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1. BACKGROUND

Kingdom of Saud Arabia covers about 80% of Arabian Peninsula; it occupies an area of about 2,250,000
square kilometers (El Raey, 2010). The country has an arid climate with an average annual rainfall of
70.5 mm along the broad coastal Tihamah plains of Red Sea (Hariri, 2012). The largest section of
Saudi Arabian's Red Sea coastline (Figure 1) extends about 1800 km to the west; from Jordan to Yemen
(Khalil, 2017). The Red Sea is a young environment that began to form after the northeast African
continental crust began to divide and drift eastward (Berumen et al, 2019). The present dimensions
and structure of the Red Sea are the result of a combination of geological and climatic processes,
including the spreading between the African and Arabian plates, associated volcanism in the mid-
Tertiary, and eustatic sea-level fluctuations (Di Battista et al., 2016). Tertiary faulting in the area
between Africa and Arabia led to the formation of the Red Sea rift. Red Sea Red Sea Mountains are
characterized by a steep western edge and a gently east-dipping Arabian Shield. The landmass lies
between the mid-latitudes; in a typically arid area dependent on winter rains in the north and monsoon
winds in the south.

The Red Sea lies as an elongated, north-south oriented oceanic basin extending from 30°N to 12° 40'N
between Asia and Africa (Rasul and Stewart, 2015). It is surrounded by desert landscapes where rivers
are scarce, with a modest area (438,000 km2) (Alsaffar, 2018).

Red Sea countries include Egypt, Sudan, Eritrea, and Djibouti on the west coast, with Saudi Arabia and
Yemen on the east coast. The Red Sea has many fascinating geomorphological characteristics, such as
its extreme depths, particularly along its long axis, and the unusually high elevations along much of its
rough shoulder. The oceanic spreading centers in the Red Sea are profoundly bound to the depths (Rasul
and Stewart, 2015). its depths range from shallow along the coral coasts (50 m) to deep in the
shelf/offshore areas (500-1000 m) or in the trench itself (at least 2000 m) (1000 m).

Marine environments are broadly divided into two aquatic environments: a pelagic and a near-bottom
or benthic. Within the pelagic environment, water is divided into the neritic province, which includes
water above the continental shelf and is characterized by high nutrient content resulting from solutes in
river runoff, and the oceanic province, which includes all open water beyond the continental shelf
(Dupuy et al., 2015).

In addition, the benthic environment is divided into a number of unique ecological zones based on
depth, seafloor topography and vertical gradients of physical parameters; in particular, the balance
between stabilizing and destabilizing biotic effects (Schratzbergera and Ingels, 2020). These are: a)
the supralittoral (above the high-water mark but not submerged), b) the intertidal or littoral zone, c)
offshore water, and d) the sublittoral or ambient zone. The sediments of the continental shelf that affect
marine organisms generally originate from the land (Joydas and Borja, 2019). The intertidal soft
sediment habitat is classified as one of the most productive ecosystems on earth; mainly due to the
primary production of highly diverse collections of benthic diatoms (Dupuy et al., 2015).

Haeckel coined the term benthos in 1891, which is derived from the Greek verb Baos, noun Bévbog
(vathos, rank, degree), related to bathos, depth, bathys, deep, high, meaning depth of the sea (Zaleha,
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2009). Benthic or benthic zones represent a community of living organisms on, in, or near the seafloor,
rivers, lakes, or stream bottoms. They include microorganisms that live in and on sediments that inhabit
rocky substrates and make up the biodiversity.

This populations of bacteria, archaea, eukaryotic microbes, and viruses represent nearly abysmal levels
of aquatic biodiversity (Thompson et al., 2017). Studying the mechanisms that control the metabolism
of human organisms, as well as how those processes interact with the biotic and abiotic environment,
would present a challenging issue (Graham et al., 2016).

Computational capacity and new sophisticated molecular methods are reducing the expense of whole-
genome DNA sequencing and are spurring marine microbial research (Davenport and Tummler
2013). e.g. Next-generation whole-genome sequencing (WMGS) has allowed more in-depth analyses
to elucidate a greater number of microbial species taxa discovered in environmental samples (Meyer et
al., 2019). High-throughput amplicon-dependent sequencing technologies based on interspecific
variations in individual marker genes (16S ribosomal RNA; 16S rRNA) are commonly employed for
analyzing benthic microecological diversity (Props et al., 2016).

This paper aims to review and discuss 1) how these benthic communities are crucial for the functioning
of coastal ecosystems, which are subject to increasing anthropogenic pressures and are considered one
of the most affected ecosystems worldwide. 2) The extreme threat to biogenic habitats, such as
seagrasses, macroalgae and biogenic reefs, which are acutely threatened by environmental change. 3)
The implementation of environmental genomics to study the taxonomic identification and functional
metagenomics of marine benthic metazoans and micrometazoans.

2. THE UNIQUE CHARACTERISTICS OF RED SEA ECOSYSTEM

The Red Sea represents one of the most extreme environments in the world (Dreano et al., 2016).
Remotely measured SST ranges from an average of 31.3+1.1°C in the south Red Sea to 26+1°C in the
far north (Monroe et al., 2018). This salty marine ecosystem has a salinity about 39% (about 4% higher)
than the global ocean average. In the Red Sea, 40% of the seafloor is less than 100 m deep and 25% is
lower than 50 m with a broad variety of seasonal water temperature regimes ranging from 18 to 32 °C
(Ellis et al., 2017). Surface ocean water temperatures are 21-25 °C year-round (Hariri, 2012) suggests
that this closed and semi-isolated habitat, the Red Sea, works differently from other marine ecosystems
(Joydas et al., 2019). These extreme conditions, along with an oligotrophic nature indicated by the low
rate of primary production and low concentrations of nutrients, suggest that this closed and semi-
isolated ecosystem; Red Sea, functions differently from other marine areas (Joydas et al.,2019). The
extreme depths along the Red Sea basin axis, which are closely related to the development of oceanic
spreading centers, and the high elevations along most of the rifted shoulder are the most notable
geomorphological features (Rasul and Stewart, 2015). Seasonal climatic cycles and local wind
systems of the Red Sea is illustrated in Figure 2. It ecologically represents one of the most important
repositories of highly biodiverse marine hotspots and a highly endemic region in the cosmos (Fine et
al., 2019).

The exclusive fauna of the Red Sea along with a tumultuous geological history and unusual
environmental conditions; including minimal freshwater inflows, high evaporation rates and latitudinal
gradients in environmental variables (temperature, salinity and nutrients) and relative isolation, result
in an enormous range of ecosystems, biodiversity and endemism; extreme among reef fish and reef-
associated organisms (DiBattista et al., 2016). The distinct physico-chemical gradient along the north-
south axis of Red Sea has an intense influence on biology (Dreano et al., 2016). The southern shores
of Red Sea can be recognized by narrow (18 km) and shallow (137 m) shores, turbid waters, and
biological separation from the rest of the basin; by the presence of extensive mangrove habitats, less
developed coral reefs, and increased presence of seagrasses and macroalgae. Due to its proximity to the
strait Bab EI-Mandeb, which connects it to Indian Ocean, the southern Red Sea water is less salty and
more nutrient rich (Nanninga et al., 2014) and represents the most productive area; with enormous
phytoplankton blooms (Dreano et al., 2016). Nowadays, the expansion of aquaculture in Red Sea to
meet food needs and provide healthy diet can be harmful to the environment, considering the original
oligotrophic status of the system by altering the biogeochemistry of the water and sediment (Martinez-
Porchas and Martinez-Cordova, 2012); as frequent and continuous nutrient inputs to the marine
environment can lead to oxygen depletion, hydrogen sulfide accumulation, and wastewater discharges
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(onshore plants) with a large amount of organic material (carbon, nitrogen, and phosphorus) entering
the coastal zone (Zhang et al., 2020), resulting in changing benthic community patterns in terms of
species numbers, total abundance, individual fitness and biomass (Alsaffar et al., 2019). Despite its
unique characteristics, the Red Sea area is relatively inaccessible due to permit regulations (Joydas et
al., 2019). Consequently, it remains a poorly studied system (Berumen et al., 2013). There is a real
lack of understanding of the general ecology of the Red Sea region and the increasing anthropogenic
influences affecting it (Ellis et al., 2017). Studies have mainly focused on mineralogy, paleontology,
geochemistry, and heavy metal concentrations. Research on nearshore soft sediment benthic
communities is mainly limited to a 6 km stretch of coastline in the far north of Red Sea; near Al-Agaba
Gulf (Alsaffar, 2018).

Few studies provided initial records of soft sediment macrobenthos abundance in this region and also
suggested high benthic species diversity in the soft sediment (Ellis et al., 2017). Published studies on
benthos from the Red Sea are few and most of them focused on deeper waters (Joydas et al., 2018).
Studies on benthos from the shallow environment are very limited (Alsaffar et al.,2019). Few studies
are conducted, mainly in Farasan Islands; south of Red Sea, focusing on foraminifera and the relatively
deeper and open areas on the inner and outer shelves. Therefore, shallow water macrobenthic
communities (1 m) in the vicinity of Red Sea, specifically associated with vegetative habitats, are still
largely unknown (Abroguefi et al., 2020). Also, most studies are conducted along a 6 km stretch of the
far northern shoreline of Red Sea; near Al-Agaba Gul. Soft sediment benthos studies are very limited,
therefore, this study was conducted to fill the knowledge gap on benthos and provide baseline data for
the southern part of the coast Red Sea. Subsequent studies have been hampered by a lack of geographic
range information (Berumen et al., 2013), but recent academic investments by several countries
bordering the Red Sea have improved accessibility and integration of molecular and morphological
research (Fine et al., 2019).
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Figurel. A). Site map of Red Sea. B) Schematic representation of the predominant flow direction of water through
the boundary current (top), effects of wind and evaporation on water circulation in winter (top center) and in
summer (bottom center). The bottom figure shows a cross-section of the basin Red Sea, illustrating the tidal range
during spring tides in the summer months and the seasonal rise of spring tides in winter. (Figure adapted from
Atlas of Saudi Arabian Red Sea Marine Habitats. (Bruckner et al., 2012)
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3. DISTRIBUTION OF BENTHIC ECOSYSTEM

The benthic ecosystem is a complex of living organisms, their physical environment, and all their
interactions at the bottom of a body of water. The benthic community is composed of different species
including plants, animals and bacteria that come from different parts of the food chain (Joydas and
Borja, 2019). The benthos may be classified on various bases, as follows:

1) By substrate; the benthos includes the infauna and the epifauna. Infauna are organisms that live in
the sediment, such as worms and bivalves, while epifauna are organisms that are attached to either the
bottom or the substrate and make up 80% of benthic organisms. Examples of epifauna include sponges,
oysters, clams, and starfish. In a stable and productive ecosystem, both epifauna and infaunal benthic
organisms are present to circulate nutrients and contribute to a dynamic, complex food web (Henseler
etal., 2019).

2) By species; benthos includes: a) zoobenthos; a term applied to all consumers (benthic protozoans
and metazoans), including animals (members of animal origin) (Joydas and Borja, 2019); such as
starfish, oysters, mussels, and b) phytobenthos (of plant origin); which are mainly various algae and
aquatic plants, benthic diatoms, macroalgae and sea grasses (SFS, 2013).

3) Depending on the location, benthos is classified into endobenthos, epi- and hyperbenthos (Joydas
and Borja, 2019). Endobenthos are organisms adapted to live in sediments by creating underground
tunnels where they live buried or burrow into the bottom of sediments, often in the oxygen-rich upper
layer; such as seahorses and sand dollars (Zeppilli et al., 2018). Epibenthos inhabits the top of
sediments and spends its life on the bottom, on rocks or shells; such as sponges, sea cucumber and sea
snail. Hyperbenthos; organisms only live suspended above sediments, have the ability to swim and live
near the bottom but are not attached to it; such as the stockfish (Wikipedia, 2020).

4) Based on mobility, benthic organisms are classified as sessile or attached, sedentary, and vagrant.
Sessile benthic organisms are organisms without mobility that are firmly attached to the substrate or
bottom of the water body and rely on currents or other mechanisms to bring food to them. Typical
examples include benthic algae (sea-weeds) and seagrasses as well as corals, attached barnacles and
oysters (Naskar, 2019). Sedentarians; these are all slow-moving animals such as snails and slugs, while
vagrants; which are animals that move and travel either very fast or slowly (Teixeira, 2010); such as
land crabs and stingrays. Only animals fall under this category. Many benthic species, whether sessile
or motile, produce motile planktonic larvae. This is important, especially for the ecology of sessile
benthos. It allows these species to colonize new areas and reduce population densities in regions that
may be overcrowded. Sessile benthic species wait for their food to come to them, while mobile species
move in search of prey (Shaltout, 2019).

5) According to size, the benthos comprises three classes; micro-, macro- and meiofauna. The
microbenthos is expressed by the benthic microscopic species; less than about 0.1 mm in size, that live
in, on, or near the bottom of the water body and consist largely of bacteria and protozoa, especially
ciliates, flagellates, amoebae, and diatoms (Giere, 2009). Marine microorganisms, both prokaryotic and
eukaryotic, are key components of planktonic ecosystems in all marine biomes (Caron et al., 2012). In
marine environments, microfauna rapidly colonizes and form biofilms on biotic and abiotic surfaces.
Marine microbial communities are commonly divided into free-living and particle-associated (Dang
and Lovell, 2016). Detrital aggregates of particle-associated communities are hotspots of microbial
diversity that are fundamentally different from free-living communities. Particles are also habitats of
increased enzyme activity (Kellogg and Deming, 2014), which contributes to the rapid turnover of
particulate organic matter (POM). Particle-associated microorganisms play an important role in
biogeochemical processes (Pinnell and Turner, 2019). Unicellular eukaryotes are present in nearly all
environments, including soils, oceans, and plant- and animal-associated microbiomes (microbes in a
discrete habitat, also called omics) (Grossart et al., 2020). They exist in symbiosis with plants and
animals and interact with other microbes (Karin et al., 2020). Marine microbial eukaryotes are
fundamental components of all marine ecosystems. As grazers and parasites, they help export carbon
to the deep ocean and remineralize nutrients (Edgcomb, 2016; Obiol et al., 2020). They contribute
significantly to carbon and nitrogen cycling through fixation of CO,, decomposition of organic matter
(OM) and denitrification (Woehle et al., 2018); and are a source of chemical bioactive compounds
(Karin et al., 2020). These processes vary seasonally and influence global biogeochemical cycles
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(Polinski et al., 2019). Microbial communities are essential components of aquatic ecosystems through
their contribution to food web dynamics and biogeochemical processes (Grossart et al., 2020). At each
low tide, intertidal surfaces are rapidly covered by mats of microalgae (microphytobenthos; MPB).
Diatoms migrate through the fine sediments in response to tides and daily insolation cycles to find
optimal light conditions for their growth. The MPB forms a complex biofilm in association with
prokaryotic communities consisting mainly of bacteria on the sediment surface. These prokaryotes play
a fundamental role by degrading and remineralizing nutrients. The components of the biofilm (MPB
and prokaryotes) are important ecosystem engineers in food webs (Savelli et al., 2018). In addition,
diatoms are important trophic sources for many benthic organisms (meio- and macrofauna) and
prokaryotes provide a complementary food source for meio- and macrofauna (Dupuy et al., 2015).

However, the analysis of marine microbial eukaryotes and zooplankton is difficult because they are
represented by hundreds of thousands of different taxa belonging to almost all phylogenetic groups of
eukaryotes and the vast majority of them cannot be cultured because they are represented by hundreds
of thousands of different taxa belonging to almost all phylogenetic groups of eukaryotes and the vast
majority of them cannot be cultured. Their highly variable genome sizes, spanning at least four orders
of magnitude, and the prevalence of non-coding sequences are additional challenges that have
complicated their genomic study. For this reason, the study of marine microbial eukaryotes and
zooplankton is mainly limited to the morphological description of diversity and taxonomic and
biogeographic traits using single barcode genes (Carradec et al., 2018).

Macrobenthic organisms are comparatively large benthic organisms visible to the naked eye that are
larger than 1 mm and live on or near the bottom of the water, such as sea grasses, echinoderms, sponges,
polychaetes, bivalves, sea anemones, corals, sea squirts, turbellaria, and larger crustaceans, such as
crabs, lobsters, and kumaceans (Li et al., 2016). Along the coast of Saudi Arabian (Red Sea), 199
macrofaunal species have been recorded, of which polychaetes, crustaceans and mollusks are the most
important taxa (Joydas et al., 2019). Some macrobenthic organisms, called deposit feeders, feed on
organic material in the sediments; such as holothurians, echinoids and gastropods. Others, suspension
feeders, feed on the plankton above; such as bivalves, ophiuroids and crinoids, while a third class called
predators consume other fauna in the benthic assemblage; such as starfish and gastropods (Kingsford,
2018). Benthic deposit feeders spend a considerable amount of their activity in the bidirectional
exchange of water between pelagic and benthic ecosystems; through active pumping, through complex
interconnected ditch systems (Moyo et al., 2017). This irrigation oxygenates the water in the burrows
and removes fecal matter, anoxic/hypoxic water and potentially toxic compounds such as H-S. This
exchange causes suspended particles, including phytoplankton and others OM, to adsorb onto the walls
of the caves and adjacent sediments (Pillay, 2019). The addition of mucus to cave linings increases the
adsorption properties and stability of particles. Additionally, microbial biofilms lining the cave walls
increase the adhesion of particles; through exopolymer exudation (Venter et al., 2020).

In this regard, macrobenthic fauna play an important role in the marine ecosystem, especially in the
sandy coastal systems. They serve as the main food source for most marine organisms during their
different life stages, from juveniles to adults. They are also subject to the complex food web and nutrient
recycling in the marine ecosystem (Holzhauer et al., 2020). Most macrobenthic processes oxygenate
the underlying sediments and degrade the OM before

bacterial demineralization. Many of them, especially bivalves, are considered a food source for humans,
in addition to their use for ornamental and recreational purposes (Tagliapietra and Sigovini, 2010).
Four processes can influence the diversity and abundance of macrobenthic communities: selection, drift,
speciation and dispersal. Selection plays a fundamental role in determining macrobenthic structure
(Armenteros et al., 2018). The assemblage of these organisms may be driven by ecological gradients
defined by one or more environmental factors, such as pollutant concentration, salinity, water depth,
etc. However, abiotic heterogeneity and biotic interactions within habitats also play a major role (Kraft
etal., 2015). Habitat selection is the result of a complex set of physical, chemical, and biological factors
that together determine macrobenthic community structure (Ferraro, 2013). Benthic species
composition in shallow coastal areas is closely related to habitat characteristics (sedimentology and
morphology) and physical drivers in the system (wave dynamics, tidal dynamics, and sediment
dynamics). This relationship is scale dependent (Holzhauer et al., 2018). The determinants of spatial
diversity patterns are scale-dependent and dispersal and environmental selection are increasingly
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important at regional scales, while species interactions play a more important role at local scales
(Biswas et al., 2016). Most interestingly, anthropogenic disturbance strongly influences aquatic
macroinvertebrate species richness. The benthos, especially the macro, is important to the ecosystem as
it consists of a wide variety of species assemblages with a wide range of tolerances and responses to
natural and anthropogenic stresses, such as organic and inorganic pollutants (Mosbahi et al., 2019).
Macrobenthos tend to remain in their original habitats, with a great capacity for acclimation (Moreyra
and Padovesi-Fonseca, 2015). They are mainly sedentary with limited mobility. This prevents them
from avoiding deteriorations in local conditions and gives them a long-life span; they provide an
integrated response to environmental changes over time (Alsaffar, 2018) and consequently can tolerate
changes in water quality and high pollution loads. Under pollution conditions, community structure
may simplify in favor of tolerant species, but the abundance of a given species may increase even though
diversity and species richness decrease (Armenteros et al., 2018); therefore, they are used as good
indicators of local marine health conditions, such as water quality (Ncube et al., 2018).

Water quality can be assessed by evaluating the diversity and functional groups of indicator species of
the benthic macrofaunal community. Benthic macroinvertebrates are a valuable component of
ecosystems due to their direct dependence on sediment and their relatively rapid response to both
anthropogenic and natural stresses (Teixeira, 2010) and are often used as bioindicators in ecological
assessments (Pinto et al., 2009). Therefore, macrobenthos is a good bioindicator for biological
monitoring programs of environmental changes in any aquatic ecosystem (Belal et al., 2016).
Moreover, macroinvertebrates vary in their sensitivity to organic pollution and environmental impacts;
both from point and non-point pollution sources, hence their relative abundances are used to make
inferences about pollution loads (Patrick et al., 2015). In addition, macroinvertebrates play a key role
in marine ecosystems by linking decomposer and producer food chains to top predators. They inhabit
the entire length of the aquarium with a large number of species, limited mobility and relatively long-
life span (Ghasemi and Kamali, 2014).

They serve as the primary food source for many commercially and recreationally important fish species.
When monitored along with relevant chemical/physical parameters, benthic communities can be used
to identify sources of impairment (Ghasemi and Kamali, 2014). They are holistic indicators of overall
water quality. There are several advantages in using benthic macroinvertebrates in bioassays as they
constitute a significant proportion of biodiversity and are critical to ecosystem function (Wen et al.,
2020).

The use of benthic communities as bioindicators has great advantages; as they are global
pollution/disturbance indicators with a real impact on the biota at the species community level and with
elements that can be easily processed. In addition, macrobenthic organisms are useful and appropriate
indicators due to other special characteristics; including: (i) they live in bottom sediment where they
are exposed to pollutants and oxygen stress, (ii) they are sedentary and reflect the quality of their
immediate environment, (iii) they are mostly long-lived and can therefore conjugate changes in water
and sediment quality over time, (iv) their diverse species have different life history characteristics and
stress tolerances; (v) they play an important role in nutrient cycling, as links to higher trophic levels
(birds and fish) and some are prey for commercially important species; and (vi) they influence the flow
of chemicals between the water column and sediments through bioturbation and suspension feeding
activities (Teixeira, 2010).

4. METAGENOMIC SEQUENCING DISCOVERY oF BIODIVERSITY oF MARINE MICRO
ORGANISMS

Aquatic microbial diversity is vast, making it challenging to understand how the metabolism and
interactions of individual organisms influence microbial community dynamics and biogeochemical
transformations at the ecosystem level (Grossart et al., 2020). Conventionally, their biodiversity is
decomposed into scale-dependent mathematical metrics representing alpha (a)-diversity (diversity
within a sample), beta (B)-diversity (community turnover), and gamma (y)-diversity (regional diversity)
(Props et al., 2016). Rapid advances in microecological methods have improved understanding of the
vast biodiversity of microorganisms in aquatic communities (Hugerth and Andersson, 2017).
Emerging advanced molecular techniques, combined with computational power, are lowering the cost
of whole-genome DNA sequencing and opening opportunities for applied marine microbial research
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(Davenport and Tummler 2013). For example, whole-genome next-generation sequencing (WMGS)
has enabled more in-depth studies to delineate a broader range of microbial species taxa from
environmental samples (Meyer et al., 2019). To quantify benthic microecological diversity, amplicon-
based high-throughput sequencing technologies based on interspecific differences in single marker
genes (16S rRNA) are widely used (Figure 3) (Props et al., 2016). These amplicon sequencings target
the small-subunit ribosomal RNA (16S) locus, which is a taxonomically informative marker and shows
that there is considerable microbial diversity within marine ecosystems (Birtel et al., 2015). 16S rRNA
cloning techniques have accelerated the ability to describe species using a known reference library
(Jovel et al., 2016). This new frontier makes it easier to classify community structure directly from
marine environmental samples, rather than through laboratory-based culturing methods. These
methodological developments enabled a new era of discovery to quantify the biodiversity of marine
microorganisms and screen for the potential of natural products (Johnson et al., 2019).

Over the past three decades, microbial ecologists have increasingly used 16S rRNA as a marker gene
to differentiate between microbial taxa, and the growing number of sequences in publicly available
reference databases makes taxa identifications from 16S rRNA sequences more reliable (Birtel et al.,
2015). Several bioinformatics tools have been developed to analyze the metagenomic data at the
molecular level; as16S ribosomal DNA (rDNA), species level and strain level. The rDNA sequencing
strategy is considered one of the most common approaches to understand microbial taxonomy and
phylogeny; due to the stable functions of the rDNA gene over time, its existence in almost all
microorganisms, and its sufficient size for bioinformatics analysis (Shuikan et al., 2019). A number of
bioinformatics tools are available for rDNA analysis, including QIIME, MOTHUR, DADAZ2,
UPARSE, and Minimum Entropy Decomposition (MED) (Niu et al., 2018). QIIME software is
designed to analyze data generated on the Illumina or other NGS platforms using graphs and statistics.
This includes multiplexing and quality filtering, operational taxonomic unit (OTU) picking, taxonomic
assignment and phylogenetic reconstruction, and diversity analyzes and visualizations. QIIME is based
on the PyCogent toolkit for misidentification and database storage using raw sequencing results
(Shuikan et al., 2019). OTUs are generated from NGS data using UPARSE software, which works by
filtering and trimming reads to equal lengths, removing singleton reads, and clustering the remaining
reads (Edgar, 2013).

On the other hand, in the last two decades, there have been a number of early studies and large-scale
investigations based on 18S ribosomal DNA (rDNA) amplicon data that indicated a large microbial
eukaryotic diversity and relevant novelty in different oceanic regions (Smith et al., 2020; Forster et
al., 2019; Giner et al., 2019; Xue et al., 2018; Pernice et al., 2016; Edgcomb et al., 2002; Ldpez-
Garcia, et al., 2001; Moon-Van Der Staay et al., 2001; Pedros-Alio, C. (2006).

However, recent rDNA amplicon data that depend on polymerase chain reaction (PCR) introduce biases
into microbial diversity estimates and potentially affect both the number and relative abundance of
species and taxonomic groups (Giner et al., 2016). In addition, high-throughput sequencing assays
(HTS) that require the selection of a specific 18S rDNA region for amplification with the hypervariable
regions V9 and V4 are most commonly used, although in some cases they yield different results (Giner
et al., 2020).

In the last decade, culture-independent studies of marine picoeukaryotic diversity based on 18S
ribosomal DNA clone libraries have revealed numerous sequences from new high-ranking taxa. This
newly discovered diversity has significantly changed the understanding of marine microbial food webs
and eukaryote evolution (Not et al., 2009). Thel8S rDNA clone libraries are considered the gold
standard for conducting molecular studies of marine protist diversity in the environment. This has been
conducted exclusively in the picoplanktonic size fraction (0.2-3 mm), examining unveiled high-ranking
taxa; such as marine alveolates (MALYV), marine stramenopiles (MAST) and picobiliphytes (Not et al.,
2007). Analysis of marine 18S rDNA sequences shows that marine protists are highly diverse and
significantly increase the known diversity within the eukaryotic tree of life (Massana and Pedros-Alio,
2008). In different marine regions, diversity surveys of picoplanktonic protists reveal broadly similar
patterns (Worden and Not, 2008), with a dominance of non-photosynthetic groups, including minute
parasites and grazers (Not et al., 2009). Metabarcoding of 16S and 18S rRNA genes was used to
examine the abundances of operational taxonomic units and taxonomic groups (and their ratios) to
provide information on the ecological quality of coastal waters. Furthermore, these techniques showed

International Journal of Research in Environmental Science (IJRES) Page | 44



Environmental Genomics and Biodiversity of Macro- and Microbenthic Communities in the Red Sea Coast
of Jeddah City

that only eukaryotic diversity metrics and a limited number of prokaryotic and eukaryotic taxa were
effective for continental influences, resulting in limited potential of microbial plankton diversity as an
ecological indicator. Therefore, the inclusion of microbial plankton diversity in environmental
assessment may not always lead to significant improvement in current marine monitoring strategies
(Nurul et al., 2019).
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Figure3. Types of analyses of Next-generation DNA sequencing platforms.

Metagenomics is revolutionizing the study of microorganisms and their involvement in biological,
biomedical, and geochemical processes; it allows direct sequencing of an enormous variety of
organisms without the need for prior cultivation (Karin et al., 2020). Metagenomes use massive
shotgun sequencing of genomic DNA extracted from microbial assemblages to assess their functional
metabolic potential. Given the utility and general application of 18S rDNA, a metagenome goes hand-
in-hand with the fact that identification of 18SrDNA sequences within metagenomes elucidates
microeukaryotic diversity, free from the potential biases of PCR-dependent methods. This technique
has been used previously with shotgun Sanger sequencing data from the Global Ocean Survey (GOS)
(Not et al., 2009). The sequencing depth achievable at that time allowed recovery of low signal, with
only 116 18S rDNA fragments found in the complete GOS dataset (Obiol et al., 2020). With the
avalanche of metabarcoding data, statistical synthesis of relevant literature to develop evidence-based
inferences (meta- or secondary analysis) has become a powerful tool; to solve microbial community
structure and ecology (ArchMiller et al., 2015). HTS technologies provide interrogation of a small
portion of the gene encoding the SSU rRNA and the target region varies depending on the study (V3,
V4 or V9). The portion of the variable zone targeted influences the assessment of the richness, diversity,
and composition of the microbial community, including prokaryotes and eukaryotes (Debroas et al.,
2017). For easier and more accurate taxonomic identification, focusing on the V4 sequences is
preferable as this is a larger dataset (Dunthorn et al., 2012). Metabarcoding; an alternative approach
to amplicon based HTSones; to study microbial diversity, involves exploiting the taxonomic
information contained in metagenomes. These use massive shotgun sequencing of genomic DNA
extracted from microbial assemblages to determine their functional metabolic potential (Obiol et al.,
2020). Given the utility and general application of 18S rDNA, it follows that identification of 18S rDNA
sequences within metagenomes provides a pathway to resolving microeukaryotic diversity free from
the potential biases of PCR-dependent methods. The development of HTS platforms and the reduction
in sequencing costs have enabled a dramatic increase in sequencing depth and grant the recovery of
significant numbers of short 18S rDNA metagenome reads from the sample (metagenomic Illumina
Tags or miTags; mTags) (Goodwin et al., 2016). Several tools developed for extracting these reads are
based on 16S/18S rDNA Hidden Markov Model (HMM) profiles (Gruber-Vodicka et al., 2019).
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Although some studies have used HMM profiles to assess the diversity of eukaryotic organisms in
different environments, as reported by Saghar et al., (2015), Pernice et al., (2016); Bahram et al.,
(2018); Guajardo-Leiva et al., (2018), it remains a challenge to obtain an accurate taxonomic
classification of the short metagenomic reads (100-250 bp) (Breitwieser et al., 2019), especially when
targeting the 18S rDNA gene, which contains a mosaic of highly conserved and highly variable regions
(Obiol et al., 2020). Bioinformatics tools can address this problem (Guo et al., 2016); by maintaining
the highest unique level in hierarchical taxonomic classifications, but still heavily depend on good
reference databases for correct taxonomic assignment (Murali et al., 2018).

A metagenomics is a PCR-free approach that contains all genetic information from microbial
assemblages. Nowadays, it is performed on a relatively large scale and at a reasonable cost and is usually
based on very short reads. Metagenomics is an emerging technology for detecting life in the most
extreme environments; from the discovery of hydrothermal vents in the deep sea to the study of marine
biodiversity, particularly microorganisms.

Another important goal of microbial ecology is to observe, detect, and predict the spatial and temporal
distribution and interrelationships of microorganisms in the environment. When different microbial
species are taxonomically profiled, it is often found that large unidentified differences occur in aquatic
ecosystems, both spatially and temporally. Variation in gene content (assessed by metagenomics) often
reveals complex interactions between metabolic processes and environmental factors (Grossart et al.
2019). The strength of the relationships depends on the extent of environmental transition between
populations. However, there are important problems in microbial ecology. Many taxa that are redundant
at the metabolic pathway level exhibit a great deal of environmental heterogeneity in different
ecological environments. There are several potential hypotheses, including ecosystem constraint, biotic
interactions, and rapid responses to evolving environmental factors that cannot be readily predicted by
gene content alone (Figure 4).
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Figured4. Linking metagenomics with aquatic microbial ecology and biogeochemical cycles: A conceptual
framework for integrating the diversity of metagenomics approaches into advanced studies of aquatic microbial
ecology and biogeochemistry as presented in the contributions to this special issue. Figure adapted from Grossart
etal., (2019).

Predictive Metabolomic Profiling of Microbial Communities

The association between phylogeny and functional capabilities relies on the complexity of traits, as
shown by Langille et al., (2013), who find that phylogeny is strongly associated with functional
capabilities. This implies that reliably predicting organism functions embedded in their genome is a
valid method (Langille et al., 2013). As such, functional profile prediction using marker gene data can
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be very helpful as it greatly decreases the amount of data needed to provide a general look at the
functional profile of the microbial population. It is important to point out, however, that attempting to
decode functional profiles using amplicon-based metagenomics does not fully replace shotgun
sequencing. More precisely, if a higher degree of practical precision and certainty is needed, then
shotgun sequencing should be performed. However, in many cases, amplicon-based sequencing will
either speed up or prolong the process of performing more in-depth studies such as shotgun
metagenomics, metatranscriptomics, and metaproteomics (Figure 5).

Recent computational applications include PICRUSt, Tax4Fun, and Vikodak, both of which can predict
the functional profiles of arbitrary microbial populations based on 16S rRNA data. Because these novel
predictive systems provide information about the nature of the metagenome without resorting to
shotgun sequencing, they have gained wide acceptance in the scientific community. The software tool
developed by Langille et al., (2013) is called Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt) and estimates functional profile based on targeted
metagenomic data (16S rRNA). The microbial profile prediction method is performed in two stages: (i)
"gene content inference"”, which is generated from each organism in a phylogenetic tree as a reference;
then the system generates a table with the expected abundance of gene families for each member of the
microbial community and (ii) "metagenome inference", at this point the system multiplies the
abundance of 16S rRNA genes among all microbial taxa in the sample. The results are corrected by first
measuring the number of copies of the 16S rRNA gene identified for each taxon and then sorting the
gene abundance by family. This technology is unique in that it is capable of recognizing genes even
though they have not yet been fully sequenced. This mechanism is conducted by means of genes which
are found in evolutionary ancestors (previously sequenced). PICRUSt depends on current gene
annotations and the number of 16S rRNA copies identified for individual genomes in order to achieve
this goal (Douglas et al. 2020).
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Figure5. General pipeline and bioinformatic tools considered for the analysis of metagenomic 16S rRNA data
sets to obtain taxonomic and functional profiles from any complex environmental microbial community. Figure
adapted from Morgan & Huttenhower (2012).

5. CONCLUSION

Currently, NGS technology is mainly used in metagenomic studies to investigate the diversity,
composition and functionality of the microbial community. Moreover, these innovations have recently
been applied in aquaculture microbiome studies, microbial diversity, bioremediation, pollution
monitoring, enzyme and drug discovery. Although data obtained after sequencing taxonomic marker
genes provide deeper insight into the taxonomic diversity of microbial communities that thrive in any
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environmental sample, 5 years ago this information was not adequate to make adequate predictions
about the functional potential of these communities. However, this has changed thanks to the
development of powerful and robust bioinformatics tools that allow prediction of the functional profile.
The most important and novel feature of this approach is that the same data obtained after sequencing
taxonomic marker genes can be used with an acceptable degree of confidence to generate a predictive
functional profile. A greater advantage of these predictive programmes is that they allow the potential
functional profile to be known without the need for shotgun sequencing. At the same time, costs are
reduced and studies are focused on the analysis of specific metabolic pathways present in environmental
samples, even if these are from rare or artificial environments and the genomes of these microbial
community members are not yet available.
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