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Banyuls-sur-Mer, France,3 MARBEC (Marine Biodiversity, Exploitation and Conservation), Univ Montpellier, CNRS, Ifreme
IRD, Sète, France

Temperature and light mainly drive seasonal dynamics of microbial planktonic diversit
coastal ecosystems; however, disentangling their effects is challenging because they
always tightly coupled. Shallow coastal lagoons exhibit intense temperature chang
throughout the year and high interannual temperature� uctuations, offering the opportunity
to study temperature effects on microbial community diversity and succession. Week
sampling at 16s and 18s rRNA gene OTU diversity associated with high-frequen
meteorological and hydrological monitoring was conducted in the northwestern
Mediterranean Thau Lagoon (South of France) from winter to spring in 2015 and 201
While 2015 was a normal climatic year, 2016 had the warmest winter ever recorded
southern France. Water temperature was found to be the main driver of commun
diversity and succession from winter to spring. During the normal temperature year
2015, bacterial communities were dominated by Proteobacteria and Bacteroidete
archaeal community by Thaumarachaeota, and unicellular eukaryotes mainly b
picochlorophytes (Bathycoccus prasinos, Micromonas bravo, and Ostreococcus spp.)
in winter and diatoms (Chaetoceros spp.) in spring. The unusually warm year 201
bene� ted Actinobacteria (ML602J-51), Cyanobacteria (Synechococcus), the
picoeukaryoteOstreococcus spp., and several dino� agellates. Our results suggest tha
in a warmer ocean, smaller organisms will dominate microbial communities in shall
coastal waters, potentially affecting ecosystem services.

Keywords: metabarcoding, plankton, water temperature, shallow coastal lagoon, microbial diversity, eukaryota,
bacteria, archaea
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INTRODUCTION

Microbial planktonic diversity, including unicellular eukaryotes and bacteria, plays a critical
marine ecosystems as these organisms are involved in primary production, matter recycl
energy transfer to higher trophic levels (Field et al., 1998; Danovaro and Pusceddu, 2007; Buchan
et al., 2014; Dolan, 2018). As microbial diversity is strongly in� uenced by environmental factors, it
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constantly reshaped throughout the year, with episodic per
of intense cell proliferation during seasonal blooms (Needham
and Fuhrman, 2016; Lambert et al., 2018).

Microbial diversity and succession have been extens
described in coastal zones (Nogales et al., 2007; Gilbert et al.,
2012; Ward et al., 2017; Lambert et al., 2018; Tragin and Vaulot,
2019). These zones, at the interface between land and se
in� uenced by various environmental factors such as rive
runoff, tides, and upwelling, which modulate microbial diver
and affect ecosystem functioning and productivity (Boaden and
Seed, 1985; Pecqueur et al., 2011; Deininger et al., 2016). In coastal
areas, seasonal variations in temperature and day length sha
communities throughout the year (Ward et al., 2017; Lambert
et al., 2018; Trombetta et al., 2019; Trombetta et al., 2021). In
addition, inter-annual temperature variations and anoma
arising from meteorological events such as wind or� oods
strongly in� uenced the microbial composition from one year
another, thereby modifying microbial community divers
(Trombetta et al., 2019; Lambert et al., 2021; Trombetta
et al., 2021).

Among coastal ecosystems, coastal lagoons, at the int
between land and open sea, play a major role in nutrient
transition, carbon cycling and biodiversity hosting (Kjerfve,
1994; Schubert and Telesh, 2017). In these zones, microbi
communities play an important role in the ecosyst
functioning and productivity, as notably they mineral
organic matter, are principal primary producers and provid
consequent part of the energy transfer to higher trophic le
They participate to the sustainability of the biodiversity and
also crucial for local populations, as coastal lagoons also pr
food, raw material and recreational activities (Costanza et al
1997). Coastal lagoons are sensitive to environmental forces
as wind, rain, droughts, currents, small tides, seawate
riverine inputs (Kjerfve, 1994; Schubert and Telesh, 2017).

The Mediterranean Sea is characterised by a large numb
lagoons (Pe�rez-Ruzafa et al., 2011; Cataudella et al., 2015). In
Mediterranean coastal lagoons, light penetrates the whole
column throughout the year and is often non-limiting f
organisms such as planktonic primary producers (Trombetta
et al., 2019). By contrast, due to the shallowness and inertia o
water body, atmospheric temperature strongly in� uences the
whole water column temperature (Trombetta et al., 2021), which
often exhibits a signi� cant seasonal amplitude of more than 25
difference between winter and summer (Pernet et al., 2012;
Cataudella et al., 2015; Trombetta et al., 2019). Consequently
in coastal lagoons, water temperature is suspected to b
predominant factor driving microbial diversity and success
(Trombetta et al., 2021). Therefore, Mediterranean shallo
coastal lagoons provide a unique opportunity to study h
intra- and inter-annual temperature variations affect micro
diversity and succession.

The Thau Lagoon is a typical Northwestern Mediterran
shallow coastal system where microorganisms have been s
for decades. However, the diversity and succession of plank
bacterial and unicellular eukaryotes have not been examine
� ne taxonomic level using metabarcoding of 16s and
Frontiers in Marine Science | www.frontiersin.org 2
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ribotypes. Thus, in the Thau Lagoon, the planktonic bacte
and small eukaryotic communities are still a‘black box’. This lack
of knowledge makes it dif� cult to assess how actual and futu
warmer climatic conditions may affect the microbial divers
and functioning of these ecosystems. The study objective w
characterise the taxonomic diversity of microbial communi
from winter to late spring in the Thau Lagoon over tw
consecutive years. A comparison of two contrasting clim
years, a‘normal’ year (2015) versus an exceptional warmer y
(2016), offered the opportunity to assess how temperatu
in� uences communities’ microbial diversity and succession.
the Thau Lagoon, we considered as‘normal’ a year with a
signi� cant water cooling (around 4°C) and a consta
temperature increase throughout the spring, as occurre
2015. The 2016 year was an exceptional warm year (ht
www.ncdc.noaa.gov/sotc/global/202113#ref), inducing no w
cooling and high water temperatures during the win
(Trombetta et al., 2019).
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MATERIAL AND METHODS

Study Site and Sampling
The study was carried out in the Thau Lagoon (Supplementary
Figure 1), located on the northwestern Mediterranean Fre
coast (43°24’00” N, 3°36’00” E). The Thau Lagoon is
characteristic shallow coastal lagoon with a mean depth of
(max 10 m) and an area of 75 km�. Although sporadically limi
by phosphorus and nitrogen, it is a mesotrophic lagoon an
predominantly marine with a salinity ranging from 34 to
(Souchu et al., 2010). The Thau Lagoon is connected to the sea
two main channels and has a turnover rate of 2% (50 days)
characterised by large water temperature amplitude throug
the year, ranging from 4°C in winter to 30°C in summer, an
often exposed to high wind speeds (Millet and Cecchi, 1992;
Pernet et al., 2012; Trombetta et al., 2019). In addition, the Thau
Lagoon is economically important for local populations, ma
due to its oyster farms, representing 10% of French produc

To investigate bacteria, archaea and unicellular euka
diversity, the water column was sampled at mid-de
(approximately 1.5 m below the surface) at the� xed
meteorological and hydrological monitoring station of‘Coastal
Mediterranean Thau Lagoon Observatory’ (43°24’53” N, 3°
41’16” E) (Mostajir et al., 2018) close to the pontoon of th
Mediterranean platform for Marine Ecosystem Experime
Research (MEDIMEER). The sampling station is located
than 50 m from the mouth of the main channel connecting
lagoon to the sea; therefore, the water residence at the statio
its lowest (20 days) (Fiandrino et al., 2012). The depth at the
station was 2.5–3 m. The water was sampled weekly from winte
spring, encompassing the main annual spring bloom in
consecutive years (2015 and 2016), i.e. from 8 January
May 2015 and from 12 January to 14 June 2016. Samples
taken between 9 and 10 am Local Time, using a Niskin bo
Subsamples of 1 to 2.3 L were collected, and microbial bio
was� rstly collected on 3 µm pore-size polycarbonate� lters with
April 2022 | Volume 9 | Article 858744
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Trombetta et al. Thau Lagoon Molecular Microbial Diversity
pore sizes of 3 µm (Nucleopore, Whatman). Then, the 3
screened water helped to collect microbial biomass on 0.2
pore-size GV Sterivex cartridges (Millipore). Both 3.0 µm and
µm � lters were stored at -80°C until analysis. Only the 0.22–3.0
µm fraction was analysed for microbial diversity.

In addition, as part of the weekly sampling for measur
nutrient concentrations at the Coastal Mediterranean T
Lagoon Observatory, a high-frequency recording (every 15
of hydrological and meteorological parameters, using autom
sensors, was also carried out at this station. Hydrological
meteorological data are available in the Seanoe database (D
17882/58280Mostajir et al., 2018); they were also previous
published (Trombetta et al., 2019; Trombetta et al., 2021) and
are shown inSupplementary Figure 2. Nutrients were nitrite
(NO2

-), nitrate (NO3
-), phosphate (PO4

3-), and silicate (SiO2).
Hydrological and meteorological parameters were Chloropha
(Chl-a) � uorescence, air and water temperature, wind speed
direction, photosynthetically active radiation (PAR) (400–700
nm), short wave ultraviolet B radiation (UVBR) (280–320 nm),
salinity, turbidity, depth, air pressure, humidity, and precipitat

DNA Extraction, Ampli � cation
and Sequencing
Nucleic acid extraction was adapted from previously publis
protocols (Hugoni et al., 2013; Lambert et al., 2018), using the
Nucleospin Plant II kit (MN, 740770). Brie� y, the Sterivex an
the 3 µm pore-size� lters were thawed on ice; then lysis bu
PL1 supplied in the kit supplemented with lysozyme (1.2 mg-)
was added. The� lters were then incubated on a rotary mixer
55°C and 900 rpm for 1 h. Total DNA was extracted and puri� ed
according to the manufacturer’s instructions. Speci� c primer
pairs were used to target V4-V5 of the bacterial and achae
rRNA gene, 515F-Y (5’-GTGYCAGCMGCCGCGGTAA-3’) and
926-R (5’-CCGYCAATTYMTTTRAGTTT-3’) (Parada et al.
2016) and the V4 region of the 18S rRNA eukaryotic ge
TAReukF1 (5-’CCAGCASCYGCGGTAATTCC-3’, and
Euklebon-R (5’-ACTTTCGTTCTTGATYRATGA-3’) (Stoeck
et al., 2010). Polymerase chain reaction (PCR) was perform
in triplicate and then pooled before metabarcoding. Sequen
was carried out with an Illumina MiSeq 2 × 300bp, V3 kit
GeT-PlaGe (Castanet-Tolosan, France). Sequences
deposited in the DATAREF-Ifremer database.

Sequence Analysis
Raw sequence analysis was performed using FROGS (Find R
OTU with Galaxy Solution) software (https://galaxy-datarm
ifremer.fr/) used in Galaxy (Escudie� et al., 2018). This software
analyses large sets of DNA amplicon sequences with precisio
speed. It produces an abundance table of operational taxon
units (OTUs) based on their taxonomic af� liations and is the only
tool capable of handling non-overlapping pairs of reads. It
designed to support multiplexed or demultiplexed sequences
preprocessing step involves matching the reads, cleaning up
dereplicating the sequences. The sequence clustering ste
Swarm, which works with a local clustering threshold (not glo
(often 97% by default), similar to other clustering software.
chimaeric removal step used VSEARCH combined with cr
Frontiers in Marine Science | www.frontiersin.org 3
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validation of the original chimaeras. The� ltration step removed
most of the remaining artefactual sequences. This last step ma
possible toaf� liateeachOTU toa taxon (up to thespecies level)w
the possibility of a“multi-af� liation” annotation, which can
generate a list of all the taxa with the same sequence. The s
are available at https://github.com/geraldinepascal/FROGS
analysed 88 samples for the eukaryotic phytoplankton
bacteria data sets and obtained an average of ca. 6023 and
reads per sample, respectively. Taxonomic assignments were
using the Silva 132_16S database for prokaryotic analysis an
4.11.0 for eukaryotic analysis.

As with all primers, there can be biases introduced during
ampli� cation because of the ampli� ed preference or the uneve
number of rRNA copies. In our case, primers for 18s rR
covers only 54.2% of the eukaryota and 2% of the hapthop

Data and Statistical Analysis
As the present study aimed to establish the diversity of plank
microorganisms, the 18s rRNA genes OTU database was� ltered to
retain only unicellular organism sequences. Further statis
analyses were performed on the 16s and 18s rRNA gen
unicellular OTU database. All analyses described hereafter
performed using R software (R version 4.0.2).

The temporal dynamics of alpha diversity, from winter
spring, were assessed by computing the Shannon index (Shannon,
1948) at each date for both 16s and 18s rRNA genes in 2015
2016. The number of OTUs per date was computed, and an U
diagram (Lex et al., 2014) was produced to identify the number
common OTUs between months or periods of consecu
months. UpSet diagrams are a visualisation tool allowing
identi� cation of a number of elements (here OTUs)
intersections between groups (here month), but with m
� exibility than classic Venn diagrams. The temporal dynam
of beta diversity, from winter to spring, were assessed
computing the Bray-Curtis dissimilarity index on consecu
sampling dates for both 16s and 18s rRNA genes data in
and 2016. Non-metric multidimensional scaling (nMD
ordinations were also applied to OTU Bray-Curtis dissimila
to classify 16s and 18s rRNA genes OTU community dive
from winter to spring. To identify the environmental facto
driving the planktonic assembly, hydrological, meteorolog
and nutrient variables were ordinated, and their correla
scores with non-metric multidimensional scaling (nMDS) a
were calculated using the env� t function in R (veganpackage
version 2.4-2). Phylum composition from winter to spring w
assessed by computing the relative OTU abundance cluster
Phylum at each date for both 16s and 18s rRNA genes in 201
2016. The temporal dynamics from winter to spring of
dominant OTU were assessed by computing the relative
abundance of dominant OTUs at each date for the th
domains (i.e., bacteria, archaea and eukaryote) in 2015
2016. Dominant OTUs per domain were those with a maxim
relative abundance of > 5%. Furthermore, the temp
associations between all three domains dominant OTUs
studied using Spearman’s rank correlation heatmaps, associa
with a hierarchical clustering analysis to identify OTUs w
common temporal patterns.
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RESULTS

Environmental Parameters and
Chlorophyll-a Dynamics
The dynamics of the environmental parameters from winte
spring in 2015 and 2016 are presented inSupplementary
Figure 2. Chl-a � uorescence showed different patterns betw
2015 and 2016. During 2015, three main blooms were obse
in winter, early spring, and late spring, and in 2016, a low Ca
level was recorded during the winter and early spring and a
biomass accumulation bloom was observed during sp
(Trombetta et al., 2019). Water temperature in 2015 increas
from 4°C in February to 20°C in mid-May. In 2016, the wa
temperature remained exceptionally high during winter (aro
10°C) from January to mid-March, and then slowly increa
until June. Air temperature followed the same daily pattern
water temperature for both years but with a higher amplitu
Salinity in 2015 slowly increased from 34 in winter to 35.5
spring. In 2016, it was higher, with 38 in winter, a substan
decrease in May, reaching 34, and an increase to 38 in early
Depth, an indicator of a lagoon-sea exchange in� ow or out� ow,
varied between 1.3 and 1.8, with frequent brief increases
decreases in both years. Generally, the depth decreased s
from winter to spring in 2015 but increased in 2016. Incid
PAR and UVBR regularly increased from winter to spring
both years, regular wind events reaching 8 to 10 m s-1 were
observed, generally blowing from the north or northw
(Mistral and Tramontane winds). Air pressure varied betw
99.0 to 103.5 kPa and humidity between 40% to 80% in
years, but no particular increase or decrease was observed
winter to spring. Precipitation was generally low from winte
spring in both years. However, 2015 was characterised by l
periods of drought interspersed with short and signi� cant rain
events, while 2016 exhibited more regular and less intense
events. Finally, turbidity peaks were observed in both 2015
2016, mainly in winter and early spring. Detailed informat
about environmental parameters during these periods can al
found in Trombetta et al. (2019; 2021).

Microbial Community OTU Alpha Diversity
The total number of 16s OTUs recovered was 437 (430 in
and 434 in 2016). The archaeal domain was represented
OTUs, and the bacterial by 430. The majority of OTUs (
OTUs) were common between 2015 and 2016, three spe� cs
were common up to 2015, and seven were common up to 2
UpSet diagrams of 16s diversity (Figures 1A, B) showed that a
large majority of bacterial OTUs were present over the w
period (from January to May or June), in both 2015 (Figure 1A:
259 OTU) and 2016 (Figure 1B: 255 OTU). The Shannon inde
(alpha diversity) for 16s (Figures 1C, D) revealed difference
between years. In 2015, the alpha diversity, as inferred from
Shannon index, was stable from January to mid-February
then slowly increased until the end of the period. Furtherm
the variation in diversity between the two consecutive samp
dates was low. In 2016, the alpha diversity was fairly stable
January to mid-February and then increased until late Ma
Frontiers in Marine Science | www.frontiersin.org 4
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showing low variation between consecutive sampling d
However, in 2016 from April until the end of the monitorin
period, contrary to 2015, the Shannon index was highly vari
and amplitude variations between two consecutive samp
dates were high.

The total number of 18s rRNA genes for unicellular O
found was 508 (494 in 2015 and 439 in 2016). Again, the maj
(425 OTUs) were common between 2015 and 2016, 14 b
speci� c to 2015 and 69 to 2016. The UpSet diagram (Figures 1E, F)
revealed that the majority of OTUs were common from Janua
May or June in both 2015 (Figure 1E: 91 OTU) and 2016
(Figure 1F: 80 OTU). The alpha diversity (Shannon index)
2015 (Figure 1G) revealed an increase during winter (from Janu
to late February), with low variations between consecu
sampling dates. From March to May 2015, the alpha dive
was very erratic, and its amplitude from one week to the other
important. The alpha diversity for 2016 (Figure 1H) showed no
particular increase or decrease trends following the periods, a
variation between consecutive sampling dates was signi� cant, with
erratic changes.

Microbial Community OTU Beta Diversity
The non-metric multidimensional scaling (nMDS) analysis
16s (Figures 2A, B) and 18s rRNA genes OTU diversiti
(Figures 2C, D) revealed similar seasonal patterns for 2
and 2016. For both years and 16s and 18s rRNA genes O
winter communities (from January to March) were clo
together and then deviated from April until the end of t
study period. Fitting environmental variables on nMD
showed that spring communities in both the 16s and
rRNA genes OTUs communities cases occurred with h
water and air temperature conditions in 2015 and 2016
Furthermore, the water temperature was correlated with
nMDS axis in the four panels (p < 0.001). Winter community
sampling dates were characterised by different environm
conditions in 2015 and 2016. On the one hand, in 2015, wi
sampling dates (from January to late March) were characte
by signi� cant high SiO2 concentrations and low salinity. On th
other hand, in 2016, winter sampling dates were considere
have signi� cant high salinity. In both years, winter sampli
dates were also characterised by signi� cant low water
temperatures and light conditions.

Seasonal community differences between consec
sampling dates were highlighted in the Bray-Cur
dissimilarity index dynamic for 16s (Figures 2C, D). In 2015,
this index remained low and stable during winter from Janu
to late February (mean of 0.19 ± 0.04). From March, it incre
with high variations between successive sampling dates
maximum of 0.50 on 16 April. In contrast, in 2016, the Br
Curtis dissimilarity index was high and stable until mid-Ap
(mean of 0.25 ± 0.08), before increasing sharply to rea
maximum of 0.65 on 17 May. The dynamic Bray-Cur
dissimilarity index for 18s rRNA genes OTUs also highligh
seasonal community differences (Figures 2G, H). In 2015, the
Bray-Curtis dissimilarity index for 18s rRNA genes OTUs
low and stable from January to mid-March (mean of 0.36 ± 0.
April 2022 | Volume 9 | Article 858744
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Trombetta et al. Thau Lagoon Molecular Microbial Diversity
suggesting low community diversity changes from one da
the other. From late March until the end of the study period,
Bray-Curtis dissimilarity index increased to a maximum of 0
on 12 May. In contrast, in 2016, the Bray-Curtis dissimila
index exhibited a signi� cant amplitude between sampling da
from the beginning of the study period (from January to l
March, min = 0.23; max = 0.82), suggesting substanti
community changes during this period. This index slo
increased from April to June from 0.35 on 05 April to 0.73
08 June, with low variation amplitude between sampling da
Frontiers in Marine Science | www.frontiersin.org 5
to

4

.

Phylum Composition of Bacteria, Archaea
and Unicellular Eukaryota
For the bacterial domain, Actinobacteria, Bacteroide
Cyanobacteria, Proteobacteria, and Verrucomicrobia domin
the bacteria phyla in both years, but differences in their dyna
were observed between 2015 and 2016. In 2015 (Figure 3A),
Proteobacteria were dominant in winter from January to
February, preceding Bacteroidetes, which were abunda
spring between March and May. The relative abundance
Actinobacteria was low in winter but increased from Ap
A B

D

E F

G H

C

FIGURE 1 | UpSet diagrams(A, B, E, F) of number of OTUs shared between periods and alpha diversity of Shannon index(C, D, G, H) for 16s (upper panel) and
18s rRNA gene unicellular OTUs (lower panel) in 2015 (left) and 2016 (right) years. UpSet diagrams represent the number of common and unique OTUs between
months. For example, for 16s in 2015(A), 13 OTUs are common and represented only in April and May (5th bar). The total numbers of OTUs identi� ed per month
are represented as horizontal bars on the left side of each UpSet diagram. Temporal alpha diversity was smoothed using a LOESS function, represented by a blue
line. Grey background is the 95% con� dence interval of LOESS smoothing function.
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Trombetta et al. Thau Lagoon Molecular Microbial Diversity
In contrast to 2015 (Figure 3B), Proteobacteria dominated th
winter communities in 2016 (from January to April), a
Actinobacteria dominated until the end of the sampling per
Sporadic blooms of cyanobacteria and Verrucomicrobia w
observed in late April and early May 2016, respectively. Arc
Frontiers in Marine Science | www.frontiersin.org 6
.
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ea

phyla were represented by Euryarchaeota and Thaumarch
They were low in relative abundance and never exceed 0.01%
total 16s rRNA genes OTUs abundance.

Chlorophyta, Dino� agellata, Ochrophyta, and Cryptophy
dominated the eukaryote community in both years, but w
A B

D

E F

G H

C

FIGURE 2 | Non-metric multidimensional scaling (nMDS;(A, B, E, F)and Bray-Curtis dissimilarity index(C, D, G, F), of 16s (A, C, E, G)and 18s rRNA gene unicellular
OTUs(B, D, F, H) community, for 2015 (right) and 2016 (left) years. Coloured circles represent sampling dates: purple for January, blue for March, green for April, orange for
May and red for June. Blue arrows represent the projection of environmental parameters. Proximity between sampling dates indicated proximity in diversity. The more
sampling dates are distant, the more different their communities are. Proximity between the environmental parameters and sampling dates indicatesthe environmental
factors characteristic of these sampling dates. Asterisks represent signi� cance levels of correlation between� tted environmental parameters and nMDS axis, calculated using
a linear model including both axes. * representsp-value < 0.05; ** representsp-value < 0.01; and *** representsp-value < 0.001. Environmental parameters signi� cantly
correlated to axes best explained the community diversity. The Bray-Curtis dissimilarity index point represents the similarity value with the previous date for each sampling
date. As an example, in 2015, the 15 January index value is the similarity index between 15 January and 8 January. The temporal Bray-Curtis dissimilarity index dynamic was
smoothed using a LOESS function, represented as a blue curve. Grey background is the 95% con� dence interval of the LOESS smoothing function.
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Trombetta et al. Thau Lagoon Molecular Microbial Diversity
striking differences between 2015 and 2016. In 2015, chlorop
were abundant over the entire sampling period (Figure 3C).
However, in February, the relative abundance of Chlorop
decreased, which bene� ted Cryptophyta. The relative abundance
dino� agellates was low during the winter but increased from m
March tobecomedominantat speci� c samplingdates (e.g.26Marc
26 April). There were signi� cant changes in the communi
composition between 2015 and 2016 (Figure 3D). While
Cryptophytes were among the dominant groups from Janua
mid-April in 2015, theydidnot increaseand remained at low leve
2016. Furthermore, in 2016, Dino� agellata and Ochrophyta becam
more signi� cant, especially towards the end of the sampling pe

Bacteria, Archaea and Eukaryota
Dominant OTU
Several OTUs dominated the bacterial diversity in each ph
(Figure 4, purple OTU). Bacteroidetes and Actinobacteria w
Frontiers in Marine Science | www.frontiersin.org 7
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represented by eight and six main OTUs, while Cyanobac
Proteobacteria, and Verrucomicrobia were represented by t
two, and one main OTU, respectively. Relative abundanc
bacteroides OTUs dominated in 2015, while their rela
abundance declined in 2016 to the bene� t of the Actinobacteria
ML602J-51 sp., which was largely dominant. The cyanoba
bloom in April 2016 was due to two main Synechococcus OT
Synechococcus CC9902 Multi-af� liations and Synechococc
CC9902 sp. (Figure 4). Verrucomicrobia were represented
DEV007 on only one date (12 May) in 2015, while they w
represented in 2016 on 11 sampling dates (12 January and 12
until the end of the sampling period).

Archaeal diversity (Figure 4, blue OTU) was represented by
OTUs of Euryarchaeota and 2 OTUs of Thaumarchaeota. In 2
Thaumarchaeota OTUs dominated (especially Candid
Nitrosopumilus Multi-af� liation), from winter to spring. It decline
in late spring, bene� ting the Euryarchaeota Marine group
A B

DC

FIGURE 3 | Phylum composition in relative abundance of 16s(A, B) and 18s rRNA gene unicellular OTUs(C, D) for 2015 (left panels) and 2016 (right panels).
April 2022 | Volume 9 | Article 858744
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Trombetta et al. Thau Lagoon Molecular Microbial Diversity
unknown genus sp.1. In 2016, Thaumarchaeota OTUs wer
dominant,bene� ting the5OTUsofMarinegroupIIunknowngenu

Several OTUs dominated the eukaryota diversity in e
phylum (Figure 4, orange OTU). Chlorophyta, Ciliophor
Frontiers in Marine Science | www.frontiersin.org 8
ss

h

Cryptophyta, Dino� agellata, Ochrophyta, and unidenti� ed
Stramenopiles were represented by three to eight main O
while only one or two OTUs were identi� ed for Cercozoa
Mesomycetozoa, and Picozoa.Bathycoccus prasino,
FIGURE 4 | Relative abundances’ dot plot of the dominant OTUs for 2015 (left) and 2016 (right). Dots are proportional to the relative abundance of OTUs. Domina
OTUs are those exhibiting a maximum relative abundance > 5% in 2015 or 2016.
April 2022 | Volume 9 | Article 858744
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Trombetta et al. Thau Lagoon Molecular Microbial Diversity
Ostreococcusspp.,Micromonas bravoI, and Marsupimonassp.
were the main OTUs belonging to the Chlorophyta. The domin
ochrophyte OTUs were all diatoms (8 OTUs), especi
Chaetoceros(3 OTUs). Marked differences were observ
between 2015 and 2016, with an increased contributio
Ostreococcusspp. at the expense ofBathycoccus prasinosin 2016.
The decrease in the relative abundance of Cryptophytes in 201
mainly attributed toTeleaulax acuta. While Gyrodinium,
Heterocapsa, and Prorocentrumdominated the Dynophyceae
2015, more diversi� ed OTUs, such asAkashiwo sanguinera, the
Dinophyceae Multi-af� liation, and Dino-Group-I-Clade-1 sp. we
observed in 2016. The Mesomycetozoa Abeoforminade G
MAIP2 sp. also increased in 2016 compared to 2015. In 2
most Ochrophyte OTUs were more abundant in the winter
spring transition than in the other sampling periods.

Bacteria, Archaea and Eukaryota
Correlations and Clustering Analysis
Analysis of the bacteria, archaea and eukaryota OTU iden� ed
in 2015 and 2016 revealed common correlations between
(Figure 5). In both years, the ChlorophytaBathycoccus prasin
and Micromonas bravos Iwere positively correlated wit
BacteroidetesFluviicola sp. andFormosasp. and with the
ThaumarchaeotaNitrosopelagicussp. and Nitrosopumilus
Multi-af� liation. In both years, the two diatomsChaetocero
OTU (ChaetocerosMulti-af� liation 1 and 2) andCyclotellasp.
were positively correlated and clustered together, while t
three OTUs were negatively correlated withChaetocerossp. and
Thalassiossira concavisculaOTUs. A larger cluster in both 201
and 2016 encompassed the CryptophytaTeleaulax acutaand
Cryptomonadales Multi-af� liation, Ciliophora Strombidium
capitatum, StrombidiumMulti-af� liation, and Choreotrichida
Multi-af� liation, the Bacteroidetes NS3a marine group sp.,
the ProteobacteriaPlanktomarinasp. In addition to these
positive associations present in both years, most associ
differed between 2015 and 2016. For instance,Ostreococcusspp.
was positively correlated withBathycoccus prasinos, Micromo
bravo and Formosasp. in 2016, but not in 2015. Bo
Synechococcus OTUs (CC9902 sp. and CC9902 mult
af� liation), ML602J-51 and DEV007 exhibited strong posi
correlations and close association clusters in 2016, but n
2015. ino� agellates, Dinophyceae Multi-af� liation (2 OTUs), and
Akashiwo sanguineawere positively correlated and cluster
only in 2016. On the opposite, the Euryarchaeota Ma
group II unknown genus sp.2, 3, 4 and 5 are clustered tog
in 2015 while in 2015, only sp.3 and 4 are clustered togeth
etr

tio
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rte

on

ere
ere

,
e
hau
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DISCUSSION

Bacterial and Archaeal Diversity and
Succession in Thau Lagoon
Many studies have reported planktonic dynamics using cytom
measurements in the Thau Lagoon, but noin situ studies have
used molecular techniques to determine the high-resolu
taxonomic diversity of microorganisms over several months
this study, we revealed that the Thau Lagoon suppo
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characteristic marine bacterial and archaeal communities,
some freshwater signatures following salinity variations. Ind
the Proteobacteria and Bacteroidetes dominated the bac
communities, as reported in other coastal lagoons of
Mediterranean Sea, such as in the Adriatic Venice Lag
(Simonato et al., 2010). The eight dominant OTUs belonged
the Flavobacteriaceae (Bacteroidetes), a group typically exis
marine and coastal waters, suggesting a strong marine in� uence at
the Thau Lagoon study site (Barbera�n and Casamayor, 201;
Simonato et al., 2010; Ghai et al., 2012; Mohit et al., 2014). In
other coastal lagoons, the Flavobacteriaceae are usually ass
with Sphingobacteriales, which are more common in freshw
habitats (Alonso et al., 2007; Barbera�n and Casamayor, 201;
Simonato et al., 2010) but, based on our results, this was not
case for the dominant OTUs in the Thau Lagoon. Proteobac
are also dominant in marine and coastal ecosystems (Simonato
et al., 2010; Ghai et al., 2012; Mohit et al., 2014; Lambert et al.
2018), and the abundance of Proteobacteria OTUs in the T
Lagoon con� rms a strong marine in� uence (Fiandrino et al., 2012;
Trombetta et al., 2019).

The presence of Actinobacteria, known to be typically occur
in freshwater systems (Barbera�n and Casamayor, 2010; Ghai et al.,
2012), demonstrated the interface characteristics of the T
Lagoon, which is in� uenced by sporadic riverine inpu
(Pecqueur et al., 2011) that could inoculate freshwater bacter
strains. In addition, the relative abundance of Actinobacteria
often low in this study; however, it strongly increased from e
April to late May 2016. During this period, Actinobacte
sometimes dominated the bacterial community, and
dominance was mainly due to ML602J-51 strain, often isolate
lakesorcoastal zones,coincidingwitha substantial freshwater
causing the salinity drop (Supplementary Figure 2). Our results
suggest that, despite the marine in� uence, salinity decreases c
induce signi� cant changes in bacterial community compositi
notably by promoting the increase of some freshwater signa
and even shifting the OTU dominance.

Arachaea diversity con� rms that communities are characteris
from marine and coastal environments. Indeed, Euryarcha
Marine group II are widely known to be typical components
shallow coastal waters, as their abundance decreasing with
(Massana et al., 1997; Murray et al., 1999; Santoro et al., 2019).
Despite their low relative abundance in the 16s rDNA ge
archaea� ll important function in the microbial food web. Indee
Thaumarchaeota Candidatus Nitrosopumilus and Candid
Nitrosopelagicus are known to be ammonia-oxydizing (Walker
et al., 2010; Santoro et al., 2015) taxa and may contribute to a
important part of the nitri� cation process in the Thau Lago
bene� ting primary production.

Picoeukaryotes Diversity and Succession
in Thau Lagoon
In Thau Lagoon, studies on smaller protists (< 5 µm) w
limited to cytometric analysis, while larger organisms w
studied through microscopy (Dupuy et al., 2000; Bec et al.
2005; Trombetta et al., 2019). To our knowledge, only on
study using experimental microcosms carried out in the T
Lagoon applied techniques to detect high-resolution taxono
April 2022 | Volume 9 | Article 858744
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Trombetta et al. Thau Lagoon Molecular Microbial Diversity
diversity (Domaizon et al., 2012), and studies were most
dedicated toin-situ monitoring observations. The prese
study shows that the taxonomic diversity of the picoeukar
black boxwas dominated by a succession of four Chloroph
OTUs from winter to spring in both years. Species correspon
to these OTUs wereBathycoccus prasinos, Ostreococcusspp., and
Micromonas bravoI, and, to a lesser extent,Marsupimonassp.
The generaBathycoccus, Ostreococcus, and Micromonasare
Frontiers in Marine Science | www.frontiersin.org 10
e
e
g

commonly found in the oceans (Tragin and Vaulot, 2019).
Interestingly,Bathycoccus prasinosand Micromonas bravo
had similar temporal dynamics, which were highlighted
association heatmaps. TheOstreococcusspp. OTU was also
abundant, especially in 2016, where its dynamics were c
different from those ofB. prasinosand M. bravo I. Similarly, in
Banyuls Bay (north-western Mediterranean Sea),Bathycoccu
andMicromonaswere the two main eukaryotagenera in the c
A

B

FIGURE 5 | Spearman’s rank correlation heatmap of dominant OTUs for 2015(A) and 2016 (B). The colour gradient represents the strength of correlations. Blue
and red colours represent positive and negative correlations, respectively. Dendrograms are based on hierarchical clustering analysis highlighting dynamic similarities
and correlations of taxa that are close to each other.
April 2022 | Volume 9 | Article 858744
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Trombetta et al. Thau Lagoon Molecular Microbial Diversity
winter months, whileOstreoccoccusOTUs were observed on
under warmer temperatures (Lambert et al., 2018). On the
opposite, in the Venice Lagoon, Mamiellophyceae were
found as a dominant class in any season (Armeli Minicante
et al., 2019; Armeli Minicante et al., 2020), maybe due to the
lower and stable salinty levels (Tragin and Vaulot, 2019).
Ostreoccoccusspp. was the most abundant OTU in the pres
study, although it has not been recorded as a dominant spec
earlier studies of the Mediterranean coastal zone (Tragin and
Vaulot, 2019). It has been described as a high-light-adap
strain, characteristic of mesotrophic coastal zones (Rodrõ�guez
et al., 2005; Demir-Hilton et al., 2011). The dominance o
Ostreococcusspp. in the present study in winter as well as
spring suggests that the species is well adapted to shallow m
coastal lagoons, where the light penetrates the whole w
column throughout the year. In previous analyses,Ostreococcu
tauri was found to be the dominant Mamiellophyceae in
Thau Lagoon (Courties et al., 1994; Domaizon et al., 2012).
However, the present sequencing method used could not all
discriminate it from otherOstreococcusspecies. Thus, th
Ostreococcusspp. OTU may be a mix betweenOstreococcu
tauri and Ostreococcus lucimarinus, as the latter is commonl
found in other coastal sites (Demir-Hilton et al., 2011).

The dynamics of dominant OTUs such asChaetocerosspp.,
Skeletonemasp., Thalassiosira concaviscula, Cyclotellasp.,
Teleaulax sp., Gyrodinium sp., Heterocapsasp., and
Strombidiumspp. in the Thau Lagoon, were consistent w
those described in earlier studies based on microscop
observations (Bec et al., 2005; Trombetta et al., 2019;
Trombetta et al., 2021). The succession of larger plankton (>
µm) throughout the year was apparent. Winter and early sp
communities were mostly dominated by Cryptophyceae
OTUs: 2 OTU of Cryptomonadales Multi-af� liation and
Teleaulax acuta), widely known to dominate in various coas
systems of the Mediterranean Sea, including lagoons
estuaries, and considered to be the major primary produce
these areas (Novarino, 2005; S�upraha et al., 2014). In the Venice
Lagoon, the CryptophyceaeTeleaulax acutawas also found to b
a major component of the community (Armeli Minicante et al.
2020). Their ubiquity in interface systems, subjected to sev
stressors, can be attributed to their high tolerance
environmental changes (Klaveness, 1988) and their mixotrophy
(Jones, 1997; Roberts and Laybourn�Parry, 1999), which explains
their dominance from winter to early spring across w
environmental gradients in the present study. The sprin
accompanied by increased diversity, mainly due to dia
blooms, includingChaetocerosspp.,Cyclotellasp., or the Polar
centric Mediophycea OTU. Diatoms are known to
characteristic from spring conditions in various systems s
as the Venice Lagoon (Armeli Minicante et al., 2019; Armeli
Minicante et al., 2020), as triggered by favourable temperatu
nutrient and light conditions. In particular, theChaetocero
genus is known to cause major blooms in diverse syst
including shallow lagoons (Carstensen et al., 2015). In the
Thau Lagoon, the bloom ofChaetocerosspp. in spring, along
with other larger diatoms, can diversify the prey for hig
Frontiers in Marine Science | www.frontiersin.org 11
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trophic levels, potentially diversifying the food w
architecture. Ciliophora generally dominated from winter
early spring (four OTUs, includingStrombidiumspp.). These
protozoans are known to be grazers of small plankton (Jonsson
1986; Bernard and Rassoulzadegan, 1990), and their co-
occurrence and association with pico- and nanophytoplank
along with bacterial OTUs observed during the present st
suggest a link with prey-predator dynamics.

Succession and Increase of Microbial
Diversity From winter to Spring Driven by
Seasonal Water Temperature Increase
Bacterial and unicellular eukaryotic alpha diversity was gene
stable and slightly diversi� ed during the winter, and then from
early spring, the microorganism diversity progressively incre
(Figures 1, 2). When the temperature increased from winter
spring (Supplementary Figure 2), several prokaryotic phyla an
OTUs, as well as eukaryotes, gained prominence, and
relative abundances increased (Figures 3, 4). Among the
different studied environmental forcing factors, establis
correlations highlighted that the seasonal temperature r
generally starting in late winter and early spring. This seas
temperature rise was the main driver of the bacteria, archae
eukaryota community composition, triggering community
changes and increasing diversity (Figure 2and Supplementary
Figure 2). This result corroborates previous studies sugge
that temperature is the leading environmental factor trigge
phytoplankton blooms and driving planktonic communities a
plankton networks in the Thau Lagoon (Trombetta et al., 2019;
Trombetta et al., 2021). The diversity increase observed in spr
might be due to several species reaching their thermal optim
being more competitive, and gaining relevance wit
temperature rise. Indeed, the relative abundance o
important number of dominant OTUs of various phy
increased in spring, including Cyanobacteria, Ochrophyte
Dinophyceae, and Mesomycetozoa (Figure 4). Among them, a
large majority are clustered together (Figure 5) and are known to
bene� t from high temperatures. Some examples incl
Synechococcusspp. (Pittera et al., 2014; Mackey et al., 2017),
Chaetocerosspp. (Halac et al., 1997; Trombetta et al., 2019;
Nagao et al., 2020) or Gyrodiniumspp. (Lee et al., 2021; Manning
et al., 2021). On the other hand, the water temperature trigge
succession shifts through the OTU thermal optimum.
example, among the Mamiellophyceae (Chlorophyt
Bathycoccus prasinos, and Micromonas bravos Idominated
when the temperature was low and were replaced
Ostreococcusspp. when the temperature was higher (Figure 4),
as already observed in another coastal Mediterranean sy
Banyuls Bay (Lambert et al., 2018).

Despite this change in diversity and community composi
from early spring, a large number of OTUs were, in fact, pre
throughout the study period for bacteria and archaea (59
1.0% for 2015 and 2016), and to a lesser extent, eukaryota (
0.1% for 2015 and 2016) (Figures 1A, B, E, F). This � nding
suggests that the‘microbial core’ (OTUs present throughout th
year), especially the bacteria and small protists, is a cr
April 2022 | Volume 9 | Article 858744
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element in the community of microorganisms in the Th
Lagoon. The increase in diversity and composition
microorganisms in spring is mainly due to a change in
relative abundance of these‘core OTUs’ rather than the
inoculation of new ones. However, this is less true
eukaryota, especially larger organisms (diatoms, dino� agellates
and Ciliophora), with a substantial number of‘occasional OTUs’
appearing at particular sampling dates, mostly in spr
(Figure 4). The appearance of these OTUs could be due to
inoculation and persistence of strains through horizontal (se
freshwater input) or vertical (sediment resuspension) advec
However, this could only be due to the abundance of th
OTUs, which reached the detection threshold.

Light conditions (UVBR and PAR) may also have been
important driver for unicellular eukaryote communities, but not
bacteria and archaea (Figure 2). This was because a substan
number of unicellular eukaryote OTU were photosynthe
(phytoeukaryotes), while only a few bacteria were photosynt
(cyanobacteria OTU). However, in this shallow lagoon with
average depth of 4 m, the light penetrates the whole water co
with the seasonal incident light increase, and in� uence of light on
the unicellular eukaryota community seems lesser than that
seasonal temperature variations.

Microorganism Diversity in a Warmer
Year: Comparison Between Two Distinctly
Different Climatic Years
The year 2015 was a classic or normal climatic year charact
by winter water-cooling and a substantial water tempera
amplitude from winter to spring (Supplementary Figure 2,
Trombetta et al., 2019). In contrast, 2016 saw the warme
winter ever recorded in southern France (http://ww
meteofrance.fr/climat-passe-et-futur/bilansclimatiques/bilan
2016/hiver), leading to the absence of winter water coo
which is an exception in this lagoon (Trombetta et al., 2019).
This thermal difference between the two consecutive years
explain the striking differences observed in the bacteria, arc
and unicellular eukaryota diversity.

The alpha diversity of the 16s community was erratic in 2
exhibiting signi� cant variations across consecutive sampling d
from early spring (Figure 1D) due to rapid changes in th
community composition (Figure 3B) of particular blooming
OTUs in this warmer year, such asSynechococcusCC9902
(Cyanobacteria, 2 OTUs), ML602J-51 (Actinobacteria), and
DEV007 (Verrucomicrobia) (Figure 4). Trombetta et al. (2019
used cytometry analysis on the same sampling dates of the
study site in the Thau Lagoon and found signi� cantly more
cyanobacterial abundance in 2016 than in 2015. Decadal
series analyses revealed an increased relevance of picocyano
in Thau Lagoon, probably due to oligotrophication and clim
changes (Collos et al., 2009;Derolez et al., 2020). The present stud
con� rms that cyanobacterial blooms can serve as the
signatures, while further studies are needed to determine wh
Actinobacteria and Verrucomicrobia are thermal sentinels in
Thau Lagoon.

Dinophyceae bene� ted from the warmer year (Figures 3, 4). It
has already been suggested thatAkasiwo sanguineamay bene� t
Frontiers in Marine Science | www.frontiersin.org 12
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from future climate change, especially due to acidi� cation, high
irradiance, and warming (Ou et al., 2017), and the present resul
tend to con� rm this hypothesis, at least with respect to tempera
increase. In general, the Dinophyceae are expected to dom
ecosystems with higher water temperatures due to global wa
(Kibler et al., 2015; Xiao et al., 2018; Brandenburg et al., 2019), as
they already dominated in warmer Mediterranean lagoons su
the Bizerte lagoon (Pringault et al., 2020). Similarly to cyanobacteria
decadal time-series analyses revealed the prominence o
Dinophyceae in Thau Lagoon, which may be due
oligotrophication and climatic changes (Collos et al., 2009;
Derolez et al., 2020). If future warmer conditions bene� t the
Dinophyceae, then harmful bloom frequency may increase,
the case ofA. sanguinea, which is known to produce powerfu
surfactant proteins (Jones et al., 2017).

In 2016, with an extremely warm winter,Ostreococcusspp.
dominated Chlorophytes throughout the study period (espec
during the winter), whileB. prasinosand M. bravos Inever
attained dominance. These results suggest that, under
conditions, Ostreococcusspp. outcompetes other sma
chlorophytes and replaces them, as already observed in
coastal systems (Lambert et al., 2018).

In conclusion, the present study revealed that the T
Lagoon supported bacterial and unicellular eukaryo
plankton communities characteristic of marine coastal zo
Its community composition, succession, and association
mainly driven by increasing water temperatures from winte
spring. In addition, the water temperature increase assoc
with an exceptionally warm year strongly modi� ed the
composition, succession, and association of micro
communities, suggesting that future global warming could
strongly shift the diversity of microbial communities
thermal-driven shallow coastal zones such as the Thau Lag
ld
ea

,
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