
Citation: Chaouni, B.; Idrissi Azami,

A.; Essayeh, S.; Arrafiqui, E.H.; Bailal,

A.; Raoui, S.; Amzazi, S.; Twaddle, A.;

El Hamouti, C.; Boukhatem, N.; et al.

Moroccan Lagoon Microbiomes.

Water 2022, 14, 1715. https://

doi.org/10.3390/w14111715

Academic Editor: Michele Mistri

Received: 28 March 2022

Accepted: 3 May 2022

Published: 27 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Moroccan Lagoon Microbiomes
Bouchra Chaouni 1,2,3, Abdellah Idrissi Azami 3, Soumaya Essayeh 4, El Houcine Arrafiqui 4, Abdelhakim Bailal 4,
Sanae Raoui 5, Saaïd Amzazi 5, Alan Twaddle 6, Chahrazade El Hamouti 7, Noureddine Boukhatem 7,
Mohammed Timinouni 8, Fatima El Otmani 9 , Rajaa Chahboune 10, Said Barrijal 11, Abdellatif El Homani 12 ,
Chakib Nejjari 3, El Houssine Zaid 1, Noureddine Hamamouch 1, Fadil Bakkali 3, Linda Amaral-Zettler 2,13,†

and Hassan Ghazal 3,14,*

1 Laboratory of Plant and Microbial Biotechnology, Biodiversity and Environment, Faculty of Sciences,
Mohammed V University in Rabat, Rabat 10000, Morocco; bouchrachaouni@gmail.com (B.C.);
ijazaid@gmail.com (E.H.Z.); hamamouch@yahoo.com (N.H.)

2 Josephine Bay Paul Center for Comparative Molecular Biology and Evolution, Marine Biological Laboratory,
Woods Hole, MA 02543, USA; linda.amaral-zettler@nioz.nl

3 Laboratory of Genomics and Bioinformatics, Mohammed VI University of Health Sciences, Casablanca 82403,
Morocco; idrissi.azami.abdellah@gmail.com (A.I.A.); cnejjari@um6ss.ma (C.N.); fbakkali@um6ss.ma (F.B.)

4 Polydisciplinary Faculty of Nador, Mohammed Premier University, Nador 62702, Morocco;
fpn.sessayeh@gmail.com (S.E.); arrafiqui@gmail.com (E.H.A.); bailalhakim@outlook.fr (A.B.)

5 Laboratory of Human Pathologies Biology, Faculty of Sciences, Mohammed V University in Rabat,
Rabat 10000, Morocco; raoui.sanae@gmail.com (S.R.); amzazi@gmail.com (S.A.)

6 Department of Biology, Center for Genomics and Systems Biology, New York University,
New York, NY 10012, USA; alan.twaddle@nyu.edu

7 Laboratory of Bioresources, Biotechnology, Ethnopharmacology and Health, Faculty of Sciences,
Mohammed First University, Oujda 60000, Morocco; chahrazade.elhamouti@gmail.com (C.E.H.);
noureddineboukhatem@yahoo.fr (N.B.)

8 Laboratory of Microbiology, Institut Pasteur du Maroc, Casablanca 20250, Morocco;
mohammed.timinouni@pasteur.ma

9 Microbiology, Health and Environment Team Research, Faculty of Sciences, University Chouaib Doukali, El
Jadida 24000, Morocco; elotmanifatima@yahoo.fr

10 Laboratory of Life and Health Sciences, Faculty of Medicine and Pharmacy of Tangier,
Abdelmalek Essaâdi University, Tétouan 93002, Morocco; chahboune82rajaa@yahoo.fr

11 Faculty of Sciences and Technologies, Abdelmalek Essaâdi University, Tangier 93000, Morocco;
barrijal@yahoo.fr

12 School of Medicine, Avalon University, Youngstown, OH 44505, USA; dellelhomani@gmail.com
13 Department of Ecology and Evolutionary Biology, Brown University, Providence, RI 02912, USA
14 National Center for Scientific and Technical Research (CNRST), Angle Avenues des FAR et Allal El Fassi, Hay

Ryad, Rabat 10102, Morocco
* Correspondence: hassan.ghazal@fulbrightmail.org
† Current address: Department of Marine Microbiology and Biogeochemistry, NIOZ Royal Netherlands

Institute for Sea Research, 1790 AB Den Burg, The Netherlands.

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. This first-ever metagenomics study on Moroccan
aquatic ecosystems enriched the national catalog of marine microorganisms. They will be investigated
as candidates for bioindication properties, biomonitoring potential, biotechnology valorization,
biodiversity protection, and lagoon health assessment.
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1. Introduction

In Morocco, an important population density inhabits coastal lagoons, which makes
these lagoons vulnerable to profound physical, ecological, and associated societal distur-
bance. They are highly susceptible to anthropogenic influences, are usually impacted by
mining, tourism, agriculture, livestock, and residential sewage, and have limited water
exchange with seas. These factors influence microbial diversity and community structure,
which is expected to differ from the adjacent marine environment. Marine ecosystems
have been the target of numerous metagenomics studies to explore microbial diversity
and develop biotechnological applications. The metagenomics approach used to study the
microbiome gave an insight into the different microorganisms inhabiting this environment,
ranging from Cyanobacteria, a major player in global carbon cycling [1], to Pelagibacterales,
classified as the most abundant microbes in the world’s oceans. It helps to identify microbial
community diversity and evolution patterns and examine specific microbial group vertical
distributions (ICoMM, [2], Tara oceans [3]). Studies show that the microbial diversity,
proportion, and distribution in the marine environment are affected by different factors,
such as temperature [4], organic matter [5], pH [6], depth, and salinity [7]. The latter is
the most important factor shaping microbial diversity and structure [8]. High-throughput
sequencing (HTS) has helped assess lagoon microbial diversity through metagenomics [9].
However, the marine microbiome and shaping environmental factors are still understudied
worldwide, including in Morocco. 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 (SBEI) and Ramsar sites (Convention on Wetlands of International Importance).
Oualidia is the site of intensive aquaculture production of the Pacific oyster and a migra-
tory 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 [10]. Most conducted studies have only discussed
phytoplankton composition. Phytoplankton blooms were contributed to by Chaetoceros
Ehrenberg, Pseudo-nitzschia Peragallo, and Nitzschia longissima (Brébisson) Ralfs. Their
abundance and seasonality characterized Marchica as a highly eutrophicated lagoon [11].
The waters of the Oualidia Lagoon were dominated by diatoms, ranging from 70% to 98%
of the algal community. However, Dinoflagellate’s relative abundance increased after small
diatom cells diminished [12]. 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 [12]. Moreover, in Oualidia, harmful species such as
Prorocentrum Ehrenberg, Dinophysis Ehrenberg, and Alexandrium Halim were detected at
low concentrations and could cause toxicity accumulation in oysters [12].

As part of the Ocean Sampling Day project (OSD) to sample the world’s marine
environment [13], we followed both 16S-amplicon and WGS metagenomic sequencing
approaches to characterize the microbial diversity of the Marchica and Oualidia Moroc-
can 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.
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2. Materials and Methods
2.1. Water Sampling

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, then sequentially
filtered on five Sterivex filter units with 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 mea-
sured in situ using multivariate calibrated probes. Nitrate, nitrite (NO3

−, NO2
−), and

phosphate concentrations were determined using the molecular UV/Visible spectropho-
tometric 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,
Munich, Germany). We measured chemical oxygen demand (COD) by applying a robust
oxidizing reagent (potassium dichromate K2Cr2O7) under acidic conditions (Table 1).
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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

2.2. 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′-CCGYCAATTYMTT
TRAGTTT-3′) [14]. The forward primer TAReuk454FWD1 (5′-CCAGCASCYGCGGTAATT
CC-3′) and the reverse primer TAReukREV3_modified (5′-ACTTTCGTTCTTGATYRATGA-3′)
were used for 18S rRNA gene amplification. Ovation Rapid DR Multiplex System 1–96 (Nu-
GEN) was used to construct 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). Se-
quencing 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.

2.3. 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.

2.4. Data Processing

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

Amplicon sequences were processed with the VAMPS web service [15], where tax-
onomy classification for 16S and 18S rRNA gene sequences was assigned in a Global
Alignment for Sequence Taxonomy (GAST) proceeding [16] and SILVA rRNA gene refer-

https://github.com/MicroB3-IS/osd-analysis/wiki/Guide-to-OSD-2014-data
https://github.com/MicroB3-IS/osd-analysis/wiki/Guide-to-OSD-2014-data
github.com/MicroB3-IS/osd-analysis/wiki/Sequence-Data-Preprocessing
www.ebi.ac.uk/ena/data/view/ERX947554
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ence database [17]. To crosscheck the identified genera, we used the DADA2 microbiome
pipeline [18]. 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 amplicon 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

Table 3. Number of DNA sequence reads that made it 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 analysis: We used MetaSpades [19] to assemble trimmed forward (R1)
and reverse (R2) reads and then MetaQuast [20] 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 De-
cember 2020). A total of 54,965 reads in OSD24 passed the Quality Control (QC), while
only 19,536 reads in OSD91 did. We used Prodigal [21] for the microbial genus, species,
and strain level detection for sequence annotation, while we used MetaPhlAn2 [22] to
obtain the relative abundance. We used MG-RAST [23] for protein-coding gene prediction
for the whole microbiome (Figure 3). Finally, we used Prokka [24] to annotate the se-
quences that belong to the most abundant species of the five phyla Proteobacteria, Bacteroides,
Cyanobacteria, Verrucomicrobia, and Actinobacteria.

Viral signal detection: Reads were mapped to a viral database, including 1575 com-
plete viral genomes from RefSeq and 6322 contigs from the TOV_43 dataset [25]. Read
recruitment values were calculated as part of the bowtie2 [26] output. The number of
reads and aligned nucleotides were computed using a custom Python script employing

https://www.ebi.ac.uk/ena/browser/view/ERS667644
https://www.ebi.ac.uk/ena/browser/view/ERS667644
https://www.ebi.ac.uk/ena/browser/view/ERS667576
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Biopython. Coverage values for all sequences were calculated using a Python script mod-
ified to normalize for metagenome sizes. All other calculations were performed using
the Python modules pandas and numpy, and images were generated using a combina-
tion of Seaborn, matplotlib, and palettable python modules. The virus-sample heatmap
was produced with the package pheatmap for drawing heatmaps in R using default hi-
erarchical clustering for the viral sequences (rows) and a 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 abun-
dance 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
intracommunity comparisons comprise the realization of community heatmaps, skyline
plots, pie charts, dendrograms, refraction, and diversity indexes using R packages (phy-
loseq, ggplot2, ape, pheatmap, vegan, jsonlite, Rcolorbrewer) and python3 modules scipy,
numpy, and cogent.
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3. Results
3.1. Physicochemical Characteristics of the Lagoon Sampling Sites

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 [27]. 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 [28]. 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) [27]. 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.

3.2. Microbial Community Structure

To gain an insight into microbial diversity in Moroccan lagoons, we used bioinformat-
ics tools to analyze the metagenome and the 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 4 and 5, 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 Archea. 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 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%).
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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.

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

Following OTU clustering, we calculated the Shannon and Simpson diversity indexes
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 [29]. The Shannon value likewise increases as the species number
increases [30]. However, the Simpson index rises when the diversity drops [31]. 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 [32]. Based on Vamps,
calculating alpha diversity assessed by observed richness, Shannon and Simpson indexes,
ACE, and Chao1 revealed higher bacterial diversity in Oualidia in comparison to Marchica
in both summer 2014 and 2015 (Table 5).

3.2.1. 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 cor-
responding 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 con-
sidered “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 6). 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.

https://www.ivirus.us/data
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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
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3.2.2. Proteobacteria

This group is considered the largest and most diverse [33]. The functional attributes
of Proteobacteria are linked to mechanisms such as denitrification and amino acid biosyn-
thesis [34,35]. 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 [36]. 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 [37], including areas low in nutrients but
with a high rate of primary production [38]. Both α-Proteobacteria and Cyanobacteria, known
for nitrate elimination, were cosmopolitan, which is consistent with former reports [39]. In
Gammaproteobacteria, the relative abundance of Alteromonadaceae was higher in Marchica dur-
ing 2014 (7.81%) than in 2015 (2.04%) but stable in Oualidia (2.31%, 2014; 2.44%, 2015). Shot-
gun 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 repre-
sented bacteria in open oceans [40]. 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%) [7]. 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 [41]—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
Temecula1 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).

3.2.3. Cyanobacteria

Cyanobacteria are naturally occurring photosynthetic prokaryotes that can be found
in almost all bodies, both fresh and saltwater [42]. These organisms are considered the
dominant primary producers on Earth, contributing more than 25% of photosynthesis
worldwide [43]. Cyanobacteria can grow into large colonies visible to the naked eye, often
referred to as a Cyanobacteria harmful algal bloom (HAB) [44]. The most striking character-
istic of the 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

https://www.ebi.ac.uk/ena/browser/view/ERS667579_
https://www.ebi.ac.uk/ena/browser/view/ERS667573
https://www.ebi.ac.uk/ena/browser/view/ERS667573
https://www.ebi.ac.uk/ena/browser/view/ERS667574
https://www.ebi.ac.uk/ena/browser/view/ERS667621
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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 the sp. JA213 is not described. In addition, we were able to
identify in Marchica a Cyanobacterial strain, namely, Nostoc azollae 0708 Ran (5%), but not in
Oualidia. This strain was also identified in the Saidia Marina Mediterranean coast, Venice
Lagoon, Eljadida 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 levels as the analysis of the whole metagenome allowed; at the
strain level, the identification of Prochlorococcus marinus 9313 Rocap species were the same
in both lagoons with the same proportion of 3%.

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

https://www.UniProt.org/proteomes/UP000002711
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3.2.4. Bacteroidetes

This group is more widespread in marine environments together with coastal wa-
ters, sediments, hydrothermal vents, and polar regions [45,46]. Most members of the
Bacteroidetes phylum picked from the lagoon water samples belonged to the Flavobacteri-
ales 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 [47]. Most hits (Marchica: 11%
in 2014 and 8% in 2015, Oualidia: 5% in 2014 and 22% in 2015) belonged to the unassigned
flavobacterial 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 [48]. 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).

3.2.5. Verrucomicrobia

Verrucomicrobia appears most regularly in polar and temperate zones [49]. They are also
found in marine animals and plants as symbionts/parasites [50]. They feature interesting
characteristics, such as the presence of genes homologous to eukaryotic tubulins [51] and
methane oxidation capacity in low pH environments [52]. 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 Eljadida
(OSD93) to (1%, 2014; 3%, 2015). The same was observed in Ria Formosa (OSD81) (1.5%,
2014; 0.3%, 2015). Analyses of 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 [53].

3.2.6. Actinobacteria

Actinobacteria was the least abundant phylum in both lagoons, but the proportions var-
ied 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 Actinobac-
teria group was first reported on the southern California coast and Bermuda island [54].
Currently, they are described as omnipresent taxa of marine bacterioplankton [55] and
may form up to 10–60% of the bacterioplankton group [56]. 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 [55]. Another bacterium belonging to the Corynebacteriales order
was identified, namely, Mycobacterium leprae TN Cole, a pathogenic microorganism causing
leprosy [57].

3.2.7. Eukaryotes

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
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Peragallo (15%, 2014; 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 high abundant sequences assigned to a phylum for
both sampling campaigns 2014 and 2015 in both lagoons.

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

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

3.3. Microbial Communities Functional Analysis

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. The top genes 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 environ-
ments could share essential genes for their survival and adaptation in these ecosystems [58].
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 8). 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 derivates and protein metabolism, with 9% of total reads in Oualidia (Figure 9). Genes
encoding for 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
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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 10). 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 11).
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Figure 11. Top functional genes abundance in Oualidia using Prokka [24].

The correlation between detected gene functions and physical–chemical parameters
was calculated using the R package ggally [59]. 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 = −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 12).
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4. Discussion

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, tempo-
ral, and spatial gradients. Through the use of shotgun and amplicon sequencing metage-
nomics 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 [12]. 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 [60].
The pH of both lagoons was mildly alkaline, which is similar to results found by [61],
where the pH of the Marchica lagoon oscillated between 8.1 and 8.7, corresponding to
the wastewater treatment plant during the summer season [62]. In Oualidia, 8.03 was
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the pH value recorded for dry months, which implied an explicit marine influence [63].
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 [64], 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 influences the decrease in DO in the Nador
Lagoon [64]. 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 organisms’ respiration and aerobic biodegradation of dissolved
organic matter by heterotrophic bacteria [65]. In reality, three essential factors influence
the good oxygenation of Oualidia lagoon waters: freshwater inflows, depth, and surface
water agitation [65]. 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 [27]. 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 [65,66]. 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 [66]. 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 [66]. In Oualidia, the quantity of fertilizers used in this agricultural area
is generally the main source of nitrates [65] and heavy metals [63]. 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 the 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 [65]. 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.

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 frag-
ments), 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”, check which were the major microbial groups in the
corresponding samples that would at least provide putative hosts.

https://www.ivirus.us/data
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By examining the community composition, samples from both studied locations appeared
to be made up mostly of Proteobacteria members (α and γ), Cyanobacteria (Synechococcus), Bac-
teroidetes (Flavobacteriales), Verrucomicrobia (Verrucomicrobiae), and Actinobacteria (Actinobacteria).
Alphaproteobacteria seemed to be the highest identified class across the different sampling lo-
cations, 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 denitri-
fiers capable of rapid growth and reducing nitrates in both oxic and anoxic conditions [40].
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 [67]. 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 [3]. 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 [68]. Gammaproteobacteria, in contrast, made up lower proportions compared
to Alphaproteobacteria. This is typical of Gammaproteobacteria because they are found in large
counts in benthic and lower pelagic marine environments [69]. This class was composed of
Alteromonadales, which have been found to be related to sites affected by urbanization and
eutrophication [70]. In addition, members of this group are resistant to metals [70]. Spatial and
temporal variation in the distribution of Alteromonadales compared to Rhodobacterales might be
assigned to competition for limiting nutrients [71]. The strain Xylella fastidiosa Temecula1 Sluys,
classified among the top dangerous pathogenic bacteria infecting plants worldwide [72], was
the dominant strain found in the Gammaproteobacteria group.

We found further evidence of the occurrence of almost exclusively the genus Syne-
chococcus Nägeli as the most abundant Cyanobacteria, notably in Marchica, which was
similarly observed in Mar Menor Lagoon, where Synechococcus formed a sizeable per-
centage and declined with increasing salinity in the Mediterranean Sea [7]. 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 [73]. In addition, the Synechococcus growth rate increases with increas-
ing temperature and nitrates, while increasing temperature and light levels might retard
Prochlorococcus growth [71]. In fact, salinity and temperature are essential environmental
factors for the composition and function of Synechococcus in the marine microbiome [74].
According to previous studies, Cyanobacteria grow in nutrient-enriched ecosystems, and
their prevalence increases with eutrophication [75]. However, when the macronutrient
concentration is low in the summer season, Synechococcus shows fast growth [75]. 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 azollae 0708 Ran, which is famous for
its nitrogen-fixation properties and is commonly used in farming [76].

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 [77].
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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 [7,78,79]. In contrast, Archaea have a greater
preference for deep waters, where they exist in significantly higher numbers [80,81]. Eur-
yarchaeota were the dominant clade, which is normal as they are known to inhabit surface
waters [82].

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 lack
armor protists responsible for red tides [83]. The Ochrophyta genus Pseudo-Nitzschia Per-
agallo, 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 [76]. 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 ac-
cessible [74]. In addition, many species belonging to the genus Tetraselmis have recently
been investigated for use as biofuels because of their increased lipidic content [84]. 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 [7]. Overall, the taxonomy of these groups is still to be
elucidated [7]. 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 [85].

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 genes encoded functions [3,78]. 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 [58]. 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 [86], 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 [87], which
found that pH has no influence on bacterial abundance.

This metagenomics study enriched the Moroccan national catalog of marine microor-
ganisms that can be used for bioindication, biodiversity protection, biotechnology val-
orization, 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
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(12 mg/L). Hence, we may further suggest 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 bioresource [88].
Take, for example, Nostoc Azollae Ran, a biofertilizer used for either Taro or the cultiva-
tion of rice. It has also shown great bioremediation potential in reducing pollutants and
improving waste management [77]. Cyanobacteria have been remarkably implemented in
blue biotechnology, a newly emerging solution to the high demand for biomedicine, phar-
maceutical and agricultural products, natural cosmetics, and sustainable energy sources
by modern societies through exploiting marine biodiversity. They have shown their abil-
ity 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 [89]. Other identified
marine bacteria in our study, although with low frequencies, expressed an impressive
prospect for biotechnology application, for example, Alcanivorax Yakimov and Acinetobacter
Brisou species. The former plays an important role in oil spill bioremediation [90] and
when together they are of high interest for beauty technology since they have been shown
to produce biosurfactants [91]. Proper management of lagoon health is another important
aspect to take into consideration by implementing biomonitoring, which will help us even-
tually 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 [72]. 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 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.

In conclusion, the results gained from this study provide 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.
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