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Résumé

Les lagunes sont des écosystèmes marins fragiles qui sont considérablement affectés par des

polluants anthropiques. Nous avons réalisé une caractérisation spatio-temporelle du microbiome

de deux lagunes marocains, Marchica et Oualidia, classées comme sites Ramsar, la première sur

le littoral méditerranéen et la seconde sur le littoral atlantique. Nous avons étudié leur diversité et

abondance microbiennes à l'aide d'approches métagénomiques pendant l’été des années 2014 et

2015. Le microbiome bactérien était composé principalement de Protéobactéries (25%-53%,

29%-29%), Cyanobactéries ( 34%-12%, 11 %-0,53%), Bactéroïdes (24%-16%, 23%-43 %),

Actinobactéries (7%-11%, 13%-7%) et Verrucomicrobes (4%-1%, 15%-14%) au niveau de

Marchica et Oualidia en 2014 et 2015, respectivement. Fait intéressant, 48 souches ont été

nouvellement signalées dans les écosystèmes lagunaires, tandis que huit virus inconnus ont été

détectés uniquement dans la Marchica méditerranéenne. L'analyse statistique a montré une

diversité microbienne plus élevée dans la lagune atlantique par rapport à la lagune

méditerranéenn et une relation robuste entre la diversité alpha et les emplacements

géographiques d'échantillonnage. De plus, les représentants de Synechococcus ont recruté un

plus grand nombre de lectures de l'ARNr 16S à Marchica par rapport à Oualidia, où nous avons

identifié 31 oligotypes de Synechococcus regroupés en 10 clades avec différents schémas de

distribution. Cette toute première étude métagénomique sur les écosystèmes aquatiques

marocains a enrichi le catalogue national des micro-organismes marins pouvant être utilisés

comme candidats pour les propriétés de bioindication, le potentiel de biosurveillance, la

valorisation des biotechnologies, la protection de la biodiversité et l'évaluation de la santé des

lagons.

Mots clés: Métagénomique; microbiome marin; lagunes marocaines; Marchica, Oualidia;

biodiversité; bioindicateurs.
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Abstract

Lagoons are fragile marine ecosystems that are considerably affected by anthropogenic

pollutants. We performed a spatiotemporal characterization of the microbiome of two Moroccan

lagoons, Marchica and Oualidia, both classified as Ramsar sites, the former on the Mediterranean

coast and the latter on the Atlantic coast. We investigated their microbial diversity and

abundance using 16S rRNA amplicon- and shotgun-based metagenomics approaches during the

summers of 2014 and 2015. The bacterial microbiome was composed primarily of

Proteobacteria (25%-53%, 29%–29%), Cyanobacteria (34%–12%, 11%–0.53%), Bacteroidetes

(24%–16%, 23%–43%), Actinobacteria (7%–11%, 13%–7%), and Verrucomicrobia (4%–1%,

15%-14%) in Marchica and Oualidia in 2014 and 2015, respectively. Interestingly, 48 strains

were newly reported in lagoon ecosystems, while eight unknown viruses were detected in

Mediterranean Marchica only. Statistical analysis showed higher microbial diversity in the

Atlantic lagoon than in the Mediterranean lagoon and a robust relationship between alpha

diversity and geographic sampling locations. Furthermore, Synechococcus representatives

recruited a higher number of reads from the 16S rRNA in Marchica in comparison to Oualidia,

where we identified 31 Synechococcus oligotypes that clustered into 10 clades with different

distribution patterns. This first-ever metagenomics study on Moroccan aquatic ecosystems

enriched the national catalog of marine microorganisms that could be used as candidates for

bioindication properties, biomonitoring potential, biotechnology valorization, biodiversity

protection, and lagoon health assessment.

Key words: Metagenomics; marine microbiome; moroccan lagoons; Marchica, Oualidia;

biodiversity; bioindicators.
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Chapter 1: Introduction

Coastal lagoons are shallow water bodies, opened to a larger body of water, and in most

cases protected from it by one or more bar of sand or coral reef submerged or partly exposed

parallel to the shore (Cañedo-Argüelles et al. 2012). This barrier helps lagoons gain

significantly distinct characteristics in comparison to the adjacent sea or ocean (Ghai et al. 2012).

In addition, three contributors are essential for their formation: the basin and its neighboring

areas, the interior, and sea accumulations (Sor ia et al. 2022). Coastal lagoons in the

Mediterranean are generally not influenced by significant freshwater inflows or tides since they

are very low, which keeps away from diel inputs commonly observed in oceanic saltmarshes

(Ghai et al. 2012). However, they are increasingly isolated from the sea, leading to remarkable

changes in salinity, nutrients, and dissolved oxygen. Another factor of importance is the depth.

Due to the shallowness of the water body, light penetrates throughout the year throughout the

entire water column, nutrients are rapidly recycled, and the rate of primary productivity is high

(Trombetta et al. 2022). The water temperature is strongly affected by the atmospheric

temperature (Trombetta et al. 2021), which is responsible for a winter and summer seasonal

difference of 25 °C (Trombetta et al. 2019). It is alleged that depth, water temperature, and

salinity in coastal lagoons are the most important factors shaping microbial biodiversity and its

seasonal succession (Ghai et al. 2012; Trombetta et al. 2021). Furthermore, coastal lagoons are

widespread on the Mediterranean, the Baltic Sea coasts, and a few Atlantic zones (i.e., Morocco,

France, Portugal, Uruguay, Brazil). As a consequence of their placement between open seas and

land, coastal lagoons are influenced by anthropogenic pressures due to agriculture, tourism,

mining, domestic sewages, industrial effluents, and aquaculture. These variations are reflected in

the high biodiversity related to important environmental ecosystem heterogeneity (microbial

species diversity and coexistence). Hence, understanding the microbial structure provides insight

into the impact the microbiome has on the coastal lagoon ecosystem.

The marine environment is colonized by a massive diversity of microorganisms, which play

a pivotal role in primary productivity, nutrient recycling, and energy production and transfer

(Buchan et al. 2014; Dolan et al. 2018; Yunfeng et al. 2022). This diversity is under the deep

influence of physicochemical factors driving seasonal succession of microbes, which go through

time series of cell proliferation and structural variation throughout seasonal blooms (Needham et

al. 2016).
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Microbial diversity in coastal lagoons has become the focus of an important number of

metagenomics studies, which enhanced our understanding of the remarkable complexity and

biodiversity of marine microbial populations (Ghai et al. 2012; Trombetta et al. 2022;

Chaouni et al. 2022; Walter et al. 2021; Yanez-Montalvo et al. 2020; Águila et al. 2022;

Venter et al. 2004; Rusch et al. 2007; Pesant et al. 2015). However, coastal lagoons remain

undersampled since they present many challenges, including their weather, dynamic turbulence,

high amount of nutrients, water mixing, and closeness. Today, the composition of Cyanobacteria

and their contribution to atmosphere and ocean oxygenation (Mackey et al. 2017; Falkowski et

al. 2022), the widespread abundance of SAR11 species (Eggleston et al. 2016), vertical and

horizontal patterns in bacterial diversity (Li et al. 2018), and many other studies have well

illustrated the microdiversity in the lagoon and marine world.

Understanding the microbiome of coastal lagoons is a flourishing field of research within the

area of marine science. Currently, researchers are heavily focused on finding essential or “core”

members of the microbiome (Tan et al. 2015; Shade et al. 2012). A pure culture of

microorganisms is needed to obtain an answer to simple questions, for instance, ‘who is there”

using the golden marker 16S rRNA gene or investigating the microbiomes as a whole to

understand what functions they are capable of (Kopf et al. 2016). Furthermore, the marine

environment and its microbiome are undergoing major changes due to climate and anthropogenic

effects (Doney et al. 2012).

We chose two Moroccan coastal lagoon ecosystems for their importance, namely, Marchica

and Oualidia, to describe their extant microbiome using metagenomics. Both lagoons are

classified as Ecological and Biological Sites of Interest (SIBE) and Ramsar sites (Convention on

Wetlands of International Importance). Oualidia is the site of intensive aquaculture production of

the Pacific oyster and a migratory stopover for birds between Europe and Africa, whereas

Marchica is the largest, most attractive lagoon of the south shore of the Mediterranean Sea in

Morocco and a model of sustainable development. Both lagoons have suffered profound

anthropogenic pressures from economic and agricultural actions in adjacent zones. Ostracods are

the most famous bioindicators of pollution in Marchica (Ruiz et al. 2006). Most conducted

studies have only discussed phytoplankton composition. Phytoplankton blooms were contributed

to by Chaetoceros, Pseudonitzschia, and Nitzschia longissima. Their abundance and seasonality

characterized Marchica as a highly eutrophicated lagoon (El Madani et al. 2011). The waters of

the Oualidia Lagoon were dominated by diatoms, ranging from 70% to 98% of the algal
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community. However, dinoflagellate relative abundance increased after small diatom cells

diminished (Natij et al. 2014). Lagoon–ocean exchanges and ecological factors directly

influenced the richness and diversity of planktonic algae. In addition, the distribution of different

species in the lagoon was directly impacted by the hydrodynamics of the lagoon and its shallow

water conditions (Natij et al. 2014). Moreover, in Oualidia, harmful species such as

Prorocentrum, Dinophysis, and Alexandrium were detected at low concentrations and could

cause toxicity accumulation in oysters (Kopf et al. 2015).

As part of the Ocean Sampling Day project (OSD) to sample the world’s marine

environment (Kopf et al. 2015), we followed both 16S-amplicon and WGS metagenomic

sequencing approaches to characterize the microbial diversity of the Marchica and Oualidia

Moroccan lagoons and compared them with neighboring open sea marine environments. The

sampling in Marchica and Oualidia was performed on 21 June 2014 and 2015, the boreal

summer solstice. This is the first time such a metagenomics approach has been applied in

Morocco to study a marine ecosystem and initiate Morocco’s marine microbial inventory. We

hypothesize that the operational taxon unit (OTU) distribution differs between the 2014 and 2015

sampling campaigns; it is influenced by geography, and taxa diversity correlates with

environmental parameters.

1.1. Thesis Objectives

Morocco is considered a hotspot of biodiversity waiting to be explored, with so few reports

having been published on its microbial community structure using microbial culture. Therefore,

in this study, we aim to provide a detailed explanation of the composition and metabolic

potential of the microbial communities in Moroccan coastal lagoons using a metagenomics

approach.

We chose coastal lagoons as a study model, namely, Marchica located on the Mediterranean

coast and Oualidia on the Atlantic. By studying these lagoons, we cover the most representative

ecological types of Moroccan coastal lagoons. These latter are both classified as ecological and

biological sites of interest and are of intense tourism activities because of their geographical

situation and economic interest. Oualidia is considered the “Oysters capital” of Morocco, while

Marchica is designated as the largest, most beautiful, important lagoon of the south shore of the

Mediterranean Sea and a model of sustainable development.
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The objectives of this study are as follows:

i. Identify the microbial communities present in the marine Moroccan lagoons surface waters

ii. Study of the functional capabilities of microbial communities in Moroccan lagoons

iii. Establishing potential variation patterns in microbial communities across environmental

and spatial gradients in Moroccan lagoons

The results obtained will contribute to a better understanding of the microbes that make up

the communities within these coastal waters as well as their roles in the environment. This study

will also allow us to gain insight into the relationship between microbial community patterns and

geographical location. Furthermore, it promises the potential of discovering novel genes or

activity that will contribute to existing models of study.

1.2. Organizations and Contributions

In chapter 1, we call attention to the importance of studying the marine environment and

their microbiome, and we present the thesis's main objectives.

In chapter 2, we introduce the background concept that is used in this thesis. It includes five

sections: marine ecosystems, marine microorganisms and their diversity, coastal lagoons,

Moroccan coastal lagoons (e.g., Marchica and Oualidia), methods to study the lagoon

microbiome and bioinformatics analysis.

In chapter 3, we present the general pipeline of the study, from sampling to DNA extraction,

shotgun and amplicon sequencing, data and statistical analysis.

In chapters 4 and 5, we describe the extant microbiota of two Moroccan coastal lagoons,

Marchica in the Mediterranean Sea and Oualidia in the Atlantic. The aim was to unmask the

microbial diversity in an ecosystem where such information is scarce. These experiments suggest

environmental factors that influence Moroccan marine microbial diversity. It also pointed to few

microorganisms to be used as bioindicators for fragile systems such as lagoons.

In chapter 6, since the results in chapter 4 showed a dominance of the genus Synechococcus

in the Marchica lagoon, we tried to identify Synechococcus clades in both lagoons using 16S

rRNA gene oligotyping and all along with their seasonal patterns and spatial distribution. The
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aim of this study is to enhance our understanding of the environmental and ecological factors

that influence patterns of Synechococcus microbial community composition over space and time

in lagoon waters.
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Chapter 2: Marine microbial metagenomics

2.1. Marine ecosystem

Seas and oceans cover more than 70% of the Earth’s surface and represent one of the largest

living ecosystems on Earth (Charette et al. 2010; Das et al. 2006). They host the majority of its

biomass and contribute significantly to all global cycles of matter and energy. All life on Earth

most likely originated from microbes in the sea.

This massive biome, stratified by physical conditions such as depth, salinity and temperature,

gives birth to an extensive community further segregated into marine habitats, such as coral reefs

or hydrothermal vents, with respect to their specific ecologies (Gray et al. 1997). As a unit,

however, marine communities play a shared role in regulating the major processes that take place

in the ocean. With different groups of organisms carrying out their respective roles, a tightly

interconnected web is established that runs the marine ecosystem like a well-oiled machine.

Having the ocean account for 70% of the planet, these biogeochemical processes hence bear

impact on a global scale and play a crucial role in its productivity—thus dubbing it the Earth’s

‘invisible rainforest’ (Falkowski et al. 2002; Karl et al. 2002).

In today’s marine ecosystems, following billions of years of evolution, microbes such as

bacteria, archaea, viruses, fungi and protists (including microalgae) dominate the living biomass.

Recent rapid developments in molecular ecology, metagenomics and ecological modeling

illustrate that microbes represent the most important biological group on Earth in terms of

phylogenetic and functional diversity. In addition, interdisciplinary research has uncovered new

and unexpected roles of microbes in the biogeochemical cycling of carbon, nitrogen, silica and

iron and many other (trace) elements in our seas and oceans.

Marine microorganisms produce the organic matter and oxygen required to sustain life and

facilitate the storage, transport, and turnover of key biological elements. Thus, microorganisms

are the foundation of life and are of critical importance to the habitability and sustainability of

our planet (Glöckner et al. 2012).

The enormous microbial diversity also gives rise to a largely untapped amount of genetic

information, bioactive compounds and biomaterials that could deliver important benefits and

applications of societal interest, for example, to improve medical treatments, fisheries and



19

aquaculture applications, the supply of energy and for the development of industrial products and

processes. However, despite the clear importance of marine microbes and the major

opportunities they present, very little is known about marine microbial diversity, the enormous

array of microbial types and their ecological functions and interactions. Moreover, the vast

majority (90-99%) of marine microorganisms cannot be cultured under standard laboratory

conditions, and their growth and physiology cannot, therefore, be studied in a way that has

proven so successful throughout the 20th century for medically important microorganisms

(Glöckner et al. 2012).

With deeper insight into the structure and metabolism of these communities, in this thesis,

we will thus be able to fill existing knowledge gaps and contribute to the advancement of

existing study models.

2.2. Marine microorganisms

A large percentage of primary production contributes to the DOM in the ocean, a form of

carbon readily utilized by its inhabitants. This source of carbon, however, typically comes in the

form of particulate organic matter (POM) and must be made available to other organisms. This

process is largely regulated by prokaryotes in the ocean, which produce enzymes capable of

breaking down POM into simpler forms, consequently providing energy to other trophic levels

(Azam et al. 2007). Prokaryotes, made up of two major domains, Bacteria and Archaea, are the

most abundant living organisms in the ocean, with more than 50% of the population inhabiting

the pelagic layer (Karner et al. 2001). One of the most abundantly found groups of bacteria in

surface waters is the SAR11 clade, which makes up an estimated 18% of the total biomass found

in upper ocean environments (Viklund et al. 2011).

Other common surface water colonizers include Prochlorococcus and Synechococcus, both

members of the Cyanobacteria class, which are light-harvesting prokaryotes typically found in

photic regions (Viklund et al. 2011; Malmstrom et al 2005; Zubkov et al. 2009). Archaea, on

the other hand, are typically present in much smaller numbers but are found more abundantly in

the deeper layers of the ocean (Signori et al. 2014; Luria et al. 2014). However, certain groups

are known to thrive in surface water environments, such as the Euryarchaeota clade (Brown et al.

2009). Although extensive generalization cannot yet be made, prokaryotes have been observed to

exhibit regional variation in terms of genomic and physiological properties. For example, coastal
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waters appear to harbor a higher count of certain groups of bacteria, such as Alphaproteobacteria

from the Roseobacter clade, compared to open ocean environments.

To successfully assimilate into these coastal environments, these microbes were found to

have developed a form of genomic adaptation (DeLong et al. 2005). One such example would be

Silicibacter pomeroyi, a member of the Roseobacter clade, which possesses the genes necessary

to metabolize not only dissolved organic carbon but also reduced inorganic compounds, such as

carbon monoxide and sulfur—both of which were confirmed to be important substrates for its

metabolism. Additionally, S. pomeroyi metabolism was also found to encode multiple

transporters capable of the uptake of osmolytes such as DMSP and glycine betaine, both of

which have been presumed to originate from marine algae, which are abundant in coastal

environments (Moran et al. 2004).

These microbes play an essential role not only in the cycling of main elements but also in the

regulation of biogeochemical processes that play an important role in shaping other

environmental factors such as atmospheric composition and climate trends (DeLong et al. 2005).

For example, biogeochemical processes involving the exchange of sulfur via the ocean-

atmosphere boundary have been known to have a direct effect on climate patterns (Strom et al.

2008).

Marine microbial communities involved in sulfur metabolism were found to produce the

volatile compound dimethyl sulfide (DMS) as a product of the breakdown of precursor

dimethylsulfoniopropionate (DMSP), which is commonly found in planktonic algae (Strom et al.

2008; Reisch et al. 2011). The DMS molecules released into the atmosphere act as cloud

condensation nuclei (CCN), which consequently promotes cloud formation and reduces the

amount of solar radiation that reaches the Earth’s surface (Vallina et al. 2007; Welsh et al.

2000). Several species of marine microbes have been found to mediate the reaction by producing

the enzymes necessary to cleave DMSP into the desired gas product (Vila-Costa et al. 2010),

which can be a useful model for climate change studies. One such example would be the

Roseobacter lineage, which was found to exhibit a positive correlation to DMSP dynamics in a

study by (González et al. 1997).

Through the analysis of heterotrophic bacterial communities within an algal bloom in North

Atlantic waters using culture-independent methods, the percentage of Roseobacter rDNA was

found to increase along with concentrations of DMSP and total dimethylated sulfur compounds
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in surface waters and was hypothesized to be involved in the cycling of organic sulfur

(Fuhrman et al. 1993). While there still remains much to explore, the potential phylogenetic and

metabolic diversity of these prokaryotes has been said to far exceed that of all eukaryotes

combined. However, there still exists a large knowledge gap as to what makes up these microbial

communities, which specific processes are more dominant, and how these factors vary between

the different communities and environments. Recognizing this, scientists have thus focused on

the taxonomic and metabolic diversity of these communities in an effort to gain a better

perspective of the marine ecosystem as a whole and, to a larger extent, its effects on the

variability of the global environment (Fuhrman et al. 1993).

2.2.1. Example of marine microdiversity : Case of Synechococcus

Synechococcus is an important group of Cyanobacteria that contribute to global

biogeochemical cycles (Mazard et al. 2012). They offer an attractive system to explore bacterial

taxa relationships, distribution, coexistence, ecology, and evolution (Scanlan et al. 2002). The

widespread distribution of this group can be attributed to its high degree of genetic diversity

(Scanlan et al. 2009). Synechococcus comprises some of the major forms of Cyanobacteria that

inhabit marine and freshwater environments (Scanlan et al. 2009). Although their genetic

diversity has been documented for these ecosystems, there is scant knowledge of the biodiversity,

abundance, and distribution of this genus in coastal lagoons. The latter environments are highly

productive and valued ecosystems while being morphologically and ecologically complex.

Coastal lagoons are subject to more variable environmental conditions than the open sea. Due to

relative isolation from the sea and their location within a hydrological catchment, these lagoons

are more susceptible to changes in physicochemical parameters, leading to increasing salinity, a

decrease in nutrient availability and concentration, and light spectral intensity. These factors

influence the adaptation strategies of photosynthetic microorganisms, including Synechococcus

species.

The emergence of next-generation sequencing approaches has provided astonishing insight

into microbial biodiversity. Notably, the use of the gold standard gene marker for 16S rRNA

now enables microbial diversity assessment across the globe in distinct seasons and locations

depending on different environmental conditions (Ahlgren et al. 2012). Recently, the use of

high-resolution methods, such as oligotyping, has allowed researchers to investigate unexplained

diversity within operational taxonomic units and uncover ecologically and biologically distinct
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taxa (Eren et al. 2013). Based on these techniques, seasonal and geographical behavioral

patterns of Synechococcus strain abundances and distributions have been described in several

studies (Xia et al. 2015; Hunter-Cevera et al. 2016; Mackey et al. 2017; Nagarkar et al. 2021;

Needham et al. 2016). Some studies reported higher abundances in the summer season (Xia et al.

2015; Hunter-Cevera et al. 2016; Mackey et al. 2017), whereas other studies have shown

temporary blooms in spring or summer under eutrophic conditions (Nagarkar et al. 2021;

Robidart et al. 2012). In both cases, correlations between physicochemical parameters such as

temperature, salinity, and nitrate concentration and Synechococcus abundances were reported

(Robidart et al. 2012; Rajaneesh et al. 2013; Flombaum et al. 2013; Paulsen et al. 2016).

Spatial differences were also observed; Synechococcus strains were more abundant in coastal

waters than in estuaries. Surprisingly, high Synechococcus cell abundance was observed even in

polar oceans, which are thought to be devoid of them (Paulsen et al. 2016). Twenty

Synechococcus clades with different patterns of distribution have been described (Hunter-

Cevera et al. 2016). Indeed, many Synechococcus clades, including Clades I and IV, have been

observed in temperate or polar waters, as well as coastal and higher latitude regions. The

question of consistent co-occurrence (for instance, between Clades I and IV) remains partially

unanswered, and the role of environmental parameters remains poorly understood.

Synechococcus strains have been classified into three major subclusters (5.1, 5.2, and 5.3)

based on 16S rRNA gene phylogeny. Marker genes used to study the diversity of marine

Synechococcus were essential to describe an important number of subclades, providing more

accurate resolution, such as the internally transcribed spacer (ITS), catalase-peroxidase gene

(cpeA), nitrate reductase gene (narB), global nitrogen regulator gene (ntcA), ribulose

bisphosphate carboxylase large chain gene (rbcL), DNA-directed RNA polymerase subunit beta

gene (rpoC1), and especially petB gene coding for cytochrome b6f. This latter gene helped

identify more than thirty subclades (Scanlan et al. 2009; Ahlgren et al. 2012). Furthermore,

these markers divided the identified subclusters into more than twenty distinct genetic clades

(Ahlgren et al. 2012). Marine Synechococcus clades are significantly diverse in terms of depth,

temperature, and nutrient availability requirements. Clade II is found in tropical offshore

environments, with 'hot spots found in the nutrient-rich coastal upwelling of Morocco and

causing seasonal blooms in the Red Sea and the Gulf of Aqaba (Mazard et al. 2012). Clade III is

predominantly found in tropical and subtropical warm waters (Mazard et al. 2012), whereas

Clades I and IV occur in nutrient-rich, temperate, and cold environments either nearshore or
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offshore (Mazard et al. 2012). Most of these clades (I, II, III, IV, and CRD1) belong to

subcluster 5.1. Marine subcluster 5.2 has been observed in nearshore, coastal, and estuarine

environments (Mazard et al. 2012). Different clades may co-occur in similar ecological niches,

with reports of as many as six clades found at once (Ahlgren et al. 2012). Co-occurrence

patterns are observed in coastal waters. Clades II and III cooccurred in the California Current

during the spring prebloom period, while clades I and IV predominated when the bloom itself

occurred. Clades V, VI, and X coexist in the Red Sea during transitional periods between mixing

and stratification (Mackey et al. 2017). Abundant Synechococcus clades are impacted by

limiting factors such as light, nutrient availability, temperature, or viral infections (Mackey et al.

2017). These factors might also change across seasons and over time scales of environmental

changes, leading to clade coexistence (Hunter-Cevera et al. 2016). When less abundant, they

may persist at low but stable levels (Pedrós-Alió et al. 2006; Sogin et al. 2006; Fuhrman et al.

2009) and serve as reservoirs of genetic diversity (Mackey et al. 2017).

2.3. Coastal lagoons

Coastal lagoons are shallow water bodies separated from the sea by a barrier, connected at

least intermittently to the sea by one or more restricted inlets and usually oriented parallel to the

shore. The formation of the barrier is crucial, as it allows lagoon waters to acquire significantly

different characteristics compared to the nearby seawater. Mediterranean coastal lagoons are

commonly not affected by significant tidal influences, as tides in the Mediterranean Sea are very

low. This avoids the diel inputs of seawater that are common in oceanic salt marshes. Because of

the relatively increased isolation from the sea and their location within a hydrological catchment,

these lagoons also become more susceptible to changes in salinity, dissolved oxygen, and

nutrient content, largely owing to the increased effect of evaporation in a restricted area, leading

to increased salinity and deposition of various salts (e.g., calcium carbonate), as well as to the

strongest influence of the surrounding land. Because of the high population density in coastal

Mediterranean areas, these lagoons are usually impacted by agricultural, mining, tourism and

general developmental activities, leading to the lagoon becoming a common sink for a wide

variety of waste materials. These differences are also reflected in the organisms that inhabit these

lagoons, which may largely contrast with those of the nearby marine environment. Such lagoons

are very common environments in flat areas along the Mediterranean coasts and may range from

small to very large in size (Ghai et al. 2010).
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2.4. Moroccan coastal lagoons

2.4.1. Marchica lagoon

The Nador lagoon also, known as the Marchica lagoon (from its Spanish name Mar-chica,

“the little sea”), is the second largest lagoon complex of northern Africa, the broadest paralic

environment of Morocco and the only lagoon located along the Mediterranean coast of this

country (Ruiz et al. 2006). This lagoon is protected by an “North West - South East" elongated

spit (25 km length), only interrupted by an artificial inlet limited by two jetties that communicate

it with the Mediterranean Sea. Most of the areas present water depths between 3 and 8 m, with

internal hydrodynamics dominated by marine waters passing through the artificial inlet. The tidal

regime is microtidal (0.35 m) and semidiurnal (González-Regalado et al. 2005). The salinity

range is typical of marine waters (38-40.9 mg/L), with low salinity values and high nutrient

concentrations near the former wastewater treatment station of Nador (Ruiz et al. 2006).

Dissolved oxygen contents are highly variable (3.9–10.5 ml/L), with the highest values in the

artificial inlet (González-Regalado et al. 2005). The latter also causes salinity changes in the

adjacent areas (Ruiz et al. 2006). This lagoon is subjected to increasing anthropogenic pressure

owing to economic activities in neighboring areas. Heavy metals occur in the lagoon sediments

largely due to anthropogenic activities in the area as urban effluents. Pollution indices show that

the heavy metals pose an ecological risk and indicate that the Nador lagoon is from moderately

to considerably polluted. Water quality parameters (salinity, pH, nutrients) of the dominant

marine flows are altered by local fecal water effluents, urban discharges, and sewages derived

from wastewater, residues originating in a slaughterhouse, as well as pesticides and fertilizers

from the adjacent agricultural fields. The geochemical analyses carried out in surficial sediment

samples showed very high concentrations of all metals studied near an old iron mine and

moderate contents between Nador and its treatment station (Maanan et al. 2014).

Ostracods are good bioindicators of these environmental impacts, with the presence of a

highly brackish assemblage in quieter, more confined areas or the appearance of opportunistic

species under hypoxic conditions (Ruiz et al. 2006). Phytoplankton studies in the Marchica

lagoon showed, among seven identified phytoplankton classes, a domination of diatom and

dinoflagellate species. Frequent phytoplankton blooms are contributed by one to three species

(Chaetoceros, Pseudonitzschia, Nitzschia longissima). The abundance and seasonality of
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phytoplankton characterized the Nador lagoon as a highly eutrophicated environment (Elmadani

et al. 2011).

2.4.2. Oualidia lagoon

The Oualidia lagoon located on the Atlantic coast of Morocco is 7 km long, on average 0.5

km wide, and it exchanges waters with the ocean through a major inlet of approximately 150 m

width and 2 m depth and, during spring tides, with a secondary, shallower inlet of approximately

50 m in width. An internal delta with a surface area of approximately 0.2 km2 is normally found

close to the inlet (Carruesco, 1989). The hydrodynamics of the lagoon are subject to the rhythm

of semidiurnal tides and influenced by coastal upwellings. The sedimentary cover has a spatial

variation, sandy near the pass to muddy upstream. Freshening is observed at low tide upstream

through small freshwater resurgences. The measurements of temperatures and salinities indicate

a clear influence of the marine waters downstream of the lagoon and a decrease in salinity

toward the upstream. This is related to the presence of many freshwater sources of continental

origin and submarine freshwater resurgences inside the lagoon, which play a dominant

hydrological role (Hilmi et al. 2005). Hypersalinity was not recorded except in some puddles

located in the schorre (Bidet et al. 1982). Apparently, there are no rivers discharging into the

lagoon, but several authors have mentioned the existence of underground freshwater seepage

somewhere within the lagoon (Beaubrun et al. 1989; Carruesco, 1989).

The breeding of the Japanese oyster Crassostrea gigas is practiced in five parks

distributed along the lagoon, while the collection of Ruditapes decussatus is carried out in the

northern part of the lagoon. The study of phytoplankton showed that diatoms were the dominant

organisms at most times (70% to 98% of the phytoplankton population). Following the decline in

small diatom species, dinoflagellates became dominant. Phytoplankton diversity and richness

were more dependent on oceanic supply and environmental factors than on freshwater supplies

into the lagoon. Lagoon hydrodynamics and low depth favor the homogenization of the vertical

and horizontal distributions of species in lagoon waters. Potential harmful phytoplankton species

identified belong to different genera, including Alexandrium, Prorocentrum, and Dinophysis.

They occur at low concentrations and cause toxicity in oysters harvested from this lagoon

(Bennouna et al. 2000).
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2.5. Methods to study lagoon microbiomes

2.5.1. Metagenomics

The field metagenomics can be defined as a culture-independent analysis of a ‘collective set

of genomes of mixed microbial communities’ isolated from the environment (Petrosino et al.

2009). Traditionally, the physiology and biochemistry of microbes were studied through

conventional culture-based methods where live biomass was isolated from the environment and

grown in laboratory conditions. However, this was restricted only to the more easily culturable

species which are believed to make up approximately 1% of the global microbial population,

resulting in a very limited description of the vast microbial communities that exist (Jorgensen,

2006; Kennedy et al. 2010).

Since 1998, attention to metagenomics has gradually increased around the world, as

witnessed by the growing number of related reports and even reviews in the PubMed database.

Currently, two major types of metagenomics studies prevail in public literature databases in

terms of research targets, one being the community survey that resolves community composition

or dynamics using phylogenetic marker genes such as the 16S ribosomal RNA (rRNA) sequence

and the other being the functional metagenomics survey that studies the metabolic potential

embedded in coding genes obtained from an environment. Both types of studies usually relate

ecological associations to environmental conditions.

The history of studying environmental microbes using culture-independent methods can be

traced back to the application of the fosmid library, developed by DeLong’s group, to clone large

genomic DNA fragments into a fosmid vector maintained in an Escherichia coli surrogate host.

Screening, sequencing, and analyzing those partial microbial genomes extend our understanding

into previously untapped microbiological territory. The next boost to metagenomics research was

the use of the whole genome shotgun (WGS) approach employing next generation sequencing to

bypass the need for cloning and direct sequencing of metagenomic DNA fragments in a high-

throughput manner. The massive decrease in sequencing costs in recent years further promises to

dramatically increase access to genomic and metagenomic data.

Metagenomic strategies have not only provided us with near complete insights into the

diversity of microbial communities, but have also given us access to in-depth studies of the

metabolic pathways that are carried out within them (Kennedy et al. 2010). Paired with the vast
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array of computational analysis tools that have been made available, these new sequencing

technologies provide a higher resolution description of whole communities that previously could

not be achieved through traditional approaches alone (Caporaso et al. 2011).

Metagenomic sequencing involves four main steps: the extraction of genomic DNA from a

sample, NGS sequencing, and bioinformatics analysis, which consists of assembling the reads

into longer sequences called contigs and then annotating and characterizing the sequences.

Furthermore, it was shown that the functional potential of a microbiome was related to its

environment (Tringe et al. 2007). However, it is still difficult to link the different environmental

conditions with microbial communities. Thus, the major challenge of metagenomics is how to

study the impact of the environment on metabolic networks and microbial communities.

2.5.2. Next generation sequencing

For the past few decades, the field of genomics has relied heavily on traditional techniques

such as Sanger sequencing and fluorescence-based electrophoresis for the purpose of genomic

characterization. Additionally, known as dideoxy sequencing, the Sanger chain-termination

method relies on the synthesis of a complementary DNA strand through the incorporation of 2’-

deoxynucleotides (dNTPs) and fluorescently labeled 2’,3’-dideoxynucleotides (ddNTPs), which

serve to terminate the elongation process. Randomly terminated DNA strands are then separated

by size using gel electrophoresis, after which the DNA sequence of the synthesized strand is

revealed based on the terminal ddNTPs (Morozova et al. 2008; Edwards et al. 2006). Since

then, many sequencing technologies have built upon a similar concept, providing the option of

sequencing long reads with a low error rate. However, despite the robustness and progressive

advancement of the technology that it offers, modern Sanger-based sequencers have not been

applicable to larger sequencing projects—its main limitations being the high cost and long

processing time (Morozova et al. 2001). As a result, new “next generation” sequencing

technologies (NGS) have arrived at the forefront of genomics, offering higher, more cost-

effective throughput. NGS—also known as massive parallel sequencing—creates microscale

reactors by attaching DNA molecules to solid surfaces such as beads, which allows millions of

sequencing reactions to run parallel to one another (Reis-Filho, 2009).

NGS technologies have been made commercially available through a range of different

platforms, such as 454 pyrosequencing (Roche Applied Science), SOLiD sequencing (Applied

Biosystems), Illumina Solexa sequencing (Illumina, Inc. ), and Heliscope single molecule
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sequencing (Helicos, Inc. ), each a variation of the same basic approach (Morozova et al, 2008).

In 2005, 454 Life Sciences launched the first NGS platform that relied on pyrosequencing

technology, where DNA fragments are immobilized on beads and amplified through emulsion

polymerase chain reaction (PCR). The company, which was eventually taken over by Roche

Applied Science, introduced its most popular instrument, which was also known as 454 GS FLX

Titanium later in 2008. This technology boasts longer read lengths of approximately 700 base

pairs (bp) with an accuracy rate of 99.9%, as well as a significantly shorter processing time.

However, despite its efficiency, the high cost of the equipment and the reagents required remains

a major setback (Liu et al. 2012).

Over the past few years, the sequencing industry has been taken over by Illumina, which

offers a technology that relies on a sequencing-by-synthesis strategy. The DNA library, complete

with adapter sequences, is denatured into single strands and ligated onto oligonucleotide primers

that have been immobilized on the surface of a glass flow cell coated in acrylamide. The DNA

strands are then put through bridge amplification in the presence of four different types of dNTPs,

each fluorescently labeled, resulting in a signal captured for every dNTP molecule successfully

incorporated (Bentley et al. 2008). Sequencing instruments such as the Illumina Genome

Analyzer and HiSeq2000 have brought high-throughput sequencing to new heights, with a vast

array of applications having been developed on this platform (Quail et al. 2012). Despite its

relatively short read lengths, NGS has proven to be very useful in a multitude of applications,

namely, in microbial identification. The inception of these new technologies has thus

revolutionized not only the exploration of microbial genetic diversity but also the field of

microbial ecology as a whole.

2.5.3. Taxonomic characterization

Taxonomic characterization is the science of classifying organisms into similar groups or

taxa present in a sample from DNA or protein sequences; it includes classification, annotation

and identification. Few methods are available for bacterial characterization; however, with the

advent of bioinformatics analysis, several methods have been used. The most commonly used

and known method is the 16S rRNA gene, which consists of aligning and comparing these genes

with existing genes in different databases (RefSeq, GenBank, RDP, EMBL, GreenGenes, etc.).

Metagenomic analysis also allows sometimes identifying the bacterial taxon from the DNA

fragment with homology to genes annotated in databases or detection of phylogenetic markers in
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those fragments. However, numerous fragments have not yet been identified, which is a well-

known limitation of current metagenomic analysis. The 16S rRNA gene is a tool of choice for

the study of phylogenetic relationships between different organisms and has been widely used in

phylogenetic classification because it has the advantage of having highly conserved domains

surrounding the variable domains, which can be performed using different software such as

QIIME (Caporaso et al. 2010), UPARSE (Edgar et al. 2013), and MG-Rast (Meyer et al. 2008).

It consists of clustering the sequences into operational taxonomic units (OTUs) at a certain

similarity threshold that can be fixed for each study. Then, those OTUs will be aligned to

different databases to build a phylogenetic tree and taxonomic characterization. From the OTU

and phylogenetic tree, the diversity can be estimated within and between samples. It provides

information on species diversity, which means the measurement of species richness (how many

species are there) and evenness of species (how evenly distributed the numbers of each species

are) present in a sample.

2.5.4. Functional analysis

Functional analysis focuses on studying gene function directly from the extracted DNA of an

ecosystem. The functional metagenome is a new approach to provide access to biological

resources completely unexplored to date and to study the interaction metabolism between the

host and the genes expressed by the metagenome (Uchiyama et al. 2009). This approach allows

the identification of functional genes and complete metabolic pathways and a better

understanding of the mechanisms inherent to the health of the host, and it may also lead to the

discovery of new genes of antibiotic resistance (Langille et al. 2013), new pharmaceutical

proteins, new enzymes secreted into the environment (Uchiyama et al. 2009), new drug targets,

etc. After sequencing, the sequences are compared to the known and present data in databases.

Many software programs, such as PICRUSt (Phylogenetic Investigation of Communities by

Reconstruction of Unobserved States) (Langille et al. 2013), MEGAN (Metagenome Analyzer)

(Huson et al. 2007), MG-Rast (Metagenomics Rapid Annotation using Subsystem Technology)

(Meyer et al. 2008), HUMAnN (The HMP Unified Metabolic Analysis Network) (Abubucker

et al. 2012) and IMG/M (Integrated microbial Genomes & Microbiomes), exist to assign a

function to a sequence using genomic databases. One of the most common ways is to look for

similarities between unknown sequences and sequences already annotated in different databases.

Many databases containing functional metagenome information are available. Among the best

known, UniProt (The Universal Protein Resource) (UniProt-Consortium 2012) includes several
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protein databases and provides information on the sequence, structure and function of various

proteins, and KEGG (Kyoto Encyclopedia of Genes and Genomes) (Kanehisa et al. 2004) is a

set of databases of metabolic networks, complete genomes, enzymes, genes and proteins. The

Pfam (Protein families) database (Punta et al. 2012) and TIGRFAMs (Selengut et al. 2007) use

the concept of protein families. A protein family contains a set of proteins encoded by genes

from the same common ancestor with similar functions. The COG (Clusters of Orthologous

Groups of proteins) database (Tatusov et al. 2003) contains clusters of protein groups. Each

group of proteins is composed of several orthologous proteins. Therefore, it appears that the

functional metagenomic approach is fundamental to understanding how the microbiome interacts

with its environment.
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Chapter 3: Materials and Methods

3.1. Sample collection

Samples were collected from Marchica (N 35.11562, W 2.52803) and Oualidia (N 32.74675,

W 9.036667) on 21 June 2014 and 2015, the boreal summer solstice (Figures 1 and 2).

Approximately 20 L was collected using a 10% acid-washed bucket, sequentially filtered on five

Sterivex filter units with a 0.22 μm pore size using a hand pump and stored at −80 °C. Metadata

such as sample volume, depth, salinity, temperature, pH, latitude/longitude, dissolved oxygen

(DO), turbidity, and conductivity (EC) were measured in situ using multivariate calibrated

probes. Nitrate, nitrite (NO3-, NO2-), and phosphate concentrations were determined using the

molecular UV/visible spectrophotometric method. The biochemical oxygen demand (BOD) for

each sample was recorded for five days at 20 °C using an incubation flask (OxiTop ® Control

measuring system). We measured chemical oxygen demand (COD) by applying a robust

oxidizing reagent (potassium dichromate K2Cr2O7) under acidic conditions (Table 1).

Table 1. Physical and chemical data measured in waters of Marchica and Oualidia lagoons at
the time of sampling.

Units Marchica Oualidia

2014 2015 2014 2015

Parameters

Temperature Celsius 26.5 27.2 21 20

Salinity ppt 35.98 35.96 27.24 29.41

Electrical conductivity mS 53.7 54.2 39.6 45.1

pH <7.6 to 8.4> 8.16 8.74 8.36 8.16

Dissolved Oxygen mg/L 8.33 8.50 7 7.5

Phosphate mg/L 0.03 0.04 0 0

Turbidity NTU 3.62 3.60 3 3.2

Nitrates mg/L 12.5 4.8 10.79 2.68

Nitrites mg/L <0.3 0.11 <0.001 <0.05
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Figure 1.Marchica lagoon, Northeastern of Morocco (N 35.11562, W 2.52803), (Image GeoEye
from Google Earth, 2022).

Figure 2. Oualidia lagoon, Northwest of Morocco (N 32.74675, W 9.036667), (Image GeoEye
from Google Earth, 2022).

3.2. 16S/18S Amplicon Sequencing

DNA extraction was performed using the isolation kit Power Water (MoBio, USA) as

instructed by the manufacturer. Amplification of the 16S rRNA gene was performed using the

primer pair 515F-Y (5′-GTGYCAGCMGCCGCGGTAA-3′) and 926R (5′-

CCGYCAATTYMTTTRAGTTT-3′) (Parada et al. 2016). The forward primer

TAReuk454FWD1 (5′-CCAGCASCYGCGGTAATTCC-3′) and the reverse primer

TAReukREV3_modified (5′-ACTTTCGTTCTTGATYRATGA-3′) were used for 18S rRNA

gene amplification. Ovation Rapid DR Multiplex System 1–96 (NuGEN) was used to construct
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Illumina libraries, pooled and size selected by preparative gel electrophoresis. The detailed

protocol can be found under this link (https://github.com/MicroB3-IS/osd-analysis/wiki/Guide-

to-OSD-2014-data_accessed on 1 December 2020). Sequencing was performed on an Illumina

MiSeq using V3 Chemistry. Samples were sequenced in one MiSeq run (2 × 300 bp), generating

2 × 40,000 reads per sample.

3.3. Preparation of Shotgun Libraries for Metagenomic Samples and Sequencing

One half of the supplied DNA material per sample was sheared to approximately 500 bp

fragments using a Covaris S220 sonicator. DNA was purified and concentrated by clean-up using

MinElute columns (Qiagen). DNA concentrations were measured, and 100 ng (or less, if the

sample contained insufficient amounts, successful libraries could be obtained from as little as 5

ng) was used to prepare Illumina libraries. Libraries were generated with the Ovation Rapid DR

multiplex 1–96 system (NuGEN). Libraries were amplified using standard Illumina primers for 8

to 15 cycles with MyTaq (Bioline). Eighteen cycles were necessary to generate the library.

Sequencing was performed on an Illumina MiSeq using V3 Chemistry. Samples were sequenced

in eight MiSeq runs (2 × 300 bp) generating 2 × 1,000,000 reads per sample.

3.4. Sequence data preprocessing

Preprocessing is defined as the process in which a subset of the original raw sequence data is

created that fulfills defined sequence quality criteria, suitable for further analyses. The workflow

covers both amplicon (i.e. 16/18S rDNA) and shotgun (i.e. metagenome) data sequenced with

Illumina MiSeq.

16S/18S rDNA amplicon data were demultiplexed from the sequencing center, reads were

sorted, and primers were clipped using cutadapt, while adapters were clipped using trimmomatic,

which released raw datasets. This version only includes initial quality control (QC) and

demultiplexing. The ‘raw’ version is intended for advanced users who might either have their

own preprocessing pipelines or prefer to use different tools and parameters. Later, reads were

merged using Pear, trimmed by quality and filtered by length using trimmomatic, and then

quality was checked using FastQC (Figure 3). After this step, we obtain workable datasets,

which is the version resulting at the end of the preprocessing workflow. It will be used for all

further analyses because it guarantees comparability of the results.
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Metagenome (shotgun) data were already demultiplexed, adapters were clipped, and datasets

were trimmed by quality, and filtered by length using trimmomatic (Figure 3).

The output of the preprocessing workflow is quality-controlled datasets that are ready for

analysis (e.g., SILVAngs, MG-Traits, EMG (MG-Portal), among others).

Figure 3: Illumina sequence data pre-processing workflow

Legend: For amplicon data, the output files per sample are: * raw: nonmerged, * workable:

merged For shotgun data, the output files per sample are: * raw: nonmerged (used, e.g., for

EMG), * workable, output files: merged (used, e.g., by mg-traits), nonmerged (used, e.g., for

assemblies).

3.5. Data processing and Statistical Analysis

Sequence data were preprocessed following the OSD workflow (github.com/MicroB3-

IS/osd-analysis/wiki/Sequence-Data-Preprocessing_ accessed on 1 December 2020), which
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generated “workable” metagenome and amplicon fasta files. Raw files were stored at EBI

(www.ebi.ac.uk/ena/data/view/ERX947554_accessed on 1 December 2020). Table 2 summarizes

the number of raw 16S rRNA sequences collected from sterivex filters from both lagoons.

Amplicon sequences were processed with the VAMPS web service (Huse et al. 2014),

where taxonomy classification for 16S and 18S rRNA gene sequences was assigned in a Global

Alignment for Sequence Taxonomy (GAST) proceeding (Huse et al. 2008) and SILVA rRNA

gene reference database (Quast et al. 2013). To crosscheck the identified genera, we used the

DADA2 microbiome pipeline (Callahan et al. 2016). Filtering parameters used the following

settings: 200 bp for the forward (R1) and 190 bp for the reverse (R2) reads. All identical

sequencing reads were combined into unique sequences, denoised, merged if the forward and

reverse reads overlapped by at least 12 bases, and set as chimera-free. Similar sequences were

grouped into distinct OTUs, and taxonomy was assigned to sequence variants using the SILVA

reference database. Table 3 summarizes the number of reads that made it through each step in the

DADA2 pipeline.

Table 2. Number of raw DNA sequence reads (R1 Forward and R2 Reverse) obtained from
each Sterivex filter for both amplicons from Marchica and Oualidia water lagoons.

Filter Size # Reads Total Length (Mb) Average Read
Length (bp)

Marchica
2014 0.22 μm 132,322 80.1 269

2015 0.22 μm 76,482 46.6 271

Oualidia
2014 0.22 μm 179,448 108.2 268

2015 0.22 μm 146,886 89.2 270

Total 535,138 324.1

http://www.ebi.ac.uk/ena/data/view/ERX947554
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Table 3. Number of DNA sequence reads that passed through each step in the DADA2 tool
pipeline.

Samples Input Filtered DenoisedF DenoisedR Merged Nonchim

OSD2414 (Marchica) 66,161 28,157 27,383 27,412 23,687 19,662

OSD2415 (Marchica) 38,241 18,570 18,124 18,198 16,957 16,355

OSD4714 (Venice) 44,664 21,137 20,199 20,354 17,763 15,331

OSD4715 (Venice) 60,996 31,535 30,156 30,205 26,166 23,088

OSD8114 (Ria Formosa) 53,394 22,538 22,059 21,935 18,895 16,205

OSD8115 (Ria Formosa) 90,023 45,355 44,652 44,584 41,038 37,323

OSD9114 (Oualidia) 89,724 43,757 41,329 41,707 34,329 29,064

OSD9115 (Oualidia) 73,443 33,878 32,946 32,968 28,967 23,401

OSD9314 (ElJadida) 41,323 20,930 19,889 20,052 16,612 13,680

OSD9315 (ElJadida) 62,923 31,790 31,088 31,164 27,840 25,242

OSD9414 (Saidia Marina) 61,932 28,805 27,557 27,544 22,009 18,190

OSD9415 (Saidia Marina) 48,501 20,674 20,169 20,156 18,152 16,940

Metagenome sequence analysis was performed using MetaSpades (Nurk et al. 2017) to

assemble trimmed forward (R1) and reverse (R2) reads and then MetaQuast (Mikheenko et al.

2016) to control assembly quality. A total of 196,153 contigs were produced for Marchica,

labeled (OSD24, https://www.ebi.ac.uk/ena/browser/view/ERS667644_accessed on 1 December

2020), and 110,719 for Oualidia, labeled (OSD91,

https://www.ebi.ac.uk/ena/browser/view/ERS667576_accessed on 1 December 2020). A total of

54,965 reads in OSD24 passed quality control (QC), while only 19,536 reads in OSD91 passed

QC. We used Prodigal (Hyatt et al. 2016) for microbial genus, species, and strain level detection

for sequence annotation, while we used MetaPhlAn2 (Truong et al. 2015) to obtain the relative

abundance. We used MG-RAST (Meyer et al. 2008) for protein-coding gene prediction for the

whole microbiome (Figure 4). Finally, we used Prokka (Seemann et al. 2014) to annotate the

sequences that belong to the most abundant species of the five phyla Proteobacteria, Bacteroides,

Cyanobacteria, Verrucomicrobia, and Actinobacteria.

https://www.ebi.ac.uk/ena/browser/view/ERS667644_x0005__accessed
https://www.ebi.ac.uk/ena/browser/view/ERS667576_x0005__accessed
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Viral signal detection: Reads were mapped to a viral database, including 1575 complete viral

genomes from RefSeq and 6322 contigs from the TOV_43 dataset (Brum et al. 2015). Read

recruitment values were calculated as part of the bowtie2 (Langmead et al. 2012) output. The

number of reads and aligned nucleotides were computed using a custom Python script employing

Biopython. Coverage values for all sequences were calculated using a Python script modified to

normalize for metagenome sizes. All other calculations were performed using the Python

modules pandas and numpy, and images were generated using a combination of Seaborn,

matplotlib, and palettable python modules. The virus-sample heatmap was produced with the

package pheatmap for drawing heatmaps in R using default hierarchical clustering for the viral

sequences (rows) and manual clustering of samples by geographical zone (columns). Geo-

coordinates were confirmed using OSD GitHub (https://github.com/MicroB3-IS/osd-

analysis/wiki/Guide-to-OSD-2014-data_accessed on 30 October 2020).

Statistical analyses: Graphics and ecological statistical analyses for the relative abundance of

specific phyla were performed using the R Statistical package R v. 3.0.2 (www.R-project.org/

accessed on 15 November 2020). Visualization and analysis of inter- and intra community

comparisons comprise the realization of community heatmaps, skyline plots, pie charts,

dendrograms, refraction, and diversity indices using R packages (phyloseq, ggplot2, ape,

pheatmap, vegan, jsonlite, Rcolorbrewer) and python3 modules scipy, numpy, and cogent.

http://www.r-project.org/
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(a) Marchica

(b) Oualidia

Figure 4. Domain level classification of all metagenomic reads using MG-RAST [23]. (a)
Marchica lagoon (b) Oualidia lagoon.
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Chapter 4: Taxonomic Profiling of Microbial Communities in Marchica and Oualidia

lagoons

4.1. Environmental parameters

The measurements of physicochemical parameters are shown in (Table 1). The water

temperature of the Marchica (~27 °C) and Oualidia (~20.5 °C) lagoons varied significantly with

the sampling locations. The electrical conductivity (EC) shows a clear evolution, with a

maximum in the summer of 2015 in Oualidia (45.1 ms/cm) and a minimum in 2014 (39.6

ms/cm). In Marchica, it varied between 53 ms/cm and 54 ms/mc, which was similarly observed

in 2015 by (Aknaf et al. 2017). Salinity, as represented by EC, was much higher in Marchica

(36–40 ppt) than in the Mediterranean Sea (24–32 ppt), whereas Oualidia waters showed a lower

salinity value (27–29 ppt) regardless of their connection to the Atlantic where salinity can reach

above 36 ppt. Waters of Marchica and Oualidia were mildly alkaline (pH ~ 8.3), which is the

optimum for marine bacterial growth (Padan et al. 2005). The recorded DO concentrations in

Marchica (8.5 mg/L) and Oualidia (7.5 mg/L) indicated that surface waters were tolerably

oxygenated (6.15 to 9.02 mg/L) (Aknaf et al. 2017). In addition, both lagoons were slightly

turbid (3 nephelometric turbidity units (NTU)). In Marchica, nitrate concentrations reached 12.5

mg/L in 2014 and dropped to 4.8 mg/L in 2015, while in Oualidia, they followed the same

pattern, varying between 10.79 mg/L in 2014 and 2.68 mg/L in 2015. The concentrations of

phosphate in the surface waters of Marchica and Oualidia lagoons were 0.03–0.04 mg/L and 0–0

mg/L, respectively, in 2014 and 2015.

4.2. Community Composition

To gain insight into microbial diversity in Moroccan lagoons, we used bioinformatics tools

to analyze the metagenome and amplicon sequence data of the Marchica and Oualidia sites

produced from water samples after the sampling campaigns of the 21st of June 2014 and 2015

(Figures 5 and 6, Table 4). 16S rRNA gene classification using the Silva reference database

revealed a high percentage of bacteria in both lagoons. On average, bacteria accounted for 90%

of the total prokaryotes in Marchica and ~70% in Oualidia, outnumbering Archaea. We only

found <1% archaeal gene sequences in both sites assigned to Euryarchaeotes. In total, ten phyla

were identified using MG-RAST, not including the unknown class, while VAMPS and DADA2

identified 27 phyla, which formed 62 classes, 129 orders, 260 families, 799 genera, and 1379

candidate species for the 2014 and 2015 sampling in Marchica and Oualidia lagoons. Based on
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VAMPS and DADA2, the five phyla that were the most abundant in both lagoons, Marchica and

Oualidia, respectively, were Proteobacteria (53.62%, 29.18%), Bacteroidetes (16.46%, 43.49%),

Cyanobacteria (0.53%, 34.35%), Verrucomicrobia (1.75%, 15.82%), and Actinobacteria (7.42%,

13.98%).

Figure 5. Cross comparison of 16S rRNA amplicon sequences from selected abundant high-

level bacterial taxa from Marchica and Oualidia metagenomes.

Figure 6. Cross comparison of 16S rRNA amplicon sequences from selected 5 abundant high-
level bacterial taxa from Marchica and Oualidia metagenomes to several saline metagenomes
using R.
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Table 4. 16s rRNA amplicon sequences from selected high abundant sequences assigned to a
phylum for both sampling campaigns 2014 and 2015 in both lagoons.

4.3. Species Diversity

Following OTU clustering, we calculated the Shannon and Simpson diversity indices from

88,482 bacterial sequences to determine species relative abundances at site and time. By

definition, species richness is related to the count of the different species found in a sample. If

the number of species present in “Sample A” is greater than that in “Sample B”, then “Sample

A” is richer than “Sample B”. The diversity increases when species richness also increases (Kort,

et al. 2019). The Shannon value likewise increases as the species number increases (Magurran

Marchica 2014 Oualidia 2014

Taxa #Hits % Taxa #Hits %

Actinobacteria 4793 7.42 Actinobacteria 11,670 13.98

Bacteroidetes 15,896 24.62 Bacteroidetes 19,660 23.55

Cyanobacteria 22,178 34.35 Cyanobacteria 9721 11.65

Planctomycetes 2190 3.39 Planctomycetes 1904 2.28

Proteobacteria 16,310 25.26 Proteobacteria 24,559 29.42

Verrucomicrobia 2712 4.20 Verrucomicrobia 13,202 15.82

Euryarchaeota 3 0 Euryarchaeota 19 0.02

Marchica 2015 Oualidia 2015

Taxa #Hits % Taxa #Hits %

Actinobacteria 4408 11.75 Actinobacteria 5613 7.80

Bacteroidetes 6173 16.46 Bacteroidetes 31,312 43.49

Cyanobacteria 4751 12.67 Cyanobacteria 384 0.53

Planctomycetes 1217 3.25 Planctomycetes 142 0.20

Proteobacteria 20,109 53.62 Proteobacteria 21,011 29.18

Verrucomicrobia 656 1.75 Verrucomicrobia 10,740 14.92

Euryarchaeota 10 0.03 Euryarchaeota 1 0
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et al. 2003). However, the Simpson index rises when the diversity drops (Simpson et al. 1949).

On the other hand, both ACE and Chao1 were conceived to infer richness based on abundance

data (importance of rare OTUs). Chao1 gives more weight to the low-abundance species, while

ACE informs whether abundant species are present or absent (Kim et al. 2017). Based on Vamps,

calculating alpha diversity assessed by observed richness, Shannon and Simpson indices, ACE,

and Chao1 revealed higher bacterial diversity in Oualidia in comparison to Marchica in both

summer 2014 and 2015 (Table 5).

Table 5.Microbial alpha diversity indices; normalization: none; counts min/max: 0–100%.

Dataset Observed Richness ACE Chao1 Shannon Simpson

Marchica Bv4v5 (OSD24, 2014) 462 677.66 656.16 4.18 0.86

Marchica Bv4v5 (OSD24, 2015) 316 490.39 497.5 4.13 0.87

Oualidia Bv4v5 (OSD91, 2014) 1144 1591.09 1605.32 6.13 0.94

Oualidia Bv4v5 (OSD91, 2015) 704 1053.14 1022.78 4.59 0.89

4.4. Bacterial Diversity

Proteobacteria

This group is considered the largest and most diverse (Yilmaz et al. 2016). The functional

attributes of Proteobacteria are linked to mechanisms such as denitrification and amino acid

biosynthesis (Gupta et al. 2000; Dang et al. 2000). They formed the largest part of the bacterial

group in both Marchica (25.2%, 2014; 53.6%, 2015) and Oualidia (29.4%, 2014; 29.1%, 2015)

(Figures 4 and 5, Table 4). α-Proteobacteria was the most predominant group at both sites, with a

significant increase in 2015 in Marchica and a small increase in Oualidia (46% in Marchica;

21.59% in Oualidia) compared to 2014 (14.53% in Marchica; 18.5% in Oualidia). Marine

Alphaproteobacteria are known to be more abundant in the epipelagic zone of coastal waters

(Yu et al. 2015). Rhodobacteraceae was the largest represented family in α-proteobacteria in

Marchica (10.8%, 2014; 9.8%, 2015) and Oualidia (10.5%, 2014; 19.3%, 2015). It is dominant in

different marine regions, namely, the Mediterranean, Atlantic, and Pacific Oceans (Gilbert et al.

2011), including areas low in nutrients but with a high rate of primary production (Hartsock et

al. 2011). Both α-Proteobacteria and Cyanobacteria, known for nitrate elimination, were
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cosmopolitan, which is consistent with former reports (Vincent et al. 1994). In

Gammaproteobacteria, the relative abundance of Alteromonadaceae was higher in Marchica

during 2014 (7.81%) than in 2015 (2.04%) but stable in Oualidia (2.31%, 2014; 2.44%, 2015).

Shotgun metagenomic analysis of 2014 datasets showed the dominance of Candidatus
Pelagibacter Rappé in Marchica (11%) and Oualidia (7%). This genus is known amid the

broadly represented bacteria in open oceans (Zubkov et al. 2009). In Mediterranean Saidia

Marina (OSD94), the majority of alphaproteobacterial reads were ascribed to Candidatus

Pelagibacter (10%), as well as in Venice Lagoon (OSD47) (7%). This was similarly observed in
Mar Menor, a lagoon on the Mediterranean Spanish coast, where the dominance of Candidatus

Pelagibacter was reported in 2012 (43%) (Ghai et al. 2012). In contrast, at the Atlantic site El
Jadida (OSD93), we observed only a minority of reads attributed to Candidatus Pelagibacter

(1%), while none were present in Ria Formosa Lagoon (OSD81), located south of Portugal on

the Atlantic coast (ERS667579, https://www.ebi.ac.uk/ena/browser/view/ERS667579_,accessed

on 1 December 2020). Furthermore, analysis of both lagoon metagenomes in 2014 showed

remarkable differences at the strain level (Table 6). For instance, in the alphaproteobacteria

group, Rickettsia conorii 7 Ogata—causative agent of Mediterranean spotted fever (Solano-

Gallego et al. 2006) was the most dominant in both sites, but with a slightly higher proportion in

Marchica (10.49%) than Oualidia (7.42%), followed by Orientia tsutsugamushi Boryong Cho

(Marchica, 3.75%; Oualidia, 1.95%). A small proportion of reads were assigned to Anaplasma

marginale Maries Brayton in Marchica (2.21%) compared to Oualidia (8.28%) and Anaplasma
phagocytophilum HZ Hotopp (6% in Oualidia, 3% in Marchica), in contrast to the

gammaproteobacteria strain Xylella fastidiosa Temecula Sluys, which was more abundant in

Marchica (4.19%) compared to Oualidia (2.62%) (Table 6). Interestingly, we only observed the

strain Anaplasma phagocytophilum HZ in our comparative Moroccan Mediterranean site Saidia

Marina (ERS667573, https://www.ebi.ac.uk/ena/browser/view/ERS667573_accessed on 1

December 2020) (5%) and Atlantic site Eljadida (ERS667574,

https://www.ebi.ac.uk/ena/browser/view/ERS667574_accessed on 1 December 2020) (5%) as

well as in the Mediterranean lagoon Venice (ERS667621,

https://www.ebi.ac.uk/ena/browser/view/ERS667621_accessed on 1 December 2020) (4%) and

Atlantic Portuguese lagoon Ria Formosa (4%) (Table 6).

https://www.ebi.ac.uk/ena/browser/view/ERS667579).
https://www.ebi.ac.uk/ena/browser/view/ERS667579).
https://www.ebi.ac.uk/ena/browser/view/ERS667573_x0005_
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Table 6. 16S metagenome sequences assigned to a strain.

Oualidia Lagoon Marchica Lagoon

Taxa Genus Species Strain #Hits (bp) % #Hits (bp) %

Alphaproteobacteria Anaplasma marginale Maries 3,521,109 8.28 2,149,110 2.21

Alphaproteobacteria Rickettsia conorii Malish 7 3,079,827 7.24 1,016,387 10.49

Alphaproteobacteria Anaplasma phagocytophilum HZ 1,683,742 3.96 3,623,917 3.74

Gammaproteobacteria Xylella fastidiosa Temecula1 1,501,655 3.53 3,857,299 3.98

Gammaproteobacteria Xenorhabdus nematophila 1_9_0_6_1 1,117,290 2.62 4,068,450 4.19

Alphaproteobacteria Orientia tsutsugamushi Boryong 829,248 1.95 3,639,647 3.75

Gammaproteobacteria Escherichia colia UMN026 490,326 1.15 1,533,000 1.58

Betaproteobacteria Burkholderia rhizoxinica 4_5_4 430,554 1.01 1,112,721 1.15

Alphaproteobacteria Brucella canis 2_3_3_6_5 283,501 0.66 592,700 0.61

Alphaproteobacteria Erythrobacter litoralis HTCC2594 277,397 0.65 725,363 0.75

Betaproteobacteria Ralstonia solanacearum PSI07 241,328 0.56 614,227 0.63

Alphaproteobacteria Rhizobium sp N_G_R_2_3_4 217,740 0.51 305,658 0.31

Gammaproteobacteria Shigella dysenteriae Sd197 124,696 0.29 346,084 0.35

Gammaproteobacteria Marinobacter aquaeolei VT8 664,804 1.56 2,030,270 2.09

Cyanobacteria Prochlorococcus marinus 9_3_1_3 1,387,027 0.3 3,261,370 3.36

Cyanobacteria Nostoc azollae 0_7_0_8 1,340,033 3.15 5,328,515 5.5

Cyanobacteria Synechococcus sp C_C_9_6_0_5 406,828 0.95 3,636,034 3.75

Cyanobacteria Synechococcus sp JA_2_1_3 287,486 0.67 1,310,559 1.35

Bacteroidetes Candidatus -Amoebophilus asiaticus 5_a_2 2,748,208 6.46 10,026,340 10.34

Bacteroidetes Bacteroides fragilis 9_3_4_3 956,572 2.25 2,783,907 2.87

Verrucomicrobia Methylacidiphilum infernorum V4 655,181 1.54 1,576,020 1.62

Verrucomicrobia Akkermansia muciniphila 8_3_5 517,529 1.21 571,583 0.58

Actinobacteria Rothia dentocariosa 1_7_9_3_1 2,513,106 5.91 3,917,261 4.04

Actinobacteria Mycobacterium leprae TN 1,072,610 2.52 1,013,872 1.04

Actinobacteria Tropheryma whipplei 2_7 1,010,398 2.37 1,929,685 1.99

Actinobacteria Rhodococcus jostii RHA1 199,761 0.47 277,060 0.28

Actinobacteria Catenulispora acidiphila 4_4_9_2_8 194,558 0.45 614,181 0.63
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Cyanobacteria

Cyanobacteria are naturally occurring photosynthetic prokaryotes that can be found in

almost all bodies, both fresh and saltwater. These organisms are considered the dominant

primary producers on Earth, contributing more than 25% of photosynthesis worldwide

(Bullerjahn et al. 2014). Cyanobacteria can grow into large colonies visible to the naked eye,

often referred to as a harmful cyanobacterial algal bloom (HAB) (Cooke et al. 2005). The most

striking characteristic of Marchica Lagoon was a large number of cyanobacterial sequences

(comprising nearly 34.5% of all 16S rRNA sequences in 2014, (see Figure 4 and Table 4)

compared to Oualidia Lagoon (11.65%). This frequency significantly decreased in 2015 (12.6%

in Marchica, 0.53% in Oualidia). The classification of the 16S rRNA metagenomic sequences

indicated the presence almost exclusively of the Synechococcus Nägeli genus, which was highly

abundant in Marchica (32%) compared to Oualidia (0.07%) in 2014. In 2015, the frequency

dropped to 22% in Marchica and 0.04% in Oualidia. The top organisms identified as

cyanobacterial candidates in the 2014 WGS metagenome were Synechococcus strains (e.g., sp.
CC9605 Salasar and sp. JA213). The sp. CC9605 strain occupies a crucial spot at the food chain

base (https://www.UniProt.org/proteomes/UP000002711_accessed on 15 December 2020),

whereas sp. JA213 is not described. In addition, we were able to identify a cyanobacterial strain

in Marchica, namely, Nostoc azollae 0708 Ran (5%), but not in Oualidia. This strain was also

identified on the Mediterranean coast of Saidia Marina, Venice Lagoon, El Jadida Atlantic coast,

and Ria Formosa Lagoon (Table 6). The Prochlorococcus Penny genus was absent in Oualidia
and presented only at ~0.1% in Marchica. Differences emerged at the organismal level as the

analysis of the whole metagenome allowed; at the strain level, the identification of

Prochlorococcus marinus 9313 Rocap species was the same in both lagoons, with the same

proportion of 3%.

Bacteroidetes

This group is more widespread in marine environments together with coastal waters,

sediments, hydrothermal vents, and polar regions (Fernández-Gómez et al. 2013). Most

members of the Bacteroidetes phylum picked from the lagoon water samples belonged to the

Flavobacteriales order (Marchica: 22% of bacterial reads in 2014; 15% in 2015; Oualidia: 20%

in 2014; 20% in 2015), which is mainly composed of Cryomorphaceae and Flavobacteriaceae.
Marine Flavobacteria clades can adopt different strategies to coexist (Gómez-Pereira et al.

http://en.wikipedia.org/wiki/Karl_Wilhelm_von_N%C3%A4geli
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2010). Most hits (Marchica: 11% in 2014 and 8% in 2015, Oualidia: 5% in 2014 and 22% in

2015) belonged to the unassigned Flavobacterium genus, according to 16S rRNA analysis,

except for the genus Formosa Ivanova, which was more abundant in Marchica (5% in 2014 and

2.5% in 2015) than in Oualidia (0.36% in 2014 and 2.14% in 2015). This genus occurs in marine

territories with high organic matter levels, for instance, associated with algae, fecal pellets, and

invertebrates (Mann et al. 2013). The 2014 WGS metagenomic analysis revealed two strains:

Candidatus Amoebophilus asiaticus 5a2 Schmitz-Esser (10.34% in Marchica; 6.46% in Oualidia)

and Bacteroides fragilis 9343 Coyne (2.87% and 2.25%, respectively).

Verrucomicrobia

Verrucomicrobia appears most regularly in polar and temperate zones (Cardman et al.

2014). They are also found in marine animals and plants as symbionts/parasites (Bünger et al.

2020). They feature interesting characteristics, such as the presence of genes homologous to

eukaryotic tubulins (Jenkins et al. 2002) and methane oxidation capacity in low pH

environments (Dunfield et al. 2007). In the 2014 and 2015 datasets, they are largely represented

by the genus Roseibacillus Yoon. In Oualidia, they showed a significant abundance (15.18%,

2014; 14.5%, 2015) compared to Marchica (3.46%, 2014; 0.86%, 2015). The OTU fraction

assigned to Roseibacillus varied considerably across the Mediterranean and Atlantic sites we

selected from the OSD database for this study. In Saidia Marina (OSD94) (7%, 2014; 0.5%,

2015) and Venice Lagoon (OSD47) (0.08%, 2014; 0.3%, 2015), abundances followed the same

pattern as Marchica. Differences were more pronounced in the Atlantic sites, as the abundance of

Roseibacillus dropped in El Jadida (OSD93) to (1%, 2014; 3%, 2015). The same was observed in

Ria Formosa (OSD81) (1.5%, 2014; 0.3%, 2015). Analyses at the strain level allowed the

identification of two strains, Methylacidiphilum infernorum V4 Dunfield and Akkermansia

muciniphila 835 Van Passel (Table 6). Methylacidiphilum infernorum holds most of the key

metabolic pathways of amino acid biosynthesis (Hou et al. 2008).

Actinobacteria

Actinobacteria was the least abundant phylum in both lagoons, but the proportions varied

across the datasets (Marchica: 7.42%, 2014; 11.75%, 2015; Oualidia: 13.98%, 2014, 7.80%,

2015) (Table 4). In our study, it was represented by the order Micrococcales (Marchica 3% of

total Actinobacteria, 2014; 0.8%, 2015; Oualidia: 15%, 2014; 7%, 2015). The marine

Actinobacteria group was first reported on the southern California coast and Bermuda Island
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(Ventura et al. 2007). Currently, they are described as omnipresent taxa of marine

bacterioplankton (Shivlata et al. 2015) and may form up to 10–60% of the bacterioplankton

group (Pinto et al. 2021). Two major strains belonging to the Micrococcales order were

identified in the two studied lagoons, Rothia dentocariosa 17,931 Eisenberg and Tropheryma

whipplei 27 Bentley (Table 6), both known as causative human disease strains (Shivlata et al.

2015). Another bacterium belonging to the Corynebacteriales order was identified, namely,

Mycobacterium leprae TN Cole, a pathogenic microorganism causing leprosy (Pinheiro et al.

2011).

4.5. Viral signature

Looking at the OSD metagenomics dataset in 2014 as a whole revealed 42 viral

genomes/contigs that were confidently identified (more than 75% of the genome/contig covered)

across 31 OSD samples. Most of these viruses corresponded to known cyanophages from NCBI

or “unknown Caudovirales” assembled from the Tara Oceans samples corresponding to coastal

sites and/or the Mediterranean Sea. Here, we are interested in Moroccan lagoons. A coverage

filter was applied, with a viral contig/genome being considered “detected” only if at least 75% of

its bases were covered, which narrowed the number of viral sequences found. Reads in Marchica

mapped at 2.7% against the combined ViralRefSeq and TOV_43 contigs

(https://www.ivirus.us/data, accessed on 15 November 2020) (Figure 8). A “zoom-in” of these

data revealed eight viruses in only Marchica Lagoon, none of which are known (Figure 7),

suggesting the specificity of the Marchica virome.
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Figure 7. Proportion of reads mapping to viral contigs in OSD metagenomes. Legend: OSD24:
Marchica lagoon.

Figure 8. Heatmap of viral sequence abundance (when covered at >75%) across OSD samples.
Only metagenomes with at least one viral sequence covering >75% were included.

4.6. Eukaryotic Diversity

The 18S rRNA sequences accounted for 11,220 (14%) in Marchica and 33,442 (28%) in

Oualidia during the 2014 sampling campaign, whereas 36,243 and 31,511 eukaryotic reads were

obtained in 2015 (49% and 30% of total small subunit ribosomal RNA (SSUs), respectively).

The main identified eukaryotic phyla were Dinophyta, Ochrophyta, and Chlorophyta (Tables 7

and 8). Gyrodinium Hulbert (25%, 2014; 33%, 2015), Pseudo-Nitzschia Peragallo (15%, 2014;
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2%, 2015), and Tetraselmis Stein (4%, 2014; 0.1%, 2015) were detected in Marchica samples in

important relative abundances compared to other genera. In Oualidia, the most abundant

organisms revealed by 18S rRNA were the Ostreococcus Courties genus (0%, 2014; 16%, 2015),

Pelagodinium HJ Spero (12%, 2014; 0%, 2015), and Thalassiosira Cleve (8%, 2014; 25%, 2015).

Table 7. 18S SSU rRNA amplicons from selected highly abundant sequences assigned to a
phylum for both sampling campaigns 2014 and 2015 in both lagoons.

Table 8. 18S metagenomic rRNA from selected high abundant sequences assigned to a genus for
both sampling campaigns 2014 and 2015 in both lagoons.

Marchica Lagoon Oualidia Lagoon

2014 2015 2014 2015

Taxa Genus
#Hits

%

#Hits

%
Taxa Genus #Hits

%#Hits

%

Dinophyta Gyrodinium 2844 25.3 12,160 33.5 Dinophyta Pelagodinium 4051 12.1 20 0.06

Ochrophyta Pseudo-
Nitzschia 1776 15.8 752 2 Ochrophyta Thalassiosira 2862 8.5 7979 25.3

Chlorophyta Tetraselmis 503 4.4 61 0.1 Chlorophyta Ostreococcus 8 0.02 5240 16.6

Marchica Lagoon Oualidia Lagoon

2014 2015 2014 2015

Taxa #Hits % #Hits % #Hits % #Hits %

Dinophyta 4233 37.7 22,505 62.09 7617 22.7 1723 5.4

Ochrophyta 2725 24.2 6128 16.9 10,848 32.4 13,302 42.2

Chlorophyta 777 6.9 939 2.5 1827 5.4 6806 21.6
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Chapter 5: Functional Profiling of Microbial Communities in Marchica and Oualidia

lagoons

5.1. Microbial DNA Sequences and Annotation

An estimated total of 1 million sequencing data was generated for each of the 4 sites.

Adapter and duplicate sequences were removed from the raw data as explained in chapter 3, as

well as reads with low quality, when the phred score is less than 20. Sequencing reads were

assembled using metaspades (Nurk et al. 2017) and contigs were uploaded directly to MG-

RAST (Meyer et al. 2008) where another round of QC was performed.

Sequences were screened for potential coding elements using BLASTX search tool

(Altschul et al. 1997), then mapped against SEED database, with 10-5 expect value (E) cutoff,

60% minimum identity cutoff, and a minimum alignment length cutoff of 15. Based on the data

obtained from the MG-RAST server, protein encoding genes were classified according to their

respective functions and mapped against SEED Subsystems to suggest the possible metabolic

pathways and enzymes encoded within the genome. After annotation, the sequencing

information was exported into R where the reads were sorted according to their different

functional categories for further analysis. Based on read abundance counts, pie and bar charts

were generated for the top functions found in each location, as well as for the biogeochemically

relevant genes such as those involved in nitrogen recycling, and other metabolisms of interest.

5.2. Analysis Statistics

A shotgun metagenomics approach was applied to the collected and filtered samples on 21

June 2014 from Marchica and Oualidia lagoons to examine the functional diversity of the

microbial communities. In Marchica, of the sequences that passed the quality control test (QC),

603 sequences possessed rRNA genes, 120,555 sequences (61.46%) had predicted proteins with

known functions, and 74,995 sequences (38.23%) had predicted proteins of unknown functions.

In Oualidia, 1452 sequences contained rRNA genes, 31,957 sequences (30.01%) had predicted

proteins with known functions, and 73,081 sequences (68.63%) had predicted proteins with

unknown functions.
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5.3. Top Functional Genes

​ ​ The top gene-encoded functions were similar in both locations, mainly comprising

genes required for amino acid, carbohydrate, and protein metabolism. This shows that

microorganisms dominating surface water environments could share essential genes for their

survival and adaptation in these ecosystems (Hewson et al. 2009). The metabolic distribution

appeared to follow a similar pattern throughout all sample sets regarding composition and

fraction size. In Marchica, the reads were dominated by features responsible for carbohydrate

metabolism, which made up 11.9% of the total reads, followed by amino acid and derivative

metabolism (10%), miscellaneous (8%), and protein metabolism reads, which were tied at 7%

(Figure 9). Although they follow similar functional patterns, slightly fewer reads were assigned

to metabolic functions in Oualidia (57%) than in Marchica (62%). Carbohydrates accounted for

11%, followed by amino acids and derivatives and protein metabolism, with 9% of total reads in

Oualidia (Figure 10). Genes encoding essential biogeochemical processes were also present but

in low proportions (1%). Functional gene properties were further assigned to microbes. For

example, in Marchica, 25% of Rickettsia conorii 7 Ogata (belonging to the Proteobacteria

phylum), 35% of Nostoc azollae 0708 Ran (Cyanobacteria phylum), 75% of Methylacidiphilum

infernorum V4 Dunfield (Verrucomicrobia phylum), 30% of Candidatus Amoebophilus asiaticus

5a2 Schmitz-Esser (Bacteroidetes phylum), and 70% of Rothia dentocariosa 17931 Eisenberg

(Actinobacteria phylum) proteins have a metabolic function (Figure 11). For comparison, in

Oualidia, 15% of Candidatus Amoebophilus asiaticus 5a2 Schmitz-Esser (Proteobacteria

phylum), 65% of Anaplasma marginale Maries Brayton (Proteobacteria phylum), 60% of

Nostoc azollae 0708 Ran (Cyanobacteria phylum), 25% of Methylacidiphilum infernorum V4

Dunfield (Verrucomicrobia phylum), and 30% of Rothia dentocariosa 17931 Eisenberg

(Actinobacteria phylum) genes have a metabolic function (Figure 12).
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Figure 9. Functional category hits distribution annotated using MG-RAST Subsystems

classification in Marchica lagoon (OSD24).

Figure 10. Functional category hits distribution annotated using MG-RAST Subsystems

classification in Oualidia lagoon (OSD91).
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Figure 11. Top functional genes abundance in Marchica using Prokka [24].

Figure 12. Top functional gene abundance in Oualidia using Prokka [24].

5.4. Correlation between functions and physicochemical parameters

The correlation between detected gene functions and physical–chemical parameters was

calculated using the R package ggally (Schloerke et al. 2020). The analysis was based on nine

water properties (pH, temperature, conductivity, turbidity, oxygen, salinity, nitrate, nitrite, and

phosphate) and the type of gene function (metabolic, genetic, and cellular process). Seven out of

the nine measured physicochemical parameters, namely, temperature, salinity, conductivity,

oxygen, phosphate, nitrates, and nitrites, were positively correlated with metabolic functions

(correlation = 0.025) and negatively correlated with genetic and cellular processes (correlation =
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−0.263 and −0.2, respectively); this correlation is almost the same among all previously cited

parameters and functions. pH was positively correlated with genetic functions and cellular

processes (correlation = 0.263 and 0.2, respectively) and negatively correlated with metabolic

functions (correlation = −0.025) (Figure 13).

Figure 13. Correlation between functions and physicochemical parameters.
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Chapter 6: Spatiotemporal patterns of Synechococcus oligotypes in Moroccan lagoonal

environments

6.1. Sampling, data processing, and oligotyping analysis

Sample collection, dna extraction, and sequencing are described in chapter 3. We used

VAMPS (Huse et al. 2014) to process 16S rRNA gene sequences, where taxonomy assignment

was performed using Global Alignment for Sequence Taxonomy (GAST) and the SILVA rRNA

gene reference database (Quast et al. 2012). The obtained files include the reference ID, the

taxonomy assigned, and the source of the taxonomy.

Oligotyping: For Synechococcus investigation, we used 16S rRNA gene oligotyping as

described in (Eren et al. 2013). This method is based on a supervised algorithm that identifies

microdiversity using 16S rRNA gene sequences. Oligotyping is unlike regular taxonomic

classification based on available reference databases, available sequences or cluster analysis

based on the selection of the similarity threshold. This technique tackles the taxonomic

resolution limitation by finding the most information-rich nucleotide positions (i.e., oligotypes).

Sequences identified as Synechococcus were extracted from the Vamps database. Of the 22,387

sequences identified as Synechococcus, 17,941 remained after quality filtration and Pynast

alignment. The mean length of Synechococcus reads was 254 bp. Next, we removed the

uninformative gaps in the resulting aligned sequences using the “o-trim-uninformative-columns-

from-alignment” script. Subsequently, we calculated the entropy of each nucleotide position

within the oligotype package. After the initial calculation of Shannon entropy using the “analyze-

entropy” script, we ran 16S rRNA oligotyping for the Synechococcus genus until each oligotype

had converged. Uninformative nucleotide positions were excluded. Seven nucleotide positions

were used in total to define each oligotype, and to minimize the impact of sequencing errors on

oligotyping results, we used a “minimum substantive abundance” criterion (M) of 5; thus, an

oligotype was not included if the most common sequence for that type occurred less than five

times. To reduce the noise, each oligotype was required to appear in at least one sample but was

not required to comprise a certain percentage of reads or represent a minimum number of reads

in all samples combined. We removed any oligotypes that did not meet these criteria from the

analysis. The final number of quality-controlled oligotypes revealed by the analysis was 31 and

represented 95% of the total Synechococcus reads. For each oligotype, the oligotyping pipeline

chose the most abundant unique read as the representative sequence to be used for downstream
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analyses. Upon completion of oligotyping analysis, the resulting “observation matrices” are

concatenated to generate a single “observation matrix” for our V4-V5 dataset (Table 11). These

observation matrices report counts, which are the number of reads assigned to each oligotype in

each sample. We then converted counts to percent abundances within each sample and used

these normalized relative abundances for subsequent analyses. We searched the most

biologically relevant representative sequence of our oligotypes using blastn version 2.2.26 to

assign taxonomy for each oligotype. We kept default parameters, except ‘per. identity 100’ to

have hits with 100% sequence identity reported.

Table 9. Oligotyping details for V4-V5 data.

Genus All
reads

Av.
Read
Length

After
QC
Trim

Av. QC
Read
Length

After
Oligotyping

QC

MinSub
sAb

Sensitivity Total
Num
Oligos

Synecho
coccus

22,387 354 17,94
1

273 17,154 256 0.01 31

Oligotype network analysis: We performed network analysis using Gephi software,

version 0.9.2, to determine the distribution of all Synechococcus oligotypes from both lagoons

using a force-directed graph algorithm (ForceAtlas2 in Gephi software). Every dot identifies an

oligotype present in at least one sampling site, and each edge on the network connects an

oligotype to one or more sampling sites.

Clade identification:We designated a clade for each oligotype’s representative sequence

by matching this latter to a key reference database of 16S rRNA gene sequences from cultured

Synechococcus (Xia et al. 2015). Synechococcus sequences were downloaded from NCBI

GenBank, clade classifications were obtained from the following sources (Ahlgren et al. 2012;

Xia et al. 2015). We added the representative sequences for each oligotype to the Synechococcus

database, and we aligned them with Muscle (version 3.8.4, (Edgar et al. 2004)). We used exact

matches between each oligotype Synechococcus sequence and the Synechococcus sequence

database to infer clade designation.

Statistical Analyses: To group oligotypes statistically, we computed a principal

component analysis (PCA) using the R package “ggfortify” with respect to a sample matrix of

Synechococcus oligotype reads normalized to total Synechococcus reads for that sample. Each



57

oligotype was projected onto the first two PCs of the matrix. To investigate the environmental

correlates of oligotype grouping, multiple regressions of each of the first two PCs were

computed against the three environmental factors, which are the water temperature, salinity, and

the concentration of nitrate.

6.2. Detection of Synechococcus oligotypes in environmental samples

A total of 535,138 16S rRNA amplicon sequence reads were generated from the

microbial populations of four samples collected at two stations on the summer solstice, 21 June

in 2014 and 2015. The relative Synechococcus read number compared to the total microbial

community varied between both sampling sites during both time points (Figure 19 & Table 12).

Figure 14. Cross comparison of 31 Synechococcus oligotypes in Marchica and Oualidia lagoons
in 2014 and 2015. Legend: O: Synechococcus sequence oligotypes
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Table 10. V4-V5 Oligotype observation matrix.

*OSD2414: Marchica Lagoon 2014 sampling; *OSD2415: Marchica Lagoon 2014 sampling.

*OSD9114: Oualidia lagoon 2014 sampling; *OSD9115: Oualidia lagoon 2015 sampling.

We identified 31 Synechococcus oligotypes, which was equivalent to 95% of all

Synechococcus reads analyzed. The most abundant Synechococcus reads were used for

downstream analyses depending on the sampling location and date. Our phylogeny confirmed

Oligotype Oligot
ype
ID

Sites (abundance count) Sites (abundance percent)
OSD2
414

OSD
2415

OSD9
114

OSD9
115

OSD24
14

OSD2
415

OSD91
14

OSD9
115

TTAATCT O1 7290 878 1 2 47.19 52.66 3.84 14.28
GACTCTC O2 2509 208 0 0 16.24 12.47 0 0
TTCATCT O3 1727 15 0 0 11.18 0.89 0 0
TTAAGCT O4 974 319 3 9 6.30 19.13 11.53 64.28
GACTCCT O5 874 20 0 0 5.65 1.19 0 0
TTAATTC O6 750 13 4 1 4.85 0.77 15.38 7.14
TTCATTC O7 177 0 1 0 1.14 0 3.84 0
ATAATTC O8 119 0 0 0 0.77 0 0 0
TTAATTT O9 76 37 0 1 0.49 2.21 0 7.14
GTCTCCT O10 16 98 0 0 0.10 5.87 0 0
TTCTCTC O11 86 1 0 0 0.55 0.05 0 0
TTAAGTC O12 74 5 0 0 0.47 0.29 0 0
AGAATTC O13 70 0 0 0 0.45 0 0 0
AAAATTC O14 44 11 14 1 0.28 0.65 53.84 7.14
GACATCT O15 67 1 0 0 0.43 0.05 0 0
TTAACTC O16 65 0 0 0 0.42 0 0 0
AGCATCT O17 41 21 0 0 0.26 1.25 0 0
ATAATCT O18 53 0 0 0 0.34 0 0 0
TTAACCT O19 46 3 0 0 0.29 0.17 0 0
TTATCTC O20 45 0 0 0 0.29 0 0 0
TAAATCT O21 43 2 0 0 0.27 0.11 0 0
TTCTCCT O22 43 1 0 0 0.27 0.05 0 0
TTACTCT O23 36 8 0 0 0.23 0.47 0 0
TTGATCT O24 37 3 0 0 0.23 0.17 0 0
TTAGTCT O25 29 5 0 0 0.18 0.29 0 0
TAAATTC O26 24 7 3 0 0.15 0.41 11.53 0
GACTTCT O27 29 1 0 0 0.18 0.05 0 0
TTAATCC O28 26 3 0 0 0.16 0.17 0 0
TCAATCT O29 25 4 0 0 0.16 0.23 0 0
GAAATCT O30 29 0 0 0 0.18 0 0 0
CTAATCT O31 23 3 0 0 0.14 0.17 0 0
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that Synechococcus strains are classified into ten different clades based on representative V4–V5

16S rRNA sequences (Figure 20).

Figure 15. Phylogenetic tree constructed from V4–V5 16S rRNA gene amplicon sequence
representatives of Synechococcus clade and representative sequences for the most abundant
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oligotypes, both aligned using Muscle (version 3.8.4, (Edgar et al. 2004)). Shown is a neighbor-
joining rooted tree generated using the Geneious Prime 2021.1 software package (Biomatters Ltd,
Auckland, New Zealand).

The identified clades were separated into three distinct subclusters (5.1, 5.3 and 5.2). Ten

oligotypes belonged to clade III (subclade 5.1A) (O1, O15, O19, O21, O23, O24, O25, O29, O30,

O31), six belonged to clade I (subclade 5.1B) (O6, O8, O9, O14, O16, O26), another six

belonged to Clade 5.3 (O2, O5, O11, O20, O22, O27), two belonged to clade IV (subclade 5.1A)

(O4, O12), another two belonged to clade VII (subclade 5.1B) (O3, O7), and only one oligotype

belonged to clades II (subclade 5.1A) (O28), CB5 (subclade 5.2) (O10), WPC1 (subclade 5.1)

(O17), VIII (subclade 5.1B)(O18), and IX (subclade 5.1B) (O13) (Tables 13).

Table 11. Key database for the 31 Synechococcus oligotypes including their accession number
on NCBI, source, clade or subclade affiliations, and sequence length

Oligotype ID Strain name Accession
number

Description Source Subclade or
Clade ID best

match

Clade
ID

Length Number of bp
different from the

best match
O1 WH8103 AF311293.1 Synechococcussp. WH 8103 16S

ribosomal RNA gene partial
sequence

Ahlgren &
Rocap
2012

III III 1438 0 (exact match)

O2 KORDI-15 FJ497743.1 Synechococcus sp. KORDI-15 16S
ribosomal RNA genepartial

sequence

Choi &
Noh 2009

Subcluster
5.3

5.3 1227 0 (exact match)

O3 A15-74 JF306716.1 Synechococcus sp. A15-74 16S
ribosomal RNA genepartial

sequence

Mazard et
al. 2011

VII VII 1099 0 (exact match)

O4 CC9902 CP000097 Synechococcus sp. CC9902
chromosomecomplete genome

Ahlgren &
Rocap
2012

IV IV 1479 0 (exact match)

O5 RCC61 JF306685.1 Synechococcus sp. RCC61 16S
ribosomal RNA genepartial

sequence

Mazard et
al. 2011

SC 5.3 5.3 1148 1

O6 MV0210 KU867926.1 Synechococcus sp. MV0210 16S
ribosomal RNA gene

Hunter-
Cevera et
al. 2016

IE I 1148 0 (exact match)

O7 UW92 JQ421031.1 Synechococcus sp. UW92 16S
ribosomal RNA genepartial

sequence

Ahlgren &
Rocap
2012

VII VII 1019 1

O8 MV1308 KU867940.1 Synechococcus sp. MV1308 16S
ribosomal RNA gene

Hunter-
Cevera et
al. 2016

IC I 1148 1

O9 MV1307 KU867924.1 Synechococcus sp. MV1307 16S
ribosomal RNA gene

Hunter-
Cevera et
al. 2016

IE I 1148 1

O10 MV0605E KU867943.1 Synechococcus sp. MV0605E 16S
ribosomal RNA gene

Hunter-
Cevera et
al. 2016

CB5 CB5 1148 0 (exact match)

O11 KORDI-15 FJ497743.1 Synechococcus sp. KORDI-15 16S
ribosomal RNA genepartial

sequence

Choi &
Noh 2009

Subcluster
5.3

5.3 1227 1

O12 CC9902 CP000097 Synechococcus sp. CC9902
chromosomecomplete genome

Ahlgren &
Rocap
2012

IV IV 1479 1
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The eight abundant oligotypes in our dataset (i.e., represented by >100 reads) shared

more than 95% V4-V5 sequence similarity with each other (Table 14).

O13 KORDI-71 FJ497742.1 Synechococcus sp. KORDI-71 16S
ribosomal RNA genepartial

sequence

Choi &
Noh 2009

IX IX 1145 0 (exact match)

O14 MV1308 KU867940.1 Synechococcus sp. MV1308 16S
ribosomal RNA gene

Hunter-
Cevera et
al. 2016

IC I 1148 0 (exact match)

O15 WH8102 NC_005070 Synechococcus sp. WH8102
complete genome

Ahlgren &
Rocap
2012

III III 1464 2

O16 WH8016 AY172834.1 Synechococcus sp. WH 8016 16S
ribosomal RNA genepartial

sequence

Mazard et
al. 2011

I I 1439 1

O17 KORDI-49 FJ497747.1 Synechococcus sp. KORDI-49 16S
ribosomal RNA genepartial

sequence

Choi &
Noh 2009

WPC1 WPC1 1380 1

O18 WH8101 AF001480.1 AF001480 Synechococcus
WH8101 16S ribosomal RNA

genepartial sequence

Ahlgren &
Rocap
2012

VIII VIII 1437 1

O19 WH8103 AF311293.1 Synechococcus sp. WH 8103 16S
ribosomal RNA genepartial

sequence

Ahlgren &
Rocap
2012

III III 1438 1

O20 KORDI-15 FJ497743.1 Synechococcus sp. KORDI-15 16S
ribosomal RNA genepartial

sequence

Choi &
Noh 2009

Subcluster
5.3

5.3 1227 2

O21 MV1605B KU867931.1 Synechococcus sp. MV1605B 16S
ribosomal RNA gene

Hunter-
Cevera et
al. 2016

III III 1148 1

O22 KORDI-15 FJ497743.1 Synechococcus sp. KORDI-15 16S
ribosomal RNA genepartial

sequence

Choi &
Noh 2009

Subcluster
5.3

5.3 1227 2

O23 WH8103 AF311293.1 Synechococcus sp. WH 8103 16S
ribosomal RNA genepartial

sequence

Ahlgren &
Rocap
2012

III III 1438 1

O24 WH8103 AF311293.1 Synechococcus sp. WH 8103 16S
ribosomal RNA genepartial

sequence

Ahlgren &
Rocap
2012

III III 1438 1

O25 WH8103 AF311293.1 Synechococcus sp. WH 8103 16S
ribosomal RNA genepartial

sequence

Ahlgren &
Rocap
2012

III III 1438 1

O26 WH8020 AY172835.1 Synechococcus sp. WH 8020 16S
ribosomal RNA genepartial

sequence

Ahlgren &
Rocap
2012

I I 1226 0 (exact match)

O27 KORDI-15 FJ497743.1 Synechococcus sp. KORDI-15 16S
ribosomal RNA genepartial

sequence

Choi &
Noh 2009

Subcluster
5.3

5.3 1227 2

O28 MV0519B KU867928.1 Synechococcus sp. MV0519B 16S
ribosomal RNA gene

Hunter-
Cevera et
al. 2016

II II 1149 1

O29 WH8103 AF311293.1 Synechococcus sp. WH 8103 16S
ribosomal RNA genepartial

sequence

Ahlgren &
Rocap
2012

III III 1438 1

O30 WH8103 AF311293.1 Synechococcus sp. WH 8103 16S
ribosomal RNA genepartial

sequence

Ahlgren &
Rocap
2012

III III 1438 1

O31 WH8103 AF311293.1 Synechococcus sp. WH 8103 16S
ribosomal RNA genepartial

sequence

Ahlgren &
Rocap
2012

III III 1438 1
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Table 12. Percent sequence similarity between V4 and V5 representative sequences for each
oligotype.

O1 O2 O3 O4 O5 O6 O7 O8
O1 - 96.07 99.44 99.44 96.63 99.44 98.88 99.72
O2 - 96.26 95.99 99.47 96.79 96.79 96.52
O3 - 98.93 96.79 98.93 99.47 99.2
O4 - 96.52 98.93 98.4 99.2
O5 - 96.26 96.26 96.52
O6 - 99.47 99.73
O7 - 99.2
O8 -

Synechococcus comprised a higher fraction of the microbial population and showed

higher relative abundances in the summer of 2014 in Marchica than in 2015. We placed the eight

abundant oligotypes within a phylogenetic tree that included known Synechococcus strains

(Figure 2). Table 1 shows higher read counts of Synechococcus oligotypes in the Marchica

Lagoon (n = 15,447), (n=1,667) in the summers of 2014 and 2015, respectively, compared to

Oualidia (n = 26), (n = 14) during both the summers of 2014 and 2015.

Interestingly, Oligotype 1 was strongly represented in both sampling lagoons (Table 11),

where it comprised a larger segment of the overall Synechococcus community. In contrast to the

2014 summer community in Marchica, a few Synechococcus oligotypes decreased in 2015; for

instance, O7 changed from 177 Synechococcus reads to 0, and O8 changed from 119

Synechococcus reads to 0. In Oualidia, we noticed the presence of clades III (O1), IV (O4), I (O6,

O14, O26), and VII (O7) in 2014 in contrast with 2015, when clade VII was absent and only 5

Synechococcus oligotypes were identified: O1, O4, O6, O9 and O14.

6.3. Distribution of Synechococcus oligotypes

Although some oligotype distribution patterns within each sampling site clearly displayed

some differences over both space and time, many oligotypes were shared as well. Network

analysis allowed visualization of the specificity of the oligotypes and how they were distributed

in Mediterranean Marchica and Atlantic Oualidia lagoons and further investigation of which

factors influenced this distribution (Figure 21).

We identified oligotypes that were either unique to a single sampling site, shared by two

sites, or present in all sites (Figure 21). Site-specific oligotypes accounted for the largest fraction
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(25/31), whereas oligotypes shared by the 4 sampling sites made up a small portion of the total

number (4/31). Most oligotypes were shared between both 2014 and 2015 samples of

Mediterranean Marchica, in addition to some overlap with Atlantic Oualidia. Only six oligotypes

were found in Mediterranean Marchica in 2014 (Figure 3). Furthermore, the distribution of co-

occurring oligotypes was clearly different in Marchica and Oualidia during the summers of 2014

and 2015. Cooccurring Synechococcus oligotypes tended to be well connected to each other

(Table 3), showing strong correlations (e.g., O4 (clade IV) and O6 (clade I), = 0.98, O4 (clade IV)

and O8 (clade I), = 0.99).

Figure 16. A network analysis of the oligotypes present at each site was performed using Gephi.
Each dot indicates an oligotype present in at least one sample, and each edge on the network
connects an oligotype to one or more samples. Colored circles represent oligotypes present in
only one, two, three, or all samples.
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6.4.Environmental variables influencing oligotype diversity

Figure 17. Principle component analysis of Synechococcus oligotype relative abundance. The
plot is generated using the relative abundance of each oligotype, T: Temperature, S: Salinity, and
NO3-: Nitrate. Each point represents an oligotype. Colors represent the year of sampling; red for
2014 and blue for 2015. The shape of point indicates the sampling site; rounded points refer to
the Marchica lagoon, and triangles refer to Oualidia. Circles represent the normal distribution of
oligotypes; the red circle refers to 2014, and the blue circle refers to 2015.

Following principal component analysis (PCA) of oligotype relative abundance (Figure 22),

we observed that physicochemical factors in the lagoons correlated with oligotype cooccurrence

patterns. The first principal component (PC1) captured 46% of the variance in oligotype relative

abundance and discriminated oligotypes according to nitrate. The second principal component

explained an additional 27% of the variation and discriminated oligotypes according to salinity

and temperature.

The composition shift seen during the summer was supported by the statistical connections

between dominating PCs and environmental variables. Notably, identified oligotypes in

Marchica ( O2, O3, O4, O5, O6, O7, O9, O10, O14, O15, O16, O17, O26) in 2014 and (O1, O2,

O4, O5, O6, O9, O10, O14, O15, O16, O17, O26) in 2015 correlated with higher temperatures

and salinities (26 Celcius, 27 Celcius, 35 ppt, 35 ppt, respectively), when oligotypes in Oualidia
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(O1, O4, O6, O7, O14, O26) in 2014 and (O1, O4, O6, O9, O14) in 2015 correlated with lower

ones (21 Celcius, 20 Celcius, 27 ppt, 29 ppt respectively). Both oligotypes found in Marchica

and Oualidia in 2014 correlated with a higher nitrate concentration (12 mg/l, and 10 mg/l,

respectively). However, those observed in 2015 correlated with a lower nitrate concentration (4

mg/l, 2 mg/l). Furthermore, Oligotype O1 in 2014 was spatially isolated, and not affiliated with

the principal component.
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Discussion

METAGENOMES AND PHYSICOCHEMICAL PROPERTIES OF MOROCCAN
COASTAL LAGOONS

In this project, we intended to delineate the microbial diversity and abundance within the

surface waters of two Moroccan coastal lagoons, Marchica and Oualidia, depict their functional

capabilities, and establish their variation patterns across environmental, temporal, and spatial

gradients. Through the use of shotgun and amplicon sequencing metagenomics technologies, we

obtained a fair amount of read data from marine water-filtered extracted DNA, which allowed us

to identify the taxonomic structure and functional profiles of the microbial communities in these

lagoons.

The degradation of water quality in lagoons by both natural and anthropogenic activities

has a direct impact on the biodiversity and ecological balance, which has triggered the need for

suitable conservation and management strategies. The physicochemical parameter measurements

of temperature, salinity, electrical conductivity, pH, dissolved oxygen, phosphate, turbidity,

nitrates, and nitrites were set out to assess the ecological health status of the Marchica and

Oualidia lagoons. The higher rate of salinity (35 ppt) observed in Marchica in comparison to the

Mediterranean Sea and Oualidia makes it a hypersaline lagoon. During the dry season, salinity

increases because of the temperature increase. Other factors also impact salinity, such as shallow

depth, evaporation, and volume of freshwater influx. However, in Oualidia, the absence of

freshwater inflow to the lagoon suggests that the lower recorded salinity (27 ppt) is influenced by

underground water resurgence (Natij et al. 2014). pH is measured to assess the health status of

aquatic ecosystems; it is known to influence the development and spread of microbes and has a

direct impact on the environmental conditions that contribute to microorganism survival and

expansion (Thompson et al. 2017). The pH of both lagoons was mildly alkaline, which is similar

to results found by (Matoir et al. 2015), where the pH of the Marchica lagoon oscillated between

8.1 and 8.7, corresponding to the wastewater treatment plant during the summer season (Riouchi

et al. 2021). In Oualidia, 8.03 was the pH value recorded for dry months, which implied an

explicit marine influence (Hassou et al. 2013). The concentrations of dissolved oxygen in

Marchica were remarkably low (8.3 mg/L) compared to those reported at Mohandis station

(13,76 mg/L) in June 2013 by (Chagas et al. 2005), which is possibly related to the fair

oxygenation observed at the surface after the installation of an artificial inlet in 2010 that helped

with recycling the Marchica lagoon waters. In addition, algal death is another factor that
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influences the decrease in DO in Nador Lagoon (Chagas et al. 2005). In Oualidia Lagoon,

samples were taken from the upstream region, which is known to be more oxygenated in spring

and less oxygenated in summer. This is due to the growing rate of marine organism respiration

and aerobic biodegradation of dissolved organic matter by heterotrophic bacteria (Damsiri et al.

2014). In reality, three essential factors influence the good oxygenation of Oualidia lagoon

waters: freshwater inflows, depth, and surface water agitation (Damsiri et al. 2014). The

recorded turbidity in both lagoons (3 NTU) fell under the normal value set by the U.S.

Geological Survey (USGS) (1–50 NTU). This means that the water is clear, which increases the

amount of sunlight to penetrate the water layers, thereby increasing the photosynthetic rate

(Aknaf et al. 2017). The low phosphate concentrations recorded at both Marchica (0.03 mg/L)

and Oualidia (0 mg/L) might be explained by the high renewal rate of water (Damsiri et al. 2014;

Aknaf et al. 2015). Nitrate concentrations in 2014 in Marchica and Oualidia lagoons (12.5 mg/L

and 10.79 mg/L, respectively) showed slightly higher values compared to the maximum

contaminant level (MCL) set in the United States for the concentration of nitrates in water (10

mg L−1) and to the World Health Organization (WHO) guidelines (11.3 mg L−1). This could be

explained in Marchica by terrigenous inputs from Selouane and Caballo Oueds (streams).

Furthermore, Oued Caballo carries urban wastewater from the Zeghanghane neighborhood,

while Oued Selouane transports urban and toxic waste toward the lagoon (Aknaf et al. 2015).

Farming in the Bou Areg adjacent plain is the main surface and groundwater contamination

source of nitrates, nitrites, and phosphate in Marchica. On the other hand, the wastewater

treatment plant unwittingly increases these nutrients in the lagoon system (Aknaf et al. 2015). In

Oualidia, the quantity of fertilizers used in this agricultural area is generally the main source of

nitrates (Damsiri et al. 2014) and heavy metals (Hassou et al. 2016). In 2015, we noticed a

significant decrease in the nitrate level (from 12.5 mg/L to 4.8 mg/L in Marchica and from 10.79

mg/L to 2.68 mg/L in Oualidia), which could be due to remediation actions by local authorities

in Marchica by recycling the wastewater and materials, collecting waste, and improving the

renewal of the lagoon waters. Indeed, the human impact was still noticed in Oualidia but was

much less compared to 2014. This could be explained by the newly installed pit, which aimed to

promote water renewal, improve water quality, and reduce the rate of suspended matter (Damsiri

et al. 2014). Almost certainly, our results suggest that the opening of the new inlet and the

installation of waste treatment plants had a positive impact on the physicochemical properties,

which indicates an improvement in the lagoon’s water quality.
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Looking at the viral signals, we believe our results nicely illustrate the fact that we started

to have a good “baseline database” of oceanic viral genomes (and genome fragments), although

TOV_43 (Tara oceans) is highly biased toward the open ocean, whereas OSD is biased toward

coastal sites. We also think that the fact that we detected the same viral genome/contingent in

several distant OSD samples confirms that ocean viruses have a wide distribution (Figures 6 and

7). This is consistent with what was observed in the TOV_43 study

(https://www.ivirus.us/data_accessed on 15 December 2020), with the added information that the

OSD samples are microbial metagenomes, so should include only “actively infecting” viruses,

and were synchronized (whereas Tara sampling was spread across multiple years), so we have

the actual “proof” that the same virus was active at the same time in multiple places. Finally, we

think we may correlate this viral signal to putative hosts: we will not have strong statistical

power, but for the “known” viruses, we should be able to check if the corresponding host was

indeed abundant in the same sample, and, for the “unknowns”, we should check which were the

major microbial groups in the corresponding samples that would at least provide putative hosts.

By examining the community composition, samples from both studied locations appeared

to be made up mostly of Proteobacteria members (α and γ), Cyanobacteria (Synechococcus),
Bacteroidetes (Flavobacteriales), Verrucomicrobia (Verrucomicrobiae), and Actinobacteria

(Actinobacteria). Alphaproteobacteria seemed to be the highest identified class across the

different sampling locations, covering an average of 20% to 45% of the microbial communities

in Oualidia and Marchica, respectively. The class consisted of Rhodobacteraceae, which are

classified as denitrifiers capable of rapid growth and reducing nitrates in both oxic and anoxic

conditions (Morris et al. 2002). Their increasing abundance in lagoon coastal waters might be

linked with the decrease in nitrogen content at both Marchica and Oualidia stations in 2015 (4

mg/L, 2 mg/L) compared to 2014 (14 mg/L, 2 mg/L). A sizeable proportion of reads belonged to

Candidatus Pelagibacter Rappé (11% in Marchica; 7% in Oualidia) in 2014. Interestingly, in

2015, none were detected. This genus is known as an eminent member of SAR11 clusters, which

are classified as the largest group of bacteria in the surface water of marine ecosystems

(Giovannoni et al. 2017). This is in line with findings from (Ghai et al. 2012) on Spanish Mar

Menor Lagoon, where half of all 16S reads were assigned to Candidatus Pelagibacter (43%). In
addition, SAR11 reads were encountered in all samples collected from the surface waters of

different marine habitats either in the Pacific or Atlantic oceans, specifically coastal

environments, as reported by Tara Oceans and the Global Ocean Sampling Expedition (Venter



69

et al. 2004). Different strains were within the Rhodobacterales group, particularly Rickettsia
conorii 7 Ogata, which formed the most abundant strain identified in both lagoons. It is generally
present on the Mediterranean side of Europe and is known to cause boutonneuse fever

(MacConnachie et al. 2022). Gammaproteobacteria, in contrast, made up lower proportions

compared to Alphaproteobacteria. This is typical of Gammaproteobacteria because they are

found in large numbers in benthic and lower pelagic marine environments (Zinger et al. 2011).

This class was composed of Alteromonadales, which have been found to be related to sites

affected by urbanization and eutrophication (Juhmani et al. 2020). In addition, members of this

group are resistant to metals (Juhmani et al. 2020). Spatial and temporal variation in the

distribution of Alteromonadales compared to Rhodobacterales might be assigned to competition
for limiting nutrients (Seo et al. 2014). The strain Xylella fastidiosa Temecula1 Sluys, classified

among the top dangerous pathogenic bacteria infecting plants worldwide (Schneider et al. 2020),

was the dominant strain found in the Gammaproteobacteria group.

We found further evidence of the occurrence of almost exclusively the genus

Synechococcus Nägeli as the most abundant Cyanobacteria, notably in Marchica, which was

similarly observed in Mar Menor Lagoon, where Synechococcus formed a sizeable percentage

and declined with increasing salinity in the Mediterranean Sea (Ghai et al. 2012). Almost no

Prochlorococcus Penny populations were found in Oualidia waters, which is similar to the

results in the parent Atlantic water body from which Oualidia waters are derived (OSD 93). This

is the usual behavior of Prochlorococcus, which is commonly not found in coastal marine

environments (Partensky et al. 1999). In addition, the Synechococcus growth rate increases with

increasing temperature and nitrates, while increasing temperature and light levels might retard

Prochlorococcus growth (Kim et al. 2018). In fact, salinity and temperature are essential

environmental factors for the composition and function of Synechococcus in the marine

microbiome (Kim et al. 2018). According to previous studies, Cyanobacteria grow in nutrient-

enriched ecosystems, and their prevalence increases with eutrophication (Lürling et al. 2018).

However, when the macronutrient concentration is low in the summer season, Synechococcus

shows fast growth (Lürling et al. 2018). The highest number of Synechococcus read recruitment
in Marchica in 2014 compared to 2015 could be explained by the lagoon’s intensive

environmental rehabilitation effort, which includes cleaning wastes and depollution. Based on

strain identification in the metagenome, we were able to identify the cyanobacterium Nostoc

https://www.sciencedirect.com/topics/medicine-and-dentistry/boutonneuse-fever
http://en.wikipedia.org/wiki/Karl_Wilhelm_von_N%C3%A4geli
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azollae 0708 Ran, which is famous for its nitrogen-fixation properties and is commonly used in
farming (Brouwer et al. 2017).

Most of the remaining sequences were mainly assigned to moderately smaller phyla,

including Bacteroidetes, Verrucomicrobia, and Actinobacteria. We noticed the unique existence

of Bacteroides fragilis 9343 Coyne (3%) in Venice Lagoon, and Candidatus Amoebophilus

asiaticus 5a2 Schmitz-Esser (9%) comprised the underrepresented Cytophagales group in the

Atlantic Ria Formosa Lagoon. The former strain could potentially be used as an organic

pollution bioindicator (Niestępski et al. 2020).

Archaeal assemblages made up a tiny percentage of the metagenome, forming less than

1% of the total sequences in both Marchica and Oualidia lagoons. These findings were in

agreement with previous reports where barely detectable levels of archaeal sequences were found

in surface marine environments (Ghai et al. 2012; Rusch et al. 2007; Biers et al. 2009). In

contrast, Archaea have a greater preference for deep waters, where they exist in significantly

higher numbers (Signori et al. 2014; Luria et al. 2014). Euryarchaeota were the dominant clade,
which is normal as they are known to inhabit surface waters (Brown et al. 2009).

Phytoplankton sequence data showed dissimilarities between the two lagoons, where

Marchica was dominated by dinoflagellates and Oualidia by Ochrophytes and Chlorophytes. The

red dinoflagellate Gyrodinium Hulbert belongs to the family Dinophyceae, which lacks armor

protists responsible for red tides (Gárate et al. 2013). The Ochrophyta genus Pseudo-Nitzschia

Peragallo, which belongs to diatoms, is responsible for amnesic shellfish poisoning (ASP);

blooms were observed globally in coastal waters and were linked to elevated nutrient

concentrations in marine environments (Brouwer et al. 2017). While the Chlorophyta genus

Tetraselmis Stein is a green alga within the order Chlorodendrales, the species members’ habitat

preference depends on whether the water is deep or shallow because of their photosynthetic

nature. Thus, they inhabit different water environments if sufficient light and nutrients are

accessible (Teo et al. 2014). In addition, many species belonging to the genus Tetraselmis have
recently been investigated for use as biofuels because of their increased lipidic content (Teo et al.

2014). Both Gyrodinium and Nitzschia were abundantly identified in the Mediterranean Spanish

coastal lagoon Mar Menor using microscopic examination and enumeration. These diatom

species are linked to high nutrient concentrations, especially phosphorus, and are hence

associated with contaminated eutrophic waters (Ghai et al. 2012). Overall, the taxonomy of
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these groups remains to be elucidated (Ghai et al. 2012). In Oualidia, most hits were assigned to

the Ostreococcus Courties genus, a unicellular green alga that has a crucial role in the oceanic

carbon cycle, and a model to study the adaptation of green algae in the marine environment,

Pelagodinium HJ Spero and Thalassiosira Cleve. The latter is widely distributed throughout the
world’s oceans (Chappell et al. 2013).

The functional diversity of microbial communities was explored in our study using a

shotgun metagenomics approach. Across the different sampling sites, we observed similar

patterns in the identified communities with regard to their functional features. The topmost

functional genes were closely similar in Marchica and Oualidia, essentially comprising genes

implicated in protein, carbohydrate, and amino acid metabolism. Previous reports supported

these findings, as the surface microbial communities were found to be located in the

Mediterranean Sea, Atlantic Ocean, and Pacific Ocean, where they share a close dissemination of

gene-encoded functions (Venter et al. 2007; Rusch et al. 2007). This would possibly suggest

that the survival and adaptation of these microbial communities depends on the corset of genes

they share in the surface water environments (Hewson et al. 2009). Remarkably,

Methylacidiphilum infernorum V4 Dunfield and Rothia dentocariosa 17931 Eisenberg exhibited
the highest proportions of genes with metabolic functions in Marchica. However, these amounts

were related to Anaplasma marginale Maries Brayton and Nostoc azollae 0708 Ran in Oualidia.
Furthermore, the correlation between microbiome gene expression and water properties showed

that the latter, namely, temperature, salinity, conductivity, oxygen, phosphate, nitrates, and

nitrites, influenced the expression of genes with metabolic functions, as the correlation was

positive. This was indeed reported by (Scofield et al. 2015), who studied five shallow coastal

lagoons in Brazil and concluded that temperature and the concentration of nutrients are

responsible for bacterial metabolism regulation. However, the pH in our study showed a negative

impact on metabolic processes. This result is in accordance with a study by (Krause et al. 2012),

which found that pH has no influence on bacterial abundance.

This metagenomics study enriched the Moroccan national catalog of marine microorganisms that

can be used for bioindication, biodiversity protection, biotechnology valorization, biomonitoring,

and lagoon health assessment. For instance, the presence of Synechococcus Nägeli and

Bacteroides fragilis Coyne belonging to the Cyanobacteria and Bacteroides groups, respectively,

could be associated with the eutrophic conditions of the lagoon Marchica. Indeed, the rate of

nitrogen in the Marchica Lagoon is alarmingly high (12 mg/L). Hence, we may further suggest

http://en.wikipedia.org/wiki/Karl_Wilhelm_von_N%C3%A4geli
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using these marine bacteria as bioindicators of deteriorated water quality in coastal lagoons.

Notably, Cyanobacteria species are good candidates for environmental sustainability and an

excellent agricultural bioresources (Singh et al. 2016). Take, for example, Nostoc azollae Ran, a

biofertilizer used for either Taro or the cultivation of rice. It has also shown great bioremediation

potential in reducing pollutants and improving waste management (Niestępski et al. 2020).

Cyanobacteria have been remarkably implemented in blue biotechnology, a newly emerging

solution to the high demand for biomedicine, pharmaceutical and agricultural products, natural

cosmetics, and sustainable energy sources by modern societies by exploiting marine biodiversity.

They have shown their ability to generate molecules with antibacterial, antifungal, and antiviral

traits. Today, they are being investigated for their anti-multiplicative effect on cancer cells. An

average of 400 biomolecules secreted by Cyanobacteria strains have been listed (Bajpai et al.

2018). Other identified marine bacteria in our study, although with low frequencies, expressed

impressive prospects for biotechnology applications, for example, Alcanivorax Yakimov and

Acinetobacter Brisou species. The former plays an important role in oil spill bioremediation

(Zadjelovic et al. 2020) and when together they are of high interest for beauty technology since

they have been shown to produce biosurfactants (Antoniou et al. 2015). Proper management of

lagoon health is another important aspect to take into consideration by implementing

biomonitoring, which will help us eventually better understand exposures to environmental

chemicals, shape public health, and prevent the development of specific diseases caused by

particular microorganisms, such as Xylella fastidiosa Sluys, a pathogen infecting plants that in

Brazil infected approximately 200 million citrus trees and caused damage estimated at USD 100

million in the grape industry in California (Schneider et al. 2020). We were also able to detect

Mycobacterium leprae Hansen in the waters of both lagoons, which could possibly lead to

leprosy infection. However, further investigations are needed to support this claim.

In connection with spatial variation, the microbial community was dominated by similar

phyla identified in 2014 and 2015. However, clear differences were manifested at the genus,

species, and strain divisions among samples. Hence, the bacterioplankton were diverse but

modestly varied across samples, as shown by the alpha diversity. The observed richness in

Oualidia was 1144 in 2014 and 704 in 2015, while in Marchica, we found 462 in 2014 and 316

in 2015. This also elucidated the importance of performing more sampling as the number of

species captured fluctuates and the taxonomic richness increases with a high number of reads.

Each lagoon chosen for this work displayed differences in physicochemical parameters such as
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temperature, salinity, DO, or nitrate concentrations in addition to reported anthropogenic

pressures due to agricultural, industrial, and human impacts, which probably influenced

microbial community distinctions at each site. The relationship between spatial variation and

community structure needs more study for better understanding.

SPATIO-TEMPORAL PATTERNS OF SYNECHOCOCCUS OLIGOTYPES IN
MOROCCAN LAGOONAL ENVIRONMENTS

In a previous study (Chaouni et al. 2022), we used bioinformatics tools to analyze the

metagenome and the amplicon 16S sequences to gain an insight into microbial diversity in

Moroccan lagoons, namely Marchica and Oualidia. 16S rRNA gene classification revealed a

high percentage of bacteria in both lagoons. On average, bacteria accounted for 90% of the total

prokaryotes in Marchica and ~70% in Oualidia. The five phyla that were the most abundant in

both lagoons, Marchica and Oualidia, respectively, were Proteobacteria (53.62%, 29.18%),

Bacteroidetes (16.46%, 43.49%), Cyanobacteria (0.53%, 34.35%), Verrucomicrobia (1.75%,

15.82%), and Actinobacteria (7.42%, 13.98%). At the genus level, we found that the highest

assigned hits were attributed to Synechococcus, which was highly abundant in Marchica (32%)

compared to Oualidia (0.07%) in 2014. This amount dropped to 22% in Marchica and 0.04% in

Oualidia in 2015. Hence, in this study we performed an analysis of the Synechococcus genus

community using oligotyping to investigate their dynamics and understand their co-occurrence

and covariation in space and time within fragile ecosystems such as lagoons.

We may divide our results into two emerging Synechococcus communities: one

dominated in 2014 and the other was less present in 2015, each composed of different co-

occurring Synechococcus oligotypes. The abundant Synechococcus community in Marchica in

2014 consisted of clades I, 5.3, III, IV, and VII. These clades are typically found in either

warmer or more oligotrophic environments (Zwirglmaier et al. 2008; Post et al. 2011). This

result is in accordance with Marchica's environmental characteristics; it is an oligotrophic

ecosystem with high primary production and warmer water in summer (Aknaf et al. 2017). The

community included clades CB5 and WPC1 when the number of Synechococcus reads was lower.
Strains belonging to the CB5 clade lack phycourobilin (PUB), contain one motile strain (Chen et

al. 2004; Waterbury et al. 1986), are present in temperate coastal waters and are prevalent in

polar/subpolar waters (207, 208, 209). WPC1 strains are observed in open-ocean and near-shore

waters (Chen et al. 2006; Choi et al. 2009; Mazard et al. 2012). Clades IV and I usually co-

occur and are more prevalent in cold coastal waters (Zwirglmaier et al. 2008; Zwirglmaier et al.
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2007; Tai et al. 2009; Mella-Flores et al. 2011). Interestingly, Clade III was prominent in

Marchica. This clade is known to be motile and restricted to warm, oligotrophic water

(Zwirglmaier et al. 2008; Mella-Flores et al. 2011; Post et al. 2011). Although at a smaller

read number, clade III was also observed in Oualidia, where the temperature is cooler compared

to Marchica. Furthermore, we found that clade III growth has been shown to be severely affected

at low temperatures (Varkey et al. 2015). Moreover, representatives of both clades I and IV

were present in Oualidia in both the summers of 2014 and 2015. Some Synechococcus strains,

which are known to prefer cooler water temperatures and salinities, were in higher relative

abundance in the waters of Marchica. This result agrees with a previous study showing that

Synechococcus isolates of clades I and IV exhibited temperature preferences (Varkey et al.

2015). Their growth rates were marginally lower at low temperatures in strains from clades I and

IV, which were dominant in temperate regions.

Nitrate levels are typically low or undetectable in these lagoons, which allows the

persistence of clades that would not typically thrive in coastal waters at other times of the year.

In 2014, the nitrate concentration was higher than the average of 10 mg/l, which could be due to

increased agricultural activities and wastewater treatment plant effluent. The decreasing nitrate

concentrations in Marchica in 2015 could be explained by the newly installed inlet in 2010,

which was designed to improve water exchange with the open sea and reduce the amount of

suspended matter (Aknaf et al. 2017). Temperature and salinity have a large effect on nitrate in

marine ecosystems (Ebrahimi et al. 2015); the highest nitrate degradation rates were observed at

35°C and at increasing salinity rates. Therefore, we expected to see correlations between salinity,

temperature and nitrate concentrations. Interestingly, clades CB5 in Marchica and IV in Oualidia

increased in relative abundance in summer 2015 compared to 2014 (Table 1), when the nitrate

concentration decreased (Table 5). Moreover, Synechococcus microbial community diversity and
density are variables that depend on variations in physical and chemical parameters. These

parameters are strongly influenced by the marine waters passing through the artificial inlets,

which have an impact on the internal hydrodynamics of both lagoons and hence the distribution

and co-occurrence of Synechococcus strains. In addition, anthropogenic activities also have a

great influence on Synechococcales population growth and interactions with their viruses

(Traving et al. 2014; Chaouni et al. 2022).

This study revealed some differences between Marchica and Oualidia in identified

Synechococcus clades. The Marchica lagoon showed more heterogeneity (clades I, II, III, IV, VII,
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VIII, 5.3, WPC1, CB5, and IX) than the Oualidia lagoon, where fewer clades were identified (I,

III, IV, and VII). There was a clear variation in the pattern of correlation between oligotypes of

the same or different clades for both the 2014 and 2015 samplings. Furthermore, we observed

complex patterns of co-occurrence among oligotypes; in 2014 (clades I, III, IV, 5.3, VII) and in

2015, we found clades CB5 and WPC1. In Oualidia, values decreased in comparison to Marchica

in both 2014 and 2015 summer samplings, following a pattern of co-occurrence, especially for

clades I and IV in both sampling years. Many studies have shown that the relative proportions of

cooccurring Synechococcus populations to each other at the clade and subclade levels vary in

space and time based on environmental factors such as seasonal temperature fluctuations,

nutrient availability and upwelling, circulation patterns, and abundance of other phytoplankton

(Mackey et al. 2017).

We presume that the greater variability in oligotype co-occurrence behavior observed in

Marchica Lagoon, especially in the summer of 2014, could be due to the higher abundance and

diversity of Synechococcus oligotypes, physico-chemical parameter fluctuations or rehabilitation
of the lagoon.

Less abundant oligotypes could also be considered potential bioindicators of

Synechococcus genetic diversity. Their seasonal occurrence might contribute to changing

ecological and biogeochemical characteristics of the marine environment (Gilbert et al. 2012).

The Synechococcus relative abundance count revealed that the Marchica Synechococcus

community included the least abundant oligotypes in 2015. For instance, O7 and O8 were

detected in 2014 and were absent in 2015. It is unclear which factors served to constrain the

relative abundances of these least present oligotypes, but temperature and salinity could have an

impact on their distribution in Marchica and the opposite for Oualidia, which are cooler-

temperature adapted ones. We noticed that the relative abundance of cooccurring Synechococcus
was not constant. For instance, oligotype 4 belonging to Clade IV showed higher values in

summer 2014 (974 reads) in Marchica compared to summer 2015 (319 reads), and the opposite

was observed in Oualidia, with a lower abundance compared to Marchica. Increased values of

cooccurring clade I oligotypes (69, 210, and 61) were detected in the summer of 2014 in both

lagoons.

In comparing our results with a study from Little Sippewissett Marsh (LSM) (Mackey et

al. 2017) that used oligotyping to investigate the distribution of the genus Synechococcus in
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space and time sequencing the V4-V6 hypervariable region of the 16S rRNA gene, we found 31

unique oligotypes, while they were only able to identify 12. In both studies, the proportion of

Synechococcus oligotypes increased in summer and in coastal waters compared to estuaries. In

addition, Clades I and IV were more abundant in hypersaline conditions, such as Marchica

Lagoon. However, these clades were found in greater relative abundances at cold temperatures,

in contrast to our study, where they were identified in Marchica's warm waters. Moreover, clade

CB5 tended to be prominent at relatively warm temperatures (17 - 20 °C) (Xia et al. 2015). In

our work, it was not prevalent either in cooler or warmer water. Notably, the relative abundance

of rare oligotypes was higher in warm hypersaline estuary waters, while in our case study, they

occurred in cooler moderately saline Oualidia waters.

While the rpoC1 gene is a higher resolution diversity marker, 16S amplicon data can be

used to explore the entire bacterial assemblage, including Synechococcus clade designations by

oligotyping. The dominance of a certain clade could have many different ecological

ramifications, especially as the clades can be incredibly diverse in their growth, loss, nutrient

utilization and other attributes. The dominant clade's growth and loss patterns will set the stage

for population dynamics. For example, if the dominant clade only blooms in a given

environmental factor such as temperature, light, or salinity, this will then affect the timing of

blooms and follow-on effects of subsequent grazing, lysis or even biogeochemical cycling. Even

if the population is diverse, the dynamics as a whole will be a composite response of each

individual clade's ecophysiology, making it important to understand the composition and how it

changes over space and time.

Oligotyping has a great advantage in answering unexplained diversity contained in taxa

using 16S rRNA gene sequences. Nevertheless, it has some limitations, as it acts optimally only

when performed on taxa that are closely related. Regarding distantly related taxa, the high

number of increased-entropy locations makes the supervision steps difficult. In addition,

although oligotyping does not rely on clustering conditions or the availability of existing reads

within reference databases, it demands preliminary operational taxonomic unit clustering to find

closely related species appropriate for the analysis. This method is under continuous

improvement to better exploit the information within subtle variations in 16S rRNA gene

sequences (Eren et al. 2013).
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Conclusion

The results gained from the first study provided the first comparison of microbial

communities found in Moroccan coastal lagoon waters. They will serve as a valuable platform

for further advanced studies to better understand the microbiome in lagoon ecosystems. More

locations, various depths, and other lagoons should be sampled for more community descriptions

within these waters. This will simultaneously strengthen existing findings of community patterns

and confirm hypotheses that have been made on the relationship between microbial community

structures, geography, and physical–chemical parameters. Seasonality studies can also be

conducted to observe any changes in patterns by adding a broader time scale. The prokaryotic

communities among a vertical profile can be analyzed and compared to those sampled across a

horizontal gradient. It would also be interesting to further study microbial populations in surface

lagoon waters and more deeply. A focus on minor and underrepresented taxa and a more

profound and extensive analysis of the sequences obtained from these metagenomes can be

carried out later to identify the taxonomic identity and functions of unknown reads and define

more bioindicators/biomarkers of fragile marine ecosystems such as lagoons.

The second study explored the patterns of Synechococcus diversity in space and time

using an oligotyping approach to examine these populations in lagoon waters of Mediterranean

Marchica and Atlantic Oualidia, in Morocco. Patterns that have been observed at the clade and

subclade levels, such as Synechococcus, relative abundance and the co-occurrence of groups

from different clades, were shown to occur among oligotypes. The Marchica Lagoon showed a

heterogeneous Synechococcus diversity compared to Oualidia in summer 2014. Thirty-one

unique Synechococcus oligotypes were identified. Two distinct communities emerged in the

2014 and 2015 summer samplings, abundant and rare Synechococcus species, each comprising

co-occurring Synechococcus oligotypes from different clades. Network analysis showed that six

oligotypes were unique to Marchica Lagoon. The identified clades I, III, IV, VII, and 5.3 in

Marchica were in accordance with its environmental characteristics. In addition, the relative

abundance of some co-occurring Synechococcus strains was not constant over time and space

(e.g., clades I and IV). Using gene oligotyping, we illustrated some of the challenges associated

with the identification of novel Synechococcus strains or studied their co-occurrence in space and

time. Oligotyping has been instrumental in discriminating closely related Synechococcus strains.

However, this study leaves open questions about how samples differ by location and whether

locations differ from year to year. Do co-occurring oligotypes interact with each other and to
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what extent do they correlate with physicochemical parameters? What triggers the coexistence of

clades I and IV with clade III in warm water or 5.3 with VII, which do not know much about.

Finally, how do relative abundances change over seasons? Hence, future work needs to consider

additional stations and seasons to provide better statistical support for our findings and to better

understand their correlation with physical and chemical environmental parameters. Other factors

were not considered in this study, such as nutrient availability, chlorophyll, irradiance, viral lysis,

and greater sequencing depth, which could also influence the observed seasonal dynamics.

These studies all together confirmed the potential of metagenomics as a tool for microbial

diversity characterization, uncultured bacteria exploration, and anthropogenic pressures

delineation. It would be of great interest to investigate on a larger scale using whole shotgun

sequencing the unknown groups of microorganisms, and metabolic pathways of typical genera

and strains isolated from studied ecosystems for a deeper understanding of their interaction with

the environment, the marine ecosystem, and impact on climate changes. As a result, we will be

able to use these microbes for future remediation and restoration projects of lagoon and extreme

environment waters. As a final note, generating a microbiome inventory will facilitate the

building of a Moroccan lagoon microbiomes database reference, which will enable the

exploration of specific microbial taxa as bioindicators of pollution, and enhancing monitoring

strategies and bioremediation plans of similar aquatic ecosystems.
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Résumé
Les lagunes sont des écosystèmes marins fragiles affectés par les polluants anthropiques. Nous avons réalisé une

caractérisation spatio-temporelle du microbiome de deux lagunes marocaines, Marchica et Oualidia, classées comme sites

Ramsar, la première sur la côte méditerranéenne et la seconde sur la côte atlantique. Nous avons étudié leur diversité et leur

abondance microbiennes à l'aide d'approches métagénomiques durant les étés 2014 et 2015. Le microbiome bactérien était

composé principalement de Proteobacteries (25–53%, 29–29%), Cyanobacteries (34–12%, 11–0.53%), Bacteroidetes (24–

16%, 23–43%), Actinobacteria (7–11%, 13–7%), and Verrucomicrobia (4–1%, 15–14%) à Marchica et Oualidia en 2014 et

2015, respectivement. Fait intéressant, 48 souches ont été nouvellement signalées dans les écosystèmes lagunaires, tandis

que huit virus inconnus ont été détectés uniquement dans la Marchica méditerranéenne. L'analyse statistique a montré une

diversité microbienne plus élevée dans la lagune atlantique que dans la lagune méditerranéene et une relation robuste entre

la diversité alpha et les emplacements géographiques d'échantillonnage. Cette première étude métagénomique sur les

écosystèmes aquatiques marocains a enrichi le catalogue national des microorganismes marins.

Mots-clefs (5) : Métagénomique, microbiome marin, lagunes marocaines, biodiversité, bioindicateurs.

Abstract
Lagoons are fragile marine ecosystems that are considerably affected by anthropogenic pollutants. We performed a

spatiotemporal characterization of the microbiome of two Moroccan lagoons, Marchica and Oualidia, both classifified as

Ramsar sites, the former on the Mediterranean coast and the latter on the Atlantic coast. We investigated their microbial

diversity and abundance using 16S rRNA amplicon- and shotgun-based metagenomics approaches during the summers of

2014 and 2015. The bacterial microbiome was composed primarily of Proteobacteria (25–53%, 29–29%), Cyanobacteria

(34–12%, 11–0.53%), Bacteroidetes (24–16%, 23–43%), Actinobacteria (7–11%, 13–7%), and Verrucomicrobia (4–1%, 15–

14%) in Marchica and Oualidia in 2014 and 2015, respectively. Interestingly, 48 strains were newly reported in lagoon

ecosystems, while eight unknown viruses were detected in Mediterranean Marchica only. Statistical analysis showed higher

microbial diversity in the Atlantic lagoon than in the Mediterranean lagoon and a robust relationship between alpha diversity

and geographic sampling locations. This fifirst-ever metagenomics study on Moroccan aquatic ecosystems enriched the

national catalog of marine microorganisms.

Key Words (5) : Metagenomics; marine microbiome; moroccan lagoons; biodiversity; bioindicators.
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