance genes (ARGs) between human
impacted estuary and deep ocean sediments. Environ. Sci. Technol. 2013, 47, 12753-12760. [CrossRef] [PubMed]

Medeiros, J.D.; Cantao, M.E.; Cesar, D.E.; Nicolas, M.E,; Diniz, C.G; Silva, V.L.; Vasconcelos, A.T.; Coelho, C.M. Comparative
metagenome of a stream impacted by the urbanization phenomenon. Braz. J. Microbiol. 2016, 47, 835-845. [CrossRef]

Wu, R. Marine pollution in Hong Kong: A review. Asian Mar. Biol. 1988, 5, 1-23.

Abreo, N.A.S.; Macusi, E.D.; Cuenca, G.C; Ranara, C.T.B.; Andam, M.B.; Cardona, L.; Arabejo, G.E.P. Nutrient enrichment, sedi-
mentation, heavy metals and plastic pollution in the marine environment and its implications on Philippine marine biodiversity:
A Review. IAMURE Int. |. Ecol. Conserv. 2015, 15, 111-167. [CrossRef]

WHO. List of bacteria for Which New Antibiotics Are Urgently Needed; World Health Organization: Geneva, Switzerland, 2017.
WHO. Antimicrobial Resistance: Global Report on Surveillance; World Health Organization: Geneva, Switzerland, 2014.

Xu, M.; Zhang, Q.; Xia, C.; Zhong, Y.; Sun, G.; Guo, J.; Yuan, T.; Zhou, J.; He, Z. Elevated nitrate enriches microbial functional
genes for potential bioremediation of complexly contaminated sediments. ISME ]. 2014, 8, 1932-1944. [CrossRef]

Rasmussen, L.D.; Serensen, S.J. The effect of longterm exposure to mercury on the bacterial community in marine sediment. Curr.
Microbiol. 1998, 36, 291-297. [CrossRef]

Zhang, B; Li, Y,; Xiang, S.-Z.; Yan, Y.; Yang, R.; Lin, M.-P.; Wang, X.-M.; Xue, Y.-L.; Guan, X.-Y. Sediment microbial communities
and their potential role as environmental pollution indicators in Xuande Atoll, South China Sea. Front. Microbiol. 2020, 11, 1011.
[CrossRef]


https://www.mdpi.com/article/10.3390/microorganisms11020531/s1
https://www.mdpi.com/article/10.3390/microorganisms11020531/s1
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA819259
http://doi.org/10.1016/j.marpolbul.2021.112786
http://doi.org/10.1186/s40168-019-0714-6
http://www.ncbi.nlm.nih.gov/pubmed/31307536
http://doi.org/10.3389/fmicb.2014.00108
http://www.ncbi.nlm.nih.gov/pubmed/24723913
http://doi.org/10.1021/es403818e
http://www.ncbi.nlm.nih.gov/pubmed/24125531
http://doi.org/10.1016/j.bjm.2016.06.011
http://doi.org/10.7718/ijec.v15i1.999
http://doi.org/10.1038/ismej.2014.42
http://doi.org/10.1007/s002849900312
http://doi.org/10.3389/fmicb.2020.01011

Microorganisms 2023, 11, 531 16 of 19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Cyriac, M.; Gireeshkumar, T.; Furtado, C.; Fathin, K.F; Shameem, K.; Shaik, A.; Vignesh, E.; Nair, M.; Kocherla, M.;
Balachandran, K. Distribution, contamination status and bioavailability of trace metals in surface sediments along the southwest
coast of India. Mar. Pollut. Bull. 2021, 164, 112042. [CrossRef] [PubMed]

Yang, H.; Liu, R.; Liu, H.; Wang, C.; Yin, X.; Zhang, M.; Fang, J.; Zhang, T.; Ma, L. Evidence for Long-Term Anthropogenic
Pollution: The Hadal Trench as a Depository and Indicator for Dissemination of Antibiotic Resistance Genes. Environ. Sci. Technol.
2021, 55, 15136-15148. [CrossRef] [PubMed]

Yang, X; Yan, L.; Yang, Y.; Zhou, H.; Cao, Y.; Wang, S.; Xue, B.; Li, C.; Zhao, C.; Zhang, X. The Occurrence and Distribution Pattern
of Antibiotic Resistance Genes and Bacterial Community in the Ili River. Front. Environ. Sci. 2022, 10, 212. [CrossRef]

Chen, Y.-r.; Guo, X.-p.; Niu, Z.-s.; Lu, D.-p.; Sun, X.-1.; Zhao, S.; Hou, L.5.; Liu, M.; Yang, Y. Antibiotic resistance genes (ARGs) and
their associated environmental factors in the Yangtze Estuary, China: From inlet to outlet. Mar. Pollut. Bull. 2020, 158, 111360.
[CrossRef] [PubMed]

Guo, X.-p.; Zhao, S.; Chen, Y.-r,; Yang, J.; Hou, L.5.; Liu, M.; Yang, Y. Antibiotic resistance genes in sediments of the Yangtze
Estuary: From 2007 to 2019. Sci. Total Environ. 2020, 744, 140713. [CrossRef]

Mootapally, C.; Nathani, N.M.; Poriya, P.; Beleem, I.; Dabhi, J.C.; Gadhvi, LR.; Joshi, C.G. Antibiotic Resistome Biomarkers
associated to the pelagic Sediments of the Gulfs of Kathiawar peninsula and Arabian Sea. Sci. Rep. 2019, 9, 1-12. [CrossRef]
Imchen, M.; Kumavath, R. Shotgun metagenomics reveals a heterogeneous prokaryotic community and a wide array of antibiotic
resistance genes in mangrove sediment. FEMS Microbiol. Ecol. 2020, 96, fiaal73. [CrossRef]

Catania, V.; Cappello, S.; Di Giorgi, V.; Santisi, S.; Di Maria, R.; Mazzola, A.; Vizzini, S.; Quatrini, P. Microbial communities of
polluted sub-surface marine sediments. Mar. Pollut. Bull. 2018, 131, 396-406. [CrossRef]

Ogaki, M.B.; Pinto, O.H.B.; Vieira, R.; Neto, A.A.; Convey, P.; Carvalho-Silva, M.; Rosa, C.A.; Camara, PE.; Rosa, L.H. Fungi
present in Antarctic deep-sea sediments assessed using DNA metabarcoding. Microb. Ecol. 2021, 82, 157-164. [CrossRef]
Zhang, X.; Xu, W,; Liu, Y,; Cai, M; Luo, Z; Li, M. Metagenomics reveals microbial diversity and metabolic potentials of seawater
and surface sediment from a hadal biosphere at the Yap Trench. Front. Microbiol. 2018, 9, 2402. [CrossRef]

Cabello-Yeves, PJ.; Callieri, C.; Picazo, A.; Mehrshad, M.; Haro-Moreno, J.M.; Roda-Garcia, J.J.; Dzhembekova, N.; Slabakova, V.;
Slabakova, N.; Moncheva, S.; et al. The microbiome of the Black Sea water column analyzed by shotgun and genome centric
metagenomics. Environ. Microbiome 2021, 16, 5. [CrossRef] [PubMed]

Wang, S.; Yan, Z.; Wang, P.; Zheng, X.; Fan, ]. Comparative metagenomics reveals the microbial diversity and metabolic potentials
in the sediments and surrounding seawaters of Qinhuangdao mariculture area. PLoS ONE 2020, 15, e0234128. [CrossRef]
[PubMed]

Yan, C.; Wang, F.; Geng, H.; Liu, H.; Pu, S.; Tian, Z.; Chen, H.; Zhou, B.; Yuan, R; Yao, J. Integrating high-throughput sequencing
and metagenome analysis to reveal the characteristic and resistance mechanism of microbial community in metal contaminated
sediments. Sci. Total Environ. 2020, 707, 136116. [CrossRef] [PubMed]

Uddin, S.; Al Ghadban, A.N.; Khabbaz, A. Localized hyper saline waters in Arabian Gulf from desalination activity-an example
from South Kuwait. Environ. Monit. Assess. 2011, 181, 587-594. [CrossRef] [PubMed]

Uddin, S.; Aba, A.; Fowler, SSW.; Behbehani, M.; Ismaeel, A.; Al-Shammari, H.; Alboloushi, A.; Mietelski, J.W.; Al-Ghadban, A.;
Al-Ghunaim, A.; et al. Radioactivity in the Kuwait marine environment-Baseline measurements and review. Mar. Pollut. Bull.
2015, 100, 651-661. [CrossRef] [PubMed]

Uddin, S.; Aba, A.; Behbehani, M.; Al-Ghadban, A.N.; Al-Zekri, W.; Al-Shammari, H. Plutonium and cesium baseline concentra-
tions in seawater from northern Arabian Gulf. Mar. Pollut. Bull. 2017, 120, 396-400. [CrossRef]

Uddin, S.; Behbehani, M.; Aba, A.; Al Ghadban, A.N. Naturally Occurring Radioactive Material (NORM) in seawater of the
northern Arabian Gulf—Baseline measurements. Mar. Pollut. Bull. 2017, 123, 365-372. [CrossRef]

Alsarawi, H.A. Developing an Integrated Strategy for the Assessment of Hazardous Substances in Kuwait’s Marine Environment;
University of Plymouth: Plymouth, UK, 2017.

Al-Sarawi, H.A.; Jha, A.N.; Al-Sarawi, M.A.; Lyons, B.P. Historic and contemporary contamination in the marine environment of
Kuwait: An overview. Mar. Pollut. Bull. 2015, 100, 621-628. [CrossRef]

Gevao, B.; Uddin, S.; Dupont, S. Baseline concentrations of pharmaceuticals in Kuwait’s coastal marine environment. Mar. Pollut.
Bull. 2021, 173, 113040. [CrossRef]

Gevao, B.; Uddin, S.; Krishnan, D.; Rajagopalan, S.; Habibi, N. Antibiotics in Wastewater: Baseline of the Influent and Effluent
Streams in Kuwait. Toxics 2022, 10, 174. [CrossRef]

Al-Sarawi, H.A ; Jha, A.N.; Baker-Austin, C.; Al-Sarawi, M.A_; Lyons, B.P. Baseline screening for the presence of antimicrobial
resistance in E. coli isolated from Kuwait’s marine environment. Mar. Pollut. Bull. 2018, 129, 893-898. [CrossRef] [PubMed]
Al-Sarawi, H.A.; Najem, A.B.; Lyons, B.P,; Uddin, S.; Al-Sarawi, M.A. Antimicrobial Resistance in Escherichia coli Isolated from
Marine Sediment Samples from Kuwait Bay. Sustainability 2022, 14, 11325. [CrossRef]

Habibi, N.; Uddin, S.; Lyons, B.; Al-Sarawi, H.A.; Behbehani, M.; Shajan, A.; Razzack, N.A.; Zakir, F; Alam, F. Antibiotic
Resistance Genes Associated with Marine Surface Sediments: A Baseline from the Shores of Kuwait. Sustainability 2022, 14, 8029.
[CrossRef]

Devlin, M.; Le Quesne, W.J.; Lyons, B.P. The marine environment of Kuwait—Emerging issues in a rapidly changing environment.
Mar. Pollut. Bull. 2015, 100, 593-596. [CrossRef] [PubMed]


http://doi.org/10.1016/j.marpolbul.2021.112042
http://www.ncbi.nlm.nih.gov/pubmed/33524831
http://doi.org/10.1021/acs.est.1c03444
http://www.ncbi.nlm.nih.gov/pubmed/34739205
http://doi.org/10.3389/fenvs.2022.840428
http://doi.org/10.1016/j.marpolbul.2020.111360
http://www.ncbi.nlm.nih.gov/pubmed/32573452
http://doi.org/10.1016/j.scitotenv.2020.140713
http://doi.org/10.1038/s41598-019-53832-9
http://doi.org/10.1093/femsec/fiaa173
http://doi.org/10.1016/j.marpolbul.2018.04.015
http://doi.org/10.1007/s00248-020-01658-8
http://doi.org/10.3389/fmicb.2018.02402
http://doi.org/10.1186/s40793-021-00374-1
http://www.ncbi.nlm.nih.gov/pubmed/33902743
http://doi.org/10.1371/journal.pone.0234128
http://www.ncbi.nlm.nih.gov/pubmed/32497143
http://doi.org/10.1016/j.scitotenv.2019.136116
http://www.ncbi.nlm.nih.gov/pubmed/31874394
http://doi.org/10.1007/s10661-010-1853-1
http://www.ncbi.nlm.nih.gov/pubmed/21213041
http://doi.org/10.1016/j.marpolbul.2015.10.018
http://www.ncbi.nlm.nih.gov/pubmed/26490408
http://doi.org/10.1016/j.marpolbul.2017.05.006
http://doi.org/10.1016/j.marpolbul.2017.09.009
http://doi.org/10.1016/j.marpolbul.2015.07.052
http://doi.org/10.1016/j.marpolbul.2021.113040
http://doi.org/10.3390/toxics10040174
http://doi.org/10.1016/j.marpolbul.2017.10.044
http://www.ncbi.nlm.nih.gov/pubmed/29079300
http://doi.org/10.3390/su141811325
http://doi.org/10.3390/su14138029
http://doi.org/10.1016/j.marpolbul.2015.11.046
http://www.ncbi.nlm.nih.gov/pubmed/26689490

Microorganisms 2023, 11, 531 17 of 19

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.
51.
52.
53.
54.
55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Le Quesne, W.].; Baker-Austin, C.; Verner-Jeffreys, D.W.; Al-Sarawi, H.A.; Balkhy, H.H.; Lyons, B.P. Antimicrobial resistance in the
Gulf Cooperation Council region: A proposed framework to assess threats, impacts and mitigation measures associated with
AMR in the marine and aquatic environment. Environ. Int. 2018, 121, 1003-1010. [CrossRef] [PubMed]

Khan, M.W.; Habibi, N.; Shaheed, F.; Mustafa, A.S. Draft genome sequences of five clinical strains of Brucella melitensis isolated
from patients residing in Kuwait. Genome Announc. 2016, 4, €01144-16. [CrossRef] [PubMed]

Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol. 2009, 10, R25. [CrossRef]

Andrews, S. FastQC: A quality control tool for high throughput sequence data. Available online. Retrieved May 2010, 17, 2018.
Zhu, W.; Lomsadze, A.; Borodovsky, M. Ab initio gene identification in metagenomic sequences. Nucleic Acids Res. 2010, 38, e132.
[CrossRef]

Li, W.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics
2006, 22, 1658-1659. [CrossRef]

Buchfink, B.; Xie, C.; Huson, D.H. Fast and sensitive protein alignment using DIAMOND. Nat. Methods 2015, 12, 59—-60. [CrossRef]
[PubMed]

Huson, D.H.; Beier, S.; Flade, I.; Gorska, A.; El-Hadidi, M.; Mitra, S.; Ruscheweyh, H.-J.; Tappu, R. MEGAN community edition-
interactive exploration and analysis of large-scale microbiome sequencing data. PLoS Comput. Biol. 2016, 12, €1004957. [CrossRef]
[PubMed]

Ondoyv, B.D.; Bergman, N.H.; Phillippy, A.M. Interactive metagenomic visualization in a Web browser. BMC Bioinform. 2011,
12, 385. [CrossRef] [PubMed]

Foster, Z.S.; Sharpton, T.J.; Griinwald, N.J. MetacodeR: An R package for manipulation and heat tree visualization of community
taxonomic data from metabarcoding. bioRxiv 2016, 071019. [CrossRef]

Dhariwal, A.; Chong, J.; Habib, S.; King, L.L.; Agellon, L.B.; Xia, J]. MicrobiomeAnalyst: A web-based tool for comprehensive
statistical, visual and meta-analysis of microbiome data. Nucleic Acids Res. 2017, 45, W180-W188. [CrossRef]

Huerta-Cepas, J.; Szklarczyk, D.; Heller, D.; Hernandez-Plaza, A.; Forslund, S.K.; Cook, H.; Mende, D.R.; Letunic, I; Rattei, T.;
Jensen, L.J. eggNOG 5.0: A hierarchical, functionally and phylogenetically annotated orthology resource based on 5090 organisms
and 2502 viruses. Nucleic Acids Res. 2019, 47, D309-D314. [CrossRef]

Drula, E.; Garron, M.-L.; Dogan, S.; Lombard, V.; Henrissat, B.; Terrapon, N. The carbohydrate-active enzyme database: Functions
and literature. Nucleic Acids Res. 2022, 50, D571-D577. [CrossRef]

Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27-30. [CrossRef]
Kanehisa, M. Toward understanding the origin and evolution of cellular organisms. Protein Sci. 2019, 28, 1947-1951. [CrossRef]
Kanehisa, M.; Furumichi, M.; Sato, Y.; Ishiguro-Watanabe, M.; Tanabe, M. KEGG: Integrating viruses and cellular organisms.
Nucleic Acids Res. 2021, 49, D545-D551. [CrossRef]

McArthur, A.G.; Waglechner, N.; Nizam, E; Yan, A.; Azad, M.A.; Baylay, A.]J.; Bhullar, K.; Canova, M.].; De Pascale, G.; Ejim, L.
The comprehensive antibiotic resistance database. Antimicrob. Agents Chemother. 2013, 57, 3348-3357. [CrossRef] [PubMed]
Chong, J.; Liu, P.; Zhou, G.; Xia, J. Using MicrobiomeAnalyst for comprehensive statistical, functional, and meta-analysis of
microbiome data. Nat. Protoc. 2020, 15, 799-821. [CrossRef] [PubMed]

Willis, A.D. Rarefaction, alpha diversity, and statistics. Front. Microbiol. 2019, 10, 2407. [CrossRef] [PubMed]

Doytchinov, V.V.; Dimov, S.G. Microbial community composition of the Antarctic ecosystems: Review of the bacteria, fungi, and
archaea identified through an NGS-based metagenomics approach. Life 2022, 12, 916. [CrossRef]

Nathani, N.M.; Mootapally, C.; Dave, B.P. Antibiotic resistance genes allied to the pelagic sediment microbiome in the Gulf of
Khambhat and Arabian Sea. Sci. Total Environ. 2019, 653, 446-454. [CrossRef]

Hoshino, T.; Doi, H.; Uramoto, G.-I.; Wérmer, L.; Adhikari, R.R.; Xiao, N.; Morono, Y.; D'Hondyt, S.; Hinrichs, K.-U.; Inagaki, F.
Global diversity of microbial communities in marine sediment. Proc. Natl. Acad. Sci. USA 2020, 117, 27587-27597. [CrossRef]
Miettinen, H.; Bomberg, M.; Nyyssonen, M.; Reunamo, A.; Jergensen, K.S.; Vikman, M. Oil degradation potential of microbial
communities in water and sediment of Baltic Sea coastal area. PLoS ONE 2019, 14, e0218834. [CrossRef]

Edgcomb, V.P; Beaudoin, D.; Gast, R.; Biddle, J.E; Teske, A. Marine subsurface eukaryotes: The fungal majority. Environ. Microbiol.
2011, 13, 172-183. [CrossRef]

Pachiadaki, M.G.; Rédou, V.; Beaudoin, D.J.; Burgaud, G.; Edgcomb, V.P. Fungal and prokaryotic activities in the marine
subsurface biosphere at Peru Margin and Canterbury Basin inferred from RNA-based analyses and microscopy. Front. Microbiol.
2016, 7, 846. [CrossRef]

Breitbart, M.; Felts, B.; Kelley, S.; Mahaffy, ].M.; Nulton, ]J.; Salamon, P.; Rohwer, F. Diversity and population structure of a
near-shore marine-sediment viral community. Proc. R. Soc. London Ser. B Biol. Sci. 2004, 271, 565-574. [CrossRef]

Danovaro, R.; Corinaldesi, C.; Rastelli, E.; Anno, A.D. Towards a better quantitative assessment of the relevance of deep-sea
viruses, Bacteria and Archaea in the functioning of the ocean seafloor. Aquat. Microb. Ecol. 2015, 75, 81-90. [CrossRef]
Al-Abdulghani, E.; El-Sammak, A.; Sarawi, M. Environmental assessment of Kuwait Bay: An integrated approach. J. Coast.
Conserv. 2013, 17, 445-462. [CrossRef]

Al-Gadhban, A.N.; Uddin, S.; Beg, M.U.; Al-Dousari, A.M.; Gevao, B. Ecological consequences of River Manipulation and Drainage of
Mesopotamian Marshes on the Arabian Gulf Ecosystem: Investigations on Changes in Sedimentology and Environment Quality with Special
Reference to Kuwait Bay; Kuwait Institute for Scientific Research: Kuwait City, Kuwait, 2008.


http://doi.org/10.1016/j.envint.2018.06.030
http://www.ncbi.nlm.nih.gov/pubmed/29980310
http://doi.org/10.1128/genomeA.01144-16
http://www.ncbi.nlm.nih.gov/pubmed/27811090
http://doi.org/10.1186/gb-2009-10-3-r25
http://doi.org/10.1093/nar/gkq275
http://doi.org/10.1093/bioinformatics/btl158
http://doi.org/10.1038/nmeth.3176
http://www.ncbi.nlm.nih.gov/pubmed/25402007
http://doi.org/10.1371/journal.pcbi.1004957
http://www.ncbi.nlm.nih.gov/pubmed/27327495
http://doi.org/10.1186/1471-2105-12-385
http://www.ncbi.nlm.nih.gov/pubmed/21961884
http://doi.org/10.1101/071019
http://doi.org/10.1093/nar/gkx295
http://doi.org/10.1093/nar/gky1085
http://doi.org/10.1093/nar/gkab1045
http://doi.org/10.1093/nar/28.1.27
http://doi.org/10.1002/pro.3715
http://doi.org/10.1093/nar/gkaa970
http://doi.org/10.1128/AAC.00419-13
http://www.ncbi.nlm.nih.gov/pubmed/23650175
http://doi.org/10.1038/s41596-019-0264-1
http://www.ncbi.nlm.nih.gov/pubmed/31942082
http://doi.org/10.3389/fmicb.2019.02407
http://www.ncbi.nlm.nih.gov/pubmed/31708888
http://doi.org/10.3390/life12060916
http://doi.org/10.1016/j.scitotenv.2018.10.409
http://doi.org/10.1073/pnas.1919139117
http://doi.org/10.1371/journal.pone.0218834
http://doi.org/10.1111/j.1462-2920.2010.02318.x
http://doi.org/10.3389/fmicb.2016.00846
http://doi.org/10.1098/rspb.2003.2628
http://doi.org/10.3354/ame01747
http://doi.org/10.1007/s11852-013-0242-7

Microorganisms 2023, 11, 531 18 of 19

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

Aba, A.; Uddin, S.; Bahbahani, M.; Al-Ghadban, A. Radiometric dating of sediment records in Kuwait’s marine area. J. Radioanal.
Nucl. Chem. 2014, 301, 247-255. [CrossRef]

Song, J.; Mujahid, A.; Lim, P-T.; Samah, A.A.; Quack, B.; Pfeilsticker, K.; Tang, S.-L.; Ivanova, E.; Miiller, M. Shotgun metagenomic
analysis of microbial communities in the surface waters of the Eastern South China Sea. Malays. ]. Microbiol. 2017, 350-362.

He, L.; Huang, X.; Zhang, G.; Yuan, L.; Shen, E.; Zhang, L.; Zhang, X.-H.; Zhang, T; Tao, L.; Ju, E. Distinctive signatures of
pathogenic and antibiotic resistant potentials in the hadal microbiome. Environ. Microbiome 2022, 17, 19. [CrossRef] [PubMed]
Algattan, M.E.; Gray, T.S. Marine Pollution in Kuwait and Its Impacts on Fish-Stock Decline in Kuwaiti Waters: Reviewing the
Kuwaiti Government’s Policies and Practices. Front. Sustain. 2021, 2, 51. [CrossRef]

Korlevi¢, M.; Zucko, J.; Dragi¢, M.N.; BlaZina, M.; Pustijanac, E.; Zeljko, T.V.; Gacesa, R.; Baranasic, D.; Starcevic, A.; Diminic, J.
Bacterial diversity of polluted surface sediments in the northern Adriatic Sea. Syst. Appl. Microbiol. 2015, 38, 189-197. [CrossRef]
Uddin, S.; Fowler, S.W.; Saeed, T. Microplastic particles in the Persian/Arabian Gulf-a review on sampling and identification.
Mar. Pollut. Bull. 2020, 154, 111100. [CrossRef]

Uddin, S.; Fowler, S.W.; Uddin, M.E,; Behbehani, M.; Naji, A. A review of microplastic distribution in sediment profiles. Mar.
Pollut. Bull. 2021, 163, 111973. [CrossRef]

Al-Ghadban, A.N.; Uddin, S.; Maltby, E.; Al Khabbaz, A.; Al Mutairi, A. Denitrification potential of the Northern Arabian
Gulf—An experimental study. Environ. Monit. Assess. 2012, 184, 7103-7112. [CrossRef]

Liu, W,; Zheng, X.; Dai, X.; Zhang, Z.; Zhang, W.; Xiao, T.; Huang, L. Isolation and Characterization of the First Temperate Virus
Infecting Psychrobacillus from Marine Sediments. Viruses 2022, 14, 108. [CrossRef] [PubMed]

Liu, L.; Cai, L.; Zhang, R. Co-existence of freshwater and marine T4-like myoviruses in a typical subtropical estuary. FEMS
Microbiol. Ecol. 2017, 93, fix119. [CrossRef] [PubMed]

Uddin, S.; Al-Ghadban, A.N.; Gevao, B.; Al-Shamroukh, D.; Al-Khabbaz, A. Estimation of Suspended Particulate Matter in Gulf
using MODIS data. Aquat. Ecosyst. Health Manag. Soc. 2012, 15, 41-44. [CrossRef]

Elkadiri, R.; Manche, C.; Sultan, M.; Al-Dousari, A.; Uddin, S.; Chouinard, K.; Abotalib, A.Z. Development of a Coupled
Spatiotemporal Algal Bloom Model for Coastal Areas: A Remote Sensing and Data Mining-Based Approach. IEEE ]. Sel. Top.
Appl. Earth Obs. Remote Sens. 2016, 9, 5159-5171. [CrossRef]

Habibi, N.; Uddin, S.; Bottein, M.-Y.D.; Faizuddin, M. Ciguatera in the Indian Ocean with Special Insights on the Arabian Sea and
Adjacent Gulf and Seas: A Review. Toxins 2021, 13, 525. [CrossRef]

Nowak, M.A.; Boerlijst, M.C.; Cooke, ].; Smith, ].M. Evolution of genetic redundancy. Nature 1997, 388, 167-171. [CrossRef]
Orsi, W.D.; Richards, T.A.; Francis, W.R. Predicted microbial secretomes and their target substrates in marine sediment. Nat.
Microbiol. 2018, 3, 32-37. [CrossRef]

Biddle, J.F.,; White, J.R.; Teske, A.P.; House, C.H. Metagenomics of the subsurface Brazos-Trinity Basin (IODP site 1320): Compari-
son with other sediment and pyrosequenced metagenomes. ISME . 2011, 5, 1038-1047. [CrossRef]

Wang, R.; Zhang, W.; Ding, W.; Liang, Z.; Long, L.; Wong, W.C.; Qian, P-Y. Profiling signal transduction in global marine biofilms.
Front. Microbiol. 2022, 12, 768926. [CrossRef]

Trevathan-Tackett, S.M.; Sherman, C.D.; Huggett, M.].; Campbell, A.H.; Laverock, B.; Hurtado-McCormick, V.; Seymour, J.R.;
Firl, A.; Messer, L.E.,; Ainsworth, T.D. A horizon scan of priorities for coastal marine microbiome research. Nat. Ecol. Evol. 2019, 3,
1509-1520. [CrossRef]

Hosie, A.H.; Poole, P.S. Bacterial ABC transporters of amino acids. Res. Microbiol. 2001, 152, 259-270. [CrossRef] [PubMed]
Giuliani, S.E.; Frank, A.M.; Corgliano, D.M.; Seifert, C.; Hauser, L.; Collart, ER. Environment sensing and response mediated by
ABC transporters. BMC Genom. 2011, 12, S8. [CrossRef] [PubMed]

Sriram, R.; Sun, J.; Villanueva-Meyer, J.; Mutch, C.; De Los Santos, J.; Peters, J.; Korenchan, D.E.; Neumann, K.; Van Criekinge,
M.; Kurhanewicz, ]. Detection of bacteria-specific metabolism using hyperpolarized [2-13C] pyruvate. ACS Infect. Dis. 2018, 4,
797-805. [CrossRef] [PubMed]

Fourquez, M.; Devez, A.; Schaumann, A.; Gueneugues, A.; Jouenne, T.; Obernosterer, I.; Blain, S. Effects of iron limitation on
growth and carbon metabolism in oceanic and coastal heterotrophic bacteria. Limnol. Oceanogr. 2014, 59, 349-360. [CrossRef]
Hmelo, L.R. Quorum sensing in marine microbial environments. Annu. Rev. Mar. Sci. 2017, 9, 257-281. [CrossRef] [PubMed]
Pachiadaki, M.G.; Sintes, E.; Bergauer, K.; Brown, ].M.; Record, N.R.; Swan, B.K.; Mathyer, M.E.; Hallam, S.J.; Lopez-Garcia, P;
Takaki, Y. Major role of nitrite-oxidizing bacteria in dark ocean carbon fixation. Science 2017, 358, 1046-1051. [CrossRef]

Carter, A.P; Clemons, WM.; Brodersen, D.E.; Morgan-Warren, R.].; Wimberly, B.T.; Ramakrishnan, V. Functional insights from the
structure of the 30S ribosomal subunit and its interactions with antibiotics. Nature 2000, 407, 340-348. [CrossRef]

Qiao, M.; Ying, G.-G.; Singer, A.C.; Zhu, Y.-G. Review of antibiotic resistance in China and its environment. Environ. Int. 2018,
110, 160-172. [CrossRef]

Singer, A.C.; Shaw, H.; Rhodes, V.; Hart, A. Review of antimicrobial resistance in the environment and its relevance to environ-
mental regulators. Front. Microbiol. 2016, 7, 1728. [CrossRef]

Amarasiri, M.; Sano, D.; Suzuki, S. Understanding human health risks caused by antibiotic resistant bacteria (ARB) and antibiotic
resistance genes (ARG) in water environments: Current knowledge and questions to be answered. Crit. Rev. Environ. Sci. Technol.
2020, 50, 2016-2059. [CrossRef]

Larsson, D.J.; Flach, C.-F. Antibiotic resistance in the environment. Nat. Rev. Microbiol. 2022, 20, 257-269. [CrossRef] [PubMed]


http://doi.org/10.1007/s10967-014-3140-z
http://doi.org/10.1186/s40793-022-00413-5
http://www.ncbi.nlm.nih.gov/pubmed/35468809
http://doi.org/10.3389/frsus.2021.667822
http://doi.org/10.1016/j.syapm.2015.03.001
http://doi.org/10.1016/j.marpolbul.2020.111100
http://doi.org/10.1016/j.marpolbul.2021.111973
http://doi.org/10.1007/s10661-011-2483-y
http://doi.org/10.3390/v14010108
http://www.ncbi.nlm.nih.gov/pubmed/35062312
http://doi.org/10.1093/femsec/fix119
http://www.ncbi.nlm.nih.gov/pubmed/29099976
http://doi.org/10.1080/14634988.2012.668114
http://doi.org/10.1109/JSTARS.2016.2555898
http://doi.org/10.3390/toxins13080525
http://doi.org/10.1038/40618
http://doi.org/10.1038/s41564-017-0047-9
http://doi.org/10.1038/ismej.2010.199
http://doi.org/10.3389/fmicb.2021.768926
http://doi.org/10.1038/s41559-019-0999-7
http://doi.org/10.1016/S0923-2508(01)01197-4
http://www.ncbi.nlm.nih.gov/pubmed/11421273
http://doi.org/10.1186/1471-2164-12-S1-S8
http://www.ncbi.nlm.nih.gov/pubmed/21810210
http://doi.org/10.1021/acsinfecdis.7b00234
http://www.ncbi.nlm.nih.gov/pubmed/29405697
http://doi.org/10.4319/lo.2014.59.2.0349
http://doi.org/10.1146/annurev-marine-010816-060656
http://www.ncbi.nlm.nih.gov/pubmed/27814032
http://doi.org/10.1126/science.aan8260
http://doi.org/10.1038/35030019
http://doi.org/10.1016/j.envint.2017.10.016
http://doi.org/10.3389/fmicb.2016.01728
http://doi.org/10.1080/10643389.2019.1692611
http://doi.org/10.1038/s41579-021-00649-x
http://www.ncbi.nlm.nih.gov/pubmed/34737424

Microorganisms 2023, 11, 531 19 of 19

96. Ma, D,; Cook, D.N.; Alberti, M.; Pon, N.G.; Nikaido, H.; Hearst, ].E. Genes acrA and acrB encode a stress-induced efflux system of
Escherichia coli. Mol. Microbiol. 1995, 16, 45-55. [CrossRef] [PubMed]

97. Blattner, ER.; Plunkett III, G.; Bloch, C.A.; Perna, N.T.; Burland, V.; Riley, M.; Collado-Vides, ].; Glasner, ].D.; Rode, C.K,;
Mayhew, G.E. The complete genome sequence of Escherichia coli K-12. Science 1997, 277, 1453-1462. [CrossRef] [PubMed]

98. Uddin, S.; Behbehani, M.; Habibi, N.; Faizuddin, M.; Al-Murad, M.; Martinez-Guijarro, K.; Al-Sarawi, H.A.; Karam, Q.
Microplastics in Kuwait’s Wastewater Streams. Sustainability 2022, 14, 15817. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/j.1365-2958.1995.tb02390.x
http://www.ncbi.nlm.nih.gov/pubmed/7651136
http://doi.org/10.1126/science.277.5331.1453
http://www.ncbi.nlm.nih.gov/pubmed/9278503
http://doi.org/10.3390/su142315817

	Introduction 
	Methods 
	Sample Collection and DNA Extraction 
	Metagenomic Sequencing 
	Functional Annotation 
	Statistical Analysis 

	Results 
	Taxonomic Profiling 
	Functional Profiles 
	Resistome and Mobilome Profiling 
	Spatial Variations 
	Alpha Diversity Analysis 
	Beta Diversity Analysis 


	Discussion 
	Conclusions 
	References

