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ABSTRACT

The Microbiome of the Egyptian Red Sea Proper and
Gulf of Agaba

The Red Sea is one of the most unique environments worldwide. It possesses a unique
geography, physical, chemical and biological characteristics. It encounters several ecosystems
articulating with each other, these include, corals, mangroves, algae, fisheries, invertebrates and
microbiota of each one of these along with microbiota of the Red Sea waters and sediments. Studying
the collective microbial communities of the Egyptian Red Sea coastal sediments have not been reported
before. In regards to the severe pollution impacting the different Red Sea ecosystems, sediments
samples have been collected from different impacted sites. The selected sites included 1- four ports for
shipping aluminum, ilmenite and phosphate, 2-a site previously reported to have suffered extensive oil
spills, 3-a reported tourism impacted site 4- two mangrove sites and 5-two lakes. Bacterial communities
for each site have been studied through two different approaches, Culture-Dependent and Culture-
Independent approaches. Pyrosequencing of V6-V4 hypervariable regions of 16S rDNA, isolated
through the two approaches, has been used to assess the microbial community of each site. Physical
parameters, Chemical analysis for 29 elements, selected semi-volatile oil contents, along with Carbon,
Hydrogen, Nitrogen and Sulfur (CHNS) contents have been measured for each site. 131,402 and
136,314 significant reads have been generated through the Culture-Dependent and Independent
approaches, respectively. Generally, Proteobacteria, Firmicutes, Actinobateria, Fusobacteria,
Gemmatimonadetes and Bacteriodetes are the major bacterial groups detected through the two
approaches. The Culture-Dependent datasets distinctive analysis revealed three main patterns (1)
marine Vibrio spp.-suggesting a "marine Vibrio phenomenon"; (2) potential human pathogens; and (3)
oil-degrading bacteria. While the Culture-Independent datasets analysis reported (1) an Egyptian Red
Sea Coastal Microbiome, taxa detected in all the sites and (2) Hydrocarbon biodegrading bacteria
predominance to the majority of the sites; particularly in two ports. On the other hand, the two lakes,
through the two approaches, showed unique bacterial patterns, which generally grouped into anaerobic,
halophilic and sulfur metabolizing bacteria. Individually, sites showed unique evolution of their

microbial communities based on minor intrinsic and imposed variation per sites. Our results draw



attention to the effects of different sources of pollution on the Red Sea and suggest the need for further

analysis to overcome the hazardous effects observed at the impacted sites.
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INTRODUCTION: THE ENVIRONMENT

OF THE RED SEA AND ITS
ARTICULATING ECOSYSTEMS




1. INTRODUCTION

Red Sea is one of the warmest waterbodies on earth creating a favorable condition for the
growth of several marine ecosystems. This gives the Red Sea one of its unique characteristics;
“high biodiversity and endemism” (Stehli and Wells 1971, Ormond and Edwards 1987). The Red
Sea has several other unique characteristics that attracts researchers from different disciplines to
study. Climate scientists see the Red Sea as an ideal model to study the case of global warming on
different ecosystems, mainly reefs. One of the most interesting debates about the Red Sea is the
fact that it is the warmest and most saline ecosystem in the world where extensive reef formation
occurs (Berumen, Hoey et al. 2013). The Red Sea is 2000 km long with a surface area of 458,620
km?; and almost entirely locked by land (Rasul, Stewart et al. 2015). It has three depth’ levels; a
shallow zone of less than 50m depth, a deep zone of depth range between 500m and 1000m, and
the deepest area of the Red Sea is the central axis which has a depth ranging between 1000 and
2,900m. The areas that caught the attention of research are, mainly, the both extremities; the
shallow and coastal areas (from 40% to 25% of the Red Sea) and the deepest areas of the central
rift (15% of the Red Sea). The Red Sea possess different biological ecosystems that orchestrate
together in a direct or indirect form along with the Red Sea waters and sediments environments.
Apart from the water and sediments, as two different ecosystems harboring their own organisms,
other ecosystems are engulfed in the Red Sea environment too. Coral reefs’ ecosystem is the most
abundant shallow ecosystem of the Red Sea (Sawall and Al-Sofyani 2015). Red Sea possess 3.8%
of the world’s coral reefs (Berumen, Hoey et al. 2013), represented by over than 50 different
genera. Corals of the Red Sea not only present a model example of acclimate ecosystem (not
affected by climatic changes), they also present one of the complex and diverse ecosystems. They
harbor and unify with different other ecosystems, including coral microbial communities
resembling the food source and unicellular algae known to be the reason for the high sustainability
of corals till now, in addition to fisheries, sponges and other ecosystems. All the inhabitants of the
corals are referred to as the “coral holobiont”, and this character of corals are showing their wide
range physioecological flexibility (Sawall and Al-Sofyani 2015). Now this rich ecosystem is being
greatly endangered due to several factors including mainly the anthropogenic effects, to the point
that their future survival is thought to be directly linked to the degree of the anthropogenic effects

(Bruckner and Dempsey 2015).



Another nourished Red Sea ecosystem is the Red Sea sponges which have been known since
two decades for their production of natural compounds with pharmaceutical values. Red Sea
sponges are also known for their ecological importance to the corals’ ecosystem (Lee, Wang et al.
2011), however, sponges’ overgrowth represents one of the threats endangering coral ecosystems
(Klaus 2015).

Mangrove forests of the Red Sea forms the boundary for the mangroves of the Indo-pacific
regions which gives it an environmental and biogeographical significance. Mangroves are of
enormous valuable significance from several aspects. They represent a shelter and food for different
marine biota, a factory for medicinal products, fuels and building materials. They also provide
stabilization for the shorelines, and more importantly, they serve as a store and sequester for
considerable amounts of carbon to the whole ecosystem; and they provide the marine ecosystem
with the needed organic nutrients; they are very well articulating with the Red Sea ecosystems, such
as coral reefs, sea-grasses and fisheries, to the point that Mangroves’ degradations in the region
shows possible adverse effects on these ecosystems (Khalil 2015).

All of the aforementioned ecosystems are harboring their microbial symbionts by which they
are primarily dependent on producing their nutrients and other metabolic needed compounds. Even
water and sediments of the Red Sea are considered among those ecosystems that harbor their own
biota mainly dominated by the microbial communities. The dominant players in the whole Red Sea
biological systems, mainly sediments and waters, are the phytoplanktons that resemble the primary
producer in the food chain. Microbiologically, cyanobacteria plays a major role in Red Sea nutrient
production, and any complex ecosystem of the Red Sea, has been studied in terms of its
cyanobacterial members. Consequently, the emergence of the field “omics” triggered the research
of the different ecosystems/niches’ microbiota. On the other hand, most of the discussed ecosystems
are being endangered by several factors, the common to all of them are the pollution and the
anthropogenic activities. Lack of studies along with the dramatic status of the Red Sea are hindering
the conservation efforts especially in the Egyptian Red Sea. Different polluting activities have been
reported severely from the Egyptian Red Sea, and on the other hand, novel bioactive compounds
have been reported from microbes harboring different ecosystems of Red Sea in Egypt. However,
the research on the Red Sea microbiology, especially within the Egyptian borders, is very scarce
and underestimated in terms of the wealth of its natural characteristics. Despite the high biodiversity

of the Red Sea and the early history of scientific research, still, almost all the Red Sea ecosystems



are not well understood yet. This review summarizes two different areas of research on the Egyptian
Red Sea. It describes the current status of the deteriorating health of the Egyptian Red Sea,
represented by reviewing research reporting anthropogenic activities, pathogenicity and oil
pollution there. While the other aspect, is reviewing the research describing the microbiota of
different Egyptian Red Sea ecosystems. This review aims to shed the light upon the dramatic status

threating the different biodiverse, unique and endemic ecosystems of the Egyptian Red Sea.

2. THE STATUS OF THE RED SEA EGYPTIAN COAST:

2.1. Anthropogenic activities affecting Red Sea Egyptian coast water quality:

The status of the Red Sea Egyptian coast due to human activities, tourism and other
anthropogenic sources, has been studied and reported several times. According to global
standardized water quality parameters, E. coli (EC), Intestinal Enterococci, Fecal Streptococci
(FS), Total Coliforms (TC), Saprophytic bacteria (SB), and Slat Tolerant Saprophytic Bacteria
(STSB) are being used as indicators for water pollution due to human activities, and different
anthropogenic impacts (Organization 2003, Directive 2006, McGarrigle, Lucey et al. 2010).
Several studies in Egypt were concerned of examining the levels of these indicators along the coast
including, bathing, recreational, other touristic important sites and ports, In 2005, a one year
intensive study of 40 coastal sites visited seasonally; 200 duplicate surface water samples were
collected along the Red Sea coast starting from Taba till Shalateen (EI-Shenawy and Farag 2005).
In this study, SB, STSB, EC and FS, were used to assess the water quality in these areas. At Agaba
Gulf, Sharm EI-Sheikh showed the maximal detection of these indicators; where SB and STSB at
a sport club there, and FS, EC, and TC at Marina Sharm (an increased recreational site); the two
sites receive a lot of litters and garbage from ships, obvious sewage discharge and fecal
contamination. In the Gulf of Suez, the city of Ras Gharib, showed a significantly increased
concentrations of all used bacterial indicators SB, STSB, TC, EC and FS. This city is known for
its high inputs of organic wastes and nutrient matters to the sea. While on the Red Sea proper, a
primitive fishing port at Bir Shalateen (south of the coast); showed pronouncing concentrations of
the five bacteria indicators, as this native port is known to receive a lot of fecal and organic wastes.
Based on that, the authors attributed the environmental changes in the Red Sea coast, which
consequently affected and altered the bacterial communities, to either organic inputs or



anthropogenic effects (Seyfried, Tobin et al. 1985, EI-Shenawy and Farag 2005). On the other
hand, from the sanitary perspectives, occurrence of fecal coliforms is used as an indication for the
water quality and also known that the occurrence of these coliforms is associated with the presence
of disease-causing species which is of concern to the public health, reviewed in (EI-Shenawy and
Farag 2005). Interestingly, the incidence of several disease causing bacteria has been reported
recently (Mustafa, Abd-Elgawad et al. 2014). In 2006, EI-Shenway et al group, analyzed 1400
water samples collected during the time period of seven years seasonal field trips to the same 40
coastal sites mentioned in the previous study (EI-Shenawy, Farag et al. 2006). The microbiological
analysis for these sites, TC, EC and FS contents, proved that 80% of the sites showed the
acceptable levels of water quality and approved as safe for recreational activities. In this study, the
relation of bacteria with salinity and temperature have been assessed, as salinity showed a reverse
relationship with TC and EC in the Gulf of Suez, while the temperature showed a reverse
relationship with FS in the Red Sea Proper. Expectedly, increasing the activities of shipping
phosphate, coastal oil processing and shipping, fishing activities, recreational and different
touristic carryings-on caused the increase in the bacterial pollution indicators at the same sites
analyzed before, to the point that 23% of the studied sites exceeded the standard values and were
not acceptable for recreational activities (lbrahim, Farag et al. 2011).

Staphylococcus aureus levels have been counted along with TC, EC and FS in another study to
also assess the water quality of the Egyptian Red Sea coast (EI-Shenawy 2005). In this study,
Staphylococcus aureus exceeded the national and the international guide levels for the sanitary
water quality in 53% of the sites and this was associated with the intensified recreational activities
at these sites.

In general, since 2000, bacteriological water quality shown to be very poor in terms of high
detection of pollution indicators, and even this showed a remarkably deterioration status in regards
to 1999 and 1998 status; which has been attributed to the increase of touristic activities since that
time (EIMP 2002).

2.2. Possible pathogenic taxa of the Red Sea:

Several pathogenic bacterial members have been reported from the Egyptian coasts of the
Red Sea. Strangely, Listeria monocytogenes, has been detected along the Red Sea Egyptian coast

waters (EI-Shenawy and EI-Shenawy 2006); which is a serious pathogen that cause listeriosis. This

5



was not the only incidence to detect severe human pathogens at the Red Sea coast. In 2014, a study
of the Egyptian coastal sediments’ cultures have reported the detection of several human pathogens
in the coastal sediments of the Egyptian Red Sea; including Clostridium botulinum, Vibrio
alginolyticus, Vibrio harveyi, Vibrio parahaemolyticus, and Vibrio vulnificus (Mustafa, Abd-
Elgawad et al. 2014). In this collective study 29 different species of Vibrio have been reported and
this was described by the author as “Red Sea Vibriosis Phenomenon”. However, before this study,
other studies, separately, reported infections from Vibrio species. Fish Vibriosis in the Egyptian
Red Sea has been reported severally; In 2010, a study ran on a seasonally collected 300 fishes from
Gulf of Suez showed that Vibrio anguillarum and Vibrio alginolyticus, respectively, were the
dominant cause for the naturally infected collected fishes (Moustafa, Mohamed et al. 2010). Also,
80.4% of randomly collected 225 shrimps from Suez Bay showed infections with V. alginolytcus,
V. parahaemolyticus and V. fluvialis (Abd El-baky 2012, El-baky 2012). Interestingly, the first
isolation of V. alginolytcus from marine ornamental Bird wrasse fish happened in 2012 from the
indoor aquarium of National Institute of Oceanography (NIOF) in Hurghada (EI-Galil and
Mohamed 2012). However, this was not the only incidence of detecting vibriosis in this aquarium;
in 2013, Vibrio harveyi infections to marine ornamental Arabian surgeon fish has been reported
(Hashem and El-Barbary 2013). Also, Vibrio parahaemolyticus has been found in 45% of shrimps’
samples collected from fish markets; and those shrimps originally came from the Gulf of Suez
waters (Abd-Elghany and Sallam 2013). Vibrio parahaemolyticus is a human pathogen that infects
human through raw, cooked and processed seafood, causing gastroenteritis which in some cases
develops to septicemia and became a life-threatening pathogen (CDC 2005). More importantly,
Vibrio parahaemolyticus, have been shown to be the second most dominant bacteria in mangrove
environment in Safaga (Abou-Elela, EI-Sersy et al.). Similarly, Vibrio parahaemolyticus and Vibrio
vulnificus were detected in significant concentrations in Suez Canal outlet to Lake Timsah (Bahgat
2011). In the same lake, which lies on Suez Canal, Vibrio cholera, Staphylococcus aureus,
Salmonella sp., Shigella sp., and Aeromonas sp., in addition to other contaminating indicators, were
all detected in all the stations tested in the four seasons (Khalil, Beltagy et al. 2014). Based on all
aforementioned studies, vibriosis has long history with the Red Sea and presents a serious concern
to the health and quality of the Red Sea. On the other hand, pathogenesis of the Red Sea, in general,
is proven to be a communal problem which represent hazards not only on the marine life of the sea

but also to human as well.



2.3. Oil pollution of the Red Sea:

Red Sea is receiving one of the most drastic pollution sources due to the massive petroleum
industry and other heavy metals shipping along its coasts, in Egypt and other countries such as
Saudi Arabia. Several studies assessed the levels and numbers of hydrocarbons in the water,
sediments and organisms of the Red Sea. In 2006, a study revealed that there are 16 different Poly
Aromatic Hydrocarbons (PAHS), in waters collected from the Egyptian Gulf of Suez, Gulf of
Agaba, and Red Sea proper. The results showed that Gulf of Suez is the most hydrocarbon polluted
area, due to the massive industry there, followed by Gulf of Agaba, where the main source of
pollution there was the atmospheric deposition from oil fields along the Saudi Arabian coasts.
Also, the study showed that the most polluted areas in the Red Sea proper are Safaga and Quesseir,
and both of them have intense shipping activities (Said and Hamed 2006). Also, several studies
were interested in assessing the levels of hydrocarbons, (PAHs, THCs, and Aliphatic
hydrocarbons), in the corals of the Red Sea. A study sampled corals along the Egyptian Red Sea
coast, from Taba till Marsa Alam, and assessed the levels of aromatic and aliphatic hydrocarbons.
Based on their analyses and the dominance of certain hydrocarbons, they have attributed the
sources of pollution in each area to certain origin. For instance, Hurghada corals pollution has been
attributed mainly to sewage from cities and touristic resorts, while Sharm El-Sheikh, Na’ama Bay,
Dahab, Ras Nasrani, Nweibaa and Taba’ corals hydrocarbon contamination were attributed to
land-filling, dredging and siltation. Meanwhile, Safaga, Quesseir and Hamrawein, have been
proven by several studies, including this lastly mentioned corals’ study, to be drastically affected
by the heavy metals shipping ports, and mainly the phosphate industry and shipping there.
Northern of the Red Sea, represented in Agaba in Jordan and Eilat in Israel, the major source for
hydrocarbon pollution there is the onshore and offshore oil production, processing and
transportation (El-Sikaily, Khaled et al. 2003).

Egyptian Red Sea coast has several oil companies and onshore and offshore drilling
facilities, from which several successive oil spills’ accidents happened. The fact that oil spills is
one of the chronic and major pollution sources in the Red Sea (Hanna 1995), the microbial
communities there are being altered to combat or adapt with this disturbance. Correspondingly,
scientists started to isolate oil/hydrocarbon degrading bacteria from polluted sites. Water samples
have been collected from a chronically oil polluted site, Gemsa Bay, for microbiological analysis
(El-Sheshtawy, Khalil et al. 2014). The oil contents at this site reached 496.4 ppm while the
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standards levels based on the environmental law is only 15ppm, which made this site considerably
highly polluted site. Using culture-dependent approaches, fifteen bacterial strains were identified
from Gemsa Bay, two of them belonging to Pseudomonas xanthomarina KMM 1447 and
Pseudomonas stutzeri ATCC 17588, have shown higher growth rate on crude oil, where they
managed to change the oil color, turbidity and dispersion in only one day incubation. Addition of
biosurfactants and certain nanoparticles helped those two bacterial strains to do three things: 1-
degrade more iso-paraffin, 2- complete degradation of certain rings of polyaromatics, 3- increase
in the percentage of degradation of other polyaromatics. All of these made those bacterial strains
potential for oil bioremediation (EI-Sheshtawy, Khalil et al. 2014). In a collective study based on
sequencing DNA of cultured microbiota from the Red Sea Egyptian coast, several oil degrading
bacteria were identified; Propionigenium maris, Psychrilyobacter sp., Tepidibacter sp.,
Photobacterium sp., Marinobacter sp., Bacillus sp., and Anaerophaga sp. (Mustafa, Abd-Elgawad
et al. 2014). In Ras Gharib at the Red Sea, two phenol-degrading bacteria, Ochrobactrum sp. and
Kocurica camiphilia, have been isolated and a new strain suggested to be potential bioremediation
tools for their biodegradation activities (Hamedo, EI-Shamy et al. 2015). Recently, a study
managed to assess the levels of 16 different PAHSs in fishes collected from El-Sokhna area. Data
revealed that all the fishes were critically affected and that all of the tested PAHSs are high enough
to a lethal level (Ali, Ahmed et al. 2014).

3. RED SEA BACTERIAL ECOSYSTEMS/NICHES:

3.1. Red Sea water and sediments’ microbiota:

Egyptian Red Sea microbial communities has been studied from different aspects,
however, the “free goal-studies” about the microbiology of the Egyptian coast of the Red Sea are
uncommon, in which scientists should study the microbiota of the Red Sea without certain
questions to be answered. Of this type of studies, two studies have managed to isolate and identify
two novel halophilic and haloalkaliphilic bacteria from a salt lake connected to the Red Sea in Ras
Muhammad protected area in Sharm EI-Sheikh, Halomonas sinaiensis and Salinivibrio
sharmensis, respectively (Romano, Lama et al. 2007, Romano, Orlando et al. 2011). Another
collective study, analyzed bacterial communities harboring the sediments of ten different coastal
sites from Taba till Marsa Alam. Using Pyrotag-sequencing technology, this study reported the



detection of 211 different genera, of which 75 were of significant values in their cultures. These
data were dominantly members of Gammaproteobacteria, followed by Firmicutes, Fusobacteria
and Bacteriodetes. Although this study was aimed to assess the effects of industry and different
sources of pollution on sediments bacterial consortia, it reported the detection of other bacteria of
marine ecological significance; such as Photoacterium sp. and several halophilic bacteria
(Halomonas sp. and Salinivibrio sp.) (Mustafa, Abd-Elgawad et al. 2014). Generally, studying the
microbial profiles of the Egyptian Red Sea waters and sediments are the most underestimated

research done till now.

3.2. Red Sea Cyanobacteria:

The Red Sea has a long history and strong relationship with Cyanobacteria. Firstly, its
name has been attributed to the phenomenon of the blooming of the Cyanobacteria Trichodesmium
erythraceum seasonally, which gives it its seasonal red hue color (Rasul, Stewart et al. 2015). Also
one of the most well studied cyanobacterial mats in the world are in the Solar Lake connected
through a seepage to the Red Sea in Egypt (Clark, Dunlap et al. 2012). The story of cyanobacterial
mats formation, activities and unique characteristics have been thoroughly described since 70s
(Cohen, Padan et al. 1975, Jargensen and Cohen 1977, Walsby, Van Rijn et al. 1983). Also, the
fact that Red Sea, especially Gulf of Agaba and northern Red Sea, is an ideal example for an ultra-
oligotrophic marine ecosystem made it important to understand how organisms sustain their life
there (Berninger and Wickham 2005), which drove the prevalent attention to cyanobacteria, the
main player of this mechanism in these scarce-nutrient Red Sea environment. Several debates
about whether the low biomass of the bacterio/phytoplanktons there are due to the scarcity in the
inorganic nutrients, especially during the stratification season (Bottom-Up control), or due to the
grazing effects from larger organisms (Top-down control) (Berninger and Wickham 2005). From
this point of view, several studies tried to understand this mechanism in the northern Red Sea and
Agaba Gulf mainly. Researchers collected samples seasonally (especially during the summer
blooming season) from the Red Sea to detect the availability of different sized-planktons, including
bacterioplanktons. Of the bacteria identified to sustain this oligotrophic conditions, and are
repeatedly reported, are the two cyanobacteria; Synechococcus spp. and Prochlorococcus spp.,
which their abundance is shown to be affected by the water column conditions. They both showed

equal abundance and uniform distribution till 300m depth in Gulf of Agaba and 60m depth in
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northern Red Sea during the stratified summer (Sommer, Berninger et al. 2002). An important
finding of this study was that the food web in this oligotrophic sea is being dominated by the
“microbial loop”, in which the picoplanktons including photosynthetic bacteria (cyanobacteria)
and heterotrophic flagellates starts the food chain as being nutrient sources for ciliates then
copepods; and this opposes the classical food chain which starts by phytoplanktons then copepods
then fishes. This data shows that the microbial loop dominates over the classical food chain in the
energy and carbon flow. However, another study on the central and south of the Red Sea, started
from south of the Egyptian Red Sea, demonstrated that, not only photosynthetic bacteria are the
predominates of the microbial loop but also heterotrophic bacteria are important grazers in the
food chain as they consume the phytopicoplanctonics nutrient products in the organic matter
transfer (Weisse 1989, Weisse 1991). By this heterotrophic bacteria are considered the secondary
producers while heterotrophic flagellates are their main consumers (Karrasch, Mehrens et al.
2001).

Also, one more reason for the importance of the cyanobacterial mats studied in the Solar Lake
of the Red Sea to the environment is harboring other active microbes contributing to the global
geochemical cycling such as sulfate-reducing bacteria and several archaeal groups, mainly
methanogens(Teske, Ramsing et al. 1998, Cytryn, Minz et al. 2000)

Moreover, these cyanobacteria were of great interest to scientists for their produced novel
secondary metabolites that shows promising pharmaceutical activities. For instance; the
cyanobacteria Moorea producens, cultivated from mangroves of the Red Sea near Sharm El-
Sheikh; scientists were able to isolate from it two new potent cytotoxins (apratoxin H and apratoxin
A sulfoxide), in addition to other known cytotoxins have been isolated from (Thornburg, Cowley
etal. 2013). More interestingly, from the same cyanobacteria, Moorea producens, in another study,
many anti-proliferative compounds showing potent and modest activities against HeLa cancer cells
have been isolated (Youssef, Shaala et al. 2015). Also, the cyanobacterium Leptolyngbya sp.
collected from the SS Thistlegorm shipwreck near Ras Muhammed, have shown to produce two
new grassypeptolides that showed promising activities against HeLa cells and mouse neuro-2a
blastoma cells (Thornburg, Thimmaiah et al. 2011).
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3.3. Red Sea Sponges:

Although the “omics” new technology initiated the emergence of the field of studying the
microbiology of higher organisms, still there were some primitive trials before that. In 1999, a
group of scientists collected samples of the sponge Theonella swinhoei from Hurghada, Egypt, to
study the different endobionts harboring this sponge. They found filamentous photosynthetic
prokaryotes constitutes (15%) of the sponge tissues, which then have been attributed to unicellular
chroococcoid cyanobacteria. In addition to 40% owed to other filamentous non-photosynthetic
prokaryotic cells, (which suggested to be the sulfur bacterial group Beggiatoa). Also, unicellular
heterotrophic bacteria constituted 20% of the sponge tissues (Magnino, Sara et al. 1999). Authors
of this research concluded there work by the fact that coral/ sponges ecosystems are more complex
than what it shows. Now after the advancement in the science technologies, not only scientists
were able to accurately define the micro-species harboring the macro-species ecosystems, but were
able to extract and predict pharmacological activities of different natural compounds released due
to this symbiont relationships between those species. Red Sea sponges have been known to harbor
bacterial communities that produce remarkable bioactive compounds. Four different strains of
Bacillus species have been isolated from the sponge Amphimedon ochracea, collected from El-
Gouna, at the Egyptian Red Sea coast; these strains have proven promising cytotoxic activities
against hepatocellular carcinoma cell lines (HepG2), colon carcinoma cell lines (HCT), and breast
carcinoma cell lines (MCF-7) (Aboul-Ela, Shreadah et al. 2012). Similar to the sponges that
encounter valuable bacteria, Red Sea algae represents a rich microbial ecosystem too. For instance,
the known intermittent marine bacteria Methylophaga; all of its species were known to be
“Vitamine B12 auxotrophs. In 2006, two new strains, that are vitamin B12- independent in their
growth and does not require any other factors for their growth, and even the vitamin addition does
not promote their growth; have been isolated from algae at the Egyptian shores of the Red Sea,
and yet they still produce auxins (Li, Doronina et al. 2007). Although, data from the Egyptian Red
Sea about microbial communities of the Red Sea sponges are considered, other scientists have
presented an intense detailed study about microbial communities of the Red Sea sponges but from
Saudi Arabia waters. They have shown two main findings, the first is that the microbial
communities of the sponges of the Red Sea have more similarities with the microbial communities
of the sponges from other marine environments than to the microbial communities of the water

samples surrounding the Red Sea sponges. And if this tells anything, it confirms the phenomenon
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of the presence of sponge-specific microbes. The other finding is that the microbial groups detected
in these sponges versus those detected in the nearby water samples. The sponges show more
bacterial diversity than the water samples, as only 9-12 bacterial phyla were detected in the water
samples, while from 19-24 phyla were detected in the sponges’ tissues. Also, the water samples
were dominated by Alphaproteobacteria (Rhodospirillales) and Cyanobacteria Family II; and those
groups largely diminished in the sponges’ samples. While the sponges phyla were mainly
Gammaproteobacteria (Oceanospirillales and Sphingobacteria) and Anaerolineae, Clostridia and
Deltaproteobacteria. Archaeal species were detected also in both the water and the sponges’

samples (Lee, Wang et al. 2011).

3.4. Red Sea Mangroves

Another fruitful ecosystem engulfed among the Red Sea environment which is being
greatly underestimated in the research studies, is the dense mangrove forests. Mangroves plays a
vital role to other marine ecosystems surrounding it, to the environment by sequestering and
storing large amounts of carbon, to the economy by producing fuel and building materials (Khalil
2015). However, one of the main values of these forests are the microbial communities harboring
the roots, stems and leaves of the mangrove, and even those harboring waters and sediments
surrounding the plant itself. As mangroves are type of plants with unique characteristics and values
to the environment, its microbiota plays unique roles too to the environment. A study on oil-
polluted mangrove forests in both Abu Monkar Island and Safaga Mangrove forests have shown
the isolation of 28 oil-utilizing bacteria, of which, four most potent bio-degraders and producers
for bio-surfactants are belonging to Pseudomonas pseudomallei SAS1; Bacillus subtilis-SBS53
and Bacillus polymyxa-SR, Bacillus licheniformis-SAS2, along with their produced natural bio
surfactants have been isolated from sediments, waters and respiratory roots of the two oil-polluted
mangrove forests (Bayoumi and EI-Nagar 2009). Apart from the pollution, normally the Red Sea
coastal mangroves in Egypt are known to harbor ten different species of purple non-sulfur bacteria,
dominated by the genus Rhodopseudomonas represented in four species; Rhodopseudomonas
marina, Rhodopseudomonas acidophila, Rhodopseudomonas rutila and Rhodopseudomonas
palustris. The second most dominant genus is Rhodobacter represented by Rhodobacter

sulfidophilus and Rhodobacter sphaeroides. This was followed by Rhodospirillum photometricum,
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Rhodospirillum salexigens, Rhodospirillum molischianum and Rhodocyclus tenuis. (Shoreit, EI-
Kady et al. 1992, Zahran 1997).

3.5. Red Sea Corals:

Another rich endangered ecosystem engulfed among the Red Sea environment is the soft
and hard corals of the Red Sea. Red Sea is considered one of the richest corals habitat, however,
research on Red Sea corals is greatly underestimated in regards to similar biodiverse corals’
ecosystems. Only 41 studies has been conducted on Red Sea corals related contexts, till 2013. Of
these 41 studies, 33 studies (80%), were on the northern part of Gulf of Agaba, which resembles
only 2% of the Red Sea size; and only 8 studies on the rest of Red Sea (Berumen, Hoey et al.
2013). Marine invertebrates are known to either directly or indirectly produce secondary
metabolites and bioactive compounds. Although studying bacterial reef communities is an
emerging field, Red Sea corals, as one of the marine invertebrates, are known to harbor bacterial
communities that play the major roles in producing antimicrobial, cytoxic and antagonistic
compounds that the host also can benefit from it through protecting themselves from other marine
pathogens (Isnansetyo, Cui et al. 2003, Chellaram, Sreenivasan et al. 2011, Chen, Kuo et al. 2012).
A recent study in 2015, managed to identify 20 bacterial isolates, members of
Gammaproteobacteria, Firmicutes, and Actinobacteria, from a soft coral, Sarcophyton glaucum,
collected from the Red Sea. These isolates showed an affiliation to Pseudomonas aeruginosa,
Pantoea endophytica, Klebsiella variicola, Enterobacter asburiae, Bacillus subtilis, Bacillus
licheniformis, Bacillus pumilus, Bacillus sporothermodurans, Brevibacillus borstelensis, Bacillus
licheniformis, Streptomyces sp.. These isolates revealed a broad antimicrobial activities against
several known pathogenic indicators; which suggest that they protect the host, the soft coral, from

marine pathogens (EIAhwany, Ghozlan et al. 2015).
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CHAPTER 1: EGYPT'S RED SEA COAST:
PHYLOGENETIC ANALYSIS OF
CULTURED MICROBIAL CONSORTIA
IN INDUSTRIALIZED SITES
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ABSTRACT

The Red Sea possesses a unique geography, and its shores are rich in mangrove, macro-
algal and coral reef ecosystems. Various sources of pollution affect Red Sea biota, including
microbial life. We assessed the effects of industrialization on microbes along the Egyptian Red
Sea coast at eight coastal sites and two lakes. The bacterial communities of sediment samples were
analyzed using bacterial 16S rDNA pyrosequencing of V6-V4 hypervariable regions. The
taxonomic assignment of 131,402 significant reads to major bacterial taxa revealed five main
bacterial phyla dominating the sampled sites: Proteobacteria (68%), Firmicutes (13%),
Fusobacteria (12%), Bacteriodetes (6%), and Spirochetes (0.03%). Further analysis revealed
distinct bacterial consortia that primarily included (1) marine Vibrio spp.—suggesting a
“marine Vibriophenomenon”; (2) potential human pathogens; and (3) oil-degrading bacteria. We
discuss two divergent microbial consortia that were sampled from Solar Lake West near Taba/Eilat
and Saline Lake in Ras Muhammad; these consortia contained the highest abundance of human
pathogens and no pathogens, respectively. Our results draw attention to the effects of
industrialization on the Red Sea and suggest the need for further analysis to overcome the

hazardous effects observed at the impacted sites.
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1. INTRODUCTION

The Red Sea possesses a unique geography, as it is almost entirely locked by land, and its
ecosystems are diverse, including mangrove, macro-algae and coral reefs (Alkershi and Menon
2011). The Red Sea encompasses two gulfs, the Gulf of Suez and the Gulf of Agaba, in addition
to the Red Sea proper. The Gulf of Suez is entirely bordered by Egypt, while the borders of the
Gulf of Agaba are shared among four countries: Egypt, Israel, Jordan and Saudi Arabia. The Red
Sea proper is bordered by six countries: Egypt, Sudan, Eritrea and Djibouti on the western shore
and Saudi Arabia and Yemen on the eastern shore.

Severe pollution of the Red Sea has been reported multiple times from Egypt (Riegl and
Velimirov 1991, Ibrahim, Farag et al. 2011, El-Sorogy, El-Kammar et al. 2013, El-Taher and
Madkour 2013), Israel (Loya and Rinkevich 1980, Riegl and Velimirov 1991, Loya 2004, Abelson,
Olinky et al. 2005), Yemen (Alkershi and Menon 2011), Saudi Arabia (Hanna and Muir 1990,
Badr, EI-Fiky et al. 2009, Montaser, Mahfouz et al. 2010, Ali, Elazein et al. 2011), Jordan (Al-
Najjar, Rasheed et al. 2011), Sudan (ldrisa, Eltayebb et al. 2007) and Eritrea (United Nations
Development Programme 2007). Pollution issues in the Red Sea are increasing in severity for
several reasons:the Red Sea’s small size (458,620 km?);the fact that it is bordered by eight

countries; and its slow rate of water turnover (Medio, Sheppard et al. 2000).

The sources of pollution in the Red Sea include land-based sources (including urban
development, industrial activities, dredging and filling, tourism and agriculture activities), oceanic
sources (shipping, fishing, marine traffic and petroleum industries), and atmospheric sources
(industries or port activities). Such severe pollution is likely to affect biological life and disturb
the Red Sea’s natural ecosystems (Regional Organization for the Conservation of the Environment
of the Red Sea and Gulf of Aden 2001). One of the major pollution threats studied is the health of
the coral reefs and their ecosystem (Pandolfi, Bradbury et al. 2003, EI-Sorogy, Mohamed et al.
2012). Reports on coral reef degradation and the impairment of coral growth and reproduction
through algal overgrowth, increased sedimentation and coral disease, have been reported
worldwide. Red Sea coral reefs constitute 3.8% of the worlds’ coral reefs (PERSGA/GEF 2004).
In an assessment of 21 mangrove sites along the Gulf of Agaba and the Egyptian Red Sea
coastlines, covering ~ 550 hectares, mangrove degradation was reported from Egypt as aresult of

oil pollution, tourism, camel grazing and browsing and solid waste accumulation, primarily of
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plastics (PERSGA/GEF 2004).

However, equally important is the effect of pollution on microbial life, a topic that has not
been well studied in the Red Sea. Two studies have addressed human pathogens along the Red Sea
coast (EI-Shenawy and Farag 2005, Ibrahim, Farag et al. 2011). In one study, the researchers
measured the abundance of saprophytic (SB), salt-tolerant saprophytic (STSB), total coliforms
(TC), Escherichia coli (EC) and fecal streptococci (FS) in 40 sites along the Egyptian Red Sea
coastal waters and in the Agaba and Suez Gulfs. Of these samples, 91.5% met “European and
Egyptian current standards” (EI-Shenawy and Farag 2005). In 2011, TC, EC and FS in water
samples were used as indicators of microbial pollution. This study reported that the Suez Gulf is
the most polluted among 194 sites in the Red Sea and Gulf of Agaba (EI-Shenawy and Farag 2005,
Ibrahim, Farag et al. 2011)

Conversely, the Red Sea’s Egyptian coast has been better studied from perspectives other
than the effect of pollution on the microbial life. For example, in 2005, the geochemistry of the
sediments and seawater of four Red Sea lagoons were analyzed. The fauna of the Abu Ghoson
lagoon was degraded due to the excessive shipping of phosphates, illmenites and feldspars through
the port. Safaga Port encounters more than one pollution source causing heavy metal accumulation,
including phosphate shipping, adjacent cement industry, land filling, navigation and construction
activities, and shipyards (Abd EI-Wahab, Dar et al. 2005, Mohamed 2005). Safaga was shown to
have the highest concentration of Fe, Pb, Mn and Zn among the analyzed sites (Abd El-Wahab,
Dar et al. 2005). The highest concentrations of ‘P’ and ‘V’ were detected in Qusseir Port, and
phosphates were detected in high concentrations in its sediments (Mohamed 2005). Similarly,
Hamrawein Port sediments were reported to show distinctive brown coloration, which is
characteristic of ‘P’ presence. This is not surprising because Hamrawein Port is one of the oldest
harbors for shipping phosphate (Mohamed, Madkour et al. 2011). Sharm EI-Maya is a shallow bay
(approximately 6 meters deep) that is located in the southern suburb of Sharm EI-Sheikh, and its
southern ? reaches are connected to the Red Sea. This bay has been exposed to several oilspill
accidents, including the accidental spill of 700 tons of fuel from a cargo ship in 1983 (Roberts and
Sheppard 1988, Khattab, Temraz et al. 2006), the 1994 oil spill in Sharm El-Sheikh (Pilcher and
Abou Zaid 2000) and the 1999 oil spill accident in Sharm El-Maya (Morsy, Soliman et al. 2010).
All oil spills represent a major threat to the bay ecosystem, including sea grass and coral patches.
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Additionally, the bay acts as a nursery for commercially valuable fish (Morsy, Soliman et al. 2010).
The combination of the oil spills with the structure and ecosystem of this bay resulted in the
entrapment of sediments and oil particles, which caused deleterious effects on coral reef
reproduction and the photosynthetic cycle (Loya and Rinkevich 1980, Al-Halasah and Ammary
2007).

In addition to the coastal sites of the Red Sea, lakes near the sea can be affected by
industrialization. In this study, we analyzed two lakes: Solar Lake at the Gulf of Agaba (Solar
Lake-W) and Saline Lake inside the Ras Muhammed National Park protected area (Saline Lake-
RM). Solar Lake-W was selected for this study because it is the only Egyptian Red Sea site where
the microbial community has been thoroughly studied. Saline Lake-RM is a petroleum-impacted
site that has limited impact from tourism, which allowed us to assess one pollution impact in

isolation.

Solar Lake was discovered in 1967 by the workers of the Eilat Nature Reserve (Por 1968,
Eckstein 1970). They reported the presence of hot water at the bottom of the lake, which was
interpreted as hot brines. Later, it was attributed to solar radiation (Eckstein 1970). When the lake
was discovered, it was reported to have the dimensions 80 x 40 m and to be 30 meters away from
the Red Sea coast, and it was characterized as a meromictic lake (Por 1968).

Solar Lake is rich in H2S and was thought to release high concentrations of H>S compared with
the production ever reported from non-polluted waters (Cohen, Padan et al. 1975). This has been
attributed to the activity of cyanobacterial mats (Cohen, Padan et al. 1975). Several strains of
cyanobacteria have been isolated from Solar Lake. In 1975,0scillatoria limnetica was isolated
from the H>S-rich layer of the lake(Cohen, Padan et al. 1975). Cyanobacterial laminites was
detected in different layers of the lake and aided in tracking the age and history of the lake (Cohen
Y., Krumbcin W. E. et al. 1977). Cyanobacteria control the diurnal cycle of the lake through
photosynthesis and O>—H>S regulation (Jorgensen, Revsbech et al. 1979). Cyanobacteria
anoxygenic photosynthesis is a major contributor to elemental sulfur production and sulfur cycling
in the lake (Jorgensen, Kuenen et al. 1979). Dactylococcopsis salina, a gas vacuolated
cyanobacterium, was also isolated from the Solar Lake (Walsby, Van Rijn et al. 1983).
Additionally, a novel species of Desulfovibrio oxyclinae was isolated from the Solar Lake

cyanobacterial mat. This species was demonstrated to adapt to wide variation in oxygen and sulfide
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concentrations(Krekeler, Sigalevich et al. 1997). Archaeal 16S rDNA analysis demonstrated that
halobacteria dominate the archaeal community of the lake and halophilic methanogens were
identified in the sulfide- and methane-rich layer (Cytryn, Minz et al. 2000).

Few studies have addressed microbial life in Saline Lake-RM. A Gram-negative,
haloalkaliphilic and facultative anaerobic bacteria, Salinivibrio sharmensis,and Halomonos
sinaiensis were isolated from Saline Lake (Romano, Lama et al. 2007, Romano, Orlando et al.
2011).

Much work in the Red Sea has focused on visible marine pollution, its various sources and
its effects on coral reefs, mangroves and fisheries. However, neglected topics include research on
microbial life in Red Sea sediments or water and how pollution affects the distribution and
abundance of the microbial communities. Here, we taxonomically identify microbial communities
cultured from sediment samples collected at sites that have been impacted by petroleum, industry

and tourism.
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2. MATERIALS AND METHODS

2.1.  Site description and Samples’ collection:

Eight coastal sites and two lakes on the Red Sea Egyptian coast were selected for sampling
based on the industrial impacts affecting each (Table 1, Figure 1). Six of the ten sites lie on the
Red Sea proper, two are on the Sinai Peninsula and two are on the Gulf of Agaba. The ten analyzed
sites included four ports for shipping aluminum (Safaga Aluminum Port), ilmenite (S-Abu
GhosonPort) and phosphate (QusseirPort and HamraweinPort), a site previously reported to have
suffered oil spills (Sharm El-Maya) and a tourism impacted site (Assala Dahab). Two sites were
considered to be non-impacted sites: a protected site (Abu Monkar Island) and a protected
mangrove area (Safaga Port-mangrove), which showed oil deposits. The two lakes (Saline Lake-
RM and Solar Lake-W) showed different impacts. Saline Lake, which is inside Ras Muhammed,
was thought to be a protected area; however,we found extensive oil deposits evident in the soft
sediments of its dense salt marches. Solar Lake-W is the west shore of the Lake and lies in the
direction of the mountains, not toward the rift. The water on the west side of the lake was
characterized by green coloration and H>S odor, and salt deposits surrounded the lake. Core
sampling on the western side of the lake released black fumes (data not shown). Surface sediment
samples were collected from the eight sites along the Egypt Red Sea coast in addition to the two
lakes in Sinai Peninsula (Table 1, Figurel). The samples were collected using a basic homemade
stainless steel core (5 cm diameter/0.5 m length) and an AMS Multi-Stage Sludge and Sediment
Sampler (using one 12’ plastic liner; cat. no. 403.31). The samples were collected near the shore
at depths ranging from 0.5 to 1 meter from the sea surface. The middle part of the core (~0.25 m
depth) was taken for further analysis to minimize the contamination from the seawater or the shore

sand during the on-site handling process.

2.2.  Bacterial culturing and DNA Preparations:

A few grams (~5 grams) of the collected sediments was inoculated, on site, directly in 20-
mL of freshly prepared Difco™ Marine Broth 2216, using 50 ml falcon tubes to allow for aeration.
The cultures were incubated with random mixing for 3 days at room temperature. After delivering
the cultures to the lab, the cultures were inverted several times, and 1 mL was taken from each
culture for bacterial DNA extraction. The DNA was extracted using QlAamp® DNA Blood Mini
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Kit (cat no. 51106) following the Protocol for Bacteria in the kit’s mini-handbook. The prepared
DNA was kept at —80°C for sequencing.

2.3. PCR amplification and 454 Pyrotag sequencing and 16S rDNA analysis:

For bacterial taxonomic assignment, prepared genomic bacterial DNA was used to amplify
the bacterial 16S rDNA hyper-variable regions V6 and V4as previously described (Sogin ML,
Morrison HG et al. 2006). The bacterial primers utilized in this study have been described (Siam,
Mustafa et al. 2012). The amplicons recovered were subjected to pyrosequencing by 454 GS FLX
Titanium technology (454 Life Sciences). V6-V4 reads were deposited in NCBI SRA under
the accessions SRR1437688-SRR1437697.
The resources on the Visualization and Analysis of Microbial Population Structures (VAMPS)
website, hosted by the Josephine Bay Paul Center, MBL, Woods Hole
(http://vamps.mbl.edu/resources/databases.php) were used for the phylogenetic analysis and
taxonomic assignment of the reads to major bacterial taxa. Fisher's exact test was used to determine
the species/genera that differed significantly in abundance across the different sites (p<0.05,
Bonferroni-corrected). The total number of raw reads (no significance test applied) and the number
of assigned taxa are presented in Table 2. The significant reads are the reads that passed the cut-
off value of the former test. We selected known taxa from these significant reads (significant taxa).
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Conclusion

Red Sea is a complex environment where several rich, complex and fruitful ecosystems are
engulfed within its environment. Dense mangrove forests, hard and soft corals, sponges, fisheries,
invertebrates, and Red Sea waters and sediments are all considered to be complex ecosystems that
act as a shelter for other organisms. The common organisms to be symbiont for all of these
ecosystems are the microbial communities. These microbial communities support the nutrients for
their host in addition to also act as an immune system for their host against other microbial
communities. Also, the microbial-host’ tissues relationship results in the production of several
secondary metabolites that show pharmacological significance. On the other hand, Red Sea
environment is being attacked chronically by several types of pollution, by which Red Sea different
ecosystems are being dramatically affected. It is a matter of fact that almost all of the Red Sea
ecosystems are being underestimated in research studies in regards to similar unique biodiverse
ecosystems. More importantly hazardous effects of diverse sources of on the different living
communities of the Red Sea are also being dramatically underestimated. However, the most
studied ecosystems in terms of effects of pollution are the mangroves, corals and fishes, especially
within the Egyptian borders. Up to our knowledge, this is the first study to describe bacterial
communities harboring the coastal sediments of the Egyptian Red Sea proper and Gulf of Agaba;
in addition to shedding the light upon the relation between the communities structures and
abundances and the source of pollution impacting the site. Ten different sites have been visited in
2011, 8 of them are coastal sites in addition to two lakes. Of these 8 coastal sites, four of them
shown to be shipping ports for phosphate, llmenite and Aluminum, in addition to a mangrove
forest near the aluminum port. That was in addition to a touristic-impacted site and a chronically
oil polluted sites. For the two lakes, one of them is discovered and studied thoroughly since 1968
till 1998, while the other lake have never been studied before. Sediments samples collected from
the coasts of these ten sites at a 0.5m depth using core sampler. Physical parameters including PH,
temperature and dissolved oxygen have been measure for each site. Few grams of the sample have
been inoculated on site in a marine broth. DNA was extracted from the ten cultured and subjected
for high-throughput sequencing technology; and this approach was referred to as the 2011 Culture-
Dependent approach. On the other hand, DNA was also extracted directly from the sediments’

particles and subjected for high-throughput sequencing; and this approach has been referred to as
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